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FOREWORD

This document is a compilation of reports from Principal
Investigators and their Associates of NASA's Office of Space
Science and Applications, Solar System Exploration Division,
Planetary Geology and Geophysics Program. The reports pre-
sent research that adds to our knowledge of the origin and
evolution of the ‘solar system and to our understanding of the
earth as a planet. Advances in Planetary Geology was
established as a complement to the abstract document "Reports
of the Planetary Geology and Geophysics Program” and to pro-
fessional journals. This document provides a method of
publishing research results which are in a form that would
not normally be published elsewhere. The research reports
may be in the form of lengthy research reports, progress
reports, Ph.D. dissertations, or master's theses.

Joseph M. Boyce

Discipline Scientist

Planetary Geosciences Program

Office of Space Science and Applications
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ABSTRACT

In chapter I a global lunar topographic map is derived from Earth-
based and orbital observations supplemented in areas without data by
a linear autocovariance predictor. Of 2592 bins, each 5° square,

1380 (64.77% by area) contain at least one measurement. A spherical
harmonic analysis to degree 12 yields a mean radius of (1737.53 % 0.03)
km (formal standard error) and an offset of the center of figure of
(1.98 + 0.06) km toward (19 + 2)°S, (194 + 1)°E. A Bouguer gravity
map is also presented. It is confirmed that the low-degree gravity
harmonics are caused primarily by surface height variations and only
secondarily by lateral density variations.

In chapter II a series of models of the lunar interior are derived
from topographic, gravitational, librational and seismic data. The
moon departs from isostasy, even for the low-degree harmonics, with
a maximum superisostatic stress of 200 bars under the major mascon
basins. The mean crustal thicknesses under different physiographic
regions are: mascons, 30-35 km; irregular maria, 50-60 km; and
highlands, 90-110 km. A significant correlation between lunar surface
chemistry and crustal thickness suggests that regions of thicker crust
are more highly differentiated. A possible mean composition consistent
with our model is an anorthositic crust, underlain by a predominantly
forsterite upper mantle which grades into a refractory rich lower

mantle surrounding a pyrrhotite core.



In chapter III a model of martian global topography is obtained
by fitting a spherical harmonic series of degree 16 to occultationm,
radar, spectral and photogrammetric measurements, The existing
observations are supplemented in areas without data by emperical
elevation estimates based on photographic data. The mean radius is
(3389.92 + 0.04) km. The corresponding mean density is (3.933 * 0.002)
g cm-3. The center of figure is displaced from the center of mass by

(2.50 + 0.07) km towards (62 + 3)°S, (272 + 3)°W. The geometric

flattening [fg (6.12 + 0.04) 10-3] is too great and the dynamic
flattening [f, = (5.22 % 0.03) 10™3] 1s too small for Mars to be
homogeneous and hydrostatic. It is confirmed that, similar to the
Moon, the martian low-degree gravity harmonics are produced primarily
by surface height variations and only secondarily by lateral density
variations. Maps of the global topography and Bouguer gravity are
presented. These are interpreted in terms of a crustal thickness map
which is consistent with gravity, topography and recent preliminary
Viking seismic results. Using plausible density contrasts and an
assumed zero crustal thickness at Hellas, the inferred minimum mean
crustal thickness is {28 % 4) km,

In chapter IV it is shown that the topographic variance spectra
of the Earth, Moon, Mars and Venus are all very similar. The variance
per harmonic degree V(H;n) decreases roughly as the inverse square of
the degree, or more precisely V(H;n) = V(H;0)/(n) (n+l). On the Earth

and Moon this relationship has been confirmed down to scale lengths as



small as L = 100 m. At the other end of the spectrum, the variance
appears to be deficient relative to this model for scale lengths
greater than L = 2000 km. The most satisfactory explanation for this
phenomenon appears to be a simple equilibrium between constructional
or "tectonic" processes which tend to roughen the surface uniformly
at all scales, and destructional or erosive processes which tend to
smooth the surface preferentially at small scales. The deficiency

in the low-degree variances is attributable to visco-elastic

deformation.
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PREFACE

The surface topography of a planet is one of its most important
characteristics, since it reflects the complex history of interaction
between exogenic and endogenic processes which have formed and
subsequently modified the planet. Topographic data can also be used
in conjunction with gravity observations to estimate the lateral
variation of subsurface density and the stress distribution which
maintains the gravity anomalies.

The initial objective of this investigation was to obtain
spherical harmonic representations of lunar and martian topography
of sufficient resolution and fidelity to be of use in performing
global Bouguer analyses and in internal density modeling. The
results of these efforts are reported in the first three chapters.

In the course of this research it was discovered that the
topographic variance spectra of the Moon and Mars are very similar
to the Earth's. The statistical similarity of these surfaces which
have been subjected to vastly different formative processes seems to
require some explanation. In the fourth chapter we investigate this
phenomenon and find a simple explanation in terms of equilibrium
between constructional and erosive activity. The statistical aspects
of the resultant surface are largely independent of the details of

the processes producing it.

13



I. A HARMONIC ANALYSIS OF LUNAR TOPOGRAPHY

A. INTRODUCTION

The objective of this investigation has been to obtain a lunar
topography model that resolves basin-sized features, and can be used
with a gravity model of equivalent resolution to perform global
Bouguer analyses. A variety of elevation data types have been used
to derive a spherical harmonic representation of the lunar figure.
Previous analyses of lunar topography (Goudas, 1971; Jones, 1973;
Chuikova, 1976) have suffered from inadequate data coverage and
insufficient model resolution.

This chapter presents a discussion of the data used in the
analysis, its selenographic distribution, and associated errors.

A development is also presented of the analysis technique used to
compensate for the irregular data distribution.

Maps of the global topography and its formal uncertainty are
presented, along with a Bouguer anomaly map. The implications of
some of the low-degree harmonics are considered separately.

B. DATA

The determination of the figure of the Moon has had a long and
interesting history (see, e.g., Kopal and Carder, 1974). The measure~
ments have been referred to several similar; but fundamentally dif-
ferent, coordinate systems. All measures are of the basic form
R(6,¢p), where R is the radial distance from the origin, 0 is the
latitude, and ¢ is the (east) longitude. The angles are measured

from the mean sub-Earth point.

14



The basic difference between the various reference systems
used is in the location of their respective coordinate origins. For
analytical purposes, the most convenient coordinate origin is the
lunar center of mass. Before combining the various data types used
in this analysis, we will refer them to this selenodetic coordinate
system.

The data used which are already selenodetically referenced
consist of Apollo laser altimetry (Roberson and Kaula, 1972;
Wollenhaupt and Sjogren, 1972; Wollenhaupt et al., 1974; Kaula et al.,
1972, 1973, 1974), vertical and oblique metric photogrammetry
(Schimerman, 1975, personal communication), and landmark tracking
data (Wollenhaupt et al., 1972).

The data which were not initially in a selenodetic coordinate
system consists of Watts' (1963) limb profiles (sampled at 2%5 inter-
vals in the libration frame) and ground-based stereoscopic photo-
grammetry (Hopmann, 1967; Mills and Sudbury, 1968; Arthur and Bates,
1968). These limb and photogrammetric data were referred to the
selenodetic system by means of transformations determined by
Van Flandern (1970) and Schimerman et al. (1973), respectively.

Other recent data which we have examined but have not used
(either because of redundancy with the above data or because of
ambiguity in the associated coordinate systems) include more ground-
based photogrammetry (Baldwin, 1963), Zond-6 limb profiles (Rodionov

et al., 1971), lunar orbiter photogrammetry (Jones, 1973), radar

15



interferometry (Zisk, 1972), and Apollo radar altimetry (Brown et al,,
1974).

Table 1.1 is a summary of the various data types used, the
number of points measured, and their estimated accuracies. Figure
1.1 indicates the approximate distribution of the data, summa-
rized according to 5° x 5° bins. The most important aspect of this
distribution is the complete lack of data for large regions on the

far side. This situation considerably complicates our analysis,

TABLE 1.1

DATA SOURCES

Data type Number Error
of (km)
points

Inertial

Laser altimeter

.30

Apollo 15 919 0
Apollo 16 1 353 0.30
Apollo 17 3 359 0.30
Orbital photogrammetry 12 432 0.30
Landmark tracking 31 0.50
Noninertial
Earth-based photogrammetry
Hopmann 1 049 0.80
Mills and Sudbury 906 0.402
Arthur and Bates 1 356 0.902
Limb profile 483 0.38

a .
Errors are estimated for each point separately. Number quoted
is the mean of the individual errors.

16



FIGURE 1.1 - Data Distribution. The lunar surface is shown divided
into 2592 bins, each 5° x 5°. The dot pattern indicates those bins
(1380) which contain at least one measurement. A linear auto-

covariance analysis was used to estimate elevations in remaining

bins.

17
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In addition to the spherical coordinates (R,6,¢p), we will have

occasion to use a Cartesian coordinate system (X X3), with its

1°%22
origin at the lunar center of mass, This system is right-handed and
oriented such that the X1 axis lies along the mean Earth-Moon line
(positive toward Earth), the X2 axis points east along the orbit
(positive away from direction of orbital motion), and the X3 axis
lies along the rotation axis (positive toward north).
C. ANALYSIS

Given the data discussed in the previous section, we now have the
problem of how best to estimate a set of harmonic coefficients which
characterize the shape of the lunar surface. We will be interested
not only in the complete ensemble of harmonics and the global lunar
configuration which they represent, but also in some of the low-
degree harmonics, considered separately. Therefore, it is imperative
that we obtain harmonic coefficient estimates which not only accu-
rately represent the data, but are also optimally uncorrelated with
one another, consistent with the uneven data distribution. An
intimately related problem is that we desire to avoid unreasonable
values for our harmonic model in regions containing no direct measure-
ments. We will now formulate this problem more rigorously and present
our solution thereto.

Given a collection of topographic data F, with standard deviation

0, distributed on a sphere

R(B,p;) = F, £ 0; (1.1) ;

-
¢

19



we desire optimally uncorrelated estimates of the harmonic coeffi-
cients Hnm through degree and order N.

Qur basic model is of the form

12 n
RO,@) = R |1+ Z Z HT A (8,9) 1.2y
n=1m=o
where
=|c
H - nml nm
nm _
Hnm2 - Snm
_ cos (myp)
Ahm(e,m) = an[sin (Gﬂ
sin (mp)

are the normalized harmonic coefficients and surface spherical har-
monic functions, respectively., These functions are defined and
digcugsed at some length in Appendix A.

A 12-degree model was chosen since it is capable of resolving
the major lunar basins. This facilitates comparison with recent
gravity studies. A higher-degree model was not utilized because
of the adverse effect of data gaps. For the ensemble of observations,
(1.2) can be written as

F, = (aFi/BZj) zJ. = Aij zj (1.3)

where Z, 1s the vector of Hnm' In this notation, the weighted

]

least-squares estimator is (see, e.g., Lawson and Hanson, 1974)

2 = (a1 (aTBF] (1.4)

where the weighting matrix B is the inverse of the data noise

20



covariance matrix (assumed, in this analysis, to be diagonal).
To obtain uncorrelated estimates of the parameters Zj’ we must

diagonalize the solution covariance matrix

E(zzY) = [ATBA]"! (1.5)
where E(*) is the expectation operator. Since we are assuming that
B is diagonal, the problem thus reduces to the diagonalization of

21T 1

[ATA]ij =/ / Ay dudep (1.6)

0 -1
where 4 = sin (6). The problem then is the optimal approximation
of an integral by a finite sum. If we had data of uniform accuracy,
evenly distributed over the sphere, the evaluation of this integral
could be performed by any standard quadrature formula. However, the
very uneven distribution of the data necessitates further analysis
(Carlson and Helmsen, 1969).

The approach we have taken is to determine the weighted mean and
standard deviation of all the data within each of 2592 5% 5° bins.
Actually, only 1380 of the bins, representing 64.7% of the lunar
surface, contain data (see Fig. 1.1). In the remaining bins, we
have used a linear autocovariance technique (see, e.g., Kaula, 1967;
Heiskanen and Moritz, 1967) to estimate the most probable elevations
and associated errors, consistent with the known statistical charac-
teristics of the available data. Chapman and Pollack (1975) have
applied a linear cross-covariance predictor to a very similar problem

in terrestrial heat flow measurements.

21



In much of what follows, it will be useful to regard the surface
of the Moon as a realization of a homogeneous stochastic process
on a sphere (see Appendix C). A process is said to be homogeneous
if its first and second moments are invariant under the group of
rotations of the sphere. This is equivalent (Roy, 1973) to station-
arity, i.e., constancy of the mean E[F(8,p)], and isotropy of the
covariance function
C(Y) = E[FQ)F@Q+Y)] 1.7)
where Q = (8,p), i.e. C(y) depends only on the angular separation y
between the points (8,p) and (8+A8, @+Ap). This separation is
given by
2 cos(y) = (cos(Ap) + 1) cos(aB)
+ (cos(Ap) - 1) cos(Z0) (1.8)
The predicted radii ﬁ and associated variances 82 are calculated
from the covariance function and the known radii Fi as follows:
R=q'slr

2 1

A T =
0“=Cc() - Q s Q (1.9)
where
T T
S =E(F'F) and Q = E(F'R)
the known-known and known-unknown covariance matrices, respectively,
are obtained from C(y).
In a further effort to compensate for the extremely uneven
distribution of the data, a lower bound of 0.05 km was imposed on

the bin standard deviation. This measure prevents those regions in

which the data are most densely concentrated from completely

22



dominating the solution, at the expense of other regions. This
censoring affected 220 bins, representing 12.9% of the lunar surface.
Finally, the weighted least-squares estimate of the harmonic
coefficients was obtained by applying (1.4) to the averaged data,
augmented by the predicted radii in the unsurveyed areas. The
weighting of each point was proportional to the area of its bin and
inversely proportional to the variance of the measurement or

prediction:

Bjj = 2 sin(48/2) cos(0,) Ap g5 / "i (1.10)

The estimates of the normalized harmonic coefficients and their
formal uncertainties are presented in Table 1.2.

Solutions were also obtained in which the predicted elevations
were weakly weighted (0 = 5, 10 km). These solutions were charac-
terized by unrealistically large estimates for the high-degree

coefficients and large height excursions in the regions containing no
data.
D. RESULTS

Figure 1.2 shows a comparison between raw laser altimeter data
and the harmonic model evaluated along the ground tracks of represen-
tative orbits of Apollo missions 15, 16, and 17. The amount of high-
frequency information contained in the data is indicated, as well as
the fidelity of the harmonic model to the global and regional shape

2

of the Moon. The variance of the 21 888 unaveraged data is 4.22 km",

whereas the model variance is 1

23



TABLE 1.2

NORMALIZED LUNAR TOPOGRAPHY HARMONICS (x106)

24

n m cnm Snm G(Cnm) O(Snm)
1 0 =212.3 25.7

2 0] -135.9 22.1

2 2 11.5 -167.1 11.5 14,5
3 0 62.2 20.5

3 1 102.1 -53.1 2840 18.2
3 2 47.2 -51.9 18.1 22«7
3 3 250.1 ~28.9 11.1 11.4
4 0 104.2 20.5
4% 1 30.S =-57.3 2647 17.0
4 2 -115.5 256 20.7 2442
4 3 "1301 41.0 18.0 18.5
4 4 ~-92.1 -20.9 9.6 10.1
5 0 0.6 20.3

5 1 =50.6 79.2 254 16.2
5 2 565 -35.9 21.4 23.5
5 3 -48.2 =51.7 20.3 21.2
S 4 -2.0 6.6 16.0 16.0
5 5 86e9 10.5 8.2 8.7
6 1 -2T. € 4445 2446 Set
6 2 =35 "15.3 21.1 21.8
6 3 -1.9 =32.2 21.0 22.0
6 5 ~70.5 62 .0 13.8 14.5
6 6 -30.9 =54.6 T«3 763



TABLE 1.2 (Cont'd)

Cnm Snm O(Cnm) O’(Snm)
7 o -60.4 18.5
7 1 219.4 -18.2 22.8 15.2
7 2 107.1 23.6 20.0 20.2
7 3 -76.9 12.7 203 21.4
7 4 -14.9 -14.0 20.1 19.3
7 5 107.5 20.2 16.4 16.8
7 6 54.0 242 12.2 12.3
7 7 401 -25.2 6.2 6.2
8 0 85.6 18.0
8 1 -0.4 35.7 21.2 14.3
8 2 -134.2 -54.6 18.9 19,2
8 3 -23.8 —-8.2 19.0 2C.0
8 4 69.9 —~6449 19.8 19.6
8 5 45. € -0l 17.2 17.6
8 6 ~156.3 0.8 14.4 14.3
8 7 "12.5 52-5 10.1 10-3
8 38 31.0 =41l.5 5.1 Sel
S o 9.8 16.9
9 1 64 .4 "'28.0 1G.7 13.5
9 2 13.2 5666 17.6 16.9
9 3 -63.0 3.8 17.6 18.3
9 5 53.4 115.6 17 .4 17.7
9 7 2501 "1402 12.3 12.1
9 8 48.0 "45.7 8.5 8,0
9 9 "'1.2 16.8 4.0 4.0
0 95.0 14,2
1 33.0 12.3 15.9 12.5
2 '55.2 6.9 1407 1‘1.0
3 ~1l.6 -31l.3 14,9 14.7
4 34.5 -32.8 15.2 15.1
5 25.8 34.2 l14.8 14.8
6 -75.5 -4403 13."’ 14.1
7 24 48.5 1l1.4 11.3
8 16.8 -6.0 9.4 9.5
9 8.5 59.6 6.5 6.4
10 54.9 ~273 36 3.6
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TABLE 1.2 (Cont'd)

n m Com 'Snm o(C_ ) o(s )
11 0 4l.2 11.9

11 1 -99,.0 "’52.6 13." 1008
11 2 35.2 ~33.6 11.4 12.2
11 3 -69.0 -98.1 12.0 12.3
11 4 -30.9 63.7 11.7 12.0
11 5 5745 ~71.8 1l.6 12.0
11 6 -29.2 =-63.6 "10.8 11.1
11 7 43.4 —3802 9.4 905
11 8 3500 _91.5 7.5 702
11 g 11.5 53.6 6.5 6e4
11 10 8.6 =31.7 4.1 4.2
11 11 -17.1 =-54,2 3.0 3.0
12 0 -38. 8 9.5

12 1 -3306 8.3 10-2 8.8
12 2 15.2 261 9.5 S.4
12 3 -109. 2 2SG.3 9.2 9.4
12 4 13.9 20.5 94 9.1
12 5 -15.8 Q.6 8.8 901
12 6 -1101 ‘10.3 8.6 9.0
12 1 S92 S 6 8.0 8.0
12 8 -76.3 40,0 6.9 T.1
12 9 32.9 33.6 5.6 5.8
12 10 -20.0 -70.9 5.0 5.0
12 11 43.0 15,8 3.6 36
12 12 -35.1 -4le7 26 2.7
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FIGURE 1.2 - Comparison of laser data and harmonic model. Elevations
relative to 1738.0 km sphere. Indicates amount of high frequency
information in data and general fidelity of model to global and

regional scale features.
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3.08 km’ (1.11)

[

Figures 1.3 and 1.4 are maps of lunar topography, as given by our
model, and the associated formal uncertainties, repectively. These

are derived from the relationships (Graybill, 1961)

R(8,p) = A" (8,0) Z

o (8,9 = AT(8,0) [ATBAT™Y A(B,) (1.12)
The error map reflects the distribution of the data, showing quite
clearly the regions where we have no direct data. Since the model
duplicates 73.07% of the original data variance, this computed error
map should be a good first-order approximation to the actual error
distribution. The topographic map, with heights relative to the lunar
mean radius, resolves most major features within the areas of data
coverage. This was a major objective in the construction of the
model and permits comparison with equivalent-resolution gravity
models for the purpose of determining the lunar internal density
distribution,

Dimensionless degree variances V(H;n) of lunar topography and

the associated error variances W(H;n) are listed in Table 1.3.

These variances are given by:

29



FIGURE 1.3 - Lunar topography. Twelfth degree model. Elevations
relative to 1737,53 km mean sphere. Contour interval is 1 km

(solid line). Selected % km contours indicated (dashed line).
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FIGURE 1.4 - Lunar topography error. Formal standard error computed
from equation (1.12). Actual error can be somewhat larger. Contour

interval is 0.2 km.
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TABLE 1.3

LUNAR TOPOGRAPHY AND ERROR VARIANCES (x108)

Degree Topography Error
n V(H;n) W(H;n)
1 43.38 0.12
2 6.95 0.19
3 8.54 0.26
4 3.99 0.33
5 2.29 0.38
6 2,58 0.43
7 8.64 0.45
8 7.15 0.45
9 4.17 0.43

10 3.62 0.33
11 6.97 0.23
12 3.71 0.15
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n

V(H;n) = Z HDH
m=0
n
W@H;n) = Z cT(Hnm) o) (1.13)
m=0

where Gz(Hnm), the variance of the error in Hnm’ is obtained from

the solution covariance matrix [ATBA]-l. We note that the topographic
degree variances decrease in magnitude with increasing harmonic

degree approximately as

V(H,0
OICESS) (1.14)

V(H;n) =
We will discuss the significance of this spectral behavior at con-
siderable length in Chapter IV. We also note that in the case of

uniformly accurate data, i.e., G[R(8,9)] = > the degree error

variances are (Heiskanen and Moritz, 1967)

2
o

W(H;n) = 2“—4;L (-R—°) (1.15)
[o]

The small departures of our error variances from this simple form are

due to the irregular data distribution.

The observed gravity of a planet may be considered as the sum of

contributions due to internal lateral density variations and surface

topography. The topography of a planet characterized by harmonics Hnm

?
gives rise to gravitational potential perturbations AGnm’ where

(MacRobert, 1967)
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2n+1\ — _
(“3“> P AGnm = P(Ro) Hnm (1.16)

and p(Ro) and E are the surface and mean mass densities, respectively,
of the planet., The difference between the observed gravity and the
topographic correction, known as the Bouguer anomaly, is thus a
measure of the extent of lateral density variation.

Figure 1.5 is a map of lunar Bouguer gravity, evaluated at an
elevation of 100 km above the mean lunar radius., This is calculated
as the radial component of the gradient of the 12th degree Bouguer

anomaly potential

GM Ro
A@B(R,B,m) = R § ® E BnmAhm(e,w) (1.17)
o
n=1 m=0
with
B =G - AG
nm nm nm

where G is the gravitational constant, M is the planetary mass, Gnm
is a harmonic coefficient of the observed gravitational field
(Ferrari, 1977), and we have assumed a surface density p(Ro) =2,7

g cm_3. We find that the low-degree harmonics of the gravita;ional
field are determined primarily by surface height variations and only
secondarily by lateral density variations. The most striking feature
of this map is the association of large positive anomalies with the
mascons (Muller and Sjogren, 1968). It is also interesting to note
that large regions of the farside highlands are associated with
strong negative anomalies. This map, along with other data types

such as librational and seismic observations, can be used to infer
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FIGURE 1.5 - Lunar Bouguer gravity anomaly. Twelfth degree model.
Evaluated 100 km above mean sphere. Contour interval 100 mGal =
0.1 cem sec-z. Free-air gravity from Ferrari (1977). Assumed crustal

density is 2.7 gm cm-3.
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lunar crustal and upper mantle structure, an effort which we discuss
in the next chapter (see also, Bills and Ferrari, 1977). In that
analysis a mean crustal thickness of 70 km is estimated by matching
the gravimetrically derived local crustal thickness with the seigmic
results (Toksoz et al., 1974) from Mare Cognitum.

We now turn our attention to the harmonics of degrees 0, 1, and 2.
These represent the mean radius, center of figure displacement, and
triaxial figure, respectively.

The estimated lunar radius is (1737.53 + 0.03) km. This, in

conjunction with estimates of GM = (4902.796 + 0.003) km3 sec-2

(Sinclair et al., 1976) and G = (667.32 + 0.31 x 10"27) km> g~! sec™2
(Heyl and Chrzanowskil, 1942), yields an estimate for the mean
density of p = (3.3437 + 0.0016) g cm-3. Most of this error comes
from the error in G. The mean density, in conjunction with the mean
inertial moment, places important constraints on models of lunar
internal composition and structure (Gast and Giuli, 1972; Bills and
Ferrari, 1977).
We now consider the first-degree terms in the topography. They

represent a displacement of the center of figure (C.F.) from the
center of mass (C.M,). In terms of rectangular coordinates, and

un-normalized harmonics, the location of the C.F. is

AX1 Cl’1 -1.823 + 0.053
AXZ = R, Sl,l = |-0.444 £ 0.041 | km (1.18)
AX3 C1,0 ~0.639 £ 0.077
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or in terms of spherical coordinates,

R (1.982 + 0.057) km

8 (18°8 =+ 2°1) §
® (19327 + 1%1) E
where, as before, the origin is at the C.M.

This offset, by definition, implies a departure from spherical
symmetry in the internal density distribution. Attempts have been
made to explain this asymmetry in terms of two-layered models, with
either an offset between the centers of the spheres comprising the
model (Ransford and Sjogren, 1972; Kaula et al., 1972) or an outer
layer of randomly varying thickness (Kobrick, 1976). Large-scale
internal convection (Lingenfelter and Schubert, 1973) and asymmetric
bombardment (Wood, 1973) have been suggested as possiblg mechanisms
for the preferential thinning of the crust of the earthward hemisphere
and concomitant thickening in the opposite hemisphere,

We now consider the shape and orientation of the triaxial
figure represented by the second-degree harmonics. The principal

axes of this figure are

el
1]

(1738.43 km, 13%58 S, 38%40 E)

o]
I

(1737.50 km, 32%70 N, 11948 E) (1.19)

xé (1736.66 km, 53%91 N, 327°76 E)

This misalignment between these axes and the principal inertial axes
implies that, if all lateral density variation occurs as undulations

on the crust-mantle interface, the principal axes of the triaxial
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mantle must be skewed in the opposite direction. According to this
simplified model, the region of minimum crustal thickness is in
southern Procellarum. Many deep-focus moonquakes occur along two
great circle arcs which intersect in this same area (Lammlein et al.,
1974; Lammlein, 1977). Thus, the stresses induced by near surface

mass anomalies may control the release of seismic energy at depth.
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II. A LUNAR DENSITY MODEL

A. INTRODUCTION

Lunar interior models of increasing complexity are derived from
topographic, gravitational, librational, and seismic data. A series
of models,‘rather than only the final one, is presented in an effort
to demonstrate the unique contribution of each data type and its
effect on determining model parameters for the lunar density structure.

The various_data types and their errors are discussed, and these
data are cast into a form most convenient for internal model deter-
mination., The basic theory for this analysis is developed, and a
series of lunar interior models are derived from the different data.
Discussions are presented at each level of modeling, showing which
data are satisfied and presenting the geophysical significance
of that stage of the model development., Ultimately, a six-layered
model is determined which satisfies all the data. The innovative
aspects of this investigation are discussed in light of previous
work, and the compositional implications of this lunar interior model
are analyzed.
B. DATA

The topography of the Moon will be represented in this analysis
by the harmonic model developed in the preceding chapter (see also
Bills and Ferrari, 1977). However, in the present chapter, it will

be more convenient to use the un-normalized harmonics (see Appendix A).
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As a representation of lunar gravity, we will use Ferrari's (1975)
model truncated to degree twelve for consistency with the topography
model,

The physical librations of the Moon are dependent upon both the
low-degree gravity harmonics and the parameters (o, B, Y), which
are defined in terms of the principal inertial moments A < B < C as

_C-B _C-A _B-A
o= B == Y= 2.1)

Sinclair et al. (1976) have estimated the low-degree gravity
harmonics and librational parameters from a combination of Doppler
and laser-ranging data. Table 2.1 presents these estimates, the
low-degree topography harmonics (Bills and Ferrari, 1977), and an
estimate of the gravitational constant G (Heyl and Chrzanowski,
1942),

The resulting estimates for the lunar mean density and moments

are
© = 3.3437 + 0.0016 g cm >
c= <4c228/y)mz02 = (0.3933 % 0.0021)1»11102 2.2)
_A+B+C _|[3+B+y-By|._ 2
I 3 [ 3] C = (0.3931 % 0.0021)MR,
The moments Mh of the radial density distribution are
1
M= (+l) | p(9)E a8 (2.3

0

where § = r/Ro. On the basis of the values listed in (2.2), the second
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TABLE 2.1

LUNAR GRAVITATIONAL, TOPOGRAPHIC AND LIBRATIONAL DATA

6%

B

NNNE H O
N = O = O O

C = (667.32 + 0.31) x 10710 cm® sec 2 gm'l
GM = (4902.796 + 0.003) x 10%° cm> sec”?
R, = (1737.59  0.24) x 10° cm
B = (631.68 % 0.13) x 107°
y = (227.82 % 0.08) x 10°°
TOPOGRAPHY GRAVITY
ct x 10° st x 10° & x 10°
nm
10° --- 10°
-367.7 + 44.6 --- ---
-1049.3 + 30.3 -255.4 % 23.6 -——-
-303.9 + 49.5 --- -203.62 + 1,09
-193.4 + 34.2 30.4 + 24.9 ---
7.4 £ 7.4 107.8 = 9.4 22.40 + 0.12

NOTE: --- indicates zero by definition.



and fourth moments are

p = 3.3437 + 0.0016
2

¥,

v 2.4
= 3.286 + 0.018

M

501/ 2MR )
This form will prove useful for comparison with models to be derived
later.

The seismic data used consist of (1) the inferred crustal
structure in the region of the Apollo seismic array including
discontinuities at depths of ~20 and 50-60 km (Toksoz et al., 1974),
and (2) the travel time as a function of epicentral distance for P
and S waves (Nakamura et al., 1974).

C. THEORY

We will be mainly concerned with models consisting of nearly
concentric nearly spherical shells of uniform density material, Each
shell £ will be characterized by the normalized radius of its outer
surface, EL = Rz/Ro; a density contrast from the immediately over-
lying layer, Apz =0 - pL-l; and a set of spherical harmonic
coefficients Hnmz which represent the shape of the outer surface of

the layer. Thus the interface has the form

12 n
RO.® = RS, DY @ HT 6w 2.5)

n=0 m=0
The mean density and mean inertial moment of such a model are

expressed by
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My =p=) npE,°> , M =20L__Y) e . (2.6)
2 L4°4 4 2 £°4
) 2MR0 )

The complete inertia tensor of such a configuration is given by

5

8mR
=0 E 5, 4
Iij G Apz(gz) Lij 2.7)
2

where, in terms of un-normalized shape harmonics,

2

- c
L_ . .5 £.2 2.2] . S0 P
Ly =1+ |6 + €))7 | +—5— - 3¢,
i i
- -1 C Z
¢ 5 2.2 2.2 20 )
Lypg =145 1€ ) + (€ ) | +—5— +3C,,
i )
L _ 5 [ 2.2 £.2] )
Lyg- =1 +3 fC11 )7 (51977 - Cyp
A 2 )
Ligo 5Ly = -3 (€ 895 - 35,
L_ . 4 _ 5, 4. A& 3.4
Lig =Llgy" =-3 (C17C) - 5Cyy
L _ 4 _ 5. 4. & 3. 4
Lyg “Llgp =-5 (51 Cp) =3 Sy

The gravitational harmonics of the configuration are given by

2n + 1\ — _ EE: nt3_ £
( 3 ) pGnm - Angz Hnm (2.8)
£

to first order in the H L. From the relation between the inertia
nm

tensor and the un-normalized gravity harmonics
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g = -
c.,.BMr (111, = 21,54)/2

By = =
21 Mg = 113 = Iy

Byp 2 =
21 MRy = Iyg *+ 15 2.9)

2
Cpp MR = (155 = 11;)/4

Byvr 2 = =
99 MR 112/2 121/2

S 0

we note that for n = 2, (2.8) is merely the linear approximation to
(2.7). We will thus use (2.7) in place of (2.8) for n =»2.

We will also be interested in the extent to which our models
depart from isostatic equilibrium., This will be measured in terms
of the variations about the mean of the hydrostatic pressure at
the crust-mantle interface. The mean pressure at this level is

approximately,

P = (lmGR02/3) poP(L - &) (2.10)

and the pressure deviations are

4TTGR02 _ 12 & T
AP(8,p) = —5—— PP E In An(®®) @.11)
n=1 m=0
where -
Ap p
o+ (2R 525,
nm nm Po E 1 "nm

and 51 is the mean density of the Moon beneath the crust.
In order to use seismic data as a constraint on lunar internal
structure, we will need to specify compressional and shear wave

velocities Vp and VS at each layer. These two velocities are
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determined by

vp2 = (K+4u/3)/p v %=yl (2.12)
where
K = p@P/2p)

is the adiabatic bulk modulus and K is the shear modulus or rigidity.
These in turn are functions of temperature and pressure for any given

material. We will assume a linear dependence on temperature and

pressure:
P(T,P) = pgrp T (9p/PT)AT + (3p/3P) AP
K(T,P) = Kepp + (OK/JT)AT + (JK/JP)AP (2.13)

M(T,P) = Horp + (QU/JT)AT + (3u/P)AP

A number of estimates of the lunar internal temperature distri-
bution are available (e.g., Toksoz and Solomon, 1973). All sqch
models are characterized by a steep gradient near the surface and a
more gradual gradient at depth. We will assume a temperature profile

of the form (Nakamura and Latham, 1969)

T() = T(0) + ATE" (2.14)
with the parameters chosen to match the near-surface gradient and deep
interior temperatures. A more complex model is not justified in
light of the lack of constraints on the problem.

The pressure at each level is obtained by numerically integrating
the equation of hydrostatic equilibrium. The pressure and temperature

are then used to estimate the ambient density and elastic moduli from
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their assumed STP values,
The seismic travel times T and epicentral angles A are calculated

from the velocity profile V(§) for a given ray path by (Bullen, 1963)

“1/2 2

) 2 2 r’ag

T"ZRO/[T‘“%] z
gI“

(2.15)
-1/2

1
seo, [ O[] %
gl'l‘l
where N = §/V(E) and us is the value of 1 at the midpoint of the ray
path, where it reaches its minimum radius €m.
D. MODELS
The simplest model considercd has a uniform density of D = 3.3437
g cm-3 and the outer surface is characterized by the topography
harmonics'Han. An interesting aspect of this model is that its
liberational parameters are

6 6

= 490.67 x 10
6

(5.28 + 485.39) x 10

B
Y

(5.65 + 45.29) x 10"% = 50.9% x 10”
where the parenthetical terms are the first- and second-degree contri-
butions, respectively. We thus conclude that the first-degree harmon-
ics are of little consequence dynamically in comparison to the second=-
degree harmonics. Comparing these estimates with the values in

Table 2.1, we note that the assumption of uniform density, coupled
with the actual topography, gives, at least qualitatively, reason-

able estimates of B and vy, whereas Kopal (1969) has shown that the
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rotational and tidal distortions of a hydrostatic moon would jield

6 6

B. = 37.39 x 10"

. Yq = 27.97 x 10

Two basic conclusions are obtained from this comparison: first, the
orientation and rotational dynamics of the Moon are intrinsically
determined primarily by surface height variations and only secondarily
by lateral density variations, and second, the Moon is not well
approximated by a hydrostatic model (Kopal, 1969).

We now turn our attention to models with a radial density varia-
tion. The simplest such model considered consists of two concentric
spherical shells having a density fo in the outer shell and a
density contrast Apl across the interface at a normalized radius of
R1/R0 = 51. A weak compositional constraint is imposed in that
we assume

2.7 < p(E) < 5.4 g cm-3
where the lower bound corresponds roughly to anorthosite and the
upper bound to an Fe-FeS eutectic composition (Brett, 1973) at the
lunar central pressure (~50 kbar) and room temperature. These bounds
are shown by the dot-dash lines Figure 2,1. If in addition, the model
is constrained to have the observed mean density and density inversions
with depth are not allowed, the envelope of acceptable density profiles
is given by the dashed lines in Figure 2.1. When the model is sub-
jected to the additional constraint that it have the correct mean
moment of inertia, the resulting density bounds are those given by the

solid lines in Figure 2.1.
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FIGURE 2.1 - Envelope of plausible lunar density profiles. Successively

"applied model constraints: 1) 2.7 < p < 5.4 (dot-dash lines);

2) observed mean density B

2
0

3.344 £ 0.002 (dashed lines); 3) observed

mean inertial moment I/MR 0.393 + 0.002 (solid lines).
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These lower and upper bounds for the mean moment of inertia
are simply the solutions for po(g) and QO(E) + Apl(g), respectively,
subject to

2.7 = p0 < po + Apl < 5.4

3— = 5= =
Po + Aplgl = M2 3.3437 Po + A91§1 M4 3.286

They represent the envelope of all possible monotonic density distri-
butions subject to the above constraints. However, not all models
falling within these bounds are allowed. In particular, a uniform
density model is inconsistent with these constraints. Although these
bounds are not tight enough to be of real value in determining the
composition of the lunar interior, they do exclude such extreme
cases as either a uniform density or an Fe-Ni core with a radius of
380 km or greater. These bounds are also useful in conjunction
with other data types.

The next step in complexity is to allow the model to depart
from spherical symmetry in order to match not only the actual topo-
graphy, as was done before, but also the gravitational potential to
degree and order 12 and the entire inertia tensor, three moments
and three products of inertia, rather than just the mean moment.
To do this, we start by including the first- and second-degree
harmonics Hnmz @ =0, 1; n =1, 2) describing the shape of the

outer surface and the crust-mantle interface. The eight harmonics
Hnmo (three first degree and five second degree) of the outer layer

are known from the observed topography (Bills and Ferrari, 1977)
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TABLE 2.2
TWO-LAYERED LUNAR DENSITY MODEL
REPRESENTATIVE SOLUTIONS

6¢

parameter a priori a posteriori a posteriori
R, = 0 R, = 400 km "
e 5.4 gm cm

P (gm cn™) 2,90 * 0.20 2.72 % 0,07 2.75 * 0.06
A p(gm cm-3) 0.50 + 0.20 0.74 * 0,08 0.64 * 0,07
Tc(km) 69.5 * 17.4 95.7 * 15.6 73.2 + 15.8
Axl(km) 0.00 + 1.64 8.33 * 1,20 9.40 * 1.30
AX2 " " " 2.53 * 0,56 2.86 £ 0,40
AX3-" " " 1.40 £ 0.20 1,57 + 0,22
czlo(lo““) 0.00 * 10.00 ~7.98 * 0.63 _ ~8.40 * 0.66
C;i " " " 10,45 %= 1.51 11.43 + 1.59
S;i " " " -0.25 * 0,04 -0.27 * 0.04
C;é " " " 0.45 = 0,004 0.44 = 0,01
S1 " " " ~5.71 * 0.84 ' -6.26 * 0,89



(see Table 2.1), but the crustal density Po and the eight harmonics
of the crust-mantle interface Hnml, as well as the density contrast
Apl and the normalized radius §1 = Rl/R , are unknown and must be
determined from (2.7) and (2.8) by constraining the inertia tensor
of the model to the observed values. Equation (2.8) applied

to the first-degree harmonics ensures that the center of figure of
the mantle is offset in such a way as to counterbalance the center
of figure displacement of the outer layer.

Such a model has 11 unknown parameters [Hnm1 (eight), Y Apl,
and 51], but only 10 constraints [Gnm (three), Iij (six), and pl.
However, we have some a priori knowledge about each of the para-
meters, and since this makes the system effectively overdetermined,
we can perform a weighted least squares inversion. See Table 2.2
for some representative results. Therein are presented the a priori
and a_posterior estimates and uncertainties for each of the 11
parameters for both the nominal solution and a solution with a
core of radius Rc = 400 km and density Pe = 5.4 g cm-3. The first-
degree harmonics are presented in terms of the corresponding center

of figure displacement

3 1.1 1
BX = Ro51(Cyp7s S13 5 Cp)

and the crustal thickness is TC = Ro(l- gl).
We discover two important facts from this model. First, in
the case with no core the mean crustal thickness is significantly

greater than that inferred from the locally derived seismic value,

60



even though the densities are quite reasonable. This conflict can
be removed by inclusion of a region of higher density at depth.
Although the core model presented (Rc = 400 km and pc =5.4 g cm-a)
is by no means unique, the amount of density increase required is
greater than can be accounted for by self-compression of a homo-
geneous moon for any reasonable elastic moduli and temperature
profile.

Second, this model may be shown to depart from isostatic
equilibrium, even for the low~degree harmonics. We shall have
more to say about isostasy later.

Having established the inadequacy of a two layered model, we
will now present a more detailed model in which the density, elastic
moduli, and temperature are all allowed to vary more or less contin-
uously with depth. Our analyses have shown that a three-layered
model satisfies the constraints imposed by the gravitational,
topographic, and librational data. However, current seismic
studies (e.g., Nakamura et al., 1974) suggest a more complex
internal structure. The model that we have chosen has six distinct
regions. The approximéte depths to the boundary interfaces are:
upper and lower crust, 20 and 70 km; upper, middle, and lower mantle,
300, 800, and 1400 km, The core has a radius of 340 km., The
crustal and upper mantle interfaces correspond to seismic discontin-
uities (Toksoz et al., 1974; Nakamura et al., 1974). The middle
and lower mantle and.core are inferred from deep seismic events

(Nakamura et al., 1974), electrical conductivity profiles (Dyal et al.,
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1976), and thermal and compositional constraints (Brett, 1973).
For modeling purposes the normalized radii of the interfaces are
taken to be Ez = 1.00, 0.99, 0.96, 0.83, 0.54, and 0.20,

Within each region the STP density and elastic moduli are
assumed to vary linearly with depth between the values specified
at the upper and lower boundaries. The ambient density and elastic
moduli at each layer are then calculated from the STP values and
the ambient temperature and pressure.

The assumed temperature and pressure derivativies of the density
and elastic moduli correspond in the crust to anorthosite (Baldridge
and Simmons, 1971), in the mantle to forsterite, and in the core
to pyrite (Skinner, 1966; Birch, 1966). The STP density and bulk
modulus of the core are those estimated for an Fe-FeS eutectic
composition (Brett, 1973; Brett and Bell, 1§69; King and Ahrens, 1973).
The crustal density profile is from Gast and Giuli (1972), and the
elastic moduli were chosen to duplicate a suitable average of the
crustal velocity profile as given by Toksoz et al., (1974).

The lunar temperature profile is imprecisely known, particularly
in the deep interior (e.g., Toksdz and Solomon, 1973). We have
assumed surface and central temperatures of 250° and 1900°K, respec~
tively, and have treated the actual temperature distribution with
depth as a variable determined by the parameter n in (2.14). The
value ultimately used was n = 4.0.

A family of models was generated by varying the density and

elastic moduli at the mantle region interfaces (€ = 0.96, 0.83, 0.54,
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TABLE 2.3

LUNAR INTERIOR STRUCTURE MODEL

Pressure, -3 Voo Vs,
£ Depth, km Temperature, °K kbar p, g cm K, Mbar o km s—1 = s~1
Upper Crust
1.00 0 250 0.00 2.703 0.410 0.250 5.22 3.C2
0.99 20 315 0.76 2.703 0.410 0.250 .22 3.c2
Lower Crust
0.99 20 315 0.76 2.852 0.651 0.293 6.12 3.3%
0.96 70 499 3.19 2.950 0.769 0.296 6.52 3.51
Upper Mantle
0.96 70 499 3.19 3.371% 1.222% 0.246%* 8.11 4.71
0.83 300 1117 14.57 3.382% 1.234% 0.275% 7.89 4.39
Middle Mantle
0.83 300 1117 14.57 3.408% 1.234% 0.275% 7.89 4.39
0.54 800 1760 34.36 3.397% 1.691% 0.420* 7.80 2.89
Lower Mantle
0.54 800 1760 34.36 3.399% 1.691%* 0.420* 7.80 2.89
0.20 '1400 1897 48.13 3.424% 1.745% 0.443% 7.68 2.46
Core
0.20 1400 1897 48.13 5.209 1.400 0.500 5.18 0.00
0.00 1740 1900 52.95 5.223 1.423 0.500 5.22 0.00

*Parameter which was varied in search for acceptable model. -



and 0.20) subject to the constraints that (1) the STP values of p,
K, and Poisson's ratio o = (3K=-2u)/(6K+2u) are all nondecreasing
with depth and (2) K and 0 are continuous across the interfaces at

€ = 0.83 and 0.54. The STP values of p, K, and 0 at intermediate
points are found by linear interpolation, and the ambient values

of these parameters are found, as they were before, from the ambient
temperature and pressure. These perturbations are performed until

a model is found which has the desired mean density and moment as
well as P and S wave travel times. The resultant temperature,
pressure, density, bulk modulus, Poisson ratio, and seismic velocity
profiles of such a model are given in Table 2.3, Table 2.4 gives
the moments of the density distribution Mn (n=0,1, ..., 8). The
seismic travel time as a function of epicentral distance for the
model is compared with observed teleseismic data (Nakamura et al.,
1974) in Figure 2.2. The seismic phases shown are identified according

to the nomenclature usually applied to the earth (Jeffreys, 1959).

TABLE 2.4

MOMENTS OF DENSITY DISTRIBUTION Mn

n M n M n M

n n n
0 3.7409 3 3.3101 6 3.2496
1 3.4247 4 3.2875 7 3.2322
2 0 3.3433 5 3.2679 8 3.2156

Observed values are M2 = 33,3437 + 0.0016 and M

A 3.2858 + 0.0211.
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FIGURE 2,2 - Lunar seismic travel times. Curves represent model

calculations; circles represent data (Nakamura et al., 1974).
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We tentatively interpret the P wave arrivals near A = 150° as
rays diffracted around the core and the weak arrival at A = 168° as a
PKP2 phase (not shown in the figure) due to a rapid decrease in
seismic velocity at the mantle-core interface.

A comparison of the STP density and elastic moduli with those
of olivine and pyroxene (Chung, 1970; Nakamura et al., 1974) reveals
that a mineral assemblage consisting largely of olivine (80-85%
forsterite) and some pyroxene is consistent with the upper mantle
model. The increase in density and bulk modulus with depth is

and/or Al,0. (Simmons and

consistent with an increase in CaO, Ti02, 295

Wang, 1971; Anderson, 1975).

Given values for the mean crustal thickness and density and
the density contrast with the mantle, we can include the higher
harmonics of topography and gravity in our model, solving for Hnml
from Hnmo and Gnm by (2.7) and (2.8). We are thus able to estimate
the variation of crustal thickness over the planet on the assumption
that all lateral density variations occur as undulations on the
mantle-crust interface, which is at a depth of 50-60 km in the
area of the Apollo seismic array. For the densities in our model,
a mean crustal thickness of 70 km is required to match the seismic
values. The resultant crustal thickness map is presented in
Figures 2.3a and 2.3b. Wood (1973) has presented a similar analysis
based on a more restricted data set. He inferred crustal thicknesses

which are systematically less than our estimates.
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FIGURE 2.3a - Crustal thickness variations. Lunar nearside. Twelfth
degree model. Gravity from Ferrari (1975). Assumed mean crustal
density is 2.9 gm cm_3 crust-mantle density contrast is 0.4 gm cm“3

and mean crustal thickness is 70 km.

FIGURE 2.3b - Crustal thickness variations, Lunar farside. See

caption of Figure 2,3a.
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The crustal thickness indicated in the mascon basins is somewhat
of an underestimate, since the effect of a surface layer of basalt
is ignored. Bowin et al. (1975) estimate that such a surface fill
accounts for roughly 207 of the observed gravity anomaly., They
estimate a mantle uplift in Mare Serenitatis of 12 km, compared to
our estimate of roughly 50 km. However, there is a factor of 2
discrepancy between the free-air anomaly estimates used, and the
fact that Bowin et al. are modeling only free-air gravity, whereas
we are modeling Bouguer gravity; accounts for an additional factor
of 2.

The mean crustal thicknesses under different physiographic
regions are: mascons, 30-35 km; irregular maria, 50-60 km; and high=-
lands, 90-110 km.

Schonfeld (1977) has recently shown significant correlations
between lunar surface chemistry and the above crustal thickness
model. From Al/Si and Mg/Si ratios determined by x-ray fluorescence
measurements and Mg and Fe concentrations as determined by gamma ray
spectroscopy, he has determined that, in the non-mare regions,
total A1203 shows a positive correlation, whereas both total FeO
and the MgO/FeO ratio are negatively correlated with crustal
thickness. Though these quantities show the same type of correlation
with surface elevation alone, their correlation with crustal thickness
is much better.

The mere existence of compositional and thickness variations in

the crust suggests that the processes of crustal formation and
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differentiation did not completely homogenize the surface material,
The additional fact that these variations are mutually correlated
requires further explanation. Recalling that magmatic differentia-
tion leads to enrichment in Al and depletion in Fe, as well as
lowering of the Mg/Fe ratio in the surface layers (Schonfeld, 1977),
we see that a possible model for the observed correlations involves
the simple assumption that regions of thicker crust are more highly
differentiated.

As was previously mentioned, this crustal thickness model is
not in isostatic equilibrium; i.e., the pressure at the crust-mantle
interface varies with position about its mean value of 3.2 kbar.
‘The maximum superisostatic stress, as calculated from (2.11), is
a value, slightly in excess of 200 bars, associated with the major
mascon basins Imbrium, Serenitatis, and Crisium. Other regions have
smaller stresses, and the global rms stress variation is 64 bars.

It should be noted that it is possible to produce a model which
satisfies both topographic and gravitational data and is also
isostatically compensated at depth. However, when such models were
attempted, the depth of compensation of the low-degree harmonics
approached that of the presently proposed mantle-core interface.
Since the superisostatic stresses implied by the above model are
close to the stresses found in the Earth, it appears more reasonable

to accept a nonisostatic Moon.
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E. SUMMARY

We have presented a series of lunar models culminating in a
six~-layered model with undulations on the outer surface and at the
crust-mantle interface. This model is consistent with all available
topographic, gravitational, librational, and seismic data.

We have concluded that the librational parameters of the Moon
are determined primarily by surface height variations and only
secondarily by lateral density variations and that the surface
topography is not isostatically supported, nor is it predominated
by a fossil tidal or rotational bulge. The largest pressure
departures from isostasy are approximately 200 bars under the major
mascon basins. The crustal thickness varies from 30-35 km under
mascon basins to 90-110 km under the highlands, with the irregular
maria intermediate at 50-60 km.

All of the data considered are consistent with an anorthositic
crust extending to a mean depth of 70 km underlain by a predominantly
forsterite upper mantle grading into a refractory-rich lower mantle
surrounding a pyrrhotite core. Such a composition is consistent
with, but not uniquely specified by, our model calculations.

We note that a smaller estimate of the mean inertial moment
would be consistent with a larger core, which in turn would simplify
the interpretation of the P wave arrival times near A = 150 and at 168
deg, which are presently interpreted as diffracted P and PKP

2!
respectively,
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III. A HARMONIC ANALYSIS OF MARTIAN TOPOGRAPHY

A. INTRODUCTION

The primary objective of this investigation was to obtain a
spherical harmonic representation of Martian topography of sufficient
resolution and fidelity to be of use in performing global Bouguer
gravity analyses. Previous harmonic analyses (Pettengill et al.,
1969; Cain et al., 1972; Christensen, 1975) have suffered from
inadequate data coverage and insufficient model resolution. An
improved model of Martian global topography has been obtained by
fitting a sixteenth degree harmonic series to occultation, radar,
spectral and photogrammetric measurements. The data are described
by Christensen (1975) and Wu (1975). Our analysis differs from
Christensen's mainly in that we have attempted to compensate for
the very uneven distribution of the data by a process of interpolation
similar to that used in our analysis of lunar topography in Chapter I
(see also Bills and Ferrari, 1977a).

This chapter presents a brief discussion of the data used in the
analysis, its spatial distribution and associated errors. The
technique used to compensate for the irregular data distribution
is then elaborated. The resulting harmonic estimates are presented
and compared with previous analyses. Some of the low degree harmonics
and their geophysical implications are discussed separately. The
center-of-figure displacement and the excess topographic oblateness

receive particular attention.
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.

Maps of the global topography and the Bouguer gravity anomaly
are presented, followed by a crustal thickness map consistent with

gravity, topography and recent preliminary Viking seismic results.

B. DATA r

The basic data used in this analysis are identical to those used
by Christensen (1975). They consist of occultation and spectral
measurements from Mariner 9, and Earth-based radar data. The
occultation measurements yield absolute distances of surface points
from the center of mass. All the other data are only relative.
Christensen (1975) solved for and partially eliminated the biases
between the various reference surfaces, and thus produced a more
unified data set. Figure 3.1 indicates the approximate distribution of
these data, summarized according to 5° x 5° bins. An important
aspect of this distribution is its uneven character. Only 1381 of
the 2592 bins, representing 68.5% of the total surface area, contain
any data. Even among these, the number and quality of measurements
varies widely, from only one measurement per bin in some high
latitude regions, to over a hundred measurements per bin in the low
southern latitudes.

Carlson and Helmsen (1969) have shown that it is the unevenness,
rather than the sparsity, of the data distribution which causes
the greatest difficulty in obtaining reliable estimates of harmonic

coefficients., It is primarily in our treatment of this problem that

our analysis differs from Christensen's.
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In a similar analysis of lunaf topography in Chapter I, we
relied on a linear auto-regressive interpolation scheme to obtain
estimates, in the regions without data, of the most probable elevations
and associated errors, consistent with the known statistical charac-
teristics of the available data. This process minimizes the expected
mean square error of the estimates, but, unfortunately, it totally
ignores the actual topography in the unmeasured regioms. Fortunately,
in the case of Mars, we can do better.

Wu (1975) has used essentially this same data set, in conjunction
with photographic interpretation, to produce a topographic contour
map of Mars. In the regions without direct measurements, the
contours have been interpolated by photogrammetric and interpretive
techniques., Presumably this interpolation procedure gives a faithful
representation of the high frequency components of the topography,
but may suffer from low frequency distortion of bias errors.

Our complete data set thus consists of Christensen's (1975)
data, where available, augmented by a bias corrected version of Wu's
interpolation in the regions without direct measures. This is
preferable to leaving large voids in the data distribution.

All data are of the basic form R(6,p), where R is the radial
distance from the origin, 6 is the latitude, and ¢p is the (west)
longitude. 1In addition to the spherical coordinates (R,0,p), we
will have occasion to use a Cartesian coordinate system (Xl’ XZ’ X3)

with its origin at the center of mass. This system is right-handed
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and oriented such that the X1 and X2 axes are in the equator plane
with the positive X1 axis on the ¢ = 0° meridian and the positive

axis on the ¢ = 270° meridian. The X, axis lies along the rotation

X 3

2

axis (positive towards north).

C. ANALYSIS

As discussed in the previous section, the greatest problem we
face in the analysis of the data is compensating for their irregular
spatial distribution. We will be interested, not only in the complete
ensemble of harmonics which characterize the Martian surface, but also
in some of the low degree hérmonics considered separately. Therefore
we require harmonic coefficients which not only accurately repre-
sent the data, but which are also optimally uncorrelated with one
another, consistent with the uneven data distribution.

Given a collection of topographic data Fi with assoclated
standard deviation o5 distributed on a sphere,

R(,,p,) = F, £ 0, (3.1)

we desire optimally uncorrelated estimates of the harmonic coefficients
Hnm through degree and order N,

Our basic model is of the form

16 n
R(8,9) = R |1 +EZ HL A (8,9) (3.2)

n=1 m=0
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where, as before

nml Cnm
Hnm = = -
nm2 Snm
_ cos (myp)
Anm(e,@) = an[sin(e)] .
sin (mep)

are the normalized harmonic coefficients and surface harmonic func-
tions, respectively. A sixteenth degree model was chosen as a
compromise between resolution and credibility, since, as the sphere
is tesselated into a finer mesh of bins, the proportion of bins
containing data decreases. This model resolves many of the major
physiographic features, and in fact exceeds the resolution of any
presently available Martian gravity model. A higher degree model
was not utilized because of the advgrse effect of the data gaps,

For the ensemble of observations, equation (3.2) can be
written as

Fi = 52; Zj = Aiij (3.3)
where Zj is the vector of harmonic coefficients Hnm' In this
notation, the weighted least-squares estimator is (see e.g., Lawson
and Hanson, 1974)

2 = [aTBA]"! ATBF (3.4)
where the weighting matrix B is the inverse of the data noise

covariance matrix (assumed, in this analysis, to be diagonal), and

superscript T denotes transposition.
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To obtain uncorrelated estimates of the parameters Zj’ we must

diagonalize the solution covariance matrix

E(ZZT) = [aTBa1’! (3.5)

where E(e) is the expectation operator. Since we are assuming

that B is diagonal, the problem thus reduces to the optimization
of the uniformity of the effective data distribution. If we had
data of uniform accuracy, evenly distributed over the sphere, we
would be assured of uncorrelated estimates. However, the very
uneven distribution of the data necessitates further analysis.

The approach we have taken is to represent the surface of Mars,
in each bin which contains data, by an average of those data, and,
in the bins lacking direct measures, by elevations from Wu's (1975)
map corrected for low frequency biases. The first step was to deter-
mine the weighted mean of all the data within each of the 1381
5°%¢ 5° bins which contain data. We then sampled Wu's map at the mid-
point of each of the 2592 5° x 5° data bins. The map elevations
are referenced to the equipotential surface of Jordan and Lorell's
(1975) gravity model with mean radius R = 3382,946 km. This
approximately corresponds to the 6.1 mb equipressure level. Absolute
radii were thus constructed by adding the map elevations to the radii
of the corresponding points on the equipotential. These radii were
then expanded in a harmonic series of degree sixteen, with coeffi-
cients H;m.

To determine the bias, if any, between the averaged data R and

the map radii R, we define the difference function
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R(8,9) - R(6,9) 1f (8,9) €D
AH(B,0p) = _ (3.6)
0 otherwise
where D is the set of points (6,yp) enclosed in the 1381 bins which
contain data, This difference function can be represented as

AH =b s w @3.7)

the product of the true bias b(6,yp) times a sampling window function

1 if (8,0) €D
w(0,p) = (3.8)
0 otherwise.
Therefore, in a harmonic series expansion of AH(6,p), the coefficients
] *
AHnm bnm Ynm (3.9)

are convolutions of the bias function coefficients with the window
function coefficients.

We are unable to perform a direct deconvolution. However, since
the detrimental effect of this convolution is greatest in the high
degree harmonics, and since our a priori expectation is that most of
the actual bias introduced by Wu's (1975) interpolation is of a low
degree nature, we desire a low-pass filtered version of the difference
function to use as our estimate of the actual bias. A candidate low-
pass filter is realized by truncating the harmonic expansion at some
low degree N. However, this filter is rather too abrupt for the present
purpose, and the choice of cutoff degree is somewhat arbitrary.
Therefore, we have chosen to convolve the difference function with a

Gaussian function of angular distance y (Roberts and Ursell, 1960)
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o = Y EER OO osty))  (.10)
n=1

with angular variance

@ = N =16

__4m
) @+1)
equivalent to the resolution of a sixteenth degree harmonic series.

According to the addition theorem of spherical harmonics (see

Appendix A)

n
PL(cos(N)) = g D Ao (8w B (0107 (3.11)

m=0
where

v = cos-1 [EEESA%Q—i;l cos(AB) + cos (g&ﬂ -1 cos(ZB)]_

is the angular separation between points (8,yp) and (9',@') = (6+A8,
@ + Ap). Therefore, the result of convolving the difference function
with the specified Gaussian function and expanding the convolution in

a harmonic series is

ef(n)(n+1)®/4

A’ = AH (3.12)

nm nm
where AHnm is a harmonic coefficient of the difference function.
Our final bias corrected harmonic coefficient estimate is thus

o= Hr’m + AH;lm (3.13)

where H;m is a harmonic coefficient of the elevations from Wu's (1975)

map.
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In performing these harmonic expansions, we have used the weighted
least-squares algorithm [equation (3.4)]. The weighting of each point
was proportional to the area of its bin and inversely proportional to

the variance of the measurement or interpolation:

- 2
Bij 2 sin(A8/2) cos(Gi) Agp 6ij / o] (3.14)

The presumed errors were 0 = 0.3 km for the actual data and 0 = 1.0 km
for the interpolation.

The estimates of the normalized harmonic coefficients and their

formal uncertainties are presented in Table 3.1.

D. RESULTS
1. Low Degree Harmonics

We will now consider the harmonics of degree zero, one and two.
These represent the mean radius, center of figure displacement, and
tri-axial figure, respectively.

The estimated mean Martian radius is Ry = (3389.92 + 0.04) km.

This, in conjunction with estimates of GM = (42828.1 + 0.5) km:ssecm2

(Born, 1974) and G = (667.32 + 0.31) x 1027 km> sec 2 gm™ ' (Heyl
and Chrzanowski, 1942) yields an estimate for the mean density of
E = (3.9331 + 0.0018) gm cm-3. Most of this error comes from the
error in G. The mean density, in combination with the mean inertial
moment, places important constraints on models of Martian internal
structure and composition (see e.g., Johnston et al., 1974).

We now turn our attention to the first degree harmonics. They

represent a displacement of the center of figure (C.F.) from the

86



—

R ECRC T AT ] ST LWL NN

ccoooror O

Normalized Martian Topography Harmonics ( x 106)
R0 = 3389.916 + 0.038 km

S WV~ O [PUN NI o= C

s WNN=0O

ocowndLwnNneE-C

nm

‘37600
-8. 1

1.7
-288.1

73.4
-270 7
-37.5
111 .5

3.0
121.9
-109. 2
-15.1

-1.2
7.8
‘6001
-Soq
-14.7
-47.3

S5l.1
-3. 1
’6601
"220 3
27.6
59.0
€0.3

TABLE 3.1

»|

nm

-199.8

103.0
2l4.5

23.4
68.1
25007

14.3
"6.3.2
"4.2
"61.0

16.2
45.4
-9502
17.0

-6407
47.3
=225
5247
12.1
4.4

87

Y (Cnm

12.7
10.3

12.2
l1.6
10.1

12.5
11.5
11.3

9.9

12.6
11.3
11.3
10.9

9.8

12.1
11.5
11.0
11.1
10.7

9.8

11.8
ll.4
11.1
10.8
11.0
10.5

9.9

)

l1l1.4
11.3
10.0

l11.3
11.3
ll.1

9.8

ll.7
10.9
11.3
10.7

9.8

l1.6
11.0
10.9
11.0
10.5

S.9



=]

NSNS
N VS WNE~O

OO
T ~NOCUVSHWNTHCO

OO VOVOOOVOLOCYO

el
[eNoNe]

P s et Pt oot b s et
C0O0OCOO0O

ot

COO~NWVHWN-~O LCo~NCnSuN-O

TABLE 3.1 (Cont'd)

al

s g(C ) a(S

nm nm nm nm
98.2 1l.4
-802 2903 1103 11."
48.0 -1504 10.9 11.0
1707 =24 .4 10.8 10.8
14.9 5.0 10.8 10.7
25.7 13.2 10.9 10.8
2246 3.6 10.4 1C.4
35.1 -43.5 10.0 10.0
29.8 11.1
-9.1 35.7 11.2 1102
9.2 15.0 10.8 10.9
15.1 16 .6 10.7 10.7
~C.6 32.6 . 10.7 10.6
37.4 2045 1047 10.7
-38.7 -15.2 '1007 10.7
33.¢ Te3 10.4 10.3
-28.6 5.3 10.1 1GC.1
34.8 10.9
30.6 -10.6 10.9 10.9
2.9 5.8 10.8 10.8
-G9.1 -0.5 10.5 10.6
4.2 15.4 10.6 10.6
"23.8 8.1 10.6 10.6
249 5.6 10.6 10.6
1402 -1400 10.6 1005
-3301 -1101 10.3 10-3
-30.2 12.2 10.2 10.2
13.€ 10.8
20.5 -1.0 10.7 10.7
9.9 ‘21.7 1007 1007
25.5 9.1 10.5 10.5
232 "21-0 10.5 10.5
-18.0 3.0 10.6 10.6
1.9 -14.3 10.5 1005
-1202 _1209 ' 10.6 10.5
“8.1 -9.3 10.5 1005
‘2506 ‘12.7 10-3 10.3
6.7 13.5 10.3 10.3

88



~C OGNV WN=O

— -

P
N=~OoOJLY o~ VPN~ CO

a~NouvsSwWNnrE-O

—— -
wWhN-—C

l.6

[
wownmwohho v

e & & o & o & o

Wy OOV~

|
wn
)
H\]

2.2

1
N
.
U

10.0
4.4
7.8

~29

-3.2

=27
0.6
Be7

-1.0
=3e€
-2105

TABLE 3.1 (Cont'd)

S,
nm

~8.6
-8.9
~-14.3
"'903
‘8.6
10.8
~-1l.4
11.4
"4.4
1446
‘8.7

-1308
“6.0
“0.8
-7 .7

0.5

-ll 3
11.7

"'10.2

265
17.7
-3.6
'601

19.1
-3.3
10.8
l.1
34
3.4
-B.4
-801
2.9
0.8
"9.3
3.1
~4.6

89

o(C
nm

10.6
10.6
10.6
10.5
10.5
10.5
10.5
10.5
10.5
10.4
10.4
10.3

10.6
10.5
10.5
105
10.5
10.4
10.5
10.5
10.5
10.5
10.4
10.4
10 .4

10.5
10.5
10.5
10.5
10.5

- 10.4

10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4

a(S )

nm

10.6
1C.6
10.5
10.5
10.5
10.5
10.5
10.5
10.5
10.4
10.3

10.5
10.5
10.5
10.5
10.4
10.5
10.5
10.5
10.5
10.4
10.4
10.4

10.5
10.5
1C.5
10.4
10.4
10.4
10.4
1C.4
10.4
10.4
1C.4
1C.4
10.4



14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Vol AL NI ¢ SRV BV VO NN =

P s P b s e
VeHpWN-OOVE~NOOWMSLNEFC

ol

I

|
oS
.

N WDWSNPID =00

-~10C.

i !
i ) ol | -~
W H NP Oo=~O0O00~WWWM
o ¢ e & 0 5 & & o & o o o
W o

TABLE 3.1 (Cont'd)

2]

!
O N g ~NLULLULD
® ® 6 o & 0 0 6 o 8 0 g @ @

NODP~NONDONSDI=NODND

]
- -

] 1
- st
VO PONOOROPOHN

[

90

OCWoOoOoOCLWLWLHAPINEENGON

10.5
10.5
10.5
10.5
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4

10.4
10.4
10.4
10.4
10.4
10 .4
10.4
10.4
10.4
10.4
10.4
10.4
10. 4
10.4
10.4
10.4

10.5
10.5
10.5
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4

10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4



n

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

£

CT~NOVMPOUNT+-O

nm

15.1
10.0

L] —
[ IRV N
* & O

|
-

|
[T
N~ ND2ONO PO M -~

WNODINEHYJOD VD=0 CD®O

TABLE 3.1 (Cont'd.)

s
nm

"'balf
0.1

55
"7.2
8.8
9.6
-9.2
11.0
10.8
-10.6
18.1
-607

91

a ((‘nm)

10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
10.4
1C.4
10.4
10.4

”(Snm)

10.4
10.4
10.4
1C.4
10.4
10.4
10.4
10.4
10.4
10e4
10.4
10.4
10.4
10.4
10.4



center of mass (C.M.). In terms of rectangular coordinates, the

location of the C.F. is

Axl C1,1 -0.047 + 0,061
MK, = R0 -Sl,l =1 1.173 + 0.062 | km (3.15)
AX3 Cl,O -2,208 + 0.075

or in terms of spherical coordinates

R (2.501 + 0.073) km
9 = | (6250 =+ 3%7) s
P 2723 £ 3%0) w

where, as before, the origin is at the C.M. This offset, by definition,
implies a departure from spherical symmetry in the internal density
distribution.

Love (1911) investigated the problem of gravitational instabil-
ities in an initially homogeneous planet. He found that if the
rigidity is sufficiently small, the initial homogeneous configuration
will be unstable, and the mass will redistribute itself into a more
stable state. Any Such displacement of mass can be expressed as a
sum of spherical harmonics. The critical rigidity for the onset
of instability is a decreasing function of harmonic degree. Thus,
as a planet is heated during accretion, or subsequently by radio-
genic processes, and the rigidity decreases, the first mode to
become unstable is that of degree zero which is characterized by
purely radial disturbances. In an extreme case, this may involve

radial differentiaion into a core, mantle and crust. The next

92




mode to become unstable is the first degree, which represents
hemispherical disturbances. Thus, it is not surprising that all
, known differentiated terrestrial planets have sizable

C.F. offsets. Lingenfelter and Shubert (1973) have

discussed large scale thermally driven convection as a possible
mechanism for the production of these offsets.

Both the Earth and Mars display a dichotomy in physiography
as well as topography. Balmino et al., (1973) have determined the
distribution of oceanic and continental regions, as well as the
global topography of the Earth. The Earth's C.F. offset is toward
(41?6 N, 3457 E), whereas the cepter of the continental province is
(46° N, 27° E). In a coordinate system centered at the latter point,
much of the boundary between continental plates and oceanic plates
occurs between colatitudes of 90° and 110°. Much of the volcanic and
seismic activity of the Earth occurs in this transition zone, with
an additional clustering near the pole.

The surface of Mars can also be divided into two broad physio-
graphic regions: a high, heavily cratered southern region and a low,
northern region which contains smooth plains as well as the Tharsis
and Elysium volcanic provinces. The direction of the C.F. offset
(62°s, 272°W) is fairly close (Y & 30°) to the center of the southern,
heavily cratered region (55°S, 335°W) as determined by Mutch and
Saunders (1976). In a coordinate system centered at the latter

position, the boundary between cratered uplands and smooth lowland
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plains approximateiy follows the equator. There is also a concentra-
tion of volcanoes in the colatitude band between 120° and 150°, with
another grouping near the pole. In this regard, Mars is obviously
very similar to the Earth.

Mutch and Saunders (1976) have suggested that this distribution
may be due to convective motions under the control of rotational
forces. 1In fact, they argued that the axis of this shifted coordinate
system may have coincided with the rotation axis prior to the
" structural uplift in the Tharsis region. Though global scale

convection may well have been responsible for the physiographic and

tectonic dichotomy of Mars, and the symmetry axis may have temporarily
coincided with the rotation axis, it appears doubtful that there
was any causal connection between these events. The argument
is as follows:

The influence of rotation on the pattern of convection in the
Earth's mantle has received considerable attention (see e.g.,
Knopoff, 1964; McKenzie, 1968) and is known to be negligible at present.
In general the effect of rotation can be estimated in terms of the

Taylor number (Roberts, 1968)

2,2
ZQRO>

A%

7-

(3.16)

94



where R0 is the mean radius (cm),  is the rotational angular
velocity (sec-l) and vV is the kinematic viscosity (stoke = cmzsec-l).
This is essentially the square of the ratio of Coriolis to viscous
forces. For rotational effects to be significant, the Taylor

number must exceed unity. For the Earth and Mars, the values are
3.6 x 1027/\)2 and 2.6 x 1026/V2, respectively. Weertman (1970)

has estimated the effective viscosity (at a constant strain rate) as
a function of depth for the present-day Earth and Mars. In both
planets, the viscosity initially decreases with depth, due to
increasing temperature, goes through a minimum (v & 2 x 1020 stokes)
and then increases due to increasing pressure. Even during initial
planetary differentiation, the effective viscosity was likely no

less than 1018 stokes (Tozer, 1972). This minimum viscosity is still
great enough to preclude the rotation from influencing the patterm
of convection,

Furthermore, in situations where Coriolis forces do dominate
convective motion, the induced flow is often highly inclined to the
rotation axis (Roberts, 1968). The motion invoked by Mutch and
Saunders (1976) is parallel to their purported rotation axis.

We now consider the shape and orientation of the tri-axial

figure represented by the second degree harmonics. The principal

axes of this figure are:
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X', = (3394.5 £ 0.3 knm, 037 = 052N, 18%5 + 0%8W)
x'2 = (3399.2 + 0.3 km, 2%0 + 0%2s, 108%4 + 0%8w) 3.17)
x’3 = (3376.1 + 0.4 km, 8729 + 022N, 128%8 + 633W)

These differ somewhat in orientation from the priﬁcipal inertial
axes, as determined from the second degree gravity harmonics

(Sjogren et al., 1975):

x”i = (050N, 15%7 + 1%50w)
X, = (0%0N, 10517 £ 170W) (3.18)
xg = (9050N)

This misalignment, if confirmed by subsequent analysis, implies some
lateral density variation. If such variation occurs as undulations
on the crust-mantle interface, the principal axes of the tri-axial
mantle must be skewed in the opposite direction. We shall pursue
this idea further in a subsequent section. First, we will consider
the problem of Mars' excessive oblateness.

When subjected to a disturbing potential characterized by
harmonic coefficients Qnm’ an elastic sphere suffers a surface distor-.

tion

B’ =h 3 (3.19)

nm n nm
and this redistribution of mass gives rise to a further disturbance

of the potential

G' =k & . (3.20)

The Love numbers hn and kn’ for a homogeneous, incompressible

elastic sphere are given by (Munk and MacDonald, 1960)
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Kk = 3 1
n 2(n-1) 1+N(n)u/Pc
| (224) (3.21)
h = k
n 3 n
where
2
_2@+1)” + 1
N(n) o
3GM2
Pc A
STTR0

is the hydrostatic pressure at the center of the sphere and p is the

elastic rigidity. See Appendix E for a more complete discussion of

these matters.

The disturbing potential induced by rotation is, in terms of

un-normalized harmonics,

=;———=_E :
§2 0(Q) 3CH 3 (3.22)
where () is again the rotational angular velocity and m is the ratio of
centrifugal to gravitational accelerations on the equator. We shall

use the usual geodetic terminology and denote by ''gravitation"
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the attraction due to the mass of a planet and by 'gravity" the
combined effect of gravitation and rotation. Thus the rotational
contributions to the surface topography and to the shape of the

gravity equipotential are

23
H, = 2 l \ = Q Ro = - Eg-
2,0 2 1+19p./4Pc /‘ 3GM 3
and (3.23)
’ _ 2 1
22,0 +6° 0 = [1 T2 (l+l9p./4P )]
2.3
[_ ER_O] _ UMy

3GM 3

respectively. Here fg and fd are the geometric and dynamic flatten-
ings. They are defined as the fractional difference between equa-
torial and polar radii of the actual topography and the gravity
equipotential surfaces, respectively.

If the rotation of Mars has been essentially uniform for a
period longer than its second degree visco-elastic relaxation time

T'z, where (Darwin, 1879)

and M = pv is the dynamic viscosity (poise =g cm-1 sec-l), we should

expect the topography to conform to an equipotential surface. Since
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@2 0(Q) = -1,523 x 10-3, we would expect for a homogeneous, incom-
b

pressible fluid Mars:

~3.808 x 10>

3

‘
2,0
¢

2,0

H
(3.24)

]

G -2.285 x 10~

However, we find

Hy o = (=6.078 % 0.027) x 103

and Sjogren et al.(1975) have found
3

G, . = (~1.958 + 0.021) x 10~
2,0

Thus the topographic oblateness is too great, and the gravitational
oblateness is too small for Mars to be homogeneous and hydrostatic.

The radial variation of density inside Mars is easily incorporated
into the hydrostatic theory. In the traditional notationm, the flat-
tening of a hydrostatic configuration is (Darwin, 1900)

- - 5m/2

£
g d 2
1 +[% (1 - 3 2)]
2R

0

(3.25)

where C is the polar moment of inertia. The homogeneous case we

previously considered corresponds to C = ZMRS/S and therefore

£ =g, =8 (3.26)

Since the rate of precession of Mars' rotation axis is not known,

all present estimates of the moment of inertia are obtained from
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the dynamic flattening according to the hydrostatic theory. The
discrepancy between dynamic and geometric flattening makes this
approach rather suspect. This problem has a long and interesting
history. We will digress now to a brief discussion of the principal
points.

The earliest determination of the dynamic flattening of Mars
appears to be that of Struve (1895), who analyzed the precession of
the orbits of Phobos and Deimos. His result was fd = 5.210 x 10-3
(G2,0 = -1.951 x 10-3). Subsequent analyses (Table 3.2) of the
motions of both natural and artificial satellites have essentially
confirmed this result. The situation is very different regarding
the geometric flattening (Table 3.3). Though the early estimates
varied widely, they tended to be large. Darwin (1877) poiﬁted out
that the best estimates available to him exceeded even the flattening
predicted for a homogeneous fluid planet. A summary of the best
Earth-based telescopic determinations is given by de Vaucouleurs
(1964). The mean of 32 polar radius determinations spanning the
period 1890-1958 yields 3378 + 3.6 km. The mean of 68 measurements
of the equatorial radius from the period 1879-1958 is equivalent to
3414.2 + 3.6 km, The corresponding flattening is fg = (10.6 % 0.5)
10-3. It is interesting that these early polar radius estimates
essentially agree with present estimates whereas the equatorial

radius was consistently overestimated. It has been suggested

(de Vaucouleurs, 1964) that the excess apparent equatorial radius
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1071

Mars Dynamic Flattening

TABLE 3.2

Source £, % 103 Gy,0 X 10>
Struve (1895) 5.210 -1.951

Woolard (1944) 5.215 -1.955

Wilkins (1967) 5.208 + 0.030 -1.950 + 0.020
Sinclair (1972) 5.232 £ 0.005 -1,966 + 0.003
Lorell et al. (1973) 5.223  0.015 -1.960 * 0.010
Born (1974) 5.223 + 0,027 -1.960 + 0.018
Sjogren et al. (1975) 5.220 + 0.032 -1,958 + 0.021
Reasenberg et al. (1975) 5.216 -1.955



¢01

TABLE 3.3

Mars Geometric Flattening

Source fg x 103 Hy o % 103
Schur (1896) 21.5 + 1.7 -14.3 £ 1.1
Hartwig (1899) 8.6 <+ 1.5 -5.7 £ 1.0
Trumpler (1924) 10.4 + 0.6 -7.1  + 0.4
Camichel (1954) 12.0 + 4.7 -8.0 * 3.1
Dollfus (1972) 7.9 1.5 -5.3 + 1.0
Cain et al. (1972) 5.39 £ 0.15 ~-3.59 + 0.10
Christensen (1975) 5.90 -3.93

Present work 6.117. + 0.041 ~4.078 + 0.027



may be an atmospheric effect. In any event, it gave rise to a
number of interesting theories which attempt to explain an actual
excess oblateness. Darwin (1877) considered, but discarded, the

idea that Mars is in hydrostatic equilibrium, but has a density which
decreases with depth. Urey (1950) hypothesized an equatorial belt

of isostatically supported mountaing. Lamar (1962) proposed instead
that the elevation of the surface increases gradually from the poles
to the equator, and that this increase is isostatically compensated
by variation in the crustal thickness. Runcorn (1967) suggested that
second order convection cells might produce the excess flattening.
This unexplained oblateness was one of the greatest Martian geophysi-
cal problems prior to spacecraft exploration (Loomis, 1965).

More recent radar (Pettengill et al., 1969; Downs et al., 1975)
and spacecraft (Cain et al., 1972; Fjeldbo et al., 1972) observations
have confirmed a smaller mean equatorial radius, and the problem of
excess topographic oblateness has fallen into relative obscurity.

The prime geophysical problem has become the subport, isostatic or
otherwise, of the Tharsis ridge and associated volcanic constructs
(Carr, 1973). Phillips and Saunders (1975) investigated the isostatic
support of three low degree harmonics (H2,2’

3.2
contribute significantly to the Tharsis uplift, They conclude

and H3’3) which

that the Tharsis plateau and the adjacent Chryse and Amazonis low-
lands are geologically young and only partially compensated,.whereas
the isostatic support of other, older areas is essentially complete.

Recently, Reasenberg (1977) has attempted to estimate the influence
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of the Tharsis region on the topographic and gravitational oblateness.
His basic premise is that,prior to the uplift of Tharsis, Mars was in
hydrostatic equilibrium (fg = fd). By excising Tharsis and the
adjacent lowlands, he obtains an estimate of the equilibrium gravi-
tational cblateness G, () = (-1.829  0.012) x 10'3[fd = (5.027

+ 0.018) x 10-3]. He then argues (but not convincingly) that the
minor (rather than the mean) equatorial radius should be used in
computing the topographic flattening of the pre-Tharsis Mars.

Thus, based on Christensen's (1975) topography model, he finds

- -3
HZ,O(E) = 3.418 x 10

£, = 5.127 x 10731, When calculated this-
way, the topographic and dynamic flattenings are nearly equal. If
this result is correct, it is profound not only in the historical
context of showing that the solution to the older excess oblateness
problem is to be found in studying Tharsis, but also because this
hydrostatic flattening estimate gives a substantially reduced estimate
for the moment of inertia of Mars. Previous estimates of G2,0 =
(-1.966 + 0.003) x 10'-3 (Sinclair, 1972) yield C/MRS = 0.3768 %
0.0003, whereas Reasenberg's estimate yields C/MRg = 0.3660 + 0.0010.
This has important implications for the internal structure of Mars.
Most internal models (Jeffreys, 1937; Bullen, 1949; MacDonald, 1962;
Anderson, 1972; Johnston et al., 1974) have found a high density
mantle and a small core. This new estimate for the moment of inertia
would imply a lower mantle density and a larger core. This would

appear to be consistent with a more extensively differentiated

interior than has previously been supposed.
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Another effect which could contribute to the discrepancy between
the geometric and dynamic flattenings is a possible secular decrease
in the rotation rate of Mars. Hartmann et al. (1975) have discussed
possible rotation histories for Mars and suggest on dynamical
grounds that it rotated more rapidly in the past. Binder and
McCarthy (1972) have suggested a despinning of Mars based on tectonic
arguments.

The influx of debris from the asteroid belt could have slowed
Mars' rotation at a rate which could be significant over geologic
time. In order to account for the entire excess flattening as a
fossil bulge left over from a period when Mars rotated more rapidly,
the ancient rotation period would be 82050 sec(22h I 303) as opposed
to the present period of 88642.67 sec @2&" 37™ 22567). The slowing
of Mars to its present rotation rate by accretion of asteroidal debris
would have involved the accumulation of a debris mantle some tens
of kilometers thick. This would presumably tend to mask any excess
oblateness due to former spin states. However, some degree of
despinning by this or other mechanisms may have occurred.

2. High Degree Harmonics

In common with the Earth (Balmino et al., 1973) and the Moon
(Bills and Ferrari, 1977a), the topography of Mars is dominated by
the low degree harmonics. Furthermore, the rate at which the total
topographic variance per degree decreaseé with increasing degree is
similar for all three planets. Dimensionless degree variances V(H*;n),

of.equipotentially referenced Martian topography and the
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associated error variances W(H;n) are displayed in Figure 3.2.

These variances are given by:

n
VH*;n) = E H::; H:m

m=0

n (3.27)
W(H;n) = E ') o)

m=0

%*
where H =H - G . We note that the topographic variances decrease
nm nm nm

approximately as

*
*, 2V ;0

VEED S @y @D

We further discuss this relationship and its implications in the

next chapter. We also note that, in the case of uniformly accurate

data, i.e., o[R(B,p)] = 00, the degree error variances are (Heiskanen

and Moritz, 1967):

2

o)
W(H;n) = 2“—4:—1(E°-> (3.28)
0

The small departures of our calculated error variances from this
simple form are due to the irregular data distribution.

In order to compare our results Hnm’ with those of Christensen
(1975) Hém’ we have calculated the degree correlation coefficients
(Kaula, 1967)

V(H,H’;n)
[V(E;n) Ve’ ;n)1t

B, ®,H) = 73 (3.29)
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FIGURE 3.2 - Martian topographic variance spectrum. The actual
dimensionless variances, V(H;n), of the equipotentially referenced
topography follow quite well the relationship V(H;n) = V(H;0)/(n) (n+l).

The error variances, W(H;n), are approximated by &4m W(H;n) = (2n+1)

2
(cO/Ro) .
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In Figure 3.3, we present these correlation coefficients and the
critical values for various confidence levels. The correlation is
seen to be very good. In computing the correlation, we have corrected
two typographical errors in Christensen's original paper. The
correct values for 04’1 and C&,Z are ten times the values listed
(E.J. Christensen, personal communication, 1977).

Figure 3.4 is a map of Martian topography derived from our
harmonic model. The map elevations are referenced to the 6.1 mb
equipressure surface. This surface will be referred to as the

reference equipotential or areoid. It is approximated by

4 n
’ 2 T
R’ (@, =R, |1 +F cos™(8) + § : 2 : G (859 (3.30)

n=2 m=0
where Ré = 3382.946 km (Wu, 1975) and Gnm are the coefficients of
Jordan and Lorell's (1975) gravity model. The rotational contribu-
tion can be expressed as an increase in the reference oblateness,
Gé,O = GZ,O- m/3, and an increase in the reference mean radius,
R" = R/ (1 +m/3) = 3388.099 km. The heights are thus H(8,p) =
R(O,0) - R’(8,¢p), where R and R’ are given by equations (3.2) and
(3.30) respectively.

As expected, we find a considerable increase in resolution over
Christensen's (1975) eighth degree model. In fact, our model resolves
most major features within areas of adequate data coverage. This was
a major objective in the construction of the model and permits

comparison with equivalent resolution gravity models for the purpose
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FIGURE 3.3 ~ Correlation coefficients: topography with topography.
Comparison of present model with Christensen's (1975) model. Confi-
dence levels indicate probability of specified correlation between

Gaussian random variables,
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FIGURE 3.4a - Martian topography. Mid-latitudes. Sixteenth degree
model. Elevations relative to the 6.1 mb areoid. Main contour
interval is 2 km (solid line). Selected 1 km contours indicated

(dashed line).
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of determining the internal density. We will now attempt to do just
that.

As a first step, we wish to know what correlation, if any,
exists between the topography and gravity of Mars. For that purpose,
we have calculdted degree correlation coefficients Bn(H,G) for
n < 10 of our topography model with the gravity models of Sjogren
et al. (1975) and Laing (1977, private communication). These are
presented in Figure 3.5. It is seen that the low degree correlations
are significant. Thus, the low degree gravity harmonics appear to be
primarily due to surface height variations and only secondarily due
to density anomalies. The decrease in correlation of the higher
degree harmonics is presumably due to the relatively poor determina-
tion of the relevant coefficients, but may reflect an actual property
of the planet.

The observed gravitational anomalies may be ascribed to contri-
_ butions from both lateral density variations and surface topography.
The topography of a planet with crustal denéity po and mean density

P gives rise to gravitational potential perturbations (MacRobert, 1967):

@ T
_ o o T
BER,8.0) = g E E [‘;] 86 A (8,9 (3.31)

where

2n+1\ — -
( 3 ) P AGnm po Hnm

The difference between the observed gravity and the topographic

114



FIGURE 3.5 - Correlation coefficients: topography with gravity.
Comparison of present topography model with gravity models of
Sjogren et al. (1975) and P.A. Laing (1977, personal communication).

The low degree harmonics are significantly correlated.
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correction, known as the Bouguer anomaly, is thus a measure of the
extent of lateral density variation.

Figure 3.6 is a map of the Martian Bouguer anomaly evaluated on
the areoid. This is calculated as the vertical component of .the
gradient of the Bouger anomalous potential on the reference surface

(Heiskanen and Moritz, 1967)

10 n n
R
_ GM ) 0 T
AgB(R,e,co) = ;5 E E [_R_il (n-1) Bnm/\nm(G,CP) (3.32)
o]

n=1 m=0
where

B =G - AG
nm nm nm

and we have assumed a surface density Py = 2.9 gm cm-3. The series
is truncated to tenth degree because of limitations of the gravity
model (Sjogren et al., 1975).

As was anticipated in our discussion of the correlation coeffi-
cients, the low degree harmonics of the gravitational field are
produced primarily by surface height variations, and only secondarily
by lateral density variations. However, it is interesting to note
the large negative anomalies associated with Phlegra Montes (35°N,
200°W), near the Elysium volcanics, and with Tharsis Montes (5°N,
110°W) another high volcanic province. This latter feature is
flanked by prominént positive anomalies in Amazonis Planitia (5°N,
160°W) and Chryse Planitia (20°N, AOOW). Other significant positive

anomalies are in the low regions of Hellas Planitia (35°S, 290°W)
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and Isidis Planitia (15°N, 270°W). Most of the prominent negative
anomalies are associated with topographic highs, and convefsely.

This implies some degree of isostatic compensation. To ascertain the
degree of compensation, we need to know how the crustal thickness
varies with elevation and location on the surface of Mars.

Recent seismic results (Anderson et al., 1977), although tentative,
can be interpreted as indicative of a crustal thickness of 15 km in
the vicinity of the second Viking landing site (47289N, 225%86W).

We can estimate the variation of crustal thickness implied by the
Bouguer anomaly map on the assumption that all lateral density
variations occur as undulations on the crust-mantle interface (Khan,
1977; Bills and Ferrari, 1977b). These undulations are determined
from the relation

where Hé;) and Hnél) define the shape of the surface topography and
crust-mantle interface, respectively. The mean normalized radius of
the interface is § = R/Ro. The crustal density and density contrast
across the interface are po and Ap, respectively. These latter
three parameters are unknown.

We have examined a number of cases and will discuss three of
them in particular. For this discussion, we have assumed an upper
mantle density of % + Ap = 3.5 gm cm-3 (Anderson, 1972). We then

-3
consider the three cases po==2.7, 2.8 and 2.9gmem ~, which span the
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range of probable crustal densities. The mean crustal thickness was
varied in each case until a 15 km thickness was obtained at the Viking
landing site. The values obtained are 34, 36 and 40 km respectively.
The resulting map for the high crustal density case (po = 2.9 gm cm-3)
is shown in Figure 3.7. The maps corresponding to the other cases
are qualitatively very similar. However, when the crustal density
is low and the crust-mantle density contrast is accordingly high,
smaller amplitude undulations on the crust-mantle interface are
required to produce the observed Bouguer anomalies. For example, the
maximum crustal thickness was obtained in all cases under Tharsis.
These maxima were 61, 67, and 77 km, respectively. Likewise, all three
models exhibited a minimum crustal thickness under Hellas (10, 9 and
8 km).

Because the Viking crustal thickness estimate (Anderson et al.,
1977) is based on a single anomalous event that cannot be proven to
be of internal origin and may, in fact, be a wind event, we have also
considered models based on the assumption of zero crustal thickness in
Hellas. These yield minimum mean crustal thickness estimates for a
given density regime. For the densities previously considered,
po =2.7, 2.8 and 2.9 gm cm-3, the mean crustal thickness estimates
are 23, 24 and 32 km, respectively. The corresponding crustal thick-
ness estimates under Tharsis are 50, 58 and 68 km, and at the Viking
landing site 5, 6 and 7 km, respectively.

None of these models is completely isostatic. However, it was

found that the mean squared super-isostatic stress at the crust
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FIGURE 3.7 - Martian crustal thickness. Tenth degree model. Gravity
from Sjogren et al. (1975). Assumed crustal density is 2.9 gm cm-3,
crust-mantle density contrast is 0.6 gm cm-3 and mean crustal
thickness is 40 km. Second Viking landing site (47°89N, 225°86W)

is indicated by dot. Crustal thickness at that location tentatively

estimated from Viking seismic data (Anderson et al., 1977).
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mantle interface was least for models with low crustal density,

thin crust and high density contrast across the interface. The range
of models we considered indicate that Tharsis is 60-657 compensated,
whereas, Hellas is 95-105% compensated. A complete discussion of

Martian‘isostasy is beyond the scope of this paper.
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IV. TOPOGRAPHIC VARIANCE SPECTRA OF THE EARTH,

MOON AND MARS: AN EQUILIBRIUM MODEL

A, INTRODUCTION

The surface topography of a solid planet or satellite may be
thought of as the superposition‘of two. components; one deterministic,
the other stochastic. The nature of the determinisﬁic component
(due to influences such as rotational and tidal deforma;ipn) has
béen extensively studied and is rather well understood (see e.g., Kopal,
1960; Chandrasekhar, 1969). 1In such analyses, the solid planets are
‘usually modeled as fluids in equilibrium with simple deformational
forces possessing axial or radial symmetry. The attention this
deterministic approach has received is well deserved, since for
most planets ‘and satellites, fhe basic spherical shape, as well as the
principal departures from sphericity, are adequately understood in
this paradigm. However, on a local or even regional scale, the
topography is aominated by its stochastic component. Though the
individual constituent features of this topography (ridges, mountains,
craters, etc.) héve received attention previously and are fairly
well understood in isolation, it is the random superposition of.many
such features, each basically deterministic, which produces the
stochastic nature of the topography.

A general lack of undérstanding and appreciation for this aspect
of the problem is well i11ustrated'by the statement of Cook (1973)
that "the sﬁape of the solid surface bf the Earth is very irregular

and of no scientific interest."
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The principal objective of this chapter is to isolate the
stochastic components in the topography of the Earth, Moon and Mars
(with brief reference to Venus) and gain a better understanding
of their properties. We will find interesting statistical
similarities among these rather diverse surfaces. In
particular, we will consider the hypothesis that the variance

spectra of all solid planets have the form

_ V(50
Vo) = T .1)

for all n such that Ro/n & 2000 km, and that furthermore, the

individual harmonic coefficients Hnmi are Gaussian random variables

N(O,oﬁ) with mean u = 0 and variance

2 _V@H;n)
Oh T 2n +1 “%.2)

For comparison with later observations, in figure 4.1 we present
_ a topographic variance spectrum constructed according to this hypothesis.
For each harmonic degree n: 1 < n < 30, the 2n + 1 harmonic coeffi-

cients Hnmi were assigngd values drawn from a population of Gaussian .
N(O,oﬁ) raﬁdom variables. The fluctuations of the fesultan;

gample vafiances relative to the population vafiaﬁces éfe distributed
as xz/(2n 4+ 1), i.e., chi~-square over degrees of freedom with 2n + 1
degrees of freedom (see Appeﬁdix B). The critical values for the

90% confidence level are indicated. There is thus a 10% chance that
the sample_variance will fall outside these limits if the populafion
variance is as specified by the model. The value of V(H;0) = 10"6

was chosen to be representative of actual planetary values.
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4.1

Simulated spherical topographic variance spectrum. Harmonic
coefficients are N(O,cn2) Gaussian random variables with
dnz = 10-6/(n)(n-+1). Points are sample variances. Solid

line is theoretical variance, Dotted lines indicate critical

values for 90% confidence level.
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In the remainder of the chapter, we will discuss some observa-
tions relevant to this hypothesis, and then examine a number of
possible explanations for this peculiar behavior. Lastly, we will
consider some of its implications and point out some directions for
future research.

B. OBSERVATIONS

1. Variance Spectra

Earth
Vening-Meinesz (1951) was apparently the first to call attention
to the fact that the Earth's topographic variance spectrum, as obtained
from Prey's (1922) harmonic analysis, is approximated by equation
(4.1) at least for harmonic degrees n: 1 < n < 16. We shall therefore
refer to this ideal form as the Vening-Meinesz spectrum. In a later
paper (Vening-Meinesz, 1962), he showed that an unpublished harmonic
analysis by G.J. Bruiné, with n < 31, further supports and extends the
observed range of validity of his initial observation. Balmino et al.
(1973) have performed a harmonic analysis complete through degree
and order 36. In Figure 4.2, we present the degree variances from
this énalysis compafed with fhe Vening-Meinesé spectrum. The value
of V(H;0) was adjusted to optimize the match with the actual spectrum.
We will often loosely referlto V(H;0) as the total variance.
However, this is only strictly true for the pure Vening-Meinesz

spectrum. In most cases, C(H;0) < R02 V(H;0) (see Appendix D).
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It is easily seen that the largest departures from the Vening-

Meinesz spectral form are for the first few harmonic degrees. Though
the confidence limits for the low degree harmonics are quite wide, it
still seems significant that for the Earth, Mars and Venus, the

low degree variances are consistently deficient relative to our
expectations. We shall return to this point later. First, we want to
find out yhat happéns at the high frequency end of the spectrum,

For sufficiently high spatial frequencies, spherical harmonic
analysis becomes computationally impractical. For small enough
areas, the curvature of the earth may be neglected and a simple
planar Fourier analysis is quite adequate. Several such analyses
have been performed over a wide spectral range (see e.g., Cox and
Sandstrom, 1962; Krause and Menard, 1965; Bretherton, 1969; Warren,
1973; Pike and Rozema, 1975). Recently, Bell (1975) has compiled
the results of several previous analyses and, in conjunction with
his own analysis of the oceanic abyssal hills province, has shown a
rather impressive agreement between various spectral estimates.over
a cumulative spatial frequency range corresponding to harmonic
degrees n: 1 <n < 300,000. Even more impressive is thé fact that
these spectral estimates approximate the Vening-Meinesz spectrum
over essentially the entire range (see Figure 4.3).

Since the topography of the Earth is dominated by the continent-
ocean dichotomy, particularly in the low degree harmonics, it is
possible to investigate the history of the Earth's topography

spectrum from reconstructions of previous continental configurations
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4,2

4.3

Earth - Spherical topographic variance spectrum. Harmonic
coefficients are from Balmino et al. (1973). Points are
computed degree variances. Solid line is Vening-Meinesz
spectrum: V(Hin) = 2.6 x 10-7/(n) (n+1). Dotted lines
indicate critical values for 907 confidence level.

Earth - Composite topographic variance spectrum, Adapted from

Bell (1975). Used by permission. The smallest scale features

(tharmonic degree n = 3 x 105) have dimensions L = 27 Ro/n = 120 m.
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(Dietz and Holden, 1970). A preliminary analysis of this sort
indicates a shift of spectral energy from the lowest degrees (1<n<3)
to the higher harmonicé as the continents have dispersed. This may be
relevant to the previously mentioned fact that low degree variances
are deficient relative to the higher harmonics.
Moon

Due to the paﬁcity and uneven distribution of lunar topographic
data, the variance spectrum calculated from harmonic coefficient
estimates is not as representative of the true variance spectrum
as was the case for the Earth. Nevertheless, recent harmonic
analyses (Goudas, 1971; Chuikova, 1976; Bills and Ferrari, 1977a)
indicate that lunar topography is also dominated by the low degree
harmonics, and even suggest that the spectrum may approximate the
Vening-Meinesz form. See Figure 4.4 for a comparison of the spectrum
from Bills and Ferrari (1977a) with the Vening-Meinesz theoretical
spectrum. - Though the agreement is not outstanding, we should not
reject the hypothesis that the Moon has a topographic variance
spectrum similar to the Earth's until we examine some further
evidence, particulérly considering the amount of spectral distortion
induced by the irregular data distribution - in spite of the efforts
described in Chapter I to compensate for this effect.

As an independent estimation of the variance spectrum and to
extend it to higher harmonic degree, a simple one-dimensional Fourier

analysis has been performed on complete orbital segments of laser
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altimetry data from Apollo missions 15, 16 and 17 (Kaula et al. 1972,
1973, 1974). The fesultant spectra were then averaged and are
displayed in Figure 4.5. This technique of averaging raw spectra
provides statistical stability at low harmonic degree, and is
équivalent to smoothing the spectra with a Bartlett window (Jenkins
and Watts, 1968). Since the effective domain of these data is a

circle rather than a sphere, the appropriate comparison spectrum is

V(H;n) = YLE%QL (4.3)
n

rather than equation (4.1) (see Appendix A). It can be seen that,
at least in the raﬁge 1l < n < 32, the variance spectrum of the Moon
conforms to the Vening-Meinesz pattern.

A further, more stringent test of the applicability of the Vening-~
'Méinesz spectrum to the Moon at high harmonic degrees involves com-
parison of r.m.s. slopes at various slope lengths with model values.

As 1s shown in Appendix G, the mean square slope between points a
distance L = ROY apart on a planet characterized_by a Vening-Meinesz

spectrum is

s2(y) = 4 V(H;0) o [1+sin(y/2)1/v2 %.4)

which for y << 1, reduces to

Ite

s2(y) = 2v(u;0)/y (4.5)

Thus, given an estimate for V(H;0), we can estimate values for

the r.m.s. slope angle
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4.4

4.5

Moon - Spherical topographic variance spectrum. Harmonic
coefficients are from Bills and Ferrari (1977a). Points are
computed degree variances. Solid line is Vening-Meinesz
spectrum: V(H;n) = 1.5 x 10-6/(n)(n-+1). Dotted lines indicate
critical values for 907 confidence level.

Moon - Circular topographic variance spectrum. Points are
averaged degree variances from Fourier analysis of Apollo

laser altimétryAdata. Solid line 1is model variance spéétrum:

- 2
V(H;n) = 1.5 x 10 6/(n) . This is the circular analog of the

Vening-Meinesz spectrum.
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o) = tan”! [S(L/Ro)] | %.6)

at any linear separation L. In Figure 4.6, we compare this estimate
with photogrammetrically determined r.m.s. slopes for typical
highland and mare regions of the Moon over the range 25 m < L < 1000 m
(Moore and Tyler, 1973). The agreement with these observations could
be made much better by reducing the value of V(H;0), however, we
have used the value estimated from the spectrum in Figureba.s, Thus,
we are extrapolating fromn < 32 to n = 2nRo/L = 40,000 (L = 250 m).
We note that our predicted slopes are intermediate between the highland
and mare values and actually parallel the mare values. The highlands,
though rougher than the maria at all slope lengths considered,
exhibit weaker dependence of slope angle'on slope length. This agree-
ment between observed and predicted slopes is a strong confirmation
of the validity of the Vening-Meinesz spectrum as applied to the Moon.
Mars

The earliest topographic spectral estimates for Mars appear to
be those of Pettengill et al. (1969), who performed a Fourier
énélysis of elevations along the_22° N latitude parallel as determined
from radar observations. They first argued from terrestrial topo-
graphy data that '"the Fourier spectrum of the topographic variation
around any great circle (e.g., the equator), or near-equatorial
parallel of latitude, will tend to approximate the spherical harmonic

spectrum, They then showed that their estimated topographic

144



4.6

Moon - Slope analysis. Points are photogrammetrically determined
r.m.s. slopes on different lunar terrain types from Moore and

Tyler (1973). The solid line indicates theoretical slope angles

‘given by equations (4.5) and (4.6) using the value V(H;0) =

1.5 x 10-6 determined from Figure 4.5, A representative

slope length (L = 250 m) corresponds to a harmonic degree of

n =21 RO/L = 40,000.
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variance spectrum for Mars, which covered the range 1 < n < 16, is
quite similar to the Earth's.

As was true of the lunar spectrum, the Martian variance spectrum
as computed from sphérical harmonics (Figure 4.7) is somewhat
corrupted by the irregular data distribution, in spite of efforts
such as those described in the last chapter. Nevertheless, harmonic
analyses by Christensen (1975), with 1 < n < 8, and by Bills and
Ferrari (1977c), with 1 <n < 16 (see Chapter III), have confirmed that
the spectral behavior discovered by Pettengill et al. (1969) is
indeed a feature of the entire planet rather than merely characteristic
of a single latitude band.

As of this writing, r.m.s. slope determinations from Viking
photogrammetry are still unavailable (H. Masursky, personal communica-
tion) for comparison with predicted slopes, as was done for the Moon.

| Venus

The only topographic data presently available for Venus come
from radar observations (Smith et al., 1970; Campbell et al., 1972;
Shapiro et al., 1973) and are essentially restricted to the sub-Earth
poiﬁts. A preliminary Fourier analysis (1 < n < 16) of the data from
Shapiro et al. (1973), which have complete longitude coverage but are
seﬁerely limited in latitudinal extent, shows a distinct tendency
toward decreasing variance with increasing degree (Figure 4.8).

Though the spectrum is somewhat 'noisy", the general trend is

surprisingly consistent with the Vening-Meinesz model.
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4.7

Mars - Spherical topographic variance spectrum., Harmonic
coefficients are from Bills and Ferrari (1977¢). Points
are computed degree variances. Solid line is Vening-Meinesz

spectrum: V(H;n) = 5.5 x 10-7/(n)(n-+1). Dotted lines

indicate critical values for 90% confidence level.
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4.8

Venus - Circular topographic variance spectrum. Points are
degree variances from Fourier analysis of near equatorial
radar altimetry data of Shapiro et al. (1973). Solid line

is model variance spectrum: V(H;n) = 1.1 x 10-7/n2. This is

the circular analog of the Vening-Meinesz spectrum,
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2. Isotropy

Another aspect of our original hypothesis was that, apart from
rotational and tidal effects, the topography should be essentially
random. A convenient and informative way to check this conjecture is
to measure the isotropy of the surface. As is developed in Appendix G,
a necessary condition for isotropy is that the mean square east-west

slope at zero slope length

33(0) - Z; Ty (n) (4.7)
n=

equals the mean square north-south slope at zero slope length

[eo]

20) = 4.8
5,0 2 T,® .8)

n=1

where the degree tilts are

n
- 2n+1)(m T
Te(“) Z [ 2 nm nm
m=0
4.9)
n
_ @n+1) @], T
Tcp(n) - Z [(n) (n+1) - 2 Hnm nm
m=0
A sufficient condition for mean square isotropy is the equality of
the degree tilts for each harmonic degree. We thus define a
degree isotropy parameter
= 4,10
@, = Tg@)/T, (@) (4.10)
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In Figure 4.9a, we present the isotropy spectrum for the random
harmonic model previously discussed. Figures 4.9b-d are
isotropy spectra calculated from spherical harmonic models 6f the
topography of ﬁhe Earth (Balmino et al., 1973), Mars (Bills and Ferrari,
1977¢) and the Moon (Bills and Ferrari, 1977a), respectively. For
the Earth, the topography was measured relative to the geoid, and
thus the priméfy effect of rotation has been removed. For Mars
and the Moon, the original harmonic analyses are for spherically
referenced elevations, but for this analysis, the second degree
terms have been corrected for rotational effects. For all three
planets, we find quite consistent isotropy, with the largest departures
for the low degrees.

3. Simulation

As a further, somewhat subjective criterion for judging the
validity of our primary hypothesis that the topography of a solid
planet or satellite is well modeled by zero-mean Gaussian random
harmonic coefficients with a Vening-Meinesz variance spectrum, we
would expect that a contour map produced from these coefficients
would appear qualitatively similar to equivalent resolution maps of
actual planetary surfaces. Figures 4.,10a-c are topographic maps
generated from harmonic representations of the Moon, Mars and
Earth, all truncated at degree n = 12. For comparison, Figure 4.10d
is a map of the random topography represented by the harmonic

coefficients used in producing Figures 4.1 and 4.9a, also truncated
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T (n) as defined in equation 4.9. Harmonic coefficients are

the same random variables used in generating Figure 4.1.
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4.9b Earth - Isotropy spectrum. Harmonic coefficients are from

Balmino et al.

(1973). See caption to Figure 4 ,9a.
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See caption to Figure 4.9a.
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4.9d Moon - Isotropy spectrum., Harmonic coefficients are from Bills

and Ferrari (1977a).

See caption to Figure 4.9a.
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at n = 12, All of these figures are Mercator projections and cover
the latitude range -75° < 8 < +75°. The contour interval in each
case 1s 1.0 km., The mean radius of the random planet was arbitrarily
taken to be R0 = 3000 km. This, in conjunction with the assumption
that V(H;0) = 10-6, determines the physical variance of the surface.
A decision as to the adequacy of this simulation, being rather
subjective, will be left to the judgment of the reader.

4, Summary

In summary, we find that on all planets for which we have
sufficient data to check our hypothesis the stochastic component of
the topography is very nearly isotropic and the degree variances
decrease with increasing harmonic degree consistent with the Vening-
Meinesz apectrum (equation 4.1), Furthermore, we find that the
largest reliably determined departures from this basic model are
for the low degree harmonics. 1In fact, the point of incipient
departure appears to correspond roughly to a scale length L = RO/n
of 1700-2100 km (Earth: L = 6380/3, Venus: L=6050/3,
Mars: L = 3390/2, Moon: L = 1740/1).

Since this Vening-Meinesz spectral form is applicable over such
a wide range of feature sizes and on planets subject to widely
differing geomorphic processes, it appears to reflect some fundamental
property of the terrestrial planets. We will now attempt to gain
a better theoretical understanding of this spectrum in hopes of

being able to explain its ubiquity.
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4.10a Moon - Topographic contour map. From harmonic coefficients of

Bills and Ferrari (1977a) truncated at degree N = 12, Mean
radius R = 1737.5 km. Contour interval AH = 1.0 km. Solid
lines are above reference level, dashed lines are below it.
Mercator projection with latitude range -75°< 8 < 75°.

4.10b Mars - Topographic contour map. From harmonic coefficients of
Bills and Ferrari (1977c) truncated at degree N = 12, Mean
radius Ro = 3389.9 km. Heights are referenced to 6.1 millibar
level. See caption to Figure 4,10a

4.10c Earth - Topographic contour map. From harmonic coefficients
of Balmino et al. (1973) truncated at degree N = 12. Mean
radius = 6371.0 km. Heights are referenced to geoid. See
caption to Figure 4.10a

4.10d Simulated topographic contour map. From harmonic coefficients
used in figures 4.1 and 4.9 truncated at degree N = 12, Assumed

mean radius R_ = 3000 km. See caption to Figure4 10a
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C. ANALYSIS

In this section, we will attempt to understand why planetary
surfaces are characterized by the Vening-Meinesz spectral form
(equ. 4.1). We will first consider (and subsequently reject) a
specific physical mechanism championed by Vening-Meinesz himself -
thermal convection. We will then examine some of the geometrical
implications of this spectral form. This will lead to a completely
equivalent reformulation of the problem in terms of a particular
stochastic process rather than the variance spectrum. We then
turn our attention to a number of physical systems which have
analogous spectral forms to see how energy is transferred from one
spectral component to another. Next, we will consider a fairly
specific model for the topography which involves superposition of
random pulses. We will see that the size;frequency distribution of
pulses largely determines the spectral form of the resulting surface.
Finally, we will consider a model which supposes only that there is
a degree of equilibrium between erosive and constructional processes
acting on the surface. 1In terms of simplicity of assumptions and
verisimilitude of results, we consider this the most satisfactory
explanation of the Vening-Meinesz spectral form. We close the section
with a conjectured characterization of planetary surfaces in terms of

continuity, fixed variance and maximal entropy.
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1. Convection

Vening-Meinesz (1951) not only provided the earliest reference to
the shape of the Earth's topographic variance spectrum, but also
offered the earliest explanation. He argued that both the general
pattern given by equation 4.1 and the principal departures therefrom
are related to thermally driven convection in the mantle. The
increased variance at degrees 5, 10 and 15, as best seen in the slope
variance spectrum

V(S:n) = (n)(n+1)V(H;n) 4.11)
were taken to be manifestations of a predominantly fifth degree
_convection pattern,

Walzer (1971, 1972a,b) has invoked a ccmplex pattern of convective
cells to explain the Earth's topographic variance spectrum over the
range 1 < n < 31. Convective models have also been proposed for the
Moon (Runcorn, 1967) and Mars (Wells, 1971).

Coode (1966, 1967) showed that in a harmonic analysis of the
locations of active and passive oceanic ridges and continental rift
zones, the aseismic ridges have a major spectral peak at degree 4 and
a secondary peak at degree 9, whereas the active seismic ridges have
major and secondary spectral peaks at degrees 5 and 10 respectively.
He interpreted this as evidence of a change in the dominant mode of
mantle convection from degree 4 to 5. Runcorn (1965) further
extended this notion in claiming that the core of the Earth has

been steadily growing and that, as it has grown, the stable mode of
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mantle convection has been increasing. 1In particular, he claims that
the most recent change of mode (from 4 to 5) occurred in the Permian

(200 My. ago) and initiated the present era of continental drift.

Convection may very well influence the topography of the Earth
and other planets. 1In fact, McKenzie et al. (1973) have found both
positive relief features and positive gravity anomalies associated
with rising convective flows in their numerical simulations. However,
to infer the modes of convection in a planet from wiggles in its
topographic or gravitational variance spectrum seems unjustified.
Furthermore, even 1if convection could explain part of the spectrum,
if a single explanation is sought for the form of the variance
spectrum on all planets and over the entire observed spectral range,

then convection is clearly inadequate.
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2. Geometry

There are several interesting geometrical aspects of planetary
topography which relate directly to the variance spectrum., A brief
consideration of the geometry will give us better insight into the
significance of the Vening-Meinesz spectral form; and, in fact,

will enable us to reformulate our basic problem in different, but

equivalent terms. We will be better able to say what the topography

is like, but not necessarily better able to say why.

A common observation is that even those landscapes which appear
quite smooth when viewed from afar, are often quite rough at a
small scale. 1If we suppose this behavior to continue to arbitrarily
small scale, we could characterize the surface as continuous but not
differentiable. Based on the analyses of Beers and Dragt (1970)
and of Beers (1972), we show in appendix A that a function on a sphere
which is continuous, but not differentiable, has a variance spectrum
which is asymptotically proportional to 1/(n)(n+1). Thus, if we
could explain why planetary surfaces appear to be continuous, but not
differentiable, we would at least understand the asymptotic behavior
of the variance spectrum. However, we would still have the problem

of why the low degree harmonics behave this way.

Another simple model is obtained by assuming that the surface is
random and that the slope at any point is uncorrelated with the slope

at any other point. In this case, the slope covariance is a delta
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function (Yaglom, 1962; Parzen, 1962) (see Appendix D)

C(S;v) =8, alv) (4.12)

and the slope variance spectrum is constant

V(S;n) = So 4.13)

Using the relationship between topographic variance and slope

variance in equation (4.1l), we see that this implies

V(H;n) = _;r_ll____ (4.14)
The spherical Wiener process (see Appendix C) is the only stochastic
process with continuous realizations which has these properties. We
may, in fact, reformulate the main problem of this section. We may
now ask: why are the surfaces of planets and satellites realizations
of a spherical Wiener stochastic process? We will return to this

notion later.

Vening-Meinesz (1951) made another interesting observation
concerning the variance spectrum. He claimed that it is a result
of the topography being composed of 'features with elevations roughly
proportional to their horizontal dimensions.' As we shall see later
when we consider a random pulse model for the topography, this direct
proportionality is a sufficient, but not necessary, condition for the
desired spectral form. However, the idea was a good one and can be
developed further.

The increments

AF(g,g+Y) = F(g+Y) - F(g) (4.15)

of a random function F: G = R are said to be self-similar with
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with parameter § if, for any Yy > 0 and any g € G

-B

AF(g,g+y) =y AF(g,g +BY) (4.16)

where the indicated equality means that the two random variables are

identically distributed. The traditional Wiener process has self-
similar increments with parameter f = 0.5. Mandelbrot (1967, 1975b,
1977) has introduced the concept of fractional Weiner processes WB
which have self-similar increments with O < B < 1. He also claims,
on the basis of various landscape simulations, that the topography
of the Earth is a realization of a fractional Weiner process with

B = 0.65. However, we note that the variance spectrum of W, on

: B
-(2+1)

, and the observed variance
-1.9
(

a circle is proportional to n
spectrum of the Earth (Figure 4.3) is closer to n B = 0.45)
than to n-z's(B = 0.65) and within probable errors is consistent
with 1720 (8 = 0.5).

Another interesting aspect of the Wiener and fractional Wiener
processes is the extreme irregularity of their realizatioms.
Generalizing a result of Mandelbrot (1975a) (see Appendix C), we
suggest that if D[G] is the dimension of its parameter set, the

dimension of a realization of W_(g) satisfies

B

p[w,(g)] = D[G] + B 4.17)

B
Since for our topography model D[G] = 2 (the surface of a sphere),
we conclude that the dimension of the surface of the Earth is

2 +8 = 2,5, It is thus intermediate between a traditional surface

(D = 2) and a solid (D = 3).
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3. Energy Redistribution

There are a number of physical systems which might serve as
models for various aspects of the process or processes responsible for
the observed topographic variance spectra of the terrestrial planets.
A common feature of the systems we will consider is that energy is
typically fed into the system over some characteristic range of
spatial wavenumbers and, through non-linear interactions, this
energy is redistributed across the spectrum - typically to high
wavenumbers where it is dissipated.

Elastic Energy Reduction

Shaham and coworkers (Pines and Shaham, 1973; Au and Shaham, 1974)
have suggested an elastic energy reduction principle for planets
according to which '"the direction of irreversible crustal motions must
always be such as to reduce the overall elastic energy." They further
suggest that an important source of elastic energy, at least for
the Earth, is excess oblateness due to tidal despinning. As is shown
in Appendix F, if we suppose that the total topographic variance is
fixed, a shift of variance across the spectrum to higher wavenumber
will in fact result in a decrease in both elastic and gravitational
energy. However, at this point we have no reason to suppose that

variance 1s conserved,
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Two Dimensional Fluid Flow

There is a system in which analogs of both topographic variance
and slope variance are conserved. Non-divergent two dimensional
inviscid fluid flow on a sphere may be characterized by a

stream function { in terms of which velocity v and vorticity w are

<
L]

vy (4.18)

w = vy %.19)

1f the vorticity is expanded in a harmonic series

@ n
w(,p) = D > “’n:fl A (8:®) (4.20)

n=1 m=0
then the kinetic energy E and enstrophy F (mean square vorticity) may

be expressed as (Baines, 1976),

-1 2 -
E=2] 0 ds=m D E (4.21)
S n=1 .
1 2002 ag -
F=zf @N ds=m Z F_ (4.22)
S n=1
where
F
E o= 0 4.23)
n_ @m+1) 4.
and
n
_ T
Fo= Z woow o (4.264)
m=0
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These quantities are clearly analogous to topographic variance and
slope variance, respectively.

Fjortoft (1953) has shown that for a system in which both energy
and enstrophy are conserved, any energy transfer across the spectrum
must take place between components with (at least) three different
vaiues of n. Also if one of three components is a source or sink
for both of the other two, its n value must be between those of the
latter. The net redistribution of energy across the spectrum in
such a case is rather limited.

However, in a turbulent two dimensional flow, enstrophy
systematically cascades to very small scales, at which it is dissipated
(Bretherton and Haidvogel, 1976). The kinetic energy,. on the other
hand, remains at large scales and the total kinetic energy is constant.

In fact, there is an inverse energy cascade. Since the total energy

@

E=m ) E (4.25)
n=1

remains constant while the enstrophy

@

F=m D> (@(n+1) E_ (4.26)

n=1
decreases, the energy must become more concentrated at low n.
The obvious analogy is to a system in which we maintain a fixed
topographic variance while reducing the mean square slope. In such

a system there will be an inverse topographic variance cascade,
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the slope spectrum will become flatter and the topography spectrum
will approach the Vening-Meinesz form. We shall return to this
notion later. Incidentally, turbulence in three dimensional flows

is more complicated (Hinze, 1959; Mandelbrot, 1975a).
4. Random Pulse Model

We have seen that the spherical Wiener process is an excellent
model for planetary surface topography. We now hope to gain some
further insight into this situation by considering representations
of random processes by superposition of random pulses. The general
theory of such phenomenological models for random processes is dis=-
cussed by Middleton (1951).

Halford (1968) has shown that processes with variance spectra
proportional to n % over an arbitrarily large range of frequencies
can be generated from a physically realizable class of pulses only
if 0 < a < 2. Bell (1974) has recently considered the inverse
problem of inferring the pulse size-frequency distribution from
the variance spectrum of the process and an assumed pulse shape.

We shall only be directly concerned with the forward problem.

As a model for a broad class of stochastic processes on the
sphere, we may consider the superposition of a collection of zero-
sum binary pulses AkZ(Y,Yk) with random amplitudes, widths and
locations. These pulses represent individual topographic features

and the conservation of mass requires that
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1 ,
Z(dsi ) du =0 (4.27)
-1

where y is angular distance and 4 = cos(y). See Appendix A for more
about these pulses and Appendices A and D for discussion of several

theorems mentioned in the following.

To facilitate the calculation of the covariance function and
variance spectrum of this model, we will first consider two simpler
scenarios. This will enable us to obtain valuable intermediate
results. The first configuration is a Poisson distribution of unit

delta functions with an average of @ impulses per unit area:

F(6,0) =Z 6(8-6,,0-) (4.28)
k

where (Gk,¢k) is the location of the k-th impulse, By a simple

application of Campbell's theorem, equation (D.23), we find that the

covariance function is

C(F;v) =a 6(y) (4.29)
and therefore the variance spectrum is
V@Esn) = fl C@E3M) P (1) du
-1 (4.30)

=a
Obviously, this is not a very good model for topography, since the

spectrum is flat.
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The next model we consider consists of a Poisson distribution
of zero-sum pulses with amplitude A, width Yo and an average density
of o pulses per unit area. We use the relocation property of convolu-
tion.with a delta function to express this configuration as:
GO, =3 A ZOLY) * 6(8-8,0-3) (4.31)
k

The variance spectrum is, by the convolution theorem, equation (D.25),

V(G;n) [Aozm(uo)]2 V(F;n)

’ 2
Po(u) ] (4.32)
2 2 n_ o
hohy (-lg) [(n)(n-i-l)

This is a better model in that the variance spectrum does generally
decrease with increasing degree, but it is still unsatisfactory since
the spectrum is quite irregular. Superimposed on the overall decrease,
there are nearly periodic variations which correspond to fluctuations
in Pn'(uo) with varying n. For Yo = 0, the spectrum is still flat;
However, as the pulse width increases the spectrum begins to fall

off more rapidly and the fluctuations get closer together and
generally more pronounced. Finally when Yo = 1m/2, all the even

degree harmonics are identically zero.

Finally, we consider the case where the amplitudes and widths of

the pulses are also random:

HO.p) = D A Z(LY) * 8(8-8.0-q) (4.33)
k

This will maintain the overall spectral deccrease, but smooths out the

175



the fluctuations, If p(A,uo) is the joint probability density of

pulse amplitudes and widths, then we can write the variance spectrum

as

o 1
2
V(H;n) = a ffp(A,uo) [A Zn(uo)] duodA (4.34)
o =1

We can simplify this somewhat by noting that

=]

] P@uy) A%dA = p(u) A%Gu) (4.35)
(o}

where p(4 ) is the marginal probability density of pulse widths and
Ho

Azqio) is the mean square amplitude of pulses of width Y, = cos-lGJo).

We thus find

1
2
V(@#;n) = onj Pl [A) 2 ()] du
-1
1 (4.36)
= = | pwy [upa-uy) 2w)]?
[(n)(n+1)] (o] (o] (o] n o (o)

-1
In order to make further progress with this integral, we will need
to make some assumptions concerning the distribution of pulse sizes.

A particularly interesting distribution results from the assumption

that the product

1l - M

2 -—
P AT () vi“;fa; = B 4.37)

is a constant. The resulting variance spectrum is
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1

4oB 2. 2
V(H;n) = Q-u))P )" du
[() (m+1)1° f o’"'n "o
(4.38)
_ 8a.
(n) (n+1)
since
1
f (1-u(2,)[P‘['1(uo)l2 dy, = 2(@) (n+1) (4.39)
-1

If we now increase the average density of pulses a and decrease
the average pulse size in such a way that the product af remains
constant, we obtain a good approximation to a spherical Weiner

process. The covariance function and total variance are:

C@;Y) = D, V(H;n) B [cos(Y)]
n=1
P [cos(y)]
= 8a8 Z 1] (%.40)
= 8aB (1-2%[1 +sin(Y/2)])
C(H;0) = 8uB

In the next few paragraphs, we will attempt to justify the
assumed pulse size-frequency distribution used in the above derivation.
Perhaps the strongest justification comes simply from the fact that
it produces the observed variance spectrum, and , within the context
of this random pulse model, it is the only way to do so. However, we

should try to find out more about why it works. Paraphrasing Halford
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(1968), "the crucial problem is to find the physical circumstances
which cause the product p(uo) Az(uo) to vary approximately as
(I-Fuo)/(l-uo); the shape of the perturbation is probably irrelevant.
We will therefore consider both Az(uo), the relation between mean
square pulse amplitude and width or horizontal extent, and p(uo),

the pulse width-frequency distribution, in a number of different
contexts.

Energy Equipartitioning

Bell (1975) has presented an interesting model which essentially

argues for constancy of the product

1-n
B =p@) A7) <1+u°> (4.41)
0

based on putative equipartitioning of gravitational potential energy
amongst various hill sizes. His analysis was set on a line rather
than a sphere, and thus ignores both the curvature and two-dimensional
nature of the domain; however, neither of these are serious problems.
In essence, he claims that the potential energy of a binary pulse

with amplitude A and width Yo = cos-l(uo) is proportional to
Az(l-uo)ﬂl+ub) and that p(ub) is the relative frequency of these pulses.
He then claims that '"the observed shape of the spectrum implies an
equilibrium state of maximum disorder in which energy of formation is
distributed uniformly over all hill sizes... The smaller hills

may require less energy of formation, but are sufficiently more
numerous than the larger hills so as to insure this equipartition of

energy."
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Though this argument has a certain appeal, some of which accrues
from analogies with thermodynamic concepts such as entropy maximi-
zation, energy equipartitioning and statistical equilibrium, which we
shall mention again later, it has at least two serious flaws. First,
as is shown in Appendix F, the potential energy perturbation of a
cylindrical mass on the surface of a sphere is not simply proportional
to the basal area times the squared height. To assume so is to
neglect the self-potential of the added mass which significantly
alters the potential energy spectrum. Secondly, there is no obvious
physical reason why energy should be equally partitioned among
hill sizes. The thermodynamic analogy invoked would appear to be
valid only for energy distribution among the normal modes of the
system (Kampé de Fériet, 1962).

Slope Stability

The height of a topographic feature may be limited simply by
the strength of its constituent materials. Hartmann (1972) and
Johnson and McGetchin (1973) have attempted to explain the scale of
planetary topographic features in this way. As shown in Appendix ¢,
a simple slope stability analysis (Culmann, 1866) indicates that,
neglecting internal friction, the maximum stable height of a slope
of length L in material characterized by density p and cohesion c

on a planet with surface gravity g is given by

L
w2y =38 °LQ+_2) (4.42)

pg L

where
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has a value of meters to possibly tens of meters in typical terres-
trial or lunar soils. Thus, at the scales in which we are interested
L > Lo’ and we have approximately

B (L) = §§ L G .43)

Thus, we might expect the mean square height of topographic features
to be directly proportional to their horizontal extent. We shall
find, in fact, that this is a reasonable approximation in several
important situations.

A further implication of the above analysis is that the mean

square slope between points a distance L = Roy apart should be

approximately
2
H (R Y)
2 o 8c
S (y) = 5 CgRy 4.44)
R_Y) o
Comparing this result with equation 4.5, we see that our slope
stability analysis has yielded not only the correct functional
dependence on Yy, but also an estimate of the total topographic
variance
V@H;0) = =& .45)
PER

Impact Cratering

Impact cratering has been an important process on essentially
all planetary surfaces. Malin and Dzurisin (1977) summarize morpho-

logy and depth/diameter relationships for craters on the Moon, Mars
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and Mercury. They find that the relationship between depth d and

diameter D for morphologically fresh craters is adequately represented

by a two part power law:

_ b
d =d_ (/D) (4.46)

for craters with D € 10 km the exponent is approximately b = 1.0,
whereas for D > 10 km, the exponent decreases to 0.25-0.45 depending
upon the data set analyzed. Our slope stability analysis in the
previous paragraphs would imply b = 0.5. If both fresh and degraded
craters are considered together, there is an increased scatter, but
a single power law is quite adequate to describe the entire range
of crater sizes and the corresponding exponent is approximately
b = 0.6 on all three planets.

Another important aspect of impact cratering is the resultant
distribution of crater sizes. We may imagine an initially uncratered
surface upon which craters are being produced at random. We further

suppose that the relative frequency of craters larger than D being

produced is

=C
N = NO(D/DO) (4.47)

As the first few craters are formed, there will be little obliteration
of pre-existing craters and the size-density distribution of the
surface will reflect the production distribution. As more craters

are formed, older craters will be destroyed, and the size-density

distribution will tend more to reflect the details of the obliteration
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process rather than the production size distribution. Eventually a
point may be reached where the size-density distribution no longer
changes with the formation of additional craters. If the crater-
destroying process is simply geometrical overlap, the surface will be
said to have attained saturation. If, in addition to crater overlap,

crater destruction occurs by processes of erosion and filling, the

surface will be said to have attained equilibrium. Woronow (1977)
notes that '"saturation results from purely geometrical and statistical
considerations, valid for any hypothetical surface anywhere, whereas
equilibrium results from the interaction of the crater population
with its physical environment.... The difference between the crater
densities at saturation and at equilibrium on any planetary body
indicates the vitality of the degradational processes present
there."

The equilibrium and saturation size-density distributions have
been studied through stochastic models of formation and survival of
craters (Marcus, 1964, 1966, 1967, 1970b; Neukum and Dietzel, 1971)
and Monte-Carlo simulations (Woronow, 1977). An interesting result
is that a production distribution with ¢ > 2 leads to a saturation
population with ¢ = 2, whereas production distributions with
1.5 < ¢ £ 2 lead to saturation populations with ¢ approaching 1.0.
Furthermore, it is found that equilibrium populations always have
¢ £ 2, with equality only as equilibrium degenerates to saturation.
Observed size-density distributions tend to have ¢ = 1.7 for craters

larger than a kilometer (Soderblom, 1970).
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We will now compare these observations with Halford's (1968)
one dimensional pulse criterion for an n ? spectrum., The requirement

is that
p@) A7) = p A 2@/ ) "™ (4.48)

The probability distribution p(D) corresponding to a cumulative size-

frequency distribution of the form (4.47)
-c~1
P(d) =p (/D) (4.49)

and the mean-square amplitude distribution corresponding to the depth-

diameter relation (4.46) is
a*) = a 2@/ )?° (4.50)

In this case, Halford's criterion reduces to

a=2-2b+c (4.51)

For the observed mean values of ¢ 1.7 and b = 0.6, we find a = 2.4,
On the other hand, if we consider a surface saturated with small

(D < 10 km) craters for which ¢ = 2.0 and b = 1.0, we do obtain

a = 2,0, as desired.

Though this agreement (or lack thereof) is instructive, it is
not as definitive as we might hope, since the actual shape of the
craters changes as a function of size, contrary to the assumption of
of Halford's (1968) model. Thus, depth and diameter measurements

and counts of craters do not suffice to directly estimate the

spectrum of a planetary surface.
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5. Equilibrium

Historical Background

At least since the work of Gilbert (1877), it has been widely
recognized that most terrestrial landforms are in a state of
dynamic equilibrium between the erosional and constructional processes
to which they are subjected. Most of the quantitative applications
of this concept have dealt with single landform elements. For
example, Kirkby (1971) states that in the development of a hillslope
"the influence of the initial form of the slope can be shown to
decrease rapidly with time, while the slope forms tend closer and
closer towards a 'characteristic form,' in which the elevation of
each point continues to decline with time, but is independent of
the initial form." He further notes that this equilibrium form
"depends solely on the nature and relative rates of the formative
process and not at all on the initial profile of the hillslope.
This relationship between form and process is further developed by
Carson and Kirkby (1972), again in relation to hillslopes.

Leopold and Langbein (1962) have attempted to apply the
equilibrium approach to the more general problem of evolution of
an entire landscape. They claim that, for example, ''the most probable
condition exists when energy in a river system is as uniformly
distributed as may be permitted by physical constraints.' An analogy
is drawn with closed thermodynamic systems in which entropy is
maximized at equilibrium and topographic elevation is identified as

the corresponding analog of temperature. Though the analogy is
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enlightening, they do not rigorously justify it, and furthermore they
fail to produce any quantitative results for general landscapes.
However, they do examine a "most probable' river profile in which the

downstream rate of entropy production is constant.

Culling (1960, 1963, 1965), in developing an analytical theory
of erosion, states that "slope erosion is subject to a minimal
law; that factor, whether the rate of transport or the rate of
weathering, which is relatively the least efficient, controls the
general course of denudation. On soil covered slopes the rate of
transport is the dominant denudational control, soil creep being the

responsible agency."

He further concludes that the mass movement
of weathered material on a hillside slope takes place at a rate
proportional to the surface gradient. This leads to a diffusivity-3

type equation for elevation change

8’ & - on 4.52)

This model is not only consistent with a microscopic analysis of
motions of individual soil particles, but also, on a macroscopic level,
it predicts slope forms actually observed on soil covered slopes.
Soderblom (1970) has considered a similar model for erosion due to
impact cratering.

Scheidegger and Chaudhari (1964) have examined these thermo-
dynamic analogies in some detail. They conclude that ''whenever a
system is a linear combination of a large number of fluétuating

systems, and in the 'large' system a certain quantity is a constant
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of the motion to which the component systems contribute positive-
definite amounts, then, under equilibrium conditions, that quantity
is canonically distributed in the component systems and, under
nonequilibrium conditions, assuming linear regression of the
fluctuations and microscopic reversibility, the quantity in question
is subject to a diffusivity equation with symmetric diffusivity

tensor."

Scheidegger (1967) then attempted to develop a complete
thermodynamic analogy for landscape evolution in which the conserved
quantity is mass or equivalently mean topographic elevation., Local
elevation is then analogous to temperature. Though the complete
analogy is interesting and even extends to Carnot cycles and the
like, it is not clear that anything additional of real relevance to
the topographic variance spectrum emerges from this analysis.
Another criticism of the model is that topographic elevation can

be either positive or negative, and thus is not a suitable temperature
analog. Perhaps in addition to conserving mass (mean elevation),

we should consider a model in which topographic variance (mean
square elevation) is conserved (Chung and Scheidegger, 1968).

We shall return to this notion in our final attempt to explain

the Vening-Meinesz spectrum.

Dynamic Model

Up to this point, we have paid little explicit attention to
the time variation of surface topography. However, we now have all
the necessary background information for our penultimate model in

which we consider the dynamics of planetary surfaces. We simply
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suppose that the observed surface is formed by two opposing processes,
erosion and uplift. We model the erosion by the diffusivity equation

(Culling, 1960, 1963, 1965)

g B~ oy (4.53)
where B’, a measure of the intensity of the erosion, is assumed
copstant. We further suppose that linearly additive constructional
or 'tectonic" events occur essentially instantaneously relative to
the erosive time scale and that théy occur at random times and places.
The times of occurence have a Poisson distribution with an average

of @’ events per unit time. A typical event has the form

nm nm

© n
FG0) =R, Y S £ TA 6,0 (.564)

n=1 m=0

2
where fnm are zero-mean Gaussian random variables N(O,on), where

2 _V(f;n)
n = Tn+1 (&.55)

and the degree variances of the process are

n

v(f;n) = Zb £T ¢ (4.56)
m=

nm nm

We will now determine what form the variance spectrum of the construc-
tional process must take in order to produce the Vening-Meinesz
topographic spectral form.

The spatial covariance of the topography initially produced by
a single event is

G(£;Y) = B> 2, V(f3n) P_ [cos (1)) .57)

n=1



However, erosion reduces the effect at time t of a single tectonic

event which occurred at an earlier time t - T to

© n
’ . = . T
E(0,05™) =R, > S £ AL 0.0 & (D (4.58)
n=1 m=0
where
& m = om (M) (n+1)7/8’ “.59)

(see. Appendix A). Therefore, the spatial and temporal covariance
function of the equilibrium surface produced by these processes is,

by the convolution theorem,

CH;Y,T) = E[H@,t) HQ+y,t +7)]

t o
=(1'R§f Z V(f;n) Pn[cos(‘y)] (4.60)
n=1

. (S°n(c ~-8) (rt)on(t+'1'- g) ds

We can simplify this by taking terms with no time dependence outside

the integral and noting that

t
J é;(t-s) (g)n(t-*-'r-s) ds

t
= é°n(2t+'r)f & ¢2s)ds (.61)
B’ & (M)
2(n)(n+1)

Therefore, we obtain

188



C(H;y,T) = Z’ (n)(n+1) P leos(v)] (5')(T) (4.62)

The resulting purely spatial (T = 0) and purely temporal (y = 0)

covariance functions are

CH;Y) = —QR Z (An%) P [cos (V)] (4.63)
and
ca;m) = Z Y& Em (4.64)

respectively, since Pn[cos(O)] = ¢§;(0) = 1. Generalizing a result
of Grenander (1975), we assert that for a model of this type,
given the heights at a time t
© n
_ T
HO.@0) =R, 2, 2. H_T A8, (4.65)

n=1 m=0

the optimal estimate (in the sense of least-~square error) of heights

at an earlier or later time t + T is given by

M=

«©
N\
A
=1

ﬁ(e,cp;ti'\') = R

o nm nm

H LA 8,9 & (M (4.66)
0 .

<]
g
it

The mean square error of the estimate is

E [If{ Q,t+T) - H(Q,ti'r)|2:|

2 ni::l V(H;n) [1 -(g)n (2'1')]

(4.67)

Unfortunately, unless we have independent estimates of a'V(f;n) or

B’, we cannot evaluate (g;(T), since all that is observable at one

time is
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a’B’ V(£f;n)
2 (n) (n+1) (4.68)

V(H;n) =

In order to duplicate the Vening-Meinesz spectrum, we simply
require that

V(fin) = —2— V(H;0) %.69)

Q’BI

i.e. the variance spectrum of the constructional process must be
congtant. This has the interesting interpretation that there is no
preferred scale at which tectonic or cdnstructional processes occur,

In order to match the observed low degree variances as well,
we must either allow for a decrease in constructional activity at
scale lengths greater than L = 2000 km, Oor assume more erosive or
attenuative activity at that scale than the diffusivity model
predicts. Note that, whereas diffusive erosion is essentially a
low pass filter, visco-elastic deformation acts as a high pass
filter and would selectively attenuate the low degree harmonics.

We will now consider this in more detail.

Visco-Elastic Deformation

Darwin (1879) determined that a homogeneous Maxwell sphere

(see Appendix E) subjected to a surface load of height £(68,p) at

time t will deform in such a way that, at a later time t + T, the
load height will be reduced to

(=]
T -t/7!
£/(0,0;7) = R Z z £ A (B,p) e n (4.70)
° n=1 m=0 mnnm
If the sphere of radius R0 has density p, viscosity 71 and rigidity I,

then the relaxation time will be
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o= [_u + 1] . 71)

where

- 2.2
P = 211Gp R, /3 (4.72)

is the hydrostatic pressure at the center of the sphere and

2 :
+ . C e .

is a geometrical factor determined by the spherical boundary

conditions, This can be reyritten as

’ =
Tn Tn + TM | &.74)

where T, =N N(n)/Pc is the corresponding relaxation time for a

purely viscous sphere and ™ " n/u is the Maxwell relaxation time

of the material. For times T . T,,, the behavior is predominantly

™™
elastic, whereas for T > TM’ viscous behavior predominates.

If the topography of a Maxwell sphere is then subjected to
erosion, the attenuating factor for the harmonics of degree n will be

’ -[(n) (n+1)T/B8’ + 7/7’]
é”-n(w) =e n (4.75)

rather than (4.59). If we now carry through the same covariance
/
analysis as before, substituting (S’n for é”n, we find that the

resultant topographic variance spectrum i«

a/B’ V(f;n)

V(H;n) = 2 @ @+1) A(n) 4.76)
where
, -1
A(m) = [1 + B 4.77)
(m)(n+1l) "l‘r'l
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If we neglect the elastic component, this is approximately

']
2Pc B /n -1

A(m) = |1 + (4.78)

m+1)@m+1)2 + 1)
This model succeeds in predicting attenuation of the low degree
variances. Furthermore, because of the strong dependence of Pc on
Ro, it also predicts relatively more attenuation on large planets
than on small planets with the same material properties. A value
of PCB'/n = 70 yields a spectrum very similar in shape to those of
the Earth and Venus.

A possible criticism of the above model is that it assumes the
planets to be homogeneous. However, more sophisticated analyses
of the viscous relaxation time spectrum T of the Earth (e.g.,
Anderson and O'Connel, 1967) have shown it to be qualitatively
similar to the homogeneous case. The important point is that Tn
is a rapidly increasing fﬁnction of harmonic degree.

The success of this model in duplicating the entire topographic
variance spectrum on all planets for which we have observations
increases our confidence in the model and strengthens our earlier
conclusion that there is no preferred scale of constructional
activity on the planets.

In addition to duplicating the Vening-Meinesz spectral form,
the models we have considered have given us three separate estimates
of the total dimensionless variance. From slope stability considera-

tions, we find
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be

V(H;0) = pgRo 4.79)
from the random pulse model, we have
V50 = 80 pr) A2 ) | (4.80)
. o] (o] 1-+“b
= 8aB
and from the equilibrium model, we obtain
vas0) = 8 vit;0) | (4.81)

We would like to use these model variances to predict the actual
variance on planetary surfaces which haye not yet been measured.
However, the only one of these formulas with any real predictive
value is the first, since we have no good a priori estimates of
the parameters in the other two., The greatest uncertainty in equation
(4.79) is the mean cohesion c. It turns out that a value of ¢
between 0.2-0.8 bar gives the correct variance on all four planets
we have considered. These values roughly correspbnd to a loosely
consolidated soil.

A still better prediction comes from the observation that the
physical variance C(H;0) of the four planets we have studied all .
fall in the range 4.0-6.5 kmz (Moon, 4.5; Mars, 6.4; Venus, 4.0;
Earth 5.6). This is‘perhaps suggestive of a plastic rather than
visco-elastic rheology. However, we shall not pursue this matter

further.
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Maximum Entropy Conjecture

Our final attempt at explaining the topography of the planets
focuses on the fact that planetary surfaces resemble.realizations
of the spherical Wiener stochastic process. First, we are going
to make two conjectures concerning the Wiener process: neither of
them will be proven, but we will give plausibility arguments for
both. We will then discuss how this relates to planetary surfaces.
As background for our first conjecture, we note that the process
which we have glibly referred to as the spherical Wiener process
differs from the usual Wiener process W(p) in several fundamental
aspects. The domain ¢ of W(p) is usually taken to be either the
real line R or some Euclidean space R (Levy, 1948), and on those
dommains wo¢) is not stationary. However, Levy (1954) has shown that

a process defined as

h(p) = z Efl A @ (4.82)
m=1
where
cos (mp)
A @ = (4.83)
sin (mgp)
and
E - gm1
m £ (4.84)
'm2

is equivalent to

h@) = W@ - 50— WEm (4.85)

and is stationary, if gmi are Gaussian random variables N(0,0ﬁz) with
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g = (4.86)

0f course, this is nothing more than a great circle slice of what
we have been calling a spherical Wiener process. Another stationary
process which otherwise resembles the Wieﬁer process is the Ornstein-
Uhlenbeck process (see Appendix C). It is obtained from a random
walk subjected to a restoring force in the limit as the step size
goes to zero. Our first conjecture then is that, when the domain
of the process is a sphere (or circle), the Wiener and Ornstein -
Uhlenbeck processes are identical. Since these are both Gaussian
processes, all that is required for the proof is a demonstration
that their covariance functions are identical. Though this appears
likely, we have not rigorously shown it to be so. In our discussion,
we have assumed that the conjecture is true and simply refer to the
process in question as a spherical (or circular) Wiener process.

Our second conjecture is that for a given.variance, the spherical
(or circular) Wiener process is the unique maximal entfopy spherical
(circular) process with continuous realizations and infinite band-
width. As an argument for the plausibility of this conjecture,
consider our random pulse model. The positions of the pulses are
governed by a. Poisson distribution which has the maximum entropy
rate of any point process for a given intensity a (McFadden, 1965).
As we let the average variance per pulse B decrease while increasing
o so as to maintain a constant total variance of, the central limit

theorem assures us that the distribution of heights tends to a
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Gaussian, which is the maximal entropy distribution for a fixed
mean and variance. This argument is suggestive only and not
conclusive, since our conjecture concerns the entire process describ-
ing‘the surface and not merely the distribution of heights. The
fact that the spherical (circular) Wiener process is a Gaussian
process is probably a necessary condition, but is definitely not
sufficient for our conjecture.

A proof might be developed as follows. For simplicity, we
consider Levy's (1954) construction of the circular Wiener process
(4.79). The system has two degrees of freedom for each harmonic
degree m., The variance and entropy per degree of freedom are

(Shannon, 1948)

2

cm 4.87)

v(h)

]

e(h) % [1 +@n(21'ro‘m2)] (4.88)

Therefore, the total variance and entropy are

V() = Z 2 * (4.89)
m=1 m :

Emy = D 1 +n(2n0_%) » (4.90)
m=1

The requirement of continuous realizations for the process is
essentially assured by maintaining finite total variance. This,

in conjunction with the requirement of infinite bandwidth, requires

o =Oh?) (4.91)
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Our conjecture is that the extremal value of E subject to these

constraints is obtained when

c 2 = 3_V@l (4.92)
m 2
(Thm)
since
o0
1 _ 11
z 5 = 3 (4.93)
m=1 m

The application of this conjecture to planetary topographic
variance spectra is very simple, and is akin to the thermodynamic
analogies of Scheidegger (1967) with the additional constraint
of fixed variance. Our final model for the Vening-Meinesz spectrum
merely supposes that the surface of a planet is as random or chaotic
as it can be subject to the constraints of continuity and finite
variance.

'D. TIMPLICATIONS

The simplest application of this study is to predict the form
of the topographic variance spectra of other planets and satellites.
Therefore, we make the following

Prediction:

The topographic variance spectra of the surfaces of

all solid planets and satellites have the form

V(H;no) n<n
V(H; =
(H3n) VO 0 § (4.94)
(m) (n+l) n=n,
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where L. = 2rmR_/n_ % 2000 km.
o] o} (o]

Furthermore, the total physical variance is

c@;0) = R Zlvm;n) (4.95)
n=

5+ 2 km?

Iie

independent of the size of the body, for all
R, 210 km

We note that recent observations of Phobos (Ro = 11.2 km) and
Deimos (R0 = 6.3 km) indicate rough, heavily cratered surfaces with
variances of 2-3 km2 about the best fitting tri-axial ellipsoids
(Duxbury, 1974,1976).

Our observations concerning topographic variance spectra may
contribute to another problem of current interest: determining the
depth of sources of planetary gravity anomalies. The main difficulty

is the inherent non-uniqueness of the density distribution

® n
RO =B|1+ D D PR A_(8,¢) (4.96)
n=1

m=0

associated with a given external potential

s n

R
M
SR,0,0) = 7| =+ 2

o n=1 m=0

R n+l
o) T.
(if) G A 9,9) 4.97)

nm nm

This non-uniqueness is evident in the relationship

1
M+l ) " ag (4.98)

3 nm pnm
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where € = R/Ro’ since these integral constraints can be satisfied
by an infinite class of density distributions. However, if we
have additional information or are willing to make some plausible
assumptions, we can make some progress. It is also possible to
characterize the class of admissible density distributions in terms
‘of various extremal properties such as greatest lower bound on
density contrast or least upper bound on tﬁe depth of burial of an
anomalous mass (Parker, 1974,1975).

Another approach is to assume that the density anomalies are due
to undulations of an interface across which there is a density
contrast.Ap. If the mean radius of the interface is R = §Ro and the
height of the undulations is

© n
h(8,9) =R z z hm'f‘ Anm(e,cp) “(4.99)
n=1 m=0

then the potential coefficients are

ntl 55 =ppe™3y (4.100)

3 nm nm

This approach was used to model lunar and Martian crustal thickness
variations in chapters II and III respectively (Bills and Ferrari,'1977,
b,c). It has also been applied to terrestrial data by Bott (1971)4

who attributed the gravity anomalies to undulations in the mantle

phase transition boundaries, and by Hide and Horai (1968) who placed

the topography on the core-mantle interface. As can be seen from
equation (4.97),.an increase in the depth of the interface requires

an increase in either the density contrast or the amplitude of the
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undulations. This effect is more pronounced for high degree
harmonics.

With that fact in mind, Higbie and Stacey (1970) have sought
the depth at which the stresses required to support the density
anomalies would be most nearly equal across the spectrum. After
considering a number of different gravity models, they concluded
that the most likely location of the anomalous masses is in the
upper mantle.

The method which has received the most attention, though,
"rests only on the assumption that the gravity anomalies arise from
many independent density variations and that correlation between
the density variations at different points falls to zero as the
distance between the points increases" (Allan, 1972). This
assumption is actually implemented through the use of a flat spectrum
for the density anomalies or interface undulations. It has been
widely used (Guier and Newton, 1965; Kaula, 1967; Allan, 1972;
Lambeck, 1976; McQueen and Stacey, 1976; and Khan, 1977), and its
practitioners consistently find two separate source depths: the
low degree harmonics (n < 5) derive from depths of 800-1500 km
whereas the higher harmonics have a shallower source (200-400 km).
However, this result is highly suspect because of both the neglected
surface topographic effect and the assumed source spectrum. Obviously,
the correct spectrum to examine in seeking the depth of the

source mass anomalies is the Bouguer spectrum and not the
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free-air spectrﬁm. Yet every one of the above studies used the
free~air spectrum. The assumed spectral behavior of the source
warrants further discussion,

The models which incorporate a flat source spectrum are infor-
mative, since they yield a maximum source depth for a given potential
spectrum (Naidu,1968). Furthermore, McQueen and Stacey (1976)
have argued that '"the superposition of sharp features on an otherwise
spherically symmetrical distribution of any kind can be represented
by a white spatial spectrum, that is by a sum of spherical harmonic
terms of equal amplitudes. Thus if phase boundary undulations
are highly localized relative to the wavelengths cofresponding to
the highest available harmonic terms, their spatial spectra will
be white." On the other hand it might be more reasonable to suppose
that all equi-density surfaces in a planet have roughly the same
spectral form .as the externai surface topography. The resulting
model potential variance for a single interface at a depth D = R0
¢ - £) is

9a V(h;O) > g2n+6 (.101)
(n) (n+1)(2t1+1) .

A
V(G;3n) =

where a = (Ap/a)z. This model is still lacking in realism though,
since it seems unlikely that all of the density anoﬁalies would be
concentrated at one depth.

The last approach we consider makes a less restrictive assumption
about the source behavior. We simply assume that the density

anomalies satisfy
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V2 [Rk P(R,8,p)] =0 (4.102)
where k is an integer. 1In this case Tscherning (1976) has shown that
the variance spectrum and covariance of the density anomalies which

are consistent with the potential variances V(G;n) have the form

2
v(p;n) = (-2-“3L1) (2n+3 - k)2 V(G;n) (4.103)
-2 z n-k
Cpysp) = 57 2, V(psm) (58P, (con (v, ) (4.104)
n=

It may be shown that the potential covariance is the convolution of
the covariances of the density anomalies and the Green's function
(Kautzleben et al., 1977). We note also that the case of k = 0
corresponds to the density distribution of minimum variance which

will produce the observed spectrum.

E. SUMMARY

In this chapter we have seen that the topographic variance
spectra of the Earth, Moon, Mars and Venus are all very close to
the Vening-Meinesz spectral form (4.1), in spite of vast differences
in the geomorphic processes acting on these surfaces. This
observation has prompted the conjecture that the solid surfaces of
all planets and satellites are similarly characterized by this
spectral form. Equivalently, these surfaces are conjectured to be

realizations of a spherical Wiener stochastic process.
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In examining a number of possible explanations for this
behavior, we have found the most promising model to involve a simple
equilibrium between constructional or "tectonic' processes which
tend to roughen the surface uniformly at all scales, and destructional
or erosive processes which tend to smooth the surface preferentially
at small scales. This balance is maintained in such a way that the
resultant surface is continuous almost everywhere but is differentiable
almost nowhere.

This improved insight into the topographic variance spectrum
may ultimately lead to a better understanding of the gravitational
variance spectrum and the distribution of anomalous source masses.
Another possible area for future research involves the connection
between plate tectonics, elastic energy‘reduction and the resultant

topographic variance spectrum.
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V. APPENDICES

A. SPHERICAL HARMONICS

We will mainly be concerned with functions whose domain of !
definition is the surface of a sphere. Points on the sphere will
usually be identified by their latitude (6) and longitude (p) rela-
tive to some coordinate system. Angular distance between points is
better expressed in terms of colatitude (y) or direction cosine
(L = cos(y)) of one point relative to the other. We will occasionally
interchange the coordinate pairs (6,p) and (4,p), where now
i = sin(0), as the argument of a function while retaining the same
symbol for the function, e.g., F(8,p) = F(L,p). This should cause
no confusion. |

The family of functions on the sphere.which are continuous
almost everywhere (i.e., except on a set of measure zero) may be
converted into a Hilbert space by introduction of a scalar product

2t 1
1 ~
<F’G>=4_WJ f F(u,p) G(u,0p) du doy A.l
o -1

The associated norm is given by
lell =(epy 12 A2
Any function for which ”F||< © will be said to be square integrable.
It will often prove convenient to expre§s a function defined
over the surface of a sphere as a product of a dimensionsl scale

factor times a non-dimensional sum of orthogonal functions - ‘the
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surface spherical harmonics. This summation, sometimes referred to as
a Fourier-Legendre series, is the analogue on the sphere 52 of a
simple Fourier series on the circle Sl, and shares many of its
properties. For example, the topography of a planet with mean radius

R0 might be represented as

. ® n
F(L,p) = R0 (1 + E E §6m(p) [Cnm cos (myp) + Snm sin ﬁn$)D
n=1 m=0
o n A.3
T
=Ry E E an Anm(u,cp)
n=0 m=0
where
([ F C
_f wml \_/ nm _ 1
F = = R <F,Anm>
an2 Snm

is the vector of harmonic coefficients or Fourier-Legendre transforms,
of degree n and order m. The superscript T (as in Fnz) denotes

transposition and

A (u,0) _ cos (mep)
_ nml -
A ) = = P
Aﬁmz(U:$) ' sin (mp)

the vector of normalized surface harmonic functions, is the product

of a normalized Legendre function in latitude times a trigonometric
(Fourier) vector in longitude. The Legendre polynomials Pn(u) and
associated Legendre functions an(u) are solutions of the differential

equation (see e.g., MacRobert, 1967)
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d | 2 nm m _
L A.4

In the un-normalized form, they satisfy the initial condition

1 m=0
P (1) = A.5
o 0 n#o0
and are given by
d"p
= _,2\m/2 n
P = -pHyME B g
du
A.6
PR XY ame? e
dun+m

The normalized form is denoted by a bar ?;m(u) and is given by

Pa®) =N P W) ' A7

nm nm

where the normalization factor

2 _ (n-m)!
Nnm = (2 - émo)(2n+1) (n+m)!

is chosen so as to make the harmonics orthonormal over the sphere i.e.

<Anmi’ Anlmlj> = 5nn/ Gmm' 6ij A.8

The rate of convergence of a Fourier-Legendre series depends on
the smoothness of thé function F being represented, i.e., smooth
functions have rapidly convergent series representations. The indi-
vidual harmonic coefficients an depend, not only on the function F,
‘but also on the particular orientation of the coordinate system.

However, the sum of the squares of all the coefficients of a given
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degree

n .
T
V (F;n) = E an an A.9

m=0
is invariant under rotation (Kaula, 1967) and is thus better suited
to discussions of convergence. Using the facts that

vanm + @@+ A =0

(ke

= A.10

2
[ oa ;117 = @@+1)
where V and VZ are the gradient and Laplacian differential operators,
respectively, it may be shown (Beers and Dragt, 1970) that if the p-th
derivative of F exists and is square integrable, i.e., if
19PF|| < =

then

1
V(Fsn) = () A.11
<[ (n><n+1)1p+1>

A more general result (Beers, 1972) is that, for a function F

defined on the hypersphere Sk‘(S1 is a circle,'Sz_is a sphere, etc.)

with a square integrable p-th derivative,

1
V(F;n) = , A.12
ﬁ([(n)(rwk- 1)1"“)

where now V(F;n) is the sum of the squares of all

n+k-2)!

M(n,k) = 2n+k=~-1) ) (k- 1)!

hyperspherical harmonic coefficients of degree n, and m)(n+k-1)
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is an eigenvalue of the Laplacian on Sk'. Thus, for functions with
bounded variation, but which are not differentiable almost everywhere,

we have

V(F;n) =ﬁ<—1§> F: sT =R
' n : A.13

1 2
. = F: S -
V(F;n) ﬁ((n)(nﬂ)) R
on circles and spheres, respectively. On the other hand, infinitely
differentiable functions give rise to harmonic coefficients which

fall off faster than any inverse power of n, i.e., they decrease

éxponentially

V(F;n) = ﬁ(e'“(“) (“*'k‘l)), F: s =R A. 14

for somea > O.

Functions whose domain of definition extends beyond the surface
of a sphere to include its interior and exterior may be expressed as
a sum of solidFSpherical harmonics. For example, the gravitational

potential exterior to a planet might be represented as

R ® R n+l n
oMo =) T
P09~ | +Z(R‘ > oo A G| R=R AL
n=1 - m=0

whereas, the potential interior to a homogeheous planet would be

2 n
3 -(R/R)) n
_ GM o R T
¢(R,0,p) = _Rb — t Z (—Ro) Z 6 Am(®-®) R <R A.16

n=1 m=0

where G is the gravitational constant and M is the planetary mass.
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In many applications, we will be more concerned with the angular

distance

i = cos(y) =(£2§£é%l;i—l) cos(AB) + (gggié%l:Ll>cos(26¥FA9) A.17

between the points (06,¢p) and (9',@') = (6+A8, p+Ap), than with the
specific location of the points. In such situations, we will invoke
the so-called addition theorem of spherical harmonics (see e.g.,

Heiskanen and Moritz, 1967) which states that:

n
_ 1 E : T v A
Pn(“) - 2n + 1 Anm (a P ) Anm(e’cp) A.18

m=0
We will also have occasion to use the convolution theorem, which
states that convolution in the spatial domain is equivalent to

multiplication in the transform domain, and conversely. Thus, if

F(B,p) = A(B,¢p) * B(B,ep)
27 m/2
= %r AB’,0") B(B-0",0-p") cos(8’) A.19
0 m/2
+ d8'dep’
then
nm = Anmi maj 61j A.20

A simplification occurs if B'has no azimuthal variation, i.e.,

©

B(G-G'{wwm') = B(Y) = :E: (2n +1) Bn Pn(cos(y))' A.21

n=0

where now
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2m 1 R
=L _1
Ba % Zm f f B(W) P (M) dudp =3 f B(W)P_ ()du A.22
0 -1 -1

is the Legendre transform of B. In that case,

F_=A B ' A.23
nm nm n

We will now consider some particularly useful examples of such
azimuthally symmetric functions. Our first example is a delta
function of magnitude M

B(Y) =M 6(Y) A.24
for which

B =

M
n 2

The result of convolving a function of (8’,%’) with a unit delta

function located at (9,Y) is simply,

2 /2 :
—415'[ f AR ") 6(8-8",p-p') cos(8”) db’dy’
0o -m/2 A.25

= A(8,0p)
the original function evaluated at (8,¢p). This relocation property
of delta functions under convolution will prove quite useful in the
sequel.
A rather wide class of azimuthally symmetric spherical functions
can be obtained as solutions of the diffusion equation

oF 2 2
—_— + =
St a VF 0 A.26

and the wave equation
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2
9—% +8% F =0
ot

A.27

by suppressing the radial and azimuthal dependence of the Laplacian

differential operator so that it has the form

2 _ 3 2, 3
v _au [(1-L1) au]

We first consider the diffusion equation

aFagthtz +0L2 v2 F(u,t) = 0

subject to the initial condition

F(u,0) = Au)
Taking Legendre transforms of these equations, we obtain:

aFn(t)

T + (n)(n+1) Fn(t) =0
Fn(O) = An

The solution of this transformed system is

Pty = a o-@ alt
n n

so that the solution of the original system is

[=-]

,
Fu,t) = E A_ e~ @ihare 1y, P_()
n=

A.28

A.29

A.30

A.31

A.32

The process of diffusion is seen to act as a low-pass filter, since

it attenuates the high degree harmonics of the initial condition,

In the important case where the initial condition corresponds to a

unit delta function, we find
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2
F_(t) = % e~ (@) (nil)a't A.33

This is the spherical analogue of the normal or Gaussian probability
density of variance 02 = 4a?t (Roberts and Ursell, 1960). Obviously,
when 02 = 0, this reduces to the original unit delta function.
We now consider the wave equation
Bnggzt! 2 2 _ '
atz + 87 vV F(u,t) =0 A.34

subject to the initial conditions

F(4,0) = AQ)
—(E’—”Fat D = B

Transforming these equations, we obtain the system

BZF (t) 9
-—“2—+s (mM)(m+1) F (t) =0 A.35
n
ot
F (0) = A
JF_(0)
n —
ot B Bn

whose solution is
A +B t n=0
o o
A.36

F (t) = ' :
n An cos(wt) + Bn E&%&QEl n#0

where w2 = Bz(n)(n-+1). In a time averaged sense, the displacement
field of such a wave preserves the spectral character of its displace-

ment initial condition [A(u)], but is smoother than its velocity
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initial condition [B(u)], since it attenuates the high degree harmonics.
Another important class of azimuthally symmetric functions is
represented by the binary pulse

' 1 Y=Y, ,
B(Y,Yo) = A.37

0 Y>yo
This will alternatively be denoted B(u,ub), where U = cos(y) and
M, = cos(Yo).

In the evaluation of the Legendre transform of this and similar

functions, we will use the relation (Erdelyi, 1953, p. 170)

B 2 ’ B
f b B au - -y )[PnPI;- P'P ]
n m

(m-m)(n+m+1) A.38
a a
where the prime denotes differentiation. Applying this formula,
we find that the Legendre transform of the unit impulse is
BylHo) = 2ﬂf B(Usu,) Po(W) du = erf Po(H)) du ~ A.39

-]l u’o

2, s
2m(L - 1) B (W)

(n)(n+1)

In some applications, it will be more convenient to use a simple
binary pulse Z with the added property that
1

Z(u,uo) dy =0 A.40
-1

The functional form of this zero-sum pulse is
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1 Ysy

z{Ysy,) = 1- u A.41
2 Y >y

and its Legendre transform is

1

z M) = 2n/ Z (M) P () du
-1
[ ([
= 21 P (W) du - 1+uo,[ P (W) du| A.42
M -1

(o]

b(l - ) Pr'l(uo)
(n) (n+1)
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B. PROBABILITY DENSITIES

In much of our analysis, we will be concerned with probabilistic
arguments. 'Therefore, in this section we briefly introduce some of
the basic notions and terminology which will be employed elsewhere.
Most of this-maﬁerial is quite well known and unless otherwise noted
can be found in standard texts (e.g., Gallager, 1968; Middleton, 1960;
Thomasian, 1969).

A probability density is a real-valued function p: Q-R, defined
on some set ( and satisfying the conditions:

p(w) =20, for all we Q B.1

f p(w)dw =1 , - B.2
Q

The set (Q is ?alled the sample space, an element w of ) is called a
sample point, and each subset of Q is called an event. The probability
of an event A
P(A) Efp(w)dw B.3
A

is thus a real-valued function whose domain is the class of events in
Q. The function P and the ordered pair (Q,P) are called the probability
measure and the_probability space, respeqtively, corresponding to the
probability density p: Q + R. A random variable with associated
probability space ({2,P) is any real-valued function F: Q — R.

If A and B are events in (), with P(A) > 0, then the conditional

probability of A, given B, is defined
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P(A|B) = P(aB)/P(a) B.4
The events A and B are said to be independent, if and only if
P(AB) = P(A) P(B) | B.S
The n-th moment of a density is defined as

M (p) = fwn p (w)dw B.6
Q

All densities are normalized so that Mo = 1. We will be concerned
mainly with the mean (first moment)
E() = /w p(w)dw =M1 = M, B.7
Q
where E(*) is the expectation operator, and the variance (second
moment about the mean)

_ 2 _ w2 o A2
V(w) = E(w-uw) M2 M1 Ow B.8

In predicting the value of a random variable, a highly concentrated
probability distribution conveys more information than a relatively
uniform distribution. To quantify this notion, we introduce the
self-information

I(w = -, ipw] B.9

‘and the average information or entropy

H(w) = E[TW)] = -fﬂm [p(w)] pw)dw B.10
Q

The entropy, thus defined, depends not only on the probability

distribution, but also on the coordinate system used. If we have
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a joint probability distribution p(X) for the variables X = (xl’XZ""’

Xn) and then change variables to Y = (yl,yz,...yn), the new distribution

is
oY
q(Y) = p(X) | a_xl B.11
where
av | = 'ﬁ
oX ox
b
is the Jacobian determinant of the transformation, and therefore
oY
H(Y) = HX) -|M X || P a&x B.12

In spite of this dependence on the coordinate system, entropy is

a useful way to characterize probability distributions, since we

will be mostly interested in relative entropies. 1In fact, many of the
distributions we will encounter can be obtained by seeking the dis-
tribution with maximum entropy subject to constraints such as fixed
mean or variance. This approach ensures that the distribution so
obtained incorporates all of our prior knowledge about the system

of interest, but no more.

In the remainder of this section, we will introduce the one
dimensional forms (i;e;, Q1 = R) of some elementary probability
densities which we will need later.

The simplest form we consider is the uniform density, which is

the maximum entropy solution subject only to the constraints that

@

f pX)dX =1 B.13

- 00

228



pX) =0 unless o <X < B B.1l4
It thus arises in the situation where a random variable is certain
to lie in the interval (a,B), but nothing is known further about

its location. The functional form of the uniform density is

@-a)7" a<X<B
pX) = B.15
0 otherwise
and its moments and entropy are
2 2
1 2 2 3
5 B.16

The normal or Gaussian density arises in the analysis of the
sums of independent random variables. In fact, the central limit
theorem asserts that under quite general conditions, the standardized
sum of independent random variables has an approximately normal dis-

. . . 2
tribution. The normal density with the two parameters, p and O has

the form
/x- )2 _1/2
p(X) = |2m0? AN ~o £ X S @ B.17
and its moments and entropy are
= _ .2 2
M1 =M M2 =u +0
v =0’ H(X)=%[1 +0n2n02]

The normal distribution has the maximum entropy of any distribution

with the same mean and variance. We will occasionally use the symbol
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N(u,oz) to indicate that a random variable is normal with mean

, 2
M and variance o .

The Rayleigh distribution characterizes the fluctuations in

amplitude of the sum of independent random variables. Thus, if

A cos (mp) + B sin (mp) = J cos (myp+Ap) B.19
where A and B are independent N(O,Bz) random variables, then J and
Ay are independent random variables, Ay is uniformly distributed on

the interval (0,2m) and J is Rayleigh distributed with probability

£ e vp)

density

PRX) = Xx=0

o W

X <0

The Rayleigh distribution has a single parameter B, and its moments

are
1/2
= (T = 7g2
Ml—(z) B M, = 28
B.21
- 4-—n) 2
v=(%5T)s
If {Xi: i =1,2,...,2n} are independent N(O,GZ) random variables,
then
2n 2
2 - Xi
X2n o
i=1

has a chi-square density with 2n degrees of freedom. The functional

form of the density is:
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2Ty 17t 2yl X2
pX) =

0

where the gamma function takes the values

(n-1)! 2n
Fm) =

Ii

1/2 '
(@2n-1). 7n

)
2n"1 2n“ 1
4 ( T~

The chi-square distribution has a single parameter, 2n and its

moments are

M

1 2n M2 =4n(n+1)

\Y 4n

If independent random events occur at a constant mean rate X,

the probability that k events occur in an interval of length X is

Poisson distributed with discrete density

-0x k

X <0

2,4,6,...

1,3,5,.

—E—YE§%51 k=20,1,2,...
p(k) =
0 otherwise

Since this is a discrete density, its moments are defined in terms

of sums rather than integrals:

«©
- n
M= E kp (k)
k=0

The Poisson distribution has a single parameter, 0x, and its first

two moments, variance and entropy are
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B.24

B.25

B.26

B.27



_ 2
M1 = 0x M2 ax + (ox)
B.28

vV =ax HEX) = ax [1 -2 ()]
O0f all point processes with intensity o, the Poisson process has the

maximum entropy rate dH(x)/dx (McFadden, 1965).
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C. STOCHASTIC PROCESSES

A stochastic process is, roughly speaking, an ensemble of random
functions, all governed by the same probability law. More precisely
(Parzen, 1962; Thomasian, 1969), a stochastic process consists of
a probability space (Q,P), a non-empty set G, called the parameter
set, and a random variable, Fg: Q - R, assigned to each g ¢ G. The
only parameter sets we will explicitly consider are the real line R,
the positive reals R+, the circle Sl, and the sphere Sz.

For any w ¢, the function Hw: G — R, defined by

Hw(g) = Fg(w) for all g ¢G c.l

is called a realization, or sample function, of the stochastic
process. For any (g,h) €G x G, the function AFg h G xG~—R,
3

defined by

AF =F -F c.2
g

is called the increment of F from g to h.

A very important class of processes are those with stationary
and independent increments. The increments of a process are said
to be stationary if the distribution of AFg,h depends on g and h
only through their differencelh-—gl . If the parameter set G is
a sphere, this difference is just the angular distance Yy between
the points g = (8,p) and h = (8+A0, p+Ap). The increments of a

process are independent if the random variables AFg h and AFg'
I

b

hl
are independent whenever the intervals (g,h) and (g',h') are disjoint.

The only processes we will actually encounter in this analysis are
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the Poisson and Wiener processes and some of their generalizationms.
All of these processes have stationary and independent increments.

1. Poisson Process

The Poisson process is basically a counting process. We define
a counting function as any non-decreasing function N whose range is
restricted to the non-negative integers {0,1,2,...} and which

assumes every value in its range less than N if it assumes the

0’
value No. We then define a Poisson process Ng with parameter o as
any process with stationary independent increments such thaf the
random variable Ng induces a Poisson density with mean 0g, and every
realization of the process is a counting function.

A process Xg is said to be a filtered Poisson process if it

can be represented by

N
g

X, = z B(g,h_,A) c.3

n=1
where Ng is a Poisson process with intensity a, {An} is a sequence of
indentically distributed random variables, independent of one
another and of Ng’ and B(g,h,A): G2 x R = R is the response function.
We may interpret B(g,h,A) as the value at g of a response of magnitude
A to an impulse at h. X 1is thus the value at g of Ng such responses.

2. Weiner Process

The Weiner process is obtained as the limit of a random walk
as the step size decreases to zero. Specifically, a Weiner process

2 . . .
W(g) with parameter 0 1is any stationary independent increment process
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such that the random variable W(g) induces a normal N(0,0z)
density, and every realization of the process is a continuous
function. Thus, if vy =|h -g! is the length of the interval (g,h)
in the parameter set G, then the increment AW(g,h;w) is normally
distributed as N(O,Yoz). Although realizations of a Weiner process are
continuous, they are almost nowhere differentiable, i.e., for any
g ¢ G, the set of realizations which have a derivative at g has
probability zero.

The Weiner process has a number of other interesting properties.
For example, it might be supposed that in a typical interval, the
fraction (X) of the interval over which the process is positive,
would be normally distributed about its mean 0.5. However, as first
shown by Levy (1948, pg. 216) the probability density is minimum
at its mean and is concentrated toward the extremes 0 and 1. In

fact, the density is

1 1
PX) == — C.4
T J&)y @ -x)
and therefore the probability
2
u
PIX < u’] =% f dx
V&) (1-X)
0 C.5
-2 sin-l(u) 0<usl
'n’ . .

This arc-sine law obviously also gives the distribution of the

fraction (1 -X) of the interval over which the process is negative.
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The points at which the process assumes its mean value are also
of interest. Let Yie be the length of the k-th interval between
consecutive returns to the mean. Short intervals are more frequent
than long ones. In particular, when the parameter set is thg real
line or the positive reals, G € {R,R+], the probability distribution

of Yy is

1/2
P[Yk - U.] - (%) u‘3/2

This distribution is approximately the same when the parameter set
is the circle or sphere, G ¢ {SI,SZ}, if the intervals considered
are sufficiently short, i.e., Y << 211 This is also true of a number
of the other properties we will consider below.

We now consider a generalization of the Wiener process whose
increments are a moving average of the increments of the standard
Wiener process. Following Mandelbrot and Van Ness (1968), we define
a fractional Wiener process ws(g) with parameters B and 02
O0O=<Bs=s1,0¢= 02) as any sfationary increment process such that
all the realizations of the process are continuous and the increments
Aws(g,h)'are normally distributed as N(O,OZYZB), where y = |h-g|
is the distance between the points g and h in the parameter set.

The increments of wB(g) are independent if, and only if, B = %.
In that case, we merely obtain the traditional Wiener process,
wllz(g) = W(g). The fractional process is similar to the traditional

process in that, although all its realizations are continuous, they

are nowhere differentiable.
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The realizations of a fractional Wiener process have a degree of
invariance with respect to changes of scale. To quantify this notion,
we introduce the concept of self-similarity. The increments of a
random function F(g) are said to be self-similar with parameter Q if

for any Y > 0, and any g € G,

AF(g,g +Y) = Y ¥ AF (8,8 +YQ) c.6
where the indicated equality means that the two random variables
are indentically distributed. If the parameter set G € {R,R+} then
the fractional Weiner process We(g) has self-similar increments with
parameter 8. If G € {SI,SZ}, then ws(g) is asymptotically self-
gsimilar for small Y.

The realizations of ws(g) are also characterized by their
extreme irregularity. This is, of course, suggested by their lack of
differentiability, However, when we consider the realizations of
a process with G € {R,R+}, we find that in their degree of qonvolution
and intricacy they are, in fact intermediate between a smooth
rectifiable curve and a.Peano curve, which passes through every point
of a two dimensioﬁal region. This, in conjunction with a self-
similarity parameter 0 < B < 1, suggests a dimensionality D for these
realizations with 1 < D < 2. In fact, generalizing a result of
Mandelbrot (1975), we suggest that if D[G] is the dimension of its

parameter set, the dimension of a realization of wB(g) satisfies

€3}

Dlw D(G] + B c.7

8
Thus, for example, if G

I

S1 or Sz, then D[we(g)]=1+ﬂ or 2+f respectively.
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.3. Ornstein-Uhlenbeck Process

We now consider another extension of the Wiener process. If

W(g) is a standard Wiener process, then

Ug) = e P8 we?P8) c.8
is called the Ornstein-Uhlenbeck process (Uhlenbeck and Ornstein,
1930; Doob, 1942) with parameters o > 0 and B>0. It is a stationary

normal process with zero mean and covariance

CU;y) = o e PY c.9
Whereas the Wiener process is obtained from a random walk in
the limit as the step length goes to zero, the Ornstein-Uhlenbeck
process is derived by a similar limiting procedure from a random
walk subjected to a restoring force. Thus, the Ornstein-Uhlenbeck

process is stationary, whereas the Wiener process is not.
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D. COVARIANCE FUNCTIONS

Tn much of what follows, it will be useful to consider functions
on the sphere F(8,p) which are realizations of homogeneous stochastic
processes., A process is sald to be homogeneous if its first and
second moments are invariant under the group of rotations of the
sphere. This is equivalent (Roy, 1973) to stationarity, i.e.,
constancy of the mean E[F(8,p)] and isotropy of the covariance
function E[F(e,m)F(G',w')]; i.e., the covériance depends only on
the angular separation Y, between the points (8,p) and (6',w').

If we now consider two functions A(6,yp) and B(G,@), we may
calculate the expected value of the product AD)B(*+Y), where
T=(@,) and T +y = (9',m') are any two points on the sphere which
are an angular distance y apart. This mean product is known as the
cross-correlation of A and B (Middleton, 1960). In the case where
E(A) = E(B) =0, it is known as the cross-covariance and is designated

C(A,B3Y) = E[AD) BT +v)] D.1
The requirement that E(A) = E(B) = 0 is easily met by defining new
functions, A’ = A-E(A) and B’ = B-E(B). This is equivalent to the
vanishing-of the harmonic coefficients of degree zeré; AO,O = B0’0= 0.
For example, instead of topographic radius R(8,p), we will use
topographic height; H(6,p) = R(8,p) - RO.

The covariance of a function with itself is known as the auto-
covariance, or simply the covariance, and is denoted variously as

C(A,A3y) = C(A;y) = C(y) = E[A(D) AT +V)] D.2
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The (cross-) covariance of the functions A and B at separation
Y has a convenient representation in terms of Legendre polynomials
in g = cos(y), and the harmonic coefficients Anm and Bnm' Applying
the addition theorem

n

Pn(cos(y)) = Znﬂ'l :E: Azm (8,0p) Anm(e:@') D.3

m=0

where Y is again the angular distance between (8,¢) and (6',m'),

we find (Heiskanen and Moritz, 1967; Kaula, 1967)

2
C(A,B;Y) =R, E V(A,B;n) P_[cos (V)] D.4
n=1
where

n

_ T

V(A,B;n) —z A B
nm nm

m=0

is the (cross-) variance spectrum of A with B. For a given n,
V(A,B;n) will be referred tb as the degree (cross-) variance. For
further discussion of spectral analysis of random processes on the
sphere, see Jones (1963) and Roy (1976).

The (cross-) covariance at zero éeparation is known as the

(cross-) variance and has the form

o]
C(A,B;0) = RO2 E V(A,B;n) D.5

n=1
since

Pn [cos(0)] = 1.
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If a random variable X has mean E(X) = ux and variance E(X--u.x)2

= ze, then (Thomasian, 1969; pp. 202-208)

X -
L -
X 5 D.6
X

is called the standardized random variable corresponding to X, and
has zero mean and unit variance:
*
EX)=0
%2 D.7
EX) =1 '
If X and Y have finite, nonzero variances, then the covariance between

their standardizations is called their correlation coefficient and

is denoted by

X,¥) = CX',Y°) = gi’iéll D.8
Xy

For random variables on the sphere, we also define the degree

correlation coefficient

R RN A ¢ 9% ¢1:))
p(X,Y,n) V(X sY ,n) [V(X;n) V(Y;n)]l/z D.9

Clearly, -1 < pxy = pyxs 1, and Pxy =1 (-1) iff X and Y are
perfectly (anti-) correlated, whereas pXy = 0 means that X and Y
are uncorrelated. Thus, pxy is a standardized measure of thev
degree of statistical dependence between X and Y.

If we desire to predict the value of a random variable Y based

on observations of another random variable X, we may seek the numbers

o and B which minimize the error variance

E[Y - ©ox+8))°
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In terms of standardized variables, the solution is

a = pxy B=0 D.10

and the error variance is

E(Y - o x9H%=1.,2

xy pxy D.11

In terms of nonstandardized variables, the so called regression line

and error variance are:

X - ux
= + — 4
Y Hy 7% my\ T ) D.12
X
2 2 2
ELY - (x+B)]" =0"1Q-p ) D.13

The Wiener-Khintchine theorem (Middleton, 1960; pp. 141-144)
states that under quite general conditions the (cross-) covariance
function and the (cross-) variance spectrum are related by a pair of
integral (or series) transforms. In the case of spherical geometry,

v

we have a Legendre transform relationship:

CW) = Ry* Y V@) B (W)
n=1

1
2 _2n +1
R0 V(n) = 5 C(u) Pn(u) du D.14
-1
Thus we can deal with whichever quantity is more convenient or gives

greater insight into a problem. A case of particular interest is

the spherical Wiener process, which is representative of the stochastic
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component of the topography of the terrestrial planets:

n) = —V(H;0)
V(H;n) SICES)) D.15
The covariance in this case is
) ~\ P_[cos (V)] ~
CH;y) = RO V(H;0) E W D.16
n=1
We can obtain a closed-form expression for this series by noting
that
-1 1 __1 ,
M @FL) n o+l D.17
and (Wheelon, 1968; pg. 53)
P [cos(y)]
E ————— = - (¢nlsin(y/2) ]+ tn[1 + sin(y/2)]) D.18
n=1
P [cos(y)]
——57— = - (1 +0n [sin(y/2)] - 0n [1 + sin(y/2)]) D.19
n=1

Therefore, we find that:

2. P [cos(¥)] < P_[cos(y)]
oy 2w 2 o Z cn SRTV)0 N Tpteostor

n=1 n=1
D.20
= Roz V(H;0) (1 - 27 [1+sin(y/2)])
When Y = 0, this has the form
CH;0) = R,” V(H;0) p.21

since

Pn[cos(O)] =1
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and

n—_l

Similarly, for a fractional Wiener process WB on a circle, the

variance spectrum is

V(Wg;m) = V(Wg;0) n 28+ 1) D.22
Campbell's theorem (Rice, 1944) gives convenient expressions
for the mean and covariance function of those filtered Poisson
processes which can be expressed as
: N
X(g) = Z A B(g-h) ' D. 23
n=1

where N is a Poisson process of intensity q, An is the amplitude of
the n-th pulse, and B(g-—hn) is the response at g to a unit pulse

at hn' If the parameter set of the process is G, then

I

EX) = a E(A) [B(g) dg

G

CX;y) =a E(A)zf B(g) B(g+vy) dg

G
As the intensity o is increased, the process X(g) approaches a
normal distribution with mean E(X) and variance C(X;0), as given
above.
As an application of the convolution theorem to the calculation

of variance spectra and covariance functions, we note that, if the

function F is a convolution of A and B,
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2 /2
1

F(8,9) = 77 A8 ,p") B(B-0',p-¢p") cos(8’) db’dep’ D.25
0 =m/2

and if B has no azimuthal variation, then the variance spectrum
of F is simply

V(Fin) = an V(A;n) D.26

and the covariance function is

‘o
2

C(F;y) = R0 'an V(A;:n) Pn[cos(Y)] D.27
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E. VISCO-ELASTIC DEFORMATION

The response of a planet to applied stress depends on the size
and composition of the planet as well as the spatial and temporal
distribution of the stresses. We will restrict our attention here
to planets composed of homogeneous, incompressible, linear visco-

elastic materials. This considerably simplifies the analysis while

retaining many of the behavioral features of a more complex substance.

A planet will thus be characterized by its radius RO[cm], either
mass M [gin] or density [gm cm-3], rigidity yu [dyne cm-z] and either
kinematic viscosity V[stoke = cm2 sec-l] or dynamic viscosity
X -1 -1

N = pv [poise = gm cm = sec ].

The relationship between applied stress o [dyne cm-z] and con-
sequent deformation, as expressed in terms of either strain e
[dimensionless] or strain rate e = de/dt [sec-l], depends on the

material being deformed. For linear elastic, linear viscous and

Maxwell visco-elastic materials, the relations are:

€ =0/u (elastic) E.
¢ = o/n (viscous) E.2
€ = &/u + o/n ' (visco-elastic) E.

- This latter form is only one of many possible models for linear
visco-elastic behaviof, but we focus on it because of historical
precedent (Maxwell, 1868; Darwin, 1879) and analytical simplicity.
Furthermore, it is apparently a reasonable model in many situations

of geophysical interest (McKenzie, 1967).
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A Maxwell material subjected to a constant stress 0, initially
undergoes an elastic deformation € = g/u, but also commences creeping
at a rate ¢ = o/n. After a time t = T known as the Maxwell
relaxation time, the viscous deformation € = ot/m exceeds the initial
elastic deformation. Thus, for short time periods (t < TM) the
material is essenfially elastic, whereas, for long time periods
(t » TM), the behavior is predominantly viscous.

We will now examine the short time or elastic limit in the

behavior of visco-elastic planets under stress. When subjected to

a disturbing potential

© R ntl n
- GM 0 S T '
B8 = O 2;1 ( R) 2 e A 6.0 E.4

m=0
an elastic sphere suffers a surface distortion proportional to the

disturbing potential

o N
U®.p) = R, 228 v @ E.5

n=l m=0 " "
where Unm(G,m) is a vector spherical harmonic whose components in

. A A A
the direction of the unit vectors (eR, eg> ew) are:

A
ep® U n(6:9) =h A (8,9)

A -2 9

eq* Unm(G,m) = En Y Anm(e,m) E.6
A _ Ln 3

ew. Unm(e’w) ~ cos () 56 Anm(e’¢)

This redistribution of mass gives rise to a further disturbance of the

potential whose harmonic coefficients are

247



A =k & E.7
nm n nm

These constants of proportionality Ln = (kn,hn,ﬁn) are known
‘as Love numbers (Love, 1927, pp. 257-299; Munk and MacDonald, 1960,
PP. 29-31), and their functional form depends on the nature of the
disturbing potential. For a potential which does not load the surface,
such as a rotational or tidal potential, acting on a homogeneous

elastic sphere

=3 1
n 2(n-1) \1+N(n) u/Pc>

H = (2““) K E.8
n 3 n
) =<l)k
n n/ n
where
30M°
P = —__~h E.9
¢ 81'rR0

the hydrostatic pressure at the center of the planet, is a measure of
the gravitational resistance to deformation, u is the elastic rigidity,

and

= 2( h-+1)2 + 1 E.10
2n :

N(n)

is a purely geometrical factor related to the boundary conditions for
the sphere. 1In a fluid planet u = 0, and the restoring force is
purely gravitational. Since N(n) is an increasing function of n,

the elastic response is clearly more important for small features.
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If the perturbing potential is due to a surface load of

material of the same density as the rest of tﬁe planet, and the height

of the surface load is

T
H(0,9) = Ry :Z: }E: H'™ A (0,0) E.1l1

n
nm nm
n=1 m=0

then the potential harmonics are

<M> & =H’ E.12
3 nm nm

In this case, the deformation due to the normal stress applied by
the load is opposed by the gravitational attraction of the planet

by the load. The corresponding Love numbers are thus

L’=[1-33il]L E.13
n 3 n

where Ln are the Love numbers for a potential which does not load

the surface. Thus, we have explicitly

K’ = 1
n 1 + N(n) u/PC

h' =<2—“—+—1-> Kk’ E.14
n 3 n

z’=(l>k’
n n n

If a load of initial height H;m were placed on a sphere, the
original surface would deform by h; Qnm’ and the final height of
the load would be '

H =H +h’3¢ E.15

However, since
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E.16
h! = 2n+1) K’
n 3 n
this can be rewritten as
H = (1+k’) H’ E.17
nm n’ nm

Clearly, if the body were perfectly fluid, so that g = 0, then we
would have k’ = -1 and thus H__ = 0
n nm
The Love numbers have the following asymptotic behavior in the

limit of small wavelength features:

- = -~ T
nh 1
2 P
lim n‘k = £ 3/2 E.18
n—o n H
n3£n 3/2
hr’1 -1 2/3
P
lim nk’ = £ 1 E.19
n—QCD n u
nZZ' 1
| 0 L

Darwin (1879) solved the problem of purely viscous deformation
of a homogeneous sphere by a surface load. If the load has the same
density as the sphere, and the initial height of the load is

characterized by harmonic coefficients

Hnm(O) = Anm E.20

then, at a later time t, the load height harmonics will be attenuated

to

n E.21
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where the relaxation time for degree n is

= [N
'rn [Pc n E.22

and 7 is the dynamic viscosity. Since Ta is an increasing function
of n, the proportional attenuation of laterally extensive features
is more rapid tﬁan for small features. This is just opposite the
behavior of diffusion processes.

The deformafion of a Maxwell sphere due to a surface load was
also determined by Darwin (1879) and is essentially identical to
the behavior of a purely viscous sphere. The only difference is
that the relaxation times are uniformly increased to (McKenzie,

1967; Peltier, 1974)

T’—{m.;..];] M

n

E.23

where Tn is the viscous spherical relaxation time, and TM is the

Maxwell relaxation time of the material.
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F. POTENTIAL ENERGY

The configuration of lowest energy for an isolated mass of
homogeneous material is a sphere. Any departure from sphericity
thus répresents an increase in potential energy, both elastic and
gravitational. We will now estimate the energy corresponding to
harmonic surface loads and use the constraint of finite total energy
to place bounds on possible surface configurations. We will first
consider elastic energy.

1. Elastic Energy

The elastic energy density, which is the work done per unit

volume in elastically deforming the material, is given by

3

3 .
iz=:1 JZ=:1 cij eij F.1l

N[

e=

where oij and eij are the stress and strain tensors respectively,
The constitutive relation between stress and strain for an incom-
pressible material is

. S M E,, F.2
and thus the energy density simplifies to
3
D) F.3
e = €.. €, ., .
2im = B
In a system with coordinate axes Xi’ the strain tensor is obtained

from the displacement vector Ui by the formula

1 BUi ou, .
== =% + =l F.
i3 7 2 3K + X, . .
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In spherical coordinates, the strain components are:

A
RR oR
[ 3

= 1 8

00 R 'R T ae]
1 |, 1 %
em@ = R _PR + tan(8) Ue + s (0 3y
3u au |

= = 1| R 5.

°re ~ ®or ZR[ 5 "R TR Ue] F.5

U ou
U U N S S "R
2R | cos(6) o&p oR mJ
. QU U
= =L 1 8 Q _
eecp ecpe 7R I:COS(G) S0 + 39 tan(6) Ucp]

Substituting the displacement due to a single harmonic disturbing

potential
5,00 = (RY 5T 4 6.0 R <R F.6
A RO RO nm ‘nm° @ 0 :
into the above equations we obtain
n
S (RY T |
eq s R09) = (R0>' RNEINCIS .7
where
eRR - n hn A'nm 2
‘ ° Anm
€ = h A +12
66 n n an
- nt, o
e = h - —— |A_+4_tan(f) —7
tp 0082(6)] nm n a8
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2e0 = [B, + (@-1) zn] —n

¢
oA
¢ _ - 1 nm
2e, [hn + (n-1) zn] =@ 3y
P zn d aAnm
2650 = os(8) 23p |2 o8 - £an(® Anmj|

where the form of the Love numbers depends on the nature of the
disturbing potential, i.e., whether it loads the surface or not.
As our principal interest is in the asymptotic behavior of the

energy density for large n, we can neglect the terms in En, since

3 hn
ﬂ1=Gn+1):r F.8

Using the approximation £n= 0 and the facts

1 -
tm (A 2 das = 1 F.9
. 2
1_J (aAnm> ds = () (a+1) - L2ED@ F 10
41 o0 :
8
1 1 oA 2 2n+1) (m
= > a“m dS=—(———2—M—l F.11
T cos (8) P

(Lowes, 1966), we find that

3 3
- DI D F.12
Ml 1=1 j=1 J J
2
= <3n +n+4>h2
2 n

Therefore, the total elastic energy corresponding to the harmonic

disturbance ¢ is E = 4mR 3
nm

nm 0 enm/a’ or
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2 bRy (1
_u[3n +n+4) 2 2( o) 2n+2
Enm 2 ( 2 hn Qnm 3 5 ds F.13
0
MRS [, 2
_ ™% (3n tn+d) 2 o2
3 2n+3 nm

where § = R/RO.

1f we consider the surface topography of a planet

HO@) =Ry 2, 2 Ho A (0,0) F.14

n
nm nm
n=1 m=0

to be the result of the emplacement of a surface load H'(e,m) and
the subsequent deformation of the original surface, we can calculate

the total elastic energy stored during the deformation. In this

case,

H
(-—-2“;1) g =g/ = F.15
1+k;

so that a sum over all 2n+1 terms of degree n in the harmonic

expansion of the surface load yields

5 AY
En=3m.1Rg n +nth (=) vaun) F.16
(2n+3)(2n+1) 1+kI’1
where
n
V(H;n) DI
nm nm
m=0 .

is the topographic degree variance. The total elastic energy due

to the topography is thus simply
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® 3

4nRO = ' '
Ee1=ZE =3—Ee F.17

n=1 ©° . n=l

However, since

, .
un [ Bn |\ 2B
n —~ o ’ = _3_ F.18
1+k H
n
Therefore,
2
3P
1im - 0 .
new (A+1) e = - V(Hin) F.19

i.e., the elastic energy density per harmonic degree converges to

zero more rapidly than the topographic degree variances. It would
thus be possible to have infinite topographic variance and finite

elastic energy.

2. Gravitational Energy

We now direct our attention to the gravitational energy associated
with the surface topography of a planet. The gravitational energy
density is just the work done per unit volume against the gravitational
field in assembling the_configuration from some reference state. It
is calculated from‘

1
e=30 ® F.20

where, as before, p is the mass density and ¢ is the gravitational
potential. We have already seen that the potential of a homogeneous

spheroid with mean radius R0 and mass M has the form

3- ®R/RDZ,  » g g
Qi(R,e,cp) = % [( > 0 ) + Z (T{g) E@n:'; Anm(e,(p):l F.21

n=1 m=0

for interior points (R < RO), and
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n+l n
8 (R,6,p) = —[—+Z( 2) 2k A (G,cp)] F.22

nm nm
m=0

for exterior points R 2 RO’ where

(2n+1) § =H
3 nm nm

and Hnm are the harmonic coefficients fo the topographic heights..
If we denote the potential of a homogeneous sphere by QO(R), then
the gravitational energy of such a spherical configuration is

2am 1 =
1 2
=5J j J PR) §,(R) RdR du do F.23
0 <1

However, since p(R) = 0 for R > 0, thi:c cen be written

2m 1 R

3-(R/R) 2
E0= IJ.J R” dR du do
10
3 5 F.24
_ oM [ 4R ) . (4ﬂR0 )]
2R, |2 \3 g2\ 5
0

_ 30
5R,,

The cffect of surface topography H(d,p), is found from the

integral
2n 1 o

E =3 [ J J o) #(R,u,®) R> dR du dop F.25
0 -1 0
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where now ¢ (R,u,ep) inéludes the topographic perturbations. We will
evaluate this interval over three diéjoint regions: 1) the interior
of the sphere, R < RO, 2) an infinitesimal shell at the surface R = RO’
where we let dR = H(u,@), and 3) the exterior of the sphere R > RO,
where P(R) = 0. The desired integral will be the sum of these
three parts,

The first integral is

2 1 R0
E'=-2lpfff & (R) R dR dy dp

0 -10 F.26
o 3 n 2m 1
GM /R
_ My 0 ) T .
EO + ZRO Z \n+3 Z <I)nm Anm(u’q))d*‘1 dep
n=1 m=0 0 -1

but this last term is zero due to the orthogonality of Ahm' Thus,
I._
E" = EO : F.27

The second part, or integral over the surface shell is

2 1
»_ 1 3 2
ET = Ep (RO:H,CP) H(HsCP) RO d“' de
0 -1
© n :
= GMP 3 T
e [411 R, > > 8 Hnm] F.28
n=1 m=0
© n
H
L 1S Y Hf
=Ey 3 |
n=1 m=0
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where we have used the relationship between ¢ and H to simplify
~ nm
the last expression. The third integral is trivially EY = 0, since

p(R) = 0 for R > RO'

Thus, the effect of surface topography on a homogeneous planet
is to increase the gravitational energy above the spherical value

- 2 .
of E0 = 3GM /SR0 to

E = Eo 1+ lg— i i H:m Hnm F.29
=1 &0 2n + 1
where bn T
E = 15 Hnm Hnm
n 2 0 2n + 1

is the contribution of harmonic degree n to the total., The gravita-
tional energy is similar to the elastic energy in that their incre-
ments per degree both decréase with increasing degree more rapidly
than the corresponding increments in topographic variance, and, in
fact, the asymptotic convergence rates of the two energies are

identical.
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G. SLOPES
Given a representation of the topographic heights oﬁ a planet
H(0,p), we now desire a characterization of the slopes on the surface.
We will first develop expressions for the mean square slope of given
slope length, and criteria for the establishment of isotropy of the
topography, and then we'will consider the problem of mechanical
stability of the slopes. In much of this:analysis, we will consider
the topography to be a realization of a homogeneous stochastic process.
The slope of the éecant line between any two points a distance
L = ROY apart is

M _ JHT+y) - H(OD)

I R Y G.1
and the mean square slope with slope length L is
o) = 5[0 NOT)
° G.2
_EE @4y - BT +YRD)] + EHED)]
®,1)
However, by the assumed stationarity of the topography
B (C+y)1 = B[ ()] 6.3
and, we already have
E(H )] = C(H;0) 6.4
and
| EHT+y) BO] = CH3y) G.s
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Therefore, the mean square slope of length L ie

L2

G.6

@
1 - P (cos(y))
n
2 D V(H;n) [ >
n=1 Y
As the slope length goes to zero and the secants defining the slope
approach tangency (if the surface is, in fact, differentiable),

we obtain

®©

s2©0) = D v@;m) @ (+1) G.7

n=1
since

1im [1 - P_(cos(Y))

Yy-—~0]| YZ

]= (a) (n+1)
2

In the important case where

V(H;0)

V(H;n) = o) (@ + 1) G.8

we obtain the closed form expression

“ [1 - P (cos(y)
s* ) =2 v(;0) Z [ (n)tzn-*-l) ]
n=1

G.9

2

4 V(H;0) m[1 + sin(y/2)]
: Y

(see Appendix D for more details). When the slope length is small,

we have approximately
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o VH;0) G.10

s%(L)

Y
since
X3 x5
sin(x) = x - 3T +.§T -
X2 x3
%(1+x) =X""§"‘+‘§-'——..
so that
X X2 x3
%2[1 + sin(x/2)] = - tig-

1. Isotropy of Slopes

Though we have assumed isotropy of covariance (and therefore
of slopes) in modeling the topography as a realization of a homo-
geneous stochastic process, it is possible to check the validity of
this assumption. We first recall that the differential arc length
is given by

2

dL” = RS [d82-+cos2(6) d@z] = R2

2
5 Y G.11

We then calculate the mean square infinitesimal slopes facing east-

west

2
2,0, . 1 [ (2
55(0) = ATTJ(BL)G dA G.12
A

and similarly for north-south facing slopes

2
20y = L [ (28
5,(0) anf(aL) dA G.13
“ P
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where the subscript indicates which coordinate is held fixed and

the integration is over the entire surface of the sphere. We note

that
o n T
(éﬂ) - (B_H)(ﬁe) = D fom 2 P O G.14
oL 0 ocp/\ AL ool o0 cos (6) )
and
® n
@) - (@E -T2, e
) n=1 m=0 nm
The required integrals are (Lowes, 1966)
3N\
1 1 ( nm) dA = (2n+1) (m) c.16
adl cos (B) % 2
A
and 9
1 (aAnm) dA = (n)(n+1) - (2n+1) () c.17
417 a8 n)in 2 *
A

Therefore, the mean square east-west slope is

52(0) = > Ty (n) G.18
n=1

and the mean square north-south slope is

2 @
0 I T .1
S (0) n2= (n) G.19

where the degree tilts are

n
- @+ @], T
Te (n) mz=’0[ 2 J Hnm Hnm
LI . G.20
T, = > (@ @+D) - @@y S,
m=0 .
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The total mean square slope at zero slope length is simply

©
s20) = 2, Ty(m) + T_(n)
= ®
n=1
G.21
«©
= Z (n) (n+1) V(H;n)
n=1
as previously established.
Our desired criterion for mean square isotropy of a function
. H(6,¢) on a sphere is thus
Tg(n) = Tcp(n) G.22

or equivalently

n n

@+ > @y B = @e+n >l w

m=0 m=0
for all n. Here Hnm are the normalized Fourier-Legendre transforms
of H(B,yp).

2, Slope Stability

Physical slopes are limited in height by the strength of their
constituent materials. The stability of a slope in soil is depéndent
upon characteristics of the soil [density (p), cohesion (c) and
internal friction angle Oy)], characteristics of the slope [height H,
length (L) and inclination (i)] and a characteristic of the
planetary surface on which the slope resides, [the local gravity (g)].
If a slope of constant inclination is extended in height, the shear

stress (T) will eventually exceed the shear resistance of the
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material and the slope will fail. A common failure criterion is the
Mohr-Coulomb relation
T=c+go tan () G.23

which expresses a linear increase in shear stress at failure &ith
increasing normal stress (0). The general.determination of slope
stability is a difficult variational problem (Revilla and Castillo,
1977), but in the case of shallow slopes thevfailure surface is
essentially planar and the analysis of Culmanh (1866) is adequate
- (see e.g., Terzaghi, 1943). According to this anélysis the maximum

height attainable in a slope of length L is

- 4c [sin(i) cos(p)
HE) Pg [l-cos(i-cp) ] G.24

In many situations the effects of internal friction are negligible,

so we shall assume ¢ = 0, and

= 4c rsin(i)
R = o (oot G.25

In a rectilinear slope segment, we also obviously have

H() = L tan(i) G.26
so that
e - 4e -1 ,
“ecos(1) = [} +-EEE] G.27

Thus, the squared height is

' G.28

where 2¢
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However, on the Moon, for example

¢ = 0.1 bar 1
p = 3.0 gm cm-3 =L =/4m G.29

(o}

g 160 gal
Thus, to a good approkimation

2 8cL
H @) = == L>1L G.30
¢ ) Pg o

A i.e., the squared height of a stability limited slope is proportional
to the length of the slope.
It is interesting to note an analogous behavior exhibited by
the Wiener process. If we consider the slope profile to be a
realization of a Wiener process on the positive reals with parameter
= 3c/pg and W(0) = 0 then

E[WZ(L)] = 02L = %i} G.31

;.e.,the variance of the process is proportional to the length of
the slope.

The spherical Wiener process also exhibits this type of behavior
for'sufficiently short slopes;(y << 2m). Since the covariance has

the form

P [cos(Y)]
MCHOR I CICE )

n=1

]

C(H;Y)

G.32

C(H;0) [1 - 20,1 + sin(Y/Z)]]

the mean square range over a distance L = ROY is

266



E([H(I‘+y) - H(D)] 2) 2[c(H;0) - C(H;Y)] G.33

4C(H;0) on (1 +3in(y/2)

For short distances, this reduces to
B([R@+v) - HD)?) = 200830) y << 21 6.3
i.e., the mean square slope height is proportional to slope length.

If we let C(H;0) = 4c RO/pg, we recover the slope stability result

exactly‘.
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ABSTRACT

Photographe and other remote sensing data of Ascraeus
Mons were analyzed in order to relate the remotely
determined surface properties to the aeclogy of the
volcana. FPhotogeologic analysis indicates that Ascraeus
Mone ie similar to terrestrial basaltic shield volcances in
both surface morphology and estimated rheclogic properites.
Lava flows are interpreted to include pahcehoe, aa, and
toey pahoehoe. At elevations ¢ 15 km, features ¢ 506 m
in scale are very subdued. Thic is interpreted to be the
result of depocsition of aeclian or pyroclacstic materials on
the surface. An aeclian origin is preferred becauce
aeolian activity presently occure on the velcano and there
ise no evidence of major pyroclastic eruptione on the
volcana. The wavelength dependence of albedos on Ascraeus
Mons parallele the reflectance spectrum of clascical high
albedo regions (e.g. Arabia), which suggests that dust ic
precsent throughout the volcano summit aresx. High spatial
resolution infrared sequences cshow no correlation between
the thermal properties and surface terrains, including
varioue lava flow terraines, concsistent with dust depocits
at least 2 cm thick on all terrains. Caldera walls have
the highest thermal inertias on the wvolcano (I = 4.5 x {63

2 ced K™ ) but bedrock exposures probably account

cal cm
for ¢ 154 of the observed area. Thermal inertias increace

down the flanke of the volcano (I = 2 to 4) while the areal
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abundance of high thermal inertia materials (I = 38
decreases; downslope sediment trancsportation and sorting
could account for both of these trends. The properties of
Ascraeus Mone at visual and infrared wavelengthe are
dominated by surface materiale that deo not appear to be
directly associated with the underlying terrains. Radar
cignale are strongly scattered by the volcano, indicating
that features > 180 cm but ¢ 188 m are not effectively

obecured by the surface materials.
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CHAPTER 1. INTRODUCTION

How comfortlece the winter season there!
And cheerless, Ascra, is thy summer air.

Hesiod, 8th century B.C. Greek poet
(from Cocke, 1976)

The planet Mars has been a subject of scientific
interect for hundreds of years. Earth-based telescopic
obeervatione alone can provide very little information
about the geclogic history of the planet. During the past
twenty years spacecraft have flown by, orbited, and landed
on Mare, providing detailed information about the martian
eurface. Photographs from the Mariner and Viking
epacecraft indicate that Mars has had a very complex and
diverce geclogic history. Spacecraft data are of
sufficient epatial resclution to allow geclogic problems to
be addrecced for specific surface features. This waork
presente & synthesis of photogeclogic and remote sensing
recsulte for Ascraeus Mons, one of the large martian shield
volcanoes.

The objective of this study is to relate the surface
morphology and properties of Ascraeus Mone obtained from
remo*e sencing data to the geologic hietory of the volcano.
Until samples can be obtzined from Mars, all information
about the planet must be acquired through remote sensing
techniques. A detailed investigation of both the geclogic

history and the remotely determined properties of Ascraeus
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Mons provides a basis for evaluating the geologic
significance of the remctely determined surface properties
of Mars.

The approach adopted for this study inveolves
addressing the following questions:
1> MWhat is the geclogic history of the Ascraeus Mons

velcano?

2) What geclogic procecses are active on the surface of
Ascraeus Mons?

3) How do the surface featurec of Ascraeus Mone compare
with the surface features observed on similar
terrestrial volcances?

The geclogic history of the volcano provides the framewacrk

for identifying the processecs that have produced its

surface as it is chbeerved today. The procescses recponsible
for the precsent condition of the surface may be related to

the development of the surface morphology. Examination of

terrestrial volcanic featuree can aid in the interpretation
of similar features on Mare, where surface features smaller
than 18s of meters canncot be directly chserved.

Geologic investigations of planetary surfaces rely
primarily on terrain morpholeogy and stratigraphic
relationships between different terrains. The becst
photographe of Marc obtained from orbiting spacecraft have
individual picture elemente ("pixele") that correspond to 8

m on the surface (Snyder, 1979 hut many aspects important
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to the history of the surface occur at scales much smaller
tharn thie. Procecses associated with the emplacement or
modification of the surface usually involve transportation
or redictribution of materiale (e.g. volcanic, aeclian,
fluvial, glacial processes). Remote sensing techniques
provide & method of cbtaining information about surface
materiale on the Wm to m scale, which could aid in
evaluating the processes active on the surface.
Unfortunately, these techniquee typically have spatial
resclutione inferior to the resclutions of the photographe
and it ic often difficult to relate the remote sencsing
resulte to surface features. In order to aid the geologic
interpretation of the remote sensing recults, this work
precsente analyses of several types cf data for Ascraeus
Mone with the best available spatial resclution. A
fundamental limitation to a remote sensing analysis of Mars
ic the lack of in gitu observations except at the
locaticne of the two Viking landers. Geologic
interpretatione of martian volcanic terraine have been

assisted by field investigations of terrecstrial wveolcances

-~

e.q. Hawaii) as analogs to the martian featuree (Carr and
Greeley, 19808). The Hawaiian vofcanoes serve as a usefu)
analog to some of the features obeerved on Ascraeus Mons.
The thesis ie corganized around the questions precsented
above., Chapter 2 reviews background information concerning

Ascraeus Mone and martian volcanic studies. Chapter 3
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provides the photogeoclogic interpretation of geomorphic
terrain units, contact relationships, and crater counts
used in establiehing the history of the volcano.
Structural features and compositional constraints from flow
morphologies are also included in this chapter. Chapter 4
presente the interpretation of remote sensing data &t
several wavelengthe in terme of the geclogic procesces
active on Ascraeus Mons. Reflectance properties at three
visual wavelengths, thermal infrared surface temperatures
and thermal inertiacs, radar scattering properties of the
volcano, and atmospheric water vapor abundances are
discussed. Chapter 5 provides brief descriptions of
surface conditions on selected lava flows on Hawaii for
comparison with come features observed on Ascraeue Mone.,
Laboratory measurements of the thermophysical properties of
Hawaiian basalts provide indications of thermal inertia
variations between Earth and Mare due to atmoepheric
pressure differences. Chapter & precents a synthesices of
the resulte from the previous chapters and discusses their
global implications. Each chapter ic extensively
summarized to aid in accessing the recsulte and conclucsions
presented here. Appendices contain detailed descriptions
of individual terrain units, the data used in this
analyeic, and the elevation correction procedure developed

for the infrared data.
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CHAPTER 2. BACKGROUMD AND

PREVIQUS WORK

Introduction

The discovery of wolcanoes on Mars during the Mariner
9 mission wae the first of many important advances in the
study of martian geclogy. The great diversity and
complexity of martian surface features have prompted many
ecientific investigations, resulting in an encarmous volume
of literature about the planet. WVarious texts provide
detailed descriptione of the numerous results cbtained from

the study of Mare (e.q. Mutch et al., 1927é; Carr,

1981) . The discuscion here concentrates on the results and
interpretations for the martian volcanoes, with particular
emphasis on Ascraeus Mons and the other large wolcances in
the Thareis area of Mars.

Thie chapter begine with a brief historical summary of
information related to Ascraeus Mons. The galobal cetting
of the Tharcis volcanoes is presented next, followed by &
description of the regicnal setting for Ascraeus Mone.
Publiched photogeologic results for the Tharsis valcanoces
are summarized, along with the remotely determined surface
properties of the volcances cbtained prior to this study.
Atmospheric phenomena such as clouds and aeolian
interactions with the surface are discusced in relation to

the Thareie volcances. Characteristics related to martian
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volcanic eruptions are briefly summarized, emphasizing
their potential effect on observable properties. A summary
of the results important to thic study of Ascraeus Mons

concludes the chapter.

Historical Summary

The name Ascraeus Mone has its roote in the aecaraphy
of ancient Greece. Schiaparelli ¢(in 1888) named & low
albedo (dark) feature near 206°N, 1086°W Ascraeus Lacus
("Lake of Ascra") after the birthplace of the Greek poet
Hesiod (Blunck, 1977). Following the discovery of the
martian valcances in 1971, the one clocsest to
Schiaparelli’s dark feature was named Ascraeus Mons
(DeVaucouleurs et 1., 1975 . Hesicd’e description
of Ascra (cee Chapter 1) ic not concistent with the present
moderate climate of the Greek village (Wallace, 1974) but
it is quite applicable to the harch conditicns ocn Ascraeus
Mones.,

Telescopic observatione reveal the Tharsis region to
be a consistent center of cloud development, most notably
the "W-cloud" which develops around local ncon and percsistes
through the afternocon (Hartmann and Raper, 1974).
Polarization of the sunlight reflected by csuch c¢louds
indicated the precernce of ice crystales incstead of liquid
droplets (Dallfus, 1948, leading to their interpretation

s water ice (Kuiper, 1952). These blue-white water ice

o
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cloude are distinctly different from yellow dust clouds
that typically criginate in the southern.hemisphere and can
grow to obescure the entire planet (Slipher, 1962, p.31).
The Mariner 4 flyby in 1945 provided twenty-two
photographe that firet showed the cratered nature of the
martian surface (Leighton et al., 1965). In 19469
Mariners & and 7 returned nearly 288 photographs of Mare,
but the best photographs were all of the heavily cratered

couthern hemisphere (Leighton gt al., 1969).

Bright concentric ringe in photographs taken during the
approaach to Mare were interpreted to be larqge craters
(Collins, 1971 and Fig. 2.1> but they are now Known to be
accociated with the Tharsis volcanoes (Mutch et

al.,, 1974, p.182).

Mariner 9 provided the first direct evidence of
volcaniem on Mare. The spacecraft went into orbit around
Mars in November 1971, nearly two months after & dust storm
encompassed the whole planet. As the dust settled, four
dark "spots" were observed in the Tharsie region. Ascraeus
Mone ("north spot") became the first clearly identified
martian volcanic structure as its complex summit caldera
emerged from the cettling dust (Masurcsky et al.,

1972 . Thousands of photographs and other data covering
most of the planet were received from the Mariner ¢

spacecraftt.

In 1976 four ViKing spacecraft arrived at Mars,
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Fiqure 2.1. Mars from Mariner 7, showing the Tharsis
region. a) Frame 7F74, range 435,387 Kkm. b) SKetch
identifying the Tharsie shield volcanoes in part a.
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including two landers and two orbiters. The landers each
had two cameracs and a variety of other experiments (Soffen,
1977) and each orbiter had two cameras comprising the
visual imaging system (VIS), twenty eight radiometers in
the infrared thermal mapper (IRTM), and an infrared
cpectrometer in the Mare atmospheric water detector (MAKD)
(Snyder, 19?7). Four and a half years of operation by
thece spacecraft returned an immense volume of informaticon,
including the data for Ascraeus Mone diecuesed in the

following chapters.

Glacbal Setting

The surface conditions on Mars are very different from
thoece on the Earth. The tenucus martian atmosphere is more
than 95 carbon dioxide wifh an average surface pressure of
7 mbar ¢(millibare, where { bar correcsponds to the average
atmoepheric pressure on Earth) that varies seasonally as co
condenses at the poles in winter (Carr, 1981, p.23 . The
atmospheric pressure is too low to permit water to exist as
a liquid on the surface of Mars under precent climatic
conditions (Carr, 1981, p.13%). The red-trown color of
Marc ic attributed to iron oxides with strong absorption at
wavelengths less than 8.75 Km (McCord and Westphal,

1971; Singer, 1982). Surface albedos measured from 6.3 to
3.8 Mm range from .88 to .42 (1 = 100X reflection)

throughout the equatorial latitudes (Pleskott and Miner,

293



1?81 . Telescopic observers gave classical names to the
higher and lower albedo areas on Mars; the high albedo
regions of Thareis, Elysium, Arabia and Hellas, and the
lower albedc region of Syrtis Major (Fig. 2.2) are of
particular interest in subsequent chapterc.

The surface of Mars is divided into two
morphologically distinct hemispheres with plains in the
north and densely cratered terrain in the south (Mutch
et al., 1974, p.S8 and Fig. 2.3). The martian
velcanoces in the Tharsis and Elysium regions are located
close to the boundary separating the two physiographically
different hemicspheres, and a third arouping of volcanoes
occurs on the rim of the Hellas basin (Carr, 1973 and Fig.
2.3. Twenty-one volcanic features have been named in
these locations according to the following nomenclature:
"Mons" referes to the broad, shallow sloped volcanoes,
"Tholus" refers to smaller, steeper sloped domes, and
"Patera" referc to shallow complex craters with scalloped
edges (DeVaucouleurs et al., 1975 and Table 2.1).

Topeographic information obtained by several techniques
were used to produce a global topographic map for Mars
(Christensen, 1975; U.S.6.S., 1974). Recent Earth-based
radar measurements of the northern hemicsphere have revised
some elevations downward by several Km (Downs et

al., 1982) but relative elevation differences are not

agreatly affected. The Tharcsis volcanoes are located near
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Figure 2.3. Martian volcanoces on a Lambert equal-area
projection (after Mutch and Head, 1975 . Volcanoces are
shown in black and numbered according to Table 2.1.
Moderately and dencsely cratered terraine concentrated in
the southern hemicsphere are shaded, wolcanic and undivided
plaine in the northern hemisphee are not shaded, and polar
unite are not shown (geology from Carr et al.,

1273 .



Table 2.1. Martian volcanoes.

Tharecie Lat Long
1 0lympue Mons 28°N 133°KW
2 Ascraeus Mons 11°N 104°W
3 Pavonie Mons B°N 113°W
4 Areia Mons ?¢S 126°W
S Alba Patera 40°N 110°W
4 Tempe Focscae 40°N 75°KW
7 Uraniues Patera 26°N ?3°W
8 Uraniue Tholus 28°N ?28°W
14 Ceraunius Tholue 24°N P7°W
i@ Thareis Tholus 13°N ?1°W
11 Ulysces Patera 3°N 122°KW
12 Biblies Patera 2°N 124°W
13 Jovis Tholus 18°N 117°KW

Elyeium
14 Hecatee Tholus 326N 216°KW
18 Elysium Mons 25°N 214°KW
14 Albor Tholus 19°N Z216°W
{7 aApollinaris Patera 8°s 184°NW

Hellas
i8 Tyrrhena Patera 228 253°W
19 Hadriaca Patera 38°S 2464°W
28 aAmphitrities Patera 59°8S 299°W
21 Australis Patera 57°¢S 323°NW

Numbere correspond to locations in Figure 2.3.
Tempe Fossae includes several caldera-like
features (Carr, i1973; Scott, 1982 .
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the crest of a 4008 Km diameter bulge (the Tharsis Rise)
elevated as much as 18 Km above the surrounding surface
(Carr, 1981, p.18). The Tharsis Ricse corresponds to &
large positive gravity anomaly ¢ ¢ S@0 mgale; Sjogren

et al., 1?73 indicative of a lack of complete

isostatic compensation of the topography (Phillipe and
Saunders, 197%). Structural trends surrounding the Tharcis
Rise, in conjunction with the gravity measurements, have
been used to model the development of the Tharcsic Rise
either through isostacy and lithosperic loading (csee
Banerdt et al., 1982) or through volcanic

construction {(see Solomon and Head, 1982).

Tectonic features on Mars, including both fractures
and ridges, are primarily concentrated around the Tharcis
Rise. WValles Marinerie, an equatorial system of canyons
4068@ km long and up to 700 Km wide (Fig. 2.2), is located
on the eastern side of the Tharsie Rise and tectonic
control appears to be the fundamental influence on the
canyon form (Blasius et al., 1977). Several
epicsodes of faulting are found in the vicinity of Tharcis,
consistent with a NNE progression of the center of faulting
(Plescia and Saunders, 1982).

Two Viking landers provide cloce-up views of the
martian surface. Lander 1 (VL1) is located on volcanic
plains in Chryse Planitia (Binder et al., 1977;

Greeley et al., 1977 and Fig. 2.2) and Lander 2

298



(UL2) ic located in Utopia Planitia on undulating terrain
near Mie crater (Mutch et al., 19277)>. Both landing

cites have cm—- to m-sized blocks strewn across the surface.
Within the few meters clocsest to the landers rocks > 3.5 cm
cover 8% and 14% of the surface at VLI and VL2,
respectively (Moore et al., 1979> . Rock abundances

and types wvary throughout both landing sites {Sharp and
Malin, 1984). X-ray flourecscence spectrometry indicates
that the ccile at both landing sites are remarkably similar
(Table 2.2). A mafic or ultramafic scurce ic inferred for
the scil components (Clark et al., 192> . No rock
fragments were directly campled; all pebbles broke apart
during sieving and were interpreted to be indurated soil

fragmente (Clark et al., 1982y . Both landing <itec

have aeclian features including drifts of particulate
materials, drift tails by rocks, and possible ventifacts
(Sagan et al., 1977). Lander cameras cannot

recsolve features smaller than 1 mm (Pattercon et

al., 197?), precluding photography of individual
cand-csized particles; howewver, features at both landing

cites have been interpreted to indicate the precsence of

eand (Sharp and Malin, 1984).

Regiornal Setting

pecraeue Mones (centered at 11.3°N, 164.4°W) is

the northernmost of three aligned veolcanoces which comprice
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Table 2.2. X-ray flourescence chemical analyses,

VLt wL2
Chryse Utopia
79 )
Si10, 44 43
Aly Qg 7.3 7
Fe, 0y 17.5 17.3
MgQ é é
Ca0 5.7 5.7
Ko O <8.5 {@.5
TiOg 0.42 8.42
803 4.7 7.9
C1 6.8 8.4

After Clark et al. (1982, Table 2.
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the Tharcis Montes (Fig. 2.4)>. Arsia Mons, Pavonis Mons,
and Ascraeus Mons are each 358 to 48@ km in diameter and
spaced approximately 738 km apart. The Tharsis Montes are
located near the crest of the Tharsis Rise, so that even
their lower flanke are at elevations above much of the
martian surface. Olympus Mons, 17060 Km west of Ascraeus
Mons, is nearly twice the diameter of any of the Tharsis
Mcntes. Flank slopes are commonly 4° on all four
volcanoes; total relief is 26 to 22 km for Qlympue Mons
(Blacius and Cuttes, 1981> and generally 1S5 km for the
Tharsic Montes, respectively (U.S.6.S., 19&1a,b). These
volcanoee are the tallest examples of centralized volcanic
erupticns on Mars.

Uelcanic plains surround the Tharsis Montes (Carr

t al.

= &

19273; Scott and Carr, 1978). The plains
bury portions of both the Thareic Montes and the smaller
volcanoes located on the slopes of the Tharsis Rice (Fig.
2.3, perhaps to depthe approaching 4 kKm (Nhitford;stark,
1982) . Ceraunius Fossae, an area of widespread N-S
faulting north of Ascraeus Mons, ic embayed by the Tharsis
plains; the Ceraunius Foceae materiale are the oldest
terrain exposed in the vicinity cf Ascraeus Mons (Scott
et al., 1981a).

Structural features near Ascraeus Mons are primarily

related to tectonic events accociated with the Tharsis

Rice. Noctis Labyrinthue, & complex eystem of fault-
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Figure 2.4. Shaded relief and topographic map of the
Tharsis region of Mars., Contours indicate elevation x= Km
above 6.1 mbar level. Area the cize of Arizona is shown
for scale. Mercator projection produces an apparent
enlargement of features with increasing north or south
latitude, relative to equatorial locations. Enlargement ic
a factor of 1.18 at 38° latitude.
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controlled canyons, is located 1888 km south of Ascraeus
Mons on the southeastern side of the Tharsic Rise and
merges into the Valles Marinerics canyons to the east,
Grabens in bdth the Cerauniue Fossae and Claritas Fossae
areas are radial to Syria Planum while the most recent
faulting in the Tharsis area is centered on Pavonie Mone
(Plescia and Saunders, 1982 and Fig. 2.4). Orabens
northeast of Ascraeucs Mons are part of the Pavonis Mons

tectonic pericd.

Photogecol aqy

Photographe of martian volcances from Mariner ¢ and
the Viking orbiters provide a basie for describing their
geclogic history. Velcanic landforme on Mars are very
diverse in both scale and morpholeogy; Greeley and Spudis
(1981) provide a complete reivew of martian volcanism.,
Ascraeus Mones is quite e¢imilar to three other large
volcanic moeuntains (Mons) in the Tharsis region. The
morphology of the four veolcanoes is described first,
followed by a comparison with cther martian volcanoes.

Morphology. On earth, eruption of fluid lava from

a central vent produces a broad cdnvex volcanic edifice
called & shield volcanc due to ite resemblance to the
rounded shiejds of early germanic warriors (Macdonald,
1972, p. 271>, The Thareis Montes and Olympus Mone are

similar in general shape and appearance, but not in scale,
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to terrestrial shield volcanoces (McCauley et al.,
19723 Carr, 1973). The martian volcanoes are much larger
than Mauna Loa in Hawaii, the largest shield volcano on
Earth (Fig. 2.5). Ascraeus Mons is large enough to require
& correction for the curvature of the martian surface in
order to produce a realistic profile of the volcano (Fig.
2.5e). In epite of differences in scale, the Hawaiian
shield volcances reprecent the most thoroughly studied
terrestrial analoge for the martian shield volcanoes
(Greeley, 1973, 1974; Carr and Greeley, 1986).

All four Tharsis chield volcanoes have surface
features associated with lava effusion. A radial surface
texture resulte from numerous flow lobecs and leveed

channels (Masursky et al., 1972; Carr et

al., 1977). Leveed channels and collapesed lava tubes

on Olympus Mons were interpreted to indicate za and
pahoehoe lavas, probably of basaltic compocsition (Greeley,
1973 . Olympus Mone is surrounded by & basal scarp up to &
km high but many flows extend across the scarp from the
chield to the surrounding plains (Carr et al.,

1977>. The visible flows on the shield typically are much
broader than they are high (Moore et al., 1978) and
dicesplay few surface features other than leveed channels.
Relatively fluid, most likely basaltic, lavas praduced the
individual flowe and probably the bulk of each edifice

(Masurcky et al.,, 1972).
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Figure 2.5. Topographic profiles of Olympus Mons, Ascraeus
Mone and Mauna Loa, Hawaii. Scale indicates 28 Km. a)
Olympus Mons along 133.5°W (U.8.G6.8., 1981c>. OSX

vertical exaggeration. b) Ascraeus Mons along N22°E
through the summit caldera (U.S5.6.S., 1981a). SX vertical
exaggeration. ¢) Mauna Loa, Hawaii, from the summit
caldera along S25°W for the southwest rift zone and

along N&S°E for the northeast rift zone (U.5.6.S5.,1971>. -
5X vertical exaggeration. Dashed line indicates sea level.
'dd> Ascraeus Mons, no vertical exaggeration. e) Ascraeus
Mons, no vertical exaggeration, with planetary curvature
included.
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Enormous calderas are present near the summits of the
Tharsie volcanoces. Arsia Mone has a challow summit
depression 116 kKm in diameter bounded by arcuate faults
(Carr, 1973). Pavonis Mone has a steep-walled summit
depression 40 Km in diameter within a more csubtle
depression approximately the same size as the calderx on
Arsia Mone (Crumpler and Aubele, 1978). Ascraeus Mons and
0lympus Mons each have multiple calderas with cross-cutting
relationships produced by collapse at different locations
(Mouginie~-Mark, 1981). The caldera complex on Ascraeus
Meone is approximately S5 Kkm in diameter (Fig. 2.8) while
Olympus Mcne has an elongate 88 by S8 Km caldera. Each
steep-walled caldera depression was partially refilled by
plains-forming materials, although some floor areas were
subsequently faulted and broken up by an adjacent collapse.

The shield flanke generally have prominent concentric
features but there are variations among the volcanoes.
Arcuate, concentric fractures and lines of pite are common
on all three of the Tharis Montec but thece features are

rare on Olympue Mons (Carr et al., 1977). Ascraeus

Mone and Olympus Mons both have arcuate, convex-upward
terraces 20 to S8 Km across on their flanks but terraces
are very subdued or absent on the other two shields (Carr,
19733 Carr et al,, 1977). Flank terraces may represent the
buildup of lava downslope of arcuate rift zones or
escarpments resulting from outward slumping of the flanke

(Carr et al., 1977).
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Figure 2.é6. Oblique view of Ascraeus Mone. Viking Orbiter
photographse 643A475,77-78. Note the low albedo "collar"
surrounding the summit area and the clouds over the
northweset flank.
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The Thareis Montes all have prominent embayments or
alcoves in their northeast and southweest flanks. The
embayments are aligned with the M4B°E trend of the
Tharsics Montes and may be related to structural trends of
the region (Crumpler and Aubele, 1978 . Each embayment
appears to have been the csource of concsiderable lava,
forming fan-shaped arrayes of flowe (Crumpler and Aubele,
1978). The flows scuthwest of Arsia Mons are particularly
‘etriking, extending up to 868 Km from the shield (Carr
et al., 1977). The embayments on Ascraeus Mons
extend approximately one—-third of the distance up the flank
(Fig. 2.4) while the embaymente on Aresia Mone breach the
cummit caldera. A line of low mounds on the caldera floor
of Areia Mons connects the flank embaymentse (Carr et
al., 1977>. Olympuse Mons lackes any evidence of flank
embaymentes.

The Tharesic chield volcanoces are quite distinct from
cther martian wvelcances. Alba Patera, 2868 km north of
Ascraeus Mons, rivales Olympuse Maons in arexal esxtent but may
be Yese than &6 Km in height (Carr, 177&); thies volcano
appears to be a unique volcanic landform on Mars (Greeley
and Spudis, 1981>. Elysium Mons has steeper clopes
(1@°) than the Tharsis volcances, lackse the abundant
flow featuree common on the shield flanks, and may
represent a more chemically evolved magma than that of the

cshieldes (Malin, 1977). Patera and Tholi in both the
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Tharsis and Elysium regions (Fig. 2.3 and Table 2.1) are
smaller and cteeper than the chield volcances, even
allowing for burial by plains materiale (Whitford-Stark,
1982 . The volcances around the Hellas basin are greatly
eroded and reprecent volcaniem pricr to the Tharsis
volcanic activity (Greeley and Spudis, 1978, 1981).
NMumercus Km-scale features on both the velcanic plaine of
the northern hemisphere (Frey et al., 1979;

ci1a, 19213 Frey and Jarccsewich, 1982) and the dencely

e

i

cratered terrain of the socuthern hemisphere (Scott, 1982)
may be valcanic in origin but these emall constructs
contrast greatly with the enormoue shield velcanoes.

Summary: Ascraeus Mone is similar to the other chield
volcances in the Tharsie region, Differences in cummit
caldera csize and complexity and in flank morphology make
eaxch ehield unique. A1l four shield volcancees are quite
dietinct from other martian wvolcances.

Geclogic history. Without camples from Mare, the

chronoclogy of geclogic events muet be interpreted from
terrain contact relationships and the impact cratering
record of the martian surface. Crater counte on volcanic
surfaces are complicated by the presence of endogenic
craters (Greeley and Gault, 1971, 1979; Malin, 1977),
hcwever, exclusion of probable endogenic craterse allows
relative ages to be cbtained for the volcances (Blasius,

1974; Plescia and Saunders, 1979; and Table 2.3). Crater
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abundances can vary considerably on any one volcano (Neukum
and Hiller, 1981) but this may be influenced by the
location on the volcano of the areas counted, as discuscsed
in Chapter 3. Absclute ages remain uncertain due to the
lack of radiometric calibration for the proposed martian
cratering fluxes (Neukum and Wice, 1977; Scderbklom, 1977).
However, in all models Tharsic is concsistently the youngest
region an Mars.

Differences in the structural features on the Tharsis
Montes are interpreted to indicate different stages of
cshield development. The structural history of Arsia Maons
suggeste the following sequence of events (Crumpler and
Aubele, 1978): 1) chield volcano construction from &
central vent, 2) volcanc-tectonic subsidence of the summit,
possibly during the cutbreak of parasitic eruptions on the
northeast and southwest flanks, and 3> continued volcanism
along a fissure or rift bicecting the main cshield.

Crumpler and Aubele indicate that the other Tharesis Montes
follow the same sequence, with Pavonis Mone reaching the
second phace and Ascraeus Mone the firset phase; this is
concictent with the sequence of xges in Table 2.3.

Glympue Mone and its environs has received most of the
attention in photogeclogic analyses of the Tharsie shield
velcanoces., The ecarp surrcunding Olympuse Mons led tco
speculations that the distal materiales were nonwelded ach

that easily eroded away (King and Riehle, 1974), the cscarp
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Table 2.3.

0lympue Monse
Ascraeus Mons
Pavonie Mons
Arsia Mons

A1) othere

Ages of martian shield volcanoces.
(in millions of years)

Neukum/Wise

1zg =+

D
w
@
+

”
o
w
@
I+

32668 to 3700

48

—t

27

372

oS98

Scderblom
25 % 1@
e * S8
325 * 79
736 * 124

225 to 36060

After Plecscia and Saunders (1?79, Table 3. Chronologies

are from Neulum and Wise (1977
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was produced by vertical faulting through erosion of the

pre-volcano substrate (Head et al., 1978), and a

subglacial origin for the entire mountain (Hodges and
Moore, 1979). The aureocle deposits northwest of the
volcano have been interpreted as lava flows (McCauley
et al., 1972, the erocsional remnants of an ancient

volcano (Carr, 1973), landslide deposits from Olympus Mons

(Lopes et &l., 1986, 1982; Hiller et al.,

1982), pyrcclacstic flows (Morric, 1982), and ice-lubricated
gravity slidecs (Tanaka, 1984a,b). Olympus Meone volcanism
ie considered the source or triggering mechaniesm for
aureocle or scarp production in most of these analysecs.
Detailed geclogic mapping of the Olympus Mone chield is
currently in progress (K. Tanaka, percsonal communicaticon,
1984 .

Previoue photogeoclogic mapping of Ascraeus Mone has
occurred as part of regional or global analycecs and is
generally quite simplified. The first global (Carr et
al., 1973) and regional (Carr, 1975) geclogic maps
including Ascraeus Mons only distinguished between the
shield and the plains surrounding it. Subsequent maps
based on ViKking photographs distinguished volcanic plains
originating at the southwestern flank embayment from the
undivided Tharsis plainse (Scott and Tanaka, 1981; Scott

t al., 1981&,b>. An arcuate-cshaped unit with an

irregular, Knobby surface is located west of the Ascraeus
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Mons shield; this terrain was interpreted both as
mountainous terrain older than either Ascraeus Mons or the
Thareis plains (Carr, 1975 and as landslide and debris
flow material younger than all other units in the Tharsis
area (Scott et al., 1981ibd>. The photogeoclogic

analysice presented in Chapter 3 addresses this
stratigraphic discrepancy as well as terrain variations on
the shield surface.

Summary: Structural variatione and impact crater
densities on the eshielde suggest that the volcanoes
aenerally increase in age from Areia Mons te Pavonis Mons
to Ascraeus Mons to Olympus Mones, although each voelcano
could include surfaces of different ages. Publiched
qeclogic maps of Ascraeus Mons appear very simplified and

are inconceictent at some locations.

Surface Properties

Remote sensing techniques can be used to obtxin
information about the martian surface materials at the
bm to m scale. Reflectance spectroscopy involves the
examination of light reflected from the surface in order to
evaluate compeoeitional variations., Thermal infrared
measurements provide information about the surface particle
sizee or the compaction and induration of socil materials.
Radar returne from Mare provide the surface elevation and

the reltative abundance of cm to m—scale features that
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scatter the radar signal., These properties apply to
features below the spatial resolution limit of orbital
photographe and should complement the interpretations
cbtained from photogecleogic analyses.

Telecscopic reflectance spectroscopy has precise
spectral recclution but the cpatial resclution ics greatly
inferior to that available from cspacecraft photoaraphe.

The spectral differences between the classical low and high
albedo regions of Mars are consistent acrocse the planet and
indicate a wvariable abundance of oxidized iron (Singer

t

., 1979; Singer, 1982) but it is not pocscsible

o

to relate these measurements directly to qgeoclogic features,.
During the V02 approach to Marse, global 3-filter color
photoaraphe were obtained with a spatial resolution of 3@
km per line pair; the Tharcsic chield volcanoes have a lower
albkedo than the recst of the Thareie region and red/violet
albedo ratios comparable to areas of densely cratered
terrain {(Soderblom et al., 1978). W02 epacecratt
photographs, Earth-based spectra, and laboratory spectra
have been combined to make compositional inferenceese for
martian surface features (McCord et al., 1982).

The Tharsic region was not included in the arex examined by
thece investigators. In Chapter 4 the reflectance
propeties of Ascraeus Mone are determined from a coleor
photograph with & spatizl resolution 15 timee better than

that of the Y02 apprcach data.
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Temperature measurements can be associated with the
physical properties of surface materials through thermal
inertia. Thermal inertia is defined as:

I =<k port (EQ. 2.1
where K is thermal conductivity, P ic density, and
c ie specific heat. Thermal inertia is related to the heat
flux through the surface materiale when the conduction
equation ie sclved with a surface boundary condition that
specifies heat csources and sinke (e.g. incolation,
radiation from the surface, and conduction) throughout the
day (Weeselink, 1948). For most geclogical materials
dencity and cpecific heat vary much less than thermal
conductivity, which ranges over ceveral orders of magni tude
(Kieffer et al., 1277). Laboratory measurements of
the thermal conductivity of granulated materials (Wechsler
and Glaser, 1945) allow thermal inertia (holding Pc
canstant) to be interpreted as an "effective" particle
diameter for an ideal surface composed entirely of the
epecified particle size (Kieffer et al., 1973 and
Fig. 2.7). Natural surfaces have a wide range of particle
sizes, so the effective particle diameter cshould only be
concidered as an averaged exprecssion for all of the
materiales within the field of view of the instrument.

Temperatures have been obtained for most of the
curface of Mars from the Infrared Thermal Mapper (IRTM) .

The IRTM measured the radient flux from the planet in 28
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detectors, including five thermal bands centered
approximately at 72, 9, 11, 15, and 20 Km and one albedo
band that encompaccsed the vicsible portion of the spectrum
(8.2 to 2.8 Mm> (Chase et al., 1978; Kieffer

et al., 19277y. Calibration of the measured
radiences provides brightnecse temperatures for each of the
thermal bande, with an assumed surface emicssivity of one.
Albedos, pre-dawn temperatures, and thermal inertias have
been mapped throughout the equatorial latitudes of Mare
(Kieffer et al., 1977; Zimbelman and Kieffer, 1979;
Palluconi and Kieffer, 1981; Pleskcot and Miner, 1781).
Differencee between temperatures measured in the different
thermal bande of the IRTM can be used to evaluate the
relative abundancee of particulate "fines" (generally < |
mm) and high thermal inertia materiale (Chricstensen, 1%982).
Thece high thermal inertia elements can include "blocks"
(assumed to be > 18 cm) and bedrock {(Christencsen, 1982),
and indurated fines (Ditteon, 1982). Surface emicssivity
variatione can aleo be identified through the spectral
dependence of csurface temperafures (Chricstensen, 1982).
Global mape of "block" abundance and emicsivity are in
preparation (Christencsen, 1984a,c).

The Tharsie volcances have the lowest pre-dawn
temperatures in the equatcorial latitudes, implying the
presence of very low thermal inertia materials (Kieffer

t

o

.y 1978, 1977; Zimbelman and Kieffer, 1779,
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This led to the speculation that the Tharcie volcanoes are
covered with extremely vesiculated materials ("reticulite")
(Kieffer et al., 1978, 1977). Geologic problems

are best addresced by using the highest espatial recoclution
IRTM data, which can separate thermal propertiecs for
individual terrain unite (Zimbelman and Greeley, 1981,
1982) . High recsolution IRTM data for Ascraeus Mone are
examined in Chapter 4 to evaluate their geclogic
implications for the wvolcano.

Earth-bacsed radar provides information on the
topography, dielectric properties, and surface "roughness"
that tends to scatter the radar signal. Radar data from
1971 and 1973 are confined to 14° to 22°S but are
available at all longitudes (Downes et al., 1973,

1975) . These topographic data confirm the presence of &
"parasitic" volcano 256 Km S38°W of Arsia Mons aligned

with the Tharsis Montee (Roth et al., 1988). Radar

[}

Un)

ignal strength and shape (in Doppler-chifted frequencies)
indicate that the entire Tharesis region is very rough on a
scale of 8.1 to 168 m; thie is attributed to the numerous
flows visible throughout the region (Simpson et

al., 1978a,bt; Downe et al., 1982). Combination

of radar and thermal data with Viking photographe sugaests
that the radar rough flowe socuth and west of Arsia Mons

have a recent aeolian mantle burying craters ¢ S8 m in

diameter (Schaber, 1980).
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No radar signals have been reflected back to Earth
from the Ascraeus Mons cshield; this has been attributed to
extreme roughness at the scale of the radar wavelength (12
cm, Downs et al., 1982). Depolarized (scattered
radar signale are very strong from the Tharsie region and
the shield volcanoces may be areas of enhanced radar
ecattering (Harmon et al., 1982). These radar
results are diecussed in Chapter 4 in relation to other
remote seneing and photogeclogy resulte for Ascraeus Mons.

Summary: Ascraeus Mons and the other Tharsis shield
volcanoes are distinctly different from the surrounding
Thareie plaine at visual to radar wavelengths., Prior
analyces have not used data of sufficient resolution to
relate the observed properties to geclogic features on the
volcano. Thie work representes the firet use of both high
resolution photographe and high recoclution remote sensing
data for Ascraeus Mons, providing a geoclogic context for

the interpretation of the results.

Surface-Atmacsphere Interactions

The atmosphere of Mare is very tenuous in comparison
to the atmoesphere of the Earth. However, it is substantial
encugh to affect both the modificational history and the
remotely observed properties of the surface. Martian winds
redistribute sediments acrose the surface of the volcanoes.

Clouds compriced of volatiles and/or particulatecs are
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common in the Tharcis region and they can influence both
optical and infrared measurements of the surface.
Atmospheric water vapor abundance is spatially and
temporally variable across Mars and may reflect volatile
transport to and from Tharsis. These topics are briefly
evaluated here for their potential contribution to the
investigation of Ascraeus Mons.

Aeolian features are precent on all of the Tharsis
shield volcances. The Tharcsic Montes showed the only
persicstent aeclian activity documented during the Viking

primary mission (Veverka et al., 19277) and thics

activity persisted throughout a martian year (Lee et

al., 1982; Lee, 1984). Each chield volcanc has a dark
albedo collar consisting of coalesced dark streaks that
surrounde the summit area, typically leocated at altitudes
between 1@ and 20 Kkm (Lee et al., 1982 and Fig.

2.8>. Slope winde are predicted to develop over the flanke
cf the veolcanoes (Sagan et al., 1974; Magalhaes and
Gierasch, 1?82) and the dark collar boundariecs indicate a
downelope wind flow (Sagan et al,, 1974; Veverka

et al., 1977; Lee, 1984). The albedo patterns are
interpreted to indicate downclope removal of a thin layer
of bright dust from & darker substrate (Lee et al.,
1982) . Theee obeservations indicate that aeclian

redistribution of sediments ic presently occuring on

ARecraeus Mones.
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Clouds are often observed near the Tharsis volcanoces.
Blue-white clouds develop daily in the Tharsis region,
mainly during northern spring and summer (Slipher, 1962,
p.38). Cloude regularly occur over the northwest slopes of
the shield volcances during thie season (Briggs et
al., 1977). Infrared spectra of blue-white clouds in
the Tharsis region indicate a water-ice composition (Curran
et al., 1973). These cloude are probably
orographic in origin (Leovy et al., 1973). Dust
cloude can also occur in the Tharsis region, commonly as

part of global dust storme (Briggs et al., 1979).

Both dust and water-ice cloude influence the surface
temperatures but spectral differences between IRTM thermal
bands can be used to identify the presence of clouds
(Martin et al., 1979; Hunt, 1979; Chricstensen and
2urek, 1984). Photagraphic and thermal data of Ascraeus
Mone were selected to minimize the potential interference
of surface measuremente by either dust or water-ice clouds.
The MAWD instrument on the ViKing orbiters provided
the firet opportunity to monitor the seasonal and spatial
variations of atmospheric water vapor (Farmer gt
al., 19727, The atmoesphere of Mare generally is
caturated with water vapor on a daily basies, concentrated
in the loweet several Km of the atmosphere (Davies, 1977).

The Tharcis volcanoes were observed to have very little

water vapor over their summite during northern spring and
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summer (Farmer et al., 1977), possibly because the

vapor had condenced to form the vicible clouds. There is
an annual net transport of water vapor from the southern to
the northern hemisphere during the pericd of Viking
observations (Farmer and Doms, 1979; Jakosky, 1983a,b).
Migration of absorbed water through the martian soil has
been proposed as & poscsible mechanism for generating a high
thermal inertia duricrust layer (Ditteon, 1982) and the
increased abundance of water vapor at lower elevations on
the volcances could potentially affect the surface
propertiec there.

Summary: The atmosphere of Mars playe an important
role in both the geclogic history of the surface and the
remotely determined surface properties. Aeolian activity
ic observed on the flanks of the Tharcics valcanoes,
involving sediment transport on the surface. Remote
sensing measurements of Ascraeus Mone have been celected to
minimize the presence of clouds over the volcano.
Atmospheric water vapor abundance varye across the

volcances and this may influence surface properties,

Mar-tian Eruption Characterictice

The eruptive procecsses associated with the growth and
modification of volcanic surfaces are closely related to
the geologic history of these surfaces. Explosive and

effusive eruptions produce a great variety of surface
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textures and morphologies on terrestrial volcanoes
(Williame and McBirney, 1979, pp.i@61-114, 127-138) but most
of these characteristice cannot be distinguished by remote
sencing techniques. Thies section discusses a few eruptive
charactericstice that may have produced cbservable features
on Ascraeus Mons.

Explosive volcanism could produce distinctive depoceite
and surface featufes on martian volcancecs. Explosive
eruption processes on Earth have been modeled extensively
and come of these models can be applied to cother planets.
Extencive fragmentation of erupting magma ie predicted to
occur on Mare, praducing plinian-style ash clouds and
fallout ¢(Wileon and Head, 1981; Mouginis-Mark et
al., 1982k>. An ash cloud deposit is interpreted to be
present at the summit of Hecates Tholus based upon a
reduced crater dencity within an elliptically shaped area
(Mouginis-Mark et al., 1982). Hecates Tholus is
morpholagically very different from Ascraeus Mons, so
eruption ctyles for these volcances may also be different,
howewver, ach deposits are considered in interpreting the
resulte for Ascraeucs Mons. If cinder cones 1iKe those on
Mt. Etna in Italy were present on Mars, they should have <
16 m of topographic relief (McGetchen et al.,
1974>. This would make cinder cone identification
difficult from photographe alone but the cinders

potentially may produce observable differences in other
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data types, such as visual and radar reflectance and
thermal inertias.

Effusive eruptions have played a major role in the
development of the Tharcsis shield voalcanoese. Lava flow
morphology can be related to the rheologic properties of
the lava by concsidering the flow as a Bingham material with
a finite yield strength (Hulme, 1974). Several geometric
parameters, meacsurable from photographs, have been

thecretically related to the flow vield strength Y (Mocre

et al., 1978 :
Y= P gHein o {Egq. 2.2
Y = p g He / W (Eq. 2.3
Y = 2w P gecing & (Eq. 2.4

where sin © is the topographic gradient, H is the flow
thickness, W ics the flow width, and w is the horizontal
width of the levees for a channelized flow., These
equations were derived by modelling the lava flow with
ideal material properties and very simplified emplacement
processes. The assumptions of a Bingham rheoloqgy for the
lava and of all flow morphology being the result of =a
finite yield =trength require that great care must be used
in inferring compositional in{ormaﬁion from these data.
Application of Equatione 2.2 to 2.4 to martian flows result
in yield strenaths of 16% to 184 Nt m~2 on

Olympue Mons and Arsia Mones, generally concistent with the

yield strengthe of terrestrial bacsalts and andecites
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(Hulme, 1974; Moore et al., 1978 . In Chapter 3
lava flowe on Ascraeus Mons are analyzed by this
morphologic technique.

Summary: Detailed analysis of volcanic eruption
procecscses is difficult to perform without extencsive field
and laboratory investigations. Remote sencsing, however,
can provide some broad constraints on the volcanic
processes involved in the hicstory of & volcanic edifice.
Examination of the geclogic history of Ascraeus Mone should
provide additional evidence of the volcanic procesces

active on martian volcanoces.

Summary

Backgreound. In 1971 Ascraeus Mons became the

fircst clearly identified volcanic ctructure on Mars when
ite complex summit caldera became vieible in Mariner ¢
photographs. Ascraeus Mons is centered at 11.3°N,

184.4°W and is the northernmost of three aligned shield
volcances compricsing the Tharsis Montes. The three
volcanoes are each 358 to 408 Km in diameter with about 1S
km of total relief, and they are spaced approximately 7506
km apart. Olympus Mons, nearly twice the diameter of any
of the Tharcis Montes, is 1780 Km west of Ascraeus Mons.
The Tharesic Montes are located near the crest of a crustal
bulge (the Tharsis Ricse) that influences the planet on a

global scale. All four volcances have numerous lava flows
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on their flanks, some with leveed channele. Each volcano
has one or more calderas near its summit and the Tharsis
Montes all have prominent embayments in their northeast and
southwest flanke.

Previcus work. Structural variations and impact

crater dencities on the shield surfaces suggest that the
volcances generally increase in age from the southern end
(Areia Mons) to the northern end (Ascraeus Mons) of the
Thareic Mantes but each volcano could include surfaces of
different ages. Olympus Mons appears to be younger than
any of the Tharesie Montes volcances. Pubicshed geologic
mape of Ascraeus Mons distinguish the cshield from the
surrounding plains but terrain variatione on the volcanao
csurface have not been invectigated in detail prior to this
work. Surface properties for the Tharsics volcancese are
distinctive at visual to radar wavelengths but spatial
recsalution available prior to this work was not sufficient
to relate the remocte sensing measurements to geclogic
featuree on the volcano. Aeolian activity had been
observed on the flanke of the Tharsie volcanoces, making
transportation of surface sediments a likely contributor to
the surface history of Ascraeus Mons. Remote sensing
measurements could provide some constraintse on the velcanic

processes that have been active on Ascraeus Mons.
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CHAPTER 3. PHOTOGEQLOGY

Introduction

Photogeologic analysis of the martian surface involves
the interpretation of geoclcqic features from spacecraft
phatographs. Viking photographs are used to delineate
terrain unite on and around Ascraeus Mons through
moerpholegic and structural relaticnships. The terrain
unite identified through thie procedure provide & basis for
describing the geclagic history oflthe valcano, and
evaluating additional remote sencing data in & geological
context. This chapter examines the geclogic history of
Ascraeus Mone; Chapter 4 relatee the remote sensing
properties of Ascraeus Mons to the history of the valcanco.

Sewveral geclogic applicaticone are available for the
photographs of Ascraeus Mons. Moderate resalution
photographe {where individual picture elements, or
"mixels", correspond to scale lengths 3@ or more meters
across) give a regional view of Ascraeus Mons but do not
always praovide sufficient detail to interpret the surface
history. High recsolution photographe (¢ 3¢ m per
pixel) provide indications of the geclogic procecscses
responcible for the surface morphcology; specific
applications of these photographe include detailed
morphologic terrain mapping, crater counte, and estimates

of lava rhecloay from flow gecmetries. Appendix 1 provides
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a complete description of the photographic data used in
thie chapter.

Stratigraphic relationchipe among the terrain units on
fAscraeus Mons are decscribed first., The terrain units are
discussed according to the five physiocaraphic provinces
identified during photogeologic mapping of Ascraeus Mone.
The cratering record on Ascraeus Mons ic complicated by the
precence of both endogenic and exogenic (impact) craterc;
however, the physiographic provincee have distinctive
cumulative distributions of craters. Structural features
on the volcano are decscribed in relation toc the mapped
terrains. Ectimates of rheclogy are obtained for 1owe
near the summit of Ascraeus Mons from the flow dimencions
vicible in the high recsclution photographs. The discussicon
section examines the implications of some distinctive
surface features on the flanke of the volcano. The chapter
concludes with a summary of the geolegic history of

Ascraeus Mone,

Stratigraphy

Stratigraphic relationships indicate the relative
ordering of events in geologic terraine. The contact
relationships between terrain units can be used to identify
unite that were superposed over other unitse. Surface
morphology is related to the formation and modification of

the geologic materials within each terrain unit;
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morphologic features within a terrain unit aid in
interpreting the history of that unit. These procedures
provide the basis for identifying and interpreting the
geclogic history of Ascraeus Mons.

Two geclogic terrain maps have been prepared for
Ascraeus Mone. Moderate resolution photoaraphs were used
to create a regional map of features on and around Ascraeus
Mone (Map 1 and Fig. 3.1). Published photomosaics
(U.8.G6.5., 1980a,b and Fig. 3.2) were used in compiling
this map. A sequence of twenty four high reccalution
photographs crossee the Ascraeus Mong shield from the lower
couthwestern flanks to the summit caldera (Fig. 3.4 thece
photographe were used to produce a detailed map of terrain
units on the volcano (Map 2). Both regional and leocal
mapping were needed in order to evaluate the history of the
terraine on Ascraeus Mons. Topography for Ascraeus Mons
has been published in 1 Km contour intervals with &
relative uncertainty of about 206 m (U.S.G.S., 1981a,b and
Fig. 3.3). Earth-based radar measurements indicate that
these elevatione are approximately 2.8 km too high (Downs
et al., 1982); all elevations stated here include a
2.8 ¥m reduction from the elevations in Fig. 3.3.
Additional topographic discrepancies are included in the
discussion of individual terrain units.

Five physiographic provinces are identified in the

vicinity of Ascraeus Mons: 1) an arcuate region of
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LATITUDE

LONGITUDE 100°
Fiqure 3.1. Regional geologic map of Ascraeus Mons, from
Map 1. Terrain unite from Map 1 are cshown for the area

covered by Figes 3.2 and 3.83.
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Fiqure 3.2. Photomosaic of Ascraeus Mons and immediate
surroundings (from U,.5.6.5., 1988a,b).
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Figure 3.3. Topography of Ascraeus Mons. Contours
represent 1 Km intervals above the &.1 mbar Mars datum and
were obtained from photogrammetric analysis of Viking
Orbiter photographs (U.S.6.8., 1981a,b). Line with dots
outlines the caldera complex. Recent Earth-based radar
topography indicates these elevations should be reduced by
an average of 2.8 Km (Downs et al., 1982).
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Figure 2.4. High resclution photographe of shield flank and caldera complex.
a) Photomosaic of VikKing Orbiter photographs 481B81-24, nongradient high pass
tiltered orthographic projection. b)Y Topcocgraphy (1 Km contours) corresponding
to part a. Cocntours have been adjusted to agree with Earth-based radar.



mountainous terrain west of Ascraeus Mons, 2) plains
completely surrounding the veolcano, 3) the flanke of
Ascraeus Mons below 16 Km in elevation (shield baxsed, 4)
the flanke above 14 Km in elevation (cshield summit), and
the 5SS km diameter caldera complex. The distinction
between the base and summit portions of the chield ic baced
on variations in morpholagy éhﬁerved in high recclution
photographe (Map 2). The surface relief and tonx) contrast
acroses distances of 168 m or more (4 or more pixels) ie
substantially subdued on the lower portion of the shield
surface relative to the summit area. Thirty geoleagic
terrain unite were identified within these five regicone.
Appendix 2 provides detailed descriptions of each terrain
unit in Mape 1 and 2. The terrain units within each of the
five phycsiographic provinces are described next.

Mountaincue terrains. A complex assembl age of

faulted, Km-cized mountaine and hille (unit m) is present
weet of Ascraeus Mons (Figs. 3.1 and 3.5). Flow fronte and
ecalloped escarpments separate the )ower lying mountainous
terrain from the surrounding plains at the northern end of
the unit. The mountaincs-plains relief relationcships change
from north to south. Stereocscopic phatographs show that
the southernmcst portions of the mountainous terrain is
abruptly terminated at the contact with the surrounding
(lower) plaine (Fig. 3.4). Structura)l control is evident

at the northern end of the mauntainous terrain, where
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Figure 3.5. Northwestern flank of Ascraeus Mone. Shield
unite include terraced ! terrain and smocoth-appearing =2
terrain. A sinuous channel {(large arrow coriginates on the
sl terrain and crosses the €2 terrain. The mountaincus
terrainse {m,mk?> are separated from the plains by irregular
cscarpe or flow fronte (arrows). Photograph 892469,
nongradient high pass filtered orthographic projection.
Center: 12.4°N, 187.1°W.
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Figure 3.46. Sterecscopic photomosaic of the western f1ank
of Ascraeus Mone. (Right member of the sterecscopic pair,
cee Appendix 1 for the left member.> Photographs
223A18-18, nongradient high pase filtered orthographic
projecticon. Center: 18.7°N, 186.2°W.
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downdropped‘b\ocks cause mountainous areas to be lower than
the surrounding plains. The mountainous terrain is in
contact with the Ascraeus Mons shield at the southeastern
margin of unit m; an escarpment hundreds of meters high
separates the higher mountainous terrain from the shield
units. The eastern margin of the mountainous terrain is
surrounded by plains with numerous Knabe protruding above
the surface of the plains (unit mk>. @A crescent shaped
areas at the western margin of the mocuntainous terrain
includes several curvilinear ridges that parallel its
arcuate western margin (unit r). The mountainous terrain,
the Krnobby plains, and the ridged terrain are quite
distinct from either the surrounding plains or the shield
units of Ascraeus Mones.

The mountainous terrain has been interpreted both as
material which predates the Ascraeus Mons chield (Carr,
1975) and alsc as landslide or debris flow material younger
than the chield (Scott and Tanaka, 1981). Truncated
channels at the southeastern end of the mountainous terrain
suggest an erosional origin for the eccarpmente that
separate the elevated mountainous terrain from the plains
and the shield, supporting the Carr (1973 stratigraphy.
Channels within the mountainous terrain indicate that
flowing materials (possibly lava, mud, or debris) were
probably inveolved in their emplacement, consistent with the

debris flow interpretation of Scott and Tanaka (1981 .
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However, there ics no indication of a source on the shield
flank for the mountainous terrain. A debris or lava flow
origin remains likely for the mountainous terrain but thece
flows predate both the surrounding plaine and the shield
surface terrains,

The Knobby plains appear to be directly acssociated
with the mountainous terrain. The Knobby plains cccur on
the eastern margin of the mountainous terrain but west of
the base of Ascraeus Mons. Flows originating on Ascraeus
Mone would have inundated the eacstern margin of the
mountainous terrain so that only the tallest Knobs remained
above the flow surface. No flow margine are identifiable
in the Knobby plaine but a flocoding by Ascraeus Mone f1owe
seems preferable to either emplacement of the Knobse through
the plaines or erosion of mountazinous terrain resulting in
Knobby remnants above a uniform plzin. An origin for the
Knobby plaine involving flow that surrounded individual
Knobs of mountain material supports the origin for the
mountainous terrain discussed above.

The ridged terrain on the western margin of the
mountainous terrain may postdate both the plains and the
mountainous terrain. The ridged terrain ic similar in
morphology to terrain west of Arsia Mons, interpreted to be
landelide products from that volcanoc (Carr et al.,

1977 . The plains east of both the mountainous terrain and

the ridged terrain are hundreds of meterc lower than the
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rest of the plains around the mountainous terrain (from
eterecscopic viewing of Fig. 3.8 . A tectonic origin for
thece lower plaine (downdropped faulting) could provide the
enerqy needed to initiate a landelide to the west (down
slope) from the mountains. A tectonically induced
landelide origin for the ridged terrain implies that this
terrain poctdates both the mountainous terrain and the
plaine. However, photographic resclution for the ridged
terrain ie incufficient to verify this interpretation.
Summary: The geologic history of the mountaincus aresa
weet of Ascraeus Mone began with the emplacement of the
materiale that comprice the mountainous terrain. Channels
within thie terrain suagest that flowing materials, probaby
lava or mud and debrics, were involved in the mountainous
terrain emplacement, Tectonic andsor erosional events
truncated the scuthwestern margins of this terrain, perhaps
coincident with the emplacement of the plains that now
curround the mountainous terraxin., Plains flows east of the
mountaincus terrain surrounded numerous individual Knobs of
mountain material, producing Knobby plains. Tectonic
events at the nerthern end of the mountainous terrain
initiated landslides that resulted in the ridged terrain.

Tharceic plaine terrains. The plaine unite are

divided between flowe associated with the embayments on the
northeast and southwest chield flanke (p4), individual

flowe with well defined margine (p3), undivided Tharsis
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flows with few flow features (p2), and patches of plains
lacking flow features (pl). Many plains contacts are
transitional or indistinct but some contactes suqgest thecse
unite were emplaced sequentially from pl to p4.

The pl plaine lack flow features but grazbens and
channels are abundant, commonly with orientations distinct
from graben crientations on the adjacent plains (Figq.
3.7a). The p2 plains have few flow features and are
superimpocsed over the shield materiale (Fig. 3.7b>. The
increasing clarity of flow features in the plaine unite
could result from degradation of surface morphol agy or
changing eruption characteristics (effusion rates, flow
volumes, lava viscosities, etc.); both processes probably
contributed to the present surface morphology.

The p3 flow directions do not agree with the
rhotogrametrically derived topography (Fig.3.3) northwecst
and southeast of Ascraeus Mons. The flowe southeast of
Ascraeus Mons indicate a downward slope toward the
northeast, parallel (not radial) to the base of the
volcano., The flows northwest of Ascraeus Mons x11 point
toward agrabens that parallel 1@8°W longitude., It would
appear that the grabens are located within a topographic
depression 260 Km northweet of the volcano base. Similar
deprescions exiest around Olympus Mons {Mouginis-Mark et

&l., 1982&; Hiller et al., 1982) and Hawaii

——

(Macdonald and Abbott, 19768, p.280), interpreted to result

340




Figure 2.7. Plains south and southeast of Ascraeus Mons.
a) The pd4 plxine from the scuthwestern embayment intcoc the
chield crosscut features of the pl plaine. Photograph
892434, nongradient high pacse filtered corthographic
projection. Center: 7.3°N, 183.@8°W. )

Scutheastern margin of the chield with cuperpcsed p2
Tharsis plains. Crater ejecta (c) overlies both the shield
and plains terrains. Photograph 8%92A2%, ncongradient high
pacss filtered orthographic projection. Center: 9.4°N,
182.7°W.
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from crustal loading by the volcances. Alternatively, the
flowe could have been emplaced on clopes different from the
present topcgraphy. However, this would contradict the
correlation between flow direction and slope cbserved
throughout most of the Tharesies area (Mouginis-Mark et

al., 1982). Thue, the flow directions around Ascraeus
Mone suggest that the photogrammetrically derived
topography for thise area neede revicion.

The p3 flowe west of Ascraeus Mone criginate in the
tapographic "saddle" between Pavonie Mone and Aecraeus Mone
(Map 1). The easternmost flow lobe in this area can be
traced for 486 Km. If the average thicknece of thic flow
ie at least 38 m, concictent with the flow thicknessee for
Ascraeus Mons discuessed below, it contxine 2268 Km& of
lava - & value orderes of magnitude greater than the wvolume
of most terrestrial flows but comparable to flood basalt
volumes on the Moon and the Earth (Table 3.1). Shadows at
the distal margine of the flow suggest & thicknese > 166 m,
o the volume estimate may only be & lower limit. Large
valume erupticns played an important part in the production
of the Tharsis plains on Mare.

The pd4 plaine originate at the chanelized embayments
in the northeastern and southwestern flanke of Ascraeucs
Mane., Subktle ridged radiate from the southwestern
embayment and are interpreted to represent local flow

directions (Fig. 3.7a). The pd4 materials clearly crocsecut
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Table 3.1. WVolumee, areas, and thicknesses of individual
basalt flows.

Location Volume Area Average Ref
Thickness
(Kkm?) Ckm%) (md
Hawai i @.5 84 S ()
Iceland 12.3 545 22 (2
Mare 226 730 2@ §C))
Moon 496 245066 20 (4
Mar < 2600 L6400 36a (S
Washington 2444 Gizaa 48 (&)

References:
1) Macdonald and Abbott (1978, p.S4-7>. Mauna Loa, 1837

flow.
2y Thorarinesecon (1978>. Lakagigar, 1783 flow.
2y Thie workK. Easternmost p3 flow lobe west of Ascraeus

Mane (Map 1).

4) Schaber (1973a,b). Mare Imbrium, Phase IIl flow.

5) Thie work. All p3 flows west of Ascraeus Mons,
originating between Ascraeus Mone and Pavonise Mone (Map
1.

&) Mackin (1948) . Columbia River plateau, Roza flow.

Average thicknesses for the flows on Earth were calculated
from areas and volumee. Lunar flow areas were measured
from mape in Schaber (1973a,b); the average thicknese walue
ic from Schaber et al. <1978 . Martian flow areas

are from Map | and flow thicknesses are assumed to be
comparable to flows on Ascraeus Mone.
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features on the pl plains south of Ascraeus Mons but they
gradually merge into the p2 and p3 plaine downslope from
the volcano. The plaincs emanating from the embaymente into
Acscraeus Mone are interpreted to be the latest effucsive
activity from the lower flanke of Ascraeus Mons, consistent
with previcus interpretations (Crumpler and Aubele, 1978;
Scott and Tanaka, 1981).

Summary: The Tharsis plains surrounding Ascraeus Mone
are the result of numerocus large volume erupticns. The
flows west of Ascraeus Mons indicate the precence of an
unmapped depression northwest of the wveolcano, possibly
related to loading of the surface by the wvolcance. The
plaine flows ariginated primarily but not exclucsively at
Acscraeus Mones, with the latest effusive activity
concentrated in the chield embaymentes.

Shield bace terrains. Belaw 16 km in elevation

the surface features on the Ascraeus Mons chield display
subdued relief and tonal variations compared to features at
higher elevations on the volcanoc. The variation in surface
morphology can be seen in high resclution photographe (Map
2> but at lower recsoclution the shield surface appears
similar at &)l elevations, except for the lower
noerthwestern flank (Map 1, unit €2). The subdued terrain
units are discussed firet, followed by descriptions of
features precsent only at lower elevaticone on the volcano.

The chield base terrain unite include five subdued
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versions of units found at higher elevations (Map 2). Four
flow-related unite on the cshield base (Fig. 3.8, ps, hsg,
fe, hks) are interpreted to be subdued counterparts tc the
summit region terrain units discussed below. Flow-related
unite are interpreted to be equivalent at all elevations
but procecscses have modified the morpheology of the base
unite to a greater extent than in the summit region.

Impact craters (Fig. 3.9, c> are precsent on the cshield base
but eurface detail ic more subdued than on craters near thke
summit. Several sharp-rimmed craters are evident
throughout the base region, indicating that atmospheric
haze is not responcible for the subdued appearance of the
photographs.

Low broad mounde are common in the shield base region,
particularly between elevations of 12 and 1S km (Fig. 3.8,
m). Some mounds are aligned with the downslope flow
patterns in the surrounding terrains and all appear to be
stratigraphically below the other bacse units. On Olympue
Mone eimilar features are interpreted to be lava
accumulations at the mouths of channels (Carr, 1981, p.?7).
However, channels are not vicsible immediately upsiope of
the mounds on Ascraeus Mone. The conical shape of some
mounds (Fig. 3.8) suggecstse they may reprecent sites of
localized lava effusion analogous to paracsitic flank
eruptive centers (Macdonald, 1972, p.201). The mounds are

prechably related to centralized eruption of emall volumes
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Figure 3.8. Shield bacse terrains. Al]l units are subdued
in morphology, relative to summit units. Hummocky and

Knobby plaine (hk, hks) surround isclated mounds (m) and
are covered by individual flowe (fs). Linear grabens (g
and irregularly shaped deprecssions (d) crosscut surface
features, with jumbled terrain (j) on the depression
floors. Photograph 481B@83, shading corrected rectilinear
veresion. UCenter: 18.3°N, 1@s.6%W.
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Figure 3.%. Smocoth plains {s) on shield base. Reduced
relief and tonal wvariatione acrose unit & give this terrain
a smooth-appearing surface. Crater (c) and ejecta blanket
are subdued in morpholeogy and partially foundered into the
depression north of the crater. Photograph 461B@1,
nongradient high pase filtered orthographic projection.
Center: 16.3N, 187.8°W.
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of lava on the lower flankKe of Ascraeus Mons.

Some planar areas lack surface features other than
subtle deprecscsions and grabens with subdued wall scarps,
giving the unit & smooth appearance (Fig. 3.9, s). The
smooth terrain stratigraphically overliece all other chield
base unite and probably reprecsente an extreme example of
the modificational processecs affecting the entire base
surface. Several processes could produce this morphalogy
{e.g. aeclian, volcanic, fluvial) but surface features
proevide no compelling evidence to permit & choice between
thecse procescses. The discussion section includes an
examination of the procescses responceible for the subdued
morphaology of the chield base; aeclian or volcanic
depocsition seeme to be the most likely explanation.

Three terrain unite result from disruption of the
cshield surface. Grabenes have downdropped central floors
which may or may not retain surface features that were
present betore faulting cccurred (Fig. 3.8, o .
Deprecscsionse with irregular outlines are elongated up slope,
with iccliated groupse of jumbled Knobe on the floores of the
deprecssions (Fig. 3.9, d, j and Fig. 23.18>, The irregular
depreccsicone lack the straight walls of the faul t-bounded
grabene and appear to be the result of mass wasting through
cslope failure. Some jumbled Knobe have lineations parallel
to the depreccion walle, similar ta rotated slump blocks.

The depresesione are most abundant on the western and
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Figure 2.18. HNorthwestern flank of Ascraeus Mone. ab
Linear to sinucues deprecssions, concentrated on the front
face of a shield terrace. Photograph &98A1&, nongradient
high pase filtered orthographic projection. Center:
13.5N, 185.5°*W. bl Irregular deprescsions with

numercoue rounded Knobes on the deprescsion flcocors.
Photograph 698A13, nongradient high pacss filtered
crthographic projection. Center: 14, 1N, 165.9°W.
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northwestern flanke of the volcano. Both grabens and
irreqular deprecssioncs postdate all other terrain units
except the smooth terrain.

The lower western and northwestern flanke are
morphologically distinct from both the surrounding plaine
and the shield surface (Fig. 3.5, =2). Very subdued
flow-like featurecs extend downeslope from a 460 to 860 meter
scarp separating the =2 terrain from the rest of the
chield. The scarp ceparating the =1 and =2 terraincs may be
the result of coalesced mases wasted deprecsionse. Grabens
are continuous through both the shield (e1) and <2
terraine, although the grabenc are partially filled on the
€2 terrain. A sinucus channel originating on the =i chield
unit croscses the €2 terrain and terminates at the <2-plains
contact (Fig. 3.5, large arrow), indicating that the plains
postdate both the =1 and €2 terrxins. Flows from the
Ascraeus Mons flanke apparently traversed the =2 terrain
during the emplacement of the p2 plains.

Linear to arcuate channels produce embayments into the
southwestern and northeastern flanke of Ascraeus Mons and
are the sources of the pd4 plains units (Fige. 3.1 and 3.2).
The channele are 200 to 860 m deep and up to 25 Km wide
with blunt, circularly rimmed terminationes at their
headward (upslope) ends. Blunt terminations in channels
are indicative of headwall undermining or sapping rather

than downcutting from a liquid flowing on the surface
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(Sharp, 1973>. Channeling agents for the embayments are
examined in the discuscion section; lava ercsion, ground
ice sublimation, or debrie flows (lahars) most liKely
centributed to the embayment formation. The alignment of
the embaymente with the Tharsie Montes suggests that
volcanic procecsses initiated the channeling activity in the
shield embayments, regardiess of the channelization
process.

Summary: The flanks of Ascraeus Mone dieplay subdued
relief and tonal variations below 16 Km in elevation. Low
mcunde, probably the result of centralized eruptions, are
stratigraphically below other chield unitse. Five
flow-related terrain unite on the shield base are similar
to terraine in the summit region, except for the subdued
morphology evident at the lower elevations. Smooth
appearing terrain stratigraphically overlies the cother base
region terraines and has the most subdued surface
morphology. Tectonic and mass wasting processes disrupted
the ehield surface after all flow-related terrains were
emplaced but prior to the development of the smooth plains.
The lower western and northwestern flanks are eroded and
the plains surrounding the wvolcanc postdate both the cshield
curface and the erocded terrain. Embaymente into the
csouthwestern and northeastern flanke are the sources for

the moet recent (pd4d plaines unit,
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Shield summit terrains. The summit region of

Ascraeus Mone displays numercus flow features and surface
variations at the smallest scale cbeervable (22 to 24 m).
The morphology of terraine both on the summit flanke and
within the caldera is very distinct and detailed. There ics
noe morpholoqic evidence on the flanke of late-stage
pyroclastic activity potentially asscciated with the
caldera collapse (Mouginis-Mark, 1981). The three terrain
unite containing flow features (p-plains, f-flows,
h-humccke; Fig. 2.11) are stratigraphically intermixed but
commonly unit p ie the lowest member and unit § is the
highest member. This trend ic similar to the surface
features observed on terrectrial basalt flowe as they move
from the vent area, progrecssing from fluid pahoehoe nearer
the vent to more viscous aa (Macdonald and ARbbott, 1974,
p.23; Carr and Greeley, 1986, p.137). The intermixed
terrains probably result from flaws overlapping at
different distances from their soﬁrcea. A fourth terrain
unit (hkK) is a variation of the hummocky terrain and ics
embayed or surrounded by the other terrain units.
Individual flows with distinct, rough appearing
margine typically have a leveed central channel (Fig. 3.11,
f). These flows have margines 15 to 45 m in height; smaller
flows may also be present but they are not vicible in the
phaotographe. Scme flows have a uniform tone on their upper

surfaces, suggesting a lack of relief on these areas, but
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Figure 2.11. Summit area terrains eacst of the caldera
complex. Flows with well defined margine and lewveed
central channelse (f) are intermixed with plaine (p> and
hummocky terrain (h>. One leveed flow (large arrow) has
several ridges perpendicular to the flow direction.
Elangate flow margines extend perpendicular to sinuous
channele at some locations (arrowed. Photograph 481B24,
nongradient high pacse filtered orthographic projection.
Center: 11.3N, 183.6°W.
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the margins are aiways dicstinct. Caldera collapse
truncated some flows, similar to Mauna Loa in Hawaii (Carr
and Greeley, 1988, p.28; Mouginis-Mark, 1981)>. Comparison
with shield volcances on Earth suggecsts that the f unit
flow morphology corresponds to an aa surface texture
caensisting of brokenm and jumbled lava clinkere or blocke.

Planar areas typically have sinuocue channels thxt are
188 to 206 m wide and up to 58 km long (Fig. 3.1, .
Tonal variations indicate the surface surrounding the
channels has gentle undulations. Elongate toes extend
radially from the sinucus channeles at one location (Fig.
3.11, arrowe) and tonal variations sugge:* that the cinuaus
channels run along the crest of a gently sloping r;dge.
Comparicon with shield veolcances on Earth suqgestse that
these flows have a pahcehoe texture indicative of more
fluid lava emplacement than flows of unit . Similar
interpretations of both aa and pahoehoe flows have been
made for Olympus Mone (Greeley, 1973).

The rest of the summit area is compoced of "hummocky"
terrain C(unite h, hK) concsisting of complex undulatione on
the scale of 10@ to 16066 m. Undulations on a Km scale are
more common in the summit area east of the caldera while
west of the caldera the undulatione are 260 to 508 m apart.
This terrain includes some sectiones of individual flow
fronte or leveed channele but the flow segments are only

traceable & few Kilometers; some hummocky areas may be the
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cource of unit f flows (Fig. 3.11, large arrow). Numerous
multiple or simul taneous extrusions appear to be involved
in generating the intermixed patterns of this terrain.
Some locatione consist of individual Knobs with a
relatively uniform 208 to 380 m spacing {unit hkK); this
terrxin ic embayed or surrounded by the other summit
materiale. Similar terrain on Mauna Loa consists almeost
exclusively of toey pahcehoe extruded from numerous tumuli
on hummocke 15 m high (M. Malin, personal communication,
1983 and Fig. 5.5 . The numerous separate toes intermingle
throughout the pahcehoe surface, burying individual aa and
pahoehce flows in the area.

Summary: Terrain units in the summit region of
Ascraeue Mons dieplay numercus flow features. Individual
flows with leveed central channele and prominent margins
are interpreted to be aa flows. Planar areas with sinuous
channels and gentle undulations are interpreted to be
pahoehoe flows. HummocKy terrain with isolated portions of
pahoehoe and aa flows may primarily consist of toey
pahcehoe. A1l three terrain unite are stratigraphically
intermixed; however, the overlapping reltaticnships
generally follow the terrecstrial trend of less fluid lavas
further from the vent area. A variation of the hummocky
terrain is embayed by the other terrain units.

Caldera terrains. The summit caldera complex

conciste of roughly circular collapse features centered at
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different locations. The caldera walls include features
related to mass wasting of the shield due to the caldera
collapese evenfs. Planar floorse occur within each caldera
and crosscutting of the floors indicatecs at least nine
collapse events occurred in the calders complex,.

The caldera wall materiales are distinctly cegregated
according to their lacation azlong the wall slope. The
upper portion of many wall segments consicste of alternating
ridges and qrooves that produce a fluted appearance (Fig.
3.12a, cwg). Scme grooves are ascociated with grabens that
intercect the caldera rim, indicating local fault or joint
contral. This terrain could potentially include a large
proportion of exposed bedrock. Below the fluted zone the
walle are featureless except at very low soclar incidence
angles, where subtle downelope ridges and deprescsions are
vieible (Fig. 3.12a, cw). The low illumination angles
limit the relief of these features to less than 16 m. The
cw terrain ie interpreted to be talus accumulations
produced by mase wasting and downelope transport. The
bases of several walle include mounds of wall material
(elongate parallel to the walle) that clumped off the
caxldera rim and were partly covered by the floor material
(Fig. 3.12a, cws). If the caldera rim and the central
floor are both acssumed to be horizontal, then the southern
caldera wall (Fig. 3.12a) has 2.9 Kilometers of vertical

relief with an average slope of 26°. The caldersa wall
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Figure 3.12. Caldera wall and floor terrains. a)> Southern
wall of the central caldera. Wall units include slump
blocke at the wall base (cws), wall slopes (cw), and

grooved terrain (cwg). Caldera flocor terrain {(cf) embay
the wall terrains. Photograph 481B2&, shading corrected
rectilinear wversion. Center: 18.8N, 184.4°W. b

Floor terrain {cf> and groowved floor terrain (cfg) of the
central caldera. Photograph 4@1B1%, chading corrected
rectilinear wercion. Center: 11.2°N, 184.5°W. ’
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terrains are products of mase wasting which accompanied or
followed the caldera collapse events.

The caldera floors postdate the deprecssione in which
they are located. Planar floors partly fill each caldera
and are superpoced on the caldera wall materials (Fig.
3.12, cf)>. Flow fronte are evident on two caldera floore
(Map 2), supporting a lava flooding interpretation
suggested from comparicson with shield calderas on Earth
(Carr, 1973; Carr and Greeley, 1986; Greeley and Spudis,
1981>. The central caldera floor includes areac with
slightly arcuate ridges and grooves (Fig. 3.12b, cfg); cf
terrain flows overlie the grooved floor terrain. The
eastern cide of the caldera conciste of extensively faulted
and fractured blocke (cfe). Many of these blocks have
planar upper surfacees that form terraces on the eastern
caldera wall (Fig. 3.13a). The caldera floors result from
lava flooding after caldera collapse but subcsequent
collapse evente fractured most of the floors.

The central collapse cross~-cuts the floors of earlier
collapses and forme the deepest depression of the caldera
complex, with the surrounding floor units exposed at
various levels above the central floor (Fig. 3.13a).
Following Mouginis-Mark (1981), the collapse events have
been identified from the oldest (1) to the youngest (8,
based on crosscutting of the caldera floors (Fig. 3.13b.

This resultse in a concistent decreace in age of the floore
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b)

Figure 3.13. Caldera complex of Ascraeus Mons. a)
Photomosaic of multiple collapse features within the summit
caldera complex. Photographs 98AaS5@ and 52, nongradient
high pase filtered orthographic projection. Center:
11.3°N, 184.4°W. b) Caldera collapse centers,

numbered from oldest (1) to youngest (8) by crosscutting
relationships and relative elevations (see text).
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with decreasing elevation. Relative elevations (Fig. 3.&
suggest that floor segment 4 is older than both segmente S
and & even though no contacts exist between these floores.
Thecse relationshipes are illustrated in stereocscopic photos
of the caldera complex (Figs. 3.4 and 3.14).

Summary: The summit area of Ascraeus Mone has
undergone collapse at least nine times, followed by lava
flooding within the collapse depressions. Each caldera
collapse was accompanied by mass wasting and slumping of
rim materials and subsequent partial flooding by fluid
ltavae. Crosscutting of floors indicates a progressive
decrease in caldera age with decreasing elevation above the
unfaul ted central flcor.

Summary. The stratigraphic relationcships for the
Ascraeus Mons terrain units are illustrated on Maps 1 and
2, The mountainous terrainc west of Ascraeus Mons were
emplaced prior to either the shield terraine or the
surrounding plains. The Tharsis plaine around Ascraeus
Mons include areas with numerous vicsible flows, relatively
few visible flows, and no vicible flow features. All
plaine unite in contact with the shield are either
superpocsed on the chield terrain (pil, p2, p3) or embayed
into the shield flank (p4). Some p3 flows originated in
the topographic "saddle" between Ascraeus Mone and Pavonies
Mone, with flow volumes comparable to flood basalts on the

Moon and the Earth. In high resclution photographe the
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Figure 2.14. Sterecscopic photographe of the scuthern
portion of the caldera complex. Relief is wvertically
exaggerated. Photographse 218A12,14 (left) and &2,464
{right), nongradient high pass filtered arthographic
projectiaen. Center: 18.8°N, 184.5°%W.
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bace area of Ascraeus Mons (below 18 Km elevation) hac
subdued relief and tonal variatione relative to the summit
Varea. Flow-related terrains are interpreted to be the same
in both the base and summit regione but modificational
processee (most likely aeclian or volcanic depocsition,
possibly accompanied by chemical and physical weathering)
have subdued the bacse area morphology. Tectonic and mass
wasting featuree disrupt all base area terrains except the
esmocth plaine, stratigraphically the youngecst terrain on
the velcano flankKs., Channelized embayments into the
southwestern and northeacstern flanks are the sources of the
most recent (p4) plains unit. Summit area terraincs include
individual flows with prominent margine and gently
undulating plains with sinuous channele, interpreted to be
aa and pahcoehce flows, respectively. The recst of the
summit area concsicste of hummockKy terrain that could include
toey pahcehoe. @11 three flow-related terraine are
stratigraphically intermixed but the terrain overlapping is
generally concsstent ith less fluid lavas further from the
flow vent areas. The caldera complex truncates all flank
terraine in the summit area. At least nine collapse events
cccurred within the caldera complex, followed by lava
flocoding of the depressions. There ie a decrease in
caldera age with decreasing elevation above the central

caldera flcor.
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Cratering Record

The record of impact craters on planetary surfaces
provides a method for comparing the relative ages of
curface unite. On veolcanic terrains, however, endogenic
cratere occur along with the impact cratere and increase
the obcerved crater abundance. The cratering record on
Aecraeus Mone ie presented here both for all obecerved
craters and for impact cratere after probable endogenic
cratere have been eliminated. Thise provides some
indicatione of how the endogenic craters influence the
cratering resulte and where the endogenic craters are most
abundant.

The flanke of Ascraeus Mons have syetematic variations
in the areal dencsity and csize frequency dietribution of all
cratere (Fig. 3.15 . The areal abundance of craters
decreases with decreasing elevation, particularly for small
cratere (D ¢ 200 m or log D ¢ 2.3 . & distinctive
distribution results for each of the physiographic regionsg
on the shield (Fig. 3.18). The shield bace is deficient in
211 cratere ¢ 10008 m, relative to the summit area while the
caldera has an excess of craters > 408 m acs compared to the
flanke of the wvolcano. Cumulative distributions for the
individual terrain unite correcspond to the average
dictribution of the physiographic region in which they
occur. WVariatione in cratering may indicate differing

ages, crater production procecsces (endogenic or exogenic)
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ASCRAEUS MONS SUMMIT
401B Photographs

Odd Numbered Frames
All Craters

CALDERA

Frame Count Area
(km2)

149 471
62 478
77 439
114 300
358 474
462
207 424
62 421
28 430
52 387
24 342
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Figure 3.15. Cumulative distributione of all craters for
the odd-numbered frames of the 401B photographs. Error

bars represent */N, where N is the measured number of
craters within each diameter bin. Numbers to the left of
each plot indicate the frame number.
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Figure 3.16. Cumulative distributions of all craters

vicible in the 481B photographs (cee Fig. 3.4>. Error bars
represent tJﬁ: where N is the measured number of

cratere within each diameter bin. Separation of the crater
counts between the summit, base, and caldera regions is

based upon the photogeclogic terrain unit designation of
the surface area counted.
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or surface histories for each region on the volcano. The
identification of potential endogenic craters, discussed
next, aids in interpreting the cratering record on Acscraeus
Monse.

Relative age dating from‘crater countes on volcanic
surfaces is complicated by the inclusion of volcanic and
tectonic cratere with the impact craters (Greeley and
Gault, 1971; Blacius, 197653 Malin, 1977; Greeley and Gault,
1979, 1281, Although these endogenic craterse cannot all
be identified, some cimple criteria help to identify the
most obviocue nonimpact craters. Blasius (1974) employed
the following criteria for identifying craters of probable
endogenic origin: elongate crater cshape, crater chains
along strike of structural trends, craters lacking positive
relief rims, and craters lacking discernible ejecta
Blanketse., Blasius (1974) reported that with these criteria
less than 3% of the craters in nonvolcanic regions would bte
excluded from the counts. Very few craters on Ascraeus
Mons have either raiced rims or ejecta blankKets but the
%lcngafe shape and structural alignment criteria indicated
that about 16X of the Ascraeus Mons craters were probably
of endogenic origin. Groups of small ¢ ¢ 368 m in
diameter) craters with areal dencitiec substantially higher
than the local average accounted for an additional 16X of
the total crater abundance. These crater clustere could

represent locally increased endogenic activity or secondary
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craters generated by ejecta from large impacts or volcanic
explosions. All endogenic craters on Ascraeus Mone may not
be identified by the criteria discussed above but
elimination of the probable endogenic craters from the
crater counts aids in interpreting the impact cratering
record for the veolcano.

Figure 3.17 cshows the cumulative crater frequency
dicetributione for the three physicgraphic regions of the
shield when probable endogenic craters are removed. In
contrast to the resulte for all craters (Fig. 3.18), the
cummit and base cumulative dictributione now agree for
craters > 278 m. Relative age differences on the volcano
flanke are not distinguichable from the cratering record
for cratere > 278 m. The selection criteria reduced but
did not eliminate the excess of craters > 4868 m for the
caldera (relative to the flank dietributions). The
cumulative distributions of all three regions are
statistically separable only for craters { 288 m.

Comparison of Figs. 3.16 and 3,17 indicates that
procbable endogenic craters are more abundant in the summit
and caldera regione than in the base region. The zelection
criteria eliminated 328 prabable endogenic craters from the
cummit dietribution but only 18 from the base distribution.
The subdued morphology of the base reqion may be partly
responcible for this result by making it more difficult to

identify elongate or aligned craterse. The exceses of
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craters > 488 m across in the caldera region is most
pronounced for the faulted eastern portion of the caldera
(eee Fig. 3.15, Frame 21); caldera collapse may lead to
increased crater generation through collapse or explosion.
None of the caldera craters have dark albedo halos,
proposed as an indicator of explosive craters on the Moon
(csee McGetchin and Head, 1973), so that an endogenic origin
through collapse may be more probable. Fine-grained
materiale are precent on the entire volcano (Chapter 4,
including the caldera units, and could have buried albedo
variatione related to explosion craters. Aligned craters
ranging from 236 to 486 m across account for most of the
probable endogenic craters on the summit flanks, perhaps
related to collapse of large buried lava tubes or an
alignment of explosive vents, Increased abundance of
endogenic craters on the summit flanks of Ascraeus Mons
relative to the base flanKs is conesistent with the
interpretation that most wvolcanic vente on Olympues Mons are
located on the upper flanks (Carr et al., 1977).

The surface history alsc can influence the obeerved :
crater distributions. The reduced areal abundance of small
craters in the base region could result from reduced
production of cratere either endogenic or exogenic in
origin. The present atmosphere of Mars ie not dense enough
to produce elevation-dependent variatione in impact craters

> 28 m (Dycus, 1949). Alternatively, the subdued
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morphology of the base terrains may indicate that surface
processes have ercded or buried emall craters on the lower
flanks. The presence of both subdued and sharp-rimmed
small craters in the base region but exclusively
charped-rimmed small cratere in the summit regicn supports
a resurfacing interpretation for the chield bace.

The regional cumulative distributions for small
craters ( ( 200 m in diameter, or abcut 9 pixels in the
461B photographs) are not significantly changed by
application of the crater celection criteria (Fige. 3.168
and 3.17). Thie may indicate the limit for the 401B
photographe of accurately identifying noncircular or
aligned cratere, and it is pocscible that many of the =mall
craters are endognic in origin. The areal abundance of
small craters would suggest that the summit flankes are
clder than both the caldera terrains and the bace flanke.
Truncation of summit flows by the caldera rim indicates the
caldera postdates the summit flanks but craters > 270 m
indicate the summit and base flanks have the Same
impact cratering age. Extrapolation of cumulative
distributions that include cratere below the limit of
identifying endogenic craters could result in erronecus
relative age interpretations on volcanic surfaces.

Cumulative crater distributions were also obtained for
the Tharcie plains northwest of Ascraeus Mons (Fig. 3.18

and four caldera floors (Fig. 3.19, numbered according to
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the chield distribution for craters >2786 m in diameter,
from Fig. 3.20.
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Figure 3.19. Cumulative distributions for impact craters
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each diameter bin.
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Fig. 3.13). The areal abundance of craters on the plains
is considerably less than the crater abundance on the
chield flanks (represented by the solid line in Fig. 3.18),
concsistent wifh a younger relative age for the plains. Few
endogenic craters were identified on the caldera floors,
probaby because most craters are ¢ 258 m. The central
caldera floor (Floor 8 has the only cumulative
dicstribution statiestically distinguishable from the other
cumulative dicstributions. The central caldera floor has
the lowest areal abundance of craters, concsistent with its
being the youngest caldera unit.

Cumulative crater distribution results for Ascraeus
Mone from different investigatore can be compared using
crater retention ages, the cumulative crater frequency
values at a especified diameter and area (NeukKum and Hiller,
1981 and Table 3.2). The recsults for the flanke are
concistent, except for the low value of Plescia and
Saunderes (1979). This méy represent a discrepancy in
counting procedures because both Crumpler and Aubele (1978)
and Plescia and Saunders (1979) ucsed the same photographs
but they obtained quite different results. Neukum and
Hiller ¢(1981) used only the 4861B photographs near the
cummit of Ascraeus Mons and projected the crater retention
ages from the cumulative distribution for craters 108 to
466 m in diameter. The flank crater retention age obtained

from Fig. 3.17) does not include craters ¢ 278 m in
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Table 3.2. Crater retention ages for Ascraeus Mons.

Location Cumulative number of craters Age in millions of years
2 1 km per 10€ gm=2 Neukum and Wise Soderbl om
(1976&) (19727
Ascraeus Mons
Flanks s$88 * 27@ 2940 * 11i8a 4498 * 256
558 *+ 328 2398 * 13%0 528 * 309
298 * 5aa 1260 * 2188 276 * 479
f1a * &2 488 * 270 tee * 4o
Caldera 448 * 95a@ 286060 * g8ae 438 * {70
(Central floor) 1286 * 489 528 * 2890 116 * 390
Tharsis Plains
Around Tharcis Montes 398 * 22 1766 * 1aa 368 * 20
MMd of Ascraeus Mons 1786 + 170 748 * 749 160 *+ 148
Mote: All ages rounded to the nearest 18 million years.
References:
1> This work (Fig. 3.17).
2> Crumpler and Aubele (1978, Fig. 11).
3> NeukKum and Hiller (1981, Table 2).
4) Plecscia and Saunders (1979, Table 2).
5> This work (Fiq. 3.19).
6> Scott and Tanaka (1981, Table 1),
7> This work (Fig. 3.18).
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diameter because of their excess abundance in the summit
region; the Neukum and Hiller ¢1981) value is low becauce
they included all esmall cratere. Some of the variations in
crater retention ages reported for the Thareis veolcanoces
(Neukum and Hiller, 1981) may be due to the particular
portion of the cumulative dietribution that is ucsed.

The crater retention ages for the shield flanke, the
caldera floor, and the Tharcsis plains agree with the
stratigraphic relationships obeerved for these regions.
The caldera floor resulte are highly uncertain because
relatively few craters are present within the caldera
complex, however, the resulte are consistent with the
caldera postdating the shield flanke. The plains
surrounding Ascraeus Mons are superposed over the chield
terrain, consistent with the crater retention ages in Table
%,2. Cratering statistics are not cufficient to compare
the relative ages of the plains and the caldera floor.

Summary: The areal density and total abundance of
craters on the flanke of Ascraeus Mone decreases with
decreasing elevation, partcularly for craters ¢ 2086 m in
diameter. Elimination of probable endogenic craters
recsults in equivalent cumulative crater frequency
dietributione in the summit and base regions for craters >
278 m in diameter (Fig. 3.17); there is no obeervable
relative age difference on the flanks for these craters.

More craters of probable endogenic origin were identified
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in the summit region than in the base reqgion, consistent
with results obtained from Olympus Mone (Carr et

al., 1977). Resurfacing contributes to the lower

crater abundances of the bace region, indicated by the
presence of both subdued and sharp-rimmed craters.
Calculated crater retention ages that include craters
smaller than the effective limit for identifying probable
endogenic craters (for the 4@1B photographs thic limit is
approximately 9 pixels, or 200 m) may be biaced toward

values lower than those indicated by larger craters.

Structure

Structural control is important for many of the
features mapped on Ascraeus Mons (Fig. 3.28 and Table 3.3).
Grabens and faulte are present throughout the vicinity of
Ascraeus Mons, come of which postdate both the shield and
plains. Some features, such as the channels associated
with the chield embayments, may not be the result of
tectonic forces but the channels sometimes parallel
adjacent grabens and poscsibly some channels followed
grabens precsent before the embayment development.

Structural features in the plains surrounding Ascraeus
Mone include faults and linear to arcuate grabens. Several
grabens extend south from Ceraunius Foscae between 184°
and 1868°W longitude (Map 1 and Fig. 3.28). Individual

grabens in thies area typically are 16 to 166 km long, < 2
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Table 3.3. Symboles for Fig. 3.20.

(A1l symbols dashed where inferred

ocDoo o 0a°

Contact

Crater rim

Graben, balle on dowrndropped cide
Fault, ball on downdropped side
Thruet fault, sawteeth on upper plate
Ridge, following cresct

Aligned pits

Base of terrace

Channel, at shield embaymente

Sinuous channel

Floew margin, hachurees point down front
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km wide, and are oreinted N-S. At 28°N, 184°W, one

16 km-wide agraben crosscuts several p3 flows as well as the
p2 plaine north of Ascraeus Mons. Arcuate grabens
concentric to Ascraeus Mons are located south and southwest
of the chield, primarily within the pl plains. Several of
these grabens merge into channel features that emerge from
the embayment on the southwestern flank of the veolcano. An
arcuate 160 Km wide by 88 Km long fault-bounded depression
is precent in the mountainous terrain west of Ascraeus
Mons. The western fault of thie depression continues 48 km
into the p2 plains as a scarp several hundred m high (Fig.
3.5). Thie feature is generally aligned with the shield
margin and could represent a volcanotectonic deprecscsion
associated with nearby flank erupticons.

The northwestern flank of Ascraeus Mons has two linear
faults that roughly parallel each other alona a NS°W
orientation (Fiq. 3.26). Both faulte are aligned with
grabens in the plains northwest of the cshield. The
tectoniem responcsible for the N-S oriented grabens probably
also produced the linear faults on the northwest flank.
This iectonic activity correcsponds to the most recent
faulting in the Tharsis, centered on Pavonis Mons (Plescia
and Saunders, 1982).

The chield flank is interrupted by arcuate terraces
that are roughly concentric to the summit but elongated

parallel to the N4@°E trend of the Tharsis Montes (Fig.
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3.208>. Individual terraces are 38 to S8 Km wide, with a
convex profile at the lower terrace margin. The terrxces
crosscut and terminate each other on the northwestern and
southeastern flanke but they are parallel on the other
flanke. Terracee on Olympus Mone are interpreted to be the
result of faulting concentric about a magma chamber (Carr
et al., 1977). Applying this interpretation to
Ascraeue Mone would suggest that it had an elongate magma
chamber or one that migrated along the Tharcsis Montes
trend. @Alternatively, regicnal strecsses could have
contributed to the stress field on the wolcano (cee Carr,
1974, reculting in terrace faults further from the summit
cf the wvolcano along the trend of the Tharsie Mantes.
Linear to slightly arcuate grabens are common on the
lower portione of the shield (Fig. 3.202. The embayment
channels may have modified (through erosion? any arabens
that were precent on the southwestern and northeastern
flanks pricor to the development of the embaymente. Grabens
on the southwestern and southern margine of the shield are
caencentric to an area approximately S8 Km scuthwest of the
central caldera floor. The western and eastern flanks have
relatively few grabens but they are concentric to the
volcano summit. The northern base of the cshield has many
E-W oriented grabencs that merge into coallescing
depressions. Thecse northern grabens are concentric to an

area roughly 5@ Km northeast of the central caldera flcor.
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The graben orientations around the shield may be influenced
by magma chamber locatione or, more likely, regional stress
patterns as discusced above in relation to the terraces.

An arcuate feature south of the summit is > 136 Km
long and is delineated by & sinuous ridge. Carr (19735
mapped this feature as a fault and Crumpler and Aubele
(1978) mapped it only as & ridge. Stereoscopic photeoaraphs
(387A06,146) indicate this ridge has a convex profile, with
a rounded front on the downcslope side but a gradual
trancition into the chield materials on the upslope side.
The ridge relief is typically twice that of overlying
flows, suggecsting 3@ to 9@ m of relief for the ridge. On
the Mcon, ridges similar to the Ascraeus Mane ridge have
been interpreted both as flow fronts (Hcdges, 1973; Scott,
1972) and as thrust faulte (Howard and Muehlberger, 1973).
No flow features appear to be directly associated with the
Ascraeus Mone ridge, favoring a thrust fault interpretation
for thie feature.

Thrust faulting resulte from near horizontal
comprecssional ctrecssee that exceed the cstrength of the
curface rocke. The maximum length of a block that can be
pucshed downslope is limited by the crushing strength of the
material and the shear strece exerted on the block (Hubbert

and Rubey, 1999):

x = i . a b+(1-b)z (Eq. 3.1
(i1 - »x>tan ¢ - tan © Pg cos © 2
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a

2 1,6

b (1 + sin &) / (1 - sin %)

where x ie the maximum block length, » is thi
pore pressure to the strese (normal to the ¢
base of the block, ¢ is the angle of interna
9 ie the cslope, z ie the block thicknese, a
crucehing strength, b is the ratio between th:
minimum strecses, and T, ie the cochecsion. A
longer than the value cocbtained above would b
reverse fault becaucse the crucshing strength 1
(Hubbert and Rubey, 195%).

The maximum length of a thruet block un
conditionse was calculated from Eq. 3.1 for r
volcanic and ignecus materiale (Table 3.4).
pressure on Mare is likely at or near zeroj
pore pressures (T, ¢ .1) do not significantly
block eize limitation. The ridge asccciated
Ascraeues Mone fault suggeste that the thickn
cshield material inveolved in the thruset sheet
the precise value of the thickness is not cr
Km. Individual segmente of the ridge are ty
Kkm wide and S to 15 km long, cccupying a zon
These values exceed the maximum block length
for unconsolidated tuff (Table 3.4), indicat
comminuted materiale do not compricse the maj

the cshield materiale, If the tuff became we
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Table 3.4. Maximum length of a thrust block (km).

Pore Block Thickness (m)
Pres.

b 1@ 108 368 iaea
Bacsal t (1, = 388 bares, ¢ = 49°)

6.8 208.2 20.5 21.2 23.46
6.1 22.7 23.6 23.7 26.1
8.4 35.7 346.0 24.8 3?2.5
éindecsite ({Ty = 285 bars, ¢ = 45°)

6.0 14.0 16.3 16.9 1.1
6.1 17.9 18.2 ig8.¢ 21.2
@.4 28.4 28.8 29.5 32.2
Granite (T, = 185 bare, ® = 57°)

a.a ?.1 2.5 18.3 13.8@
6.1 ie.2 16.6 11.4 14.2
6.4 : 15.8 16.2 17.1 26.1
Unconcsolidated Tuff (Tg = S5 bare, % = 42°)
6.8 @.5 8.8 1.4 3.4
@.1 a.8 6.9 1.5 3.8
6.4 a.9 1.3 z2.8 4.7

Recults were obtained with Eq. 3.1. Cohesion and internal
friction wvalues are averaged from Handin (1986, p.273).
Dencity was taken to be 2.5 gm cm-¢ for the basalt,
andecsite, and granite and 1.5 am cm=2 for the
unconcolidated (nonwelded) tuff. Slope was S° for all

cacec.,
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crushing strength may increase sufficiently to accommodate
the observed fault dimensions. No compositional
information can be inferred from the martian thrust fault
but the great length of the fault should be more eacily
attained from the longer thruet blocke permissible in
bacsalt.

Summary: The plains surrounding Ascraeus Mons include
grabens concentric te the volcano and N-S coriented grabens
(northwest of the volcano) resulting from the mcoet recent
faulting in Tharsie (Plescia and Saunders, 1982). The
cshield flank is interrupted by arcuate terracec that may
reprecent faulting concentric to a magma chamber, ac
propeosed for Olympus Mone terraces (Carr et al.,

1977 . Both the terracecs and the arcuate grabens on the
shield flanks are elongated along the N4G°E trend of the
Tharsis Montes, suggesting that regional streccec may have
contributed to the crientations of come faulting on the
volcano. An arcuate feature socuth of the summit caldera is
interpreted to be a thruset fault. The width of the zone
affected by the thrust fault is greater than the
theoretical maximum length of a thrust block composed of
unconsolidated tuff, indicating that comminuted materials

do not comprice the major portion of the flank materials.
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Rheoloqy Estimates

Phyeical properties such as viscosity and yield
strength directly influence the morphology of a lava flow.
In the absence of samples from martian lava flows, thecse
properties can only be estimated from the flow dimensions.
The relationchipe between various physical properties and
the flow dimencsione were derived through the adaptation of
ceveral simplifying assumptione in order to utilize
meacurements obtained from photographe. The complexity and
variety of mechanisms involved in the generation of lava

t al., 1976; Moore

flow morphology (cee SparkKes
et al., 1978) indicate that these models do not

incorporate many procescses obeserved on terrecstrial lava
flows. However, the rheology ecstimates should allow some
general comparisons to be made between lava flows on
AAscraeus Mons and other volcanoes.

Geometric parameters were measured for six well-
defined flowe in the summit area of Ascraxeus Mone (Fig.
3.21). Relative heights were obtained using shadow lengths
and the local solar incidence angle. The darkest flow
margine are assumed to be the result of a shadow and not a
photometrically darkened but still illuminated surface.
Thie assumption is valid if all cof the flow margins
measured have fronte with slopee > 24°, which should be
the cace if these fronte are near the angle of repose.

Meacuremente were made at different locations along each
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Flows Measured For Rheology Estimates
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Fiqure 3.21. Location map of the summit area flows measured for rheology
estimates. Photomosaic outline corresponds to the eastern portion of the 481B
photographs (Fig. 3.4). Numbers identify the locations where flow dimensions

were measured (perpendicular to the flow direction) on each of the six flows.
Yield strength estimates for each location are given in Table 3.4 and Fig. 3.22.



flow in order to assess the down—-flow variability of the
parameters. Table 3.5 liste the values for the flow
locatione shown in Fig. 3.21 and the resulting yield
strengths obtained from Eqs. 2.2 through 2.4.

The yield strength estimates range from 3460 to 84000
Nt m-2, with an average value of 21008. Fig. 3.22
illustrates the variation in yield strengthe with position
along the flowe; no consistent trend is ceen. Three of the
flows (A, E, F) have distinct terminations, indicating the
ectimates apply to the distal portion of these flows, but
the other three flows (B, C, D) could include distal,
proximal, or both portions of the flows. Subtle variations
down slope on flow E (Fig. 3.23) may be related to
individual flow segments resulting from changes in flow
direction throuah local topographic control (Borqgia et
al., 1983 .

There are systematic differences in the yield
strengths cbtained from Eqs. 2.2 to 2.4. The resulte
related to flow thicknese and slope (Y1, Eq. 2.2) cshow the
leact variation between the six flows as well ae the
greatest consistency downflow. The resulte related to flow
thicknese and width (Y2, Eq. 2.3 are consistenty lower
than the Y1 values at the same location while the results
related to levee width and slope (Y3, Eq. 2.4) are
concicstently higher than the Y1 values. It is possible

that the higher Y3 values result from processes that modi fy
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Table 3.5. VYield strength eztimates for six Ascraeus Mons
flows.

Fiow H W w o Y1 Y2 Y3
m>  {m) {(m> (deg) (Nt m=-&

36 11786 416
3@ 7806 416
3@ 1640 410
40 131@ S5060
2@ 480 -
3a  igo6 -
28 638 308
28 4688 348
1S S3@ 228
25 171@ -
28 5186 336
25 a7e 249
38 486 258
45 88a -
35 630 438

3.0E4 ?7.3E3 7.9E4
3.8E4 8.7E3 G5.9E4
3.6E4 8.2E3 &.5E4
3.2E4 1.2E4 8.4E4
2,8E4 S.6E3 -

3.86E4 8.4ES3 -

1.7E4 &.BE3 2.4E4
1.7E4 S5.8E3 2.Z2E4
1.264 4.8E3 2.2E4
2.1E4 3.BEZ -

{.7E4 7.SE3 1.3E4
2.1E4 1.86E4 2,.2E4
2.5E4 1.8E4 1.7E4
3.7E4 2.2E4

m
MB WA= O~ ADWON e WA= BN = N) =W -
WWRWWLWWAAANANAGAAAAAARANOOO OO
AN NN ORI IDODDOD

2.9E4 1.8E4 1
25 7460 21@ . 2.1E4 &.2E2 5.4E4
38 1238 588 . 2.5E4 7.8E3 4.7E4
25 1346 47a . 2.1E4 4.4E3 4.3E4
25 1378 - 2.1E4 4,3ES3 -
46 122@ - . 2.3E4 1.2E4 -
38 135808 - . 1.7E4 6.3E3 -
F 25 177ae - . 1.4E4 3.4E3 -
25 1389 - 1.4E4 4.3E3 -
3@ 2648 - . 1.7E4 4.2E3 -
3a 86@ - . 1.7E4 1.1E4 -
34 Svea - . 1.7E4 1.SE4 -
Averages: 2.2E4 8.4E3 4.2E4
Cumulative average: 2.1 (1.8 E4

Flow identification corresponds to locations shown in Fig.
3.21. Heights were determined from cshadow lengthe and
local solar incidence angle, rounded to the nearest S5 m.
Widthe were measured directly from photoaraphs, rounded to
the nearest 18 m. Slopes were interpolated from the
nearest 1 Km contours (see Fig. 3.4b> Yield strength
values for Y1, Y2, and Y3 were obtained from Eqs. 2.2, 2.3,
and 2.4, respectively. WYalue in parentheses for the
cumulative average ie the standard deviation of the
calclated values,

388



68¢

10°¢

£
z |
T 1
O
P
Ll
oc
-
(/2]
o
-l
w
>-

Y1

°Y2

AY3

1()'3 } 1 ! 1 ! 1 L L L 1 1 —
0 12
DISTANCE DOWN FLOW (km)
flows.

Fiqure 3.22. Yield strength values calculated for Ascraeus Mons




FLOW E

. “ZJ
ﬁ*wa

8 7 6 54 321
80r -
[ oY1 A i
~ Y2 A
Y - AaY3 A ’
£
z 40} . N
© R
(o] . 7
A o o
E - ] ) ® ® _
O ] ®
& a
c ®
0)10_ .
a [ i
o
TR o il
> B 0] ® i
4: e ¢ :

Figure 3.23. Yield strength values calculated for flow E
of Fig. 3.21. Values correspond to the eight locations
indicated along the flow profile. Equations 2.2 through
2.4 were used to obtain yield strength values Y1 through
Y3, respectively. Photograph 401B14, nongradient high pass
filtered orthographic projection. Center: 16.4°N,

185, 1°W.
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or enlarqe the levees during flow emplacement while the
lower Y2 values may represent the most fluid portione of
the lava that achieved the greatest lateral extent.

Yield strength estimates have been obtained for flows
on the Earth, Moon, and Mare through thie procedure (Table
2.4). The Ascraeus Mone valuee are similar to the values
for both Olympue Mons and Mauna Loa and they are only
clightly larger than the valuecs for Kilauea and Arcsia Mons.
Thecse "chield" values (for basalt flowse on the terrestrial
cshielde) are distinctly cseparated from both the higher
Mount St. Helens value (for dacite flows) and the lower
Mare Imbrium value (for very fluid flood bacalts). These
resulte, in addition to the flow morphologies, suggest that
mast Ascraeus Mons lavas are probably basaltic in
composition and generally similar to lava flows on
terrestrial chield volcanoes.

One of the flows (A in Figes. 3.21 and 3.22) has
several reqularly spaced ridgee near its distal end (Fig.
3.11, larqge arrow). The ridges are perpendicular to the
flow direction and extend beyond the leveed central channel
at some locationse., Fink (198@) related the dominant fold
wavelength on a flow surface to the viscosity contrast
between the surface and interior of the flow:

N> P gh / 8.88 Exxy In R (Eq. 3.9

R=My / N > exp (28 h / 2 (Eq. 3.D

where M, is the surface viscosity, h is the ridge
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Table 3.8. Yield strength ecstimates for flows on the

Earth, Moon,

Mt. St. Helens, Wash.
0lympuse Mons, Mare
fecraeus Mons, Mare
Olympus Mone, Mare
Mauna Loa, Hawaii
Kilavea, Hawaii

Arsia Mons, Mars

Mare Imbrium, Moon

Nt m-2

(8.8)

(x1.2)

(xe.8)

(6.5

ES

E4

Eq

E4

E3

E3

and Mars.

References
Mocre et al. (1978
Moore et al (197>

This work

Hulme, 1976

Moore et al. (1978
Moore et al. (1978
Mocore et al, (1978

tMoore and Schaber
(1975

Mt. St. Helens value applies to dacite flows (Moore et
al. (1978). WValues in parentheses are standard
deviations of the calculated values, not formal error
limite (after Moore et al.,,
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height (assumed to approximate the thickness over which the
viecoeity increases), Exx ic the compressive strain rate, R
ic the ratio of surface to interior vicscosities, M is

the interior wviscosity, and » is the arc length of the
ridge foldes (roughly equivalent to the ridge spacing). The
compressive strain rate is related to the ridge growth
time; thie cannot be directly obtained from the photographs
but can be approximately constrained.

The ridges on flow A are 15 m high (obtained from
chadow lengthe), with an average spacing of 128 m.
Substituting these values into Egs. 3.4 and 3.5 reculte in
interior viscosities of 1.3 »x 16% to 2.2 x 1811
poice for ridge growth times of 1 hour to 1 weel,
respectively. These values are crders cf magnitude larger
than typical basalt viscosities (16& to 185 poiced;
inctead they are closer to dacite or rhyolite vieceoeities
(1@11-12 poise) (Macdonald, 1972, p.é4). Flow A has
the highest yield strength estimates among the Ascraeus
Mone flowe (Fig. 3.22), consistent with a more evolved
magma. The morphcology of the martian flow is less similar
to terrecstrial rhyolite flows than to andesite or dacite
flows, however, a trachyte flow on Hualalai, Hawaii, has
ridges similar to the martian flow and a calculated
viscogity only a factor of two higher than the calculated
martian v#!ue (cee Chapter 5). The Hawaiian trachyte f1ow

reprecents extreme differentiation of alkali basalt magma
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that probably became isclated from the main magma chamber
of the volcano (Macdonald and Abbott, 1976, p.385); a
similar origin is poscible for the ridged martian f1ow,.

Effusion rates have also been estimated for flowe from
geometric measurements (Hulme, 19763 Wileon and Head,
1983). The effusion rate is a function of yield strength
and channel width, both parameterc having large exponents
(Wileon and Head, 1983). This causes the calculated values
to be highly censitive to measurement errore. The
calculated effusion rates for all of the Ascraeus Mone
flows are ¢ 18@ m® cec-1, co that more than iaa
days was required to generate the cbteserved f1owe. An
Olympue Mons flew (computed effucion rate = 47@ m=
sec-1) had an estimated 85 day eruption duration
(Hulme, 1974>. These results are concistent with the S to
1868 m® cec-! effucion rates and ¢ | to 466 day
eruption duraticne cb:erved for Hawaiian (Malin, 1988) and
Icetandic (Williams and McBirney, 1979, p.161) bacaltic
erupticons.

Summary: Yield strenths estimated from the dimensione
of six flowe near the summit of Ascraeus Mons averaged
21888 Nt m-2., This value is similar to yield strengths
calculated for other martian and terrestrial shield
volcanoes but an order of magnitude less than the value for
dacite flows on Mt. St. Helens, Washington, and twoc orders

of magnitude greater than the value for lunar flood
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basalte. Ridge dimencsions on one Ascraeus Mons flow
provide & calculated interior viscosity orders of maanitude
greater than basaltic viecosities but similar to the
calculated interior viecosity of & trachyte flow on Hawaiij
isclated pockets of magma may be recponcible for indiwvidual
flowe of differentiated lavas. Calculated effueion rates
and eruption durations for the tiecraeus Mons flowe are
concistent with observatione of Hawaiian and Icelandic

basaltic eruptions.

Dicscucssion

Moet of the features identified on Ascraeus Mone are
concicstent with obeservations of other chield valcances both
on the Earth (Carr and Greeley, 1788 and Mare (Greeley and
Spudis, 1?7831 . Two acpects of the bacse region (lower
f1ank) morphology of Ascraeus Maone are particularly
notewcrthy': 1> the erccicnal features that postdate the
chield flowe, and 2> the subdued morphology of all base
region terrains in high resoluticon photographs.

Shield erccion. Irregutarly shaped depressions on

Accraeus Mone appear to be the result of mace wasting.
They are prevalent on the western and northwestern flanks
of the volcanc. It is posesible that the lower portions of
the eacstern flank were similarly eroded and have
subsequently been covered by the plains (Fig. 3.6a),

howewver, the depreccions on the weetern flank occur at high
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enocugh elevations that they should have remained uncovered.
by the plaine if they were present elcewhere on the
volcano. This suggests that conditions on the western and
northwestern flanks were particularly favorable for the
mase wasting process. Morning and early afterncon clouds
develop daily over the western and northwestern slopes of
all of the Tharcsiec volcanoes during northern hemisphere

spring and summer (Briggs et al., 1977). Al though

there ic no evidence of fluvixl activity on Ascraeus Mons,
it is possible that condensation and evaporization of
volatiles was concentrated on this part of the volcano,
Thie csuggeste that the macse wasting procese could invalve
the remcval of volatiles stored in the surface, such as the
sublimation of ground ice {Lopec et al., 1982).

The cratering record on Ascraeucs Mons suggestes that the
veolcano is probably old encugh to accommodate the
subsurface accumulation of volatiles required by this
erocional process. Additional procecsces, discussed next
for the embayment channels, may also be involved in the
mass wasting features,

The embaymente into the southwestern and northeastern
flanks concsicst of coalescing channele with blunt headward
{upslope) terminaticne. Headwall undermining, or sapping,
through goundwater seepage or dry mace wasting after ground

ice sublimation has been propocsed as the erosional procecss

responsible for the bluntly terminated martian features
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(Sharp, 1973; Sharp and Malin, 1973). Permafrost has been
proposed as a contributing factor in a mass movement crigin
of the Olympue Mons aurecle (Lopes et al., 19806,

1982), sugaesting that ground ice may ke precsent Qithin
martian volcanoee. Other proposed channeling agents
include lava (Carr, 1974b), water (Milton, 1973), faul ting
(Schumm, 1974)>, wind (Cutte and Blasius, 179>, lahars
(Chrictiancen and Greeley, 1981), and liquid hydrocarbone
(Yung and Pinto, 1978 . The embayment channel morphology
ie not concictent with the wind, water, faulting, and
hydrocarbon mechanisms but lava and debrie flowe (laharsd
cannoct be ruled out. The embayments are sources for the p4
plains, supporting the possible role cf lava in channel
formation. However, the lack of flow fronts on the pA4
plains could result from burial of the volcanic surface by
debric flows. Lava erocion, ground ice sublimation, and
debric flow generatcon are all viable alternatives for the
embayment channeling process.

Both the irregularly shaped depressions and the
embayment channels are typically < 1 Km deep, sc both
featurec represent erosion to roughly the came depth. This
may indicate that erosion on Ascraeus Mons only proceeds to
a certain depth. A uniform depth of erocsion could be due
to a level of more competent materials, such as dence
(nonvesicular) basalt; terrestrial chield volcanoes tend to

be built of numerous superposed lava flows (Macdonald,
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1972, pp.272-275) without volcano-wide competent layers.
Alternatively, the erosional Fprocess may only be effective
to some critical depth. 1If sublimation of ground ice is
responcible for the ercecion, the erosicnal features on
Ascraeus Mons would suggest the ground ice is precsent only
to & depth < 1 Km, perhaps due to internal heating that

would not allow ice to collect below some depth. If liquid

water collected below "lis depth 't could potentially
produce debris flowe. Fina the uniform depth could
alsc be due to lava resur g that partially filled the

floor of the ercesional zcars.

The irregular or straight outlinec of thece featurec
would suggest that some process may be predominant for each
feature (e.g. ground ice sublimation for the irregular
deprescione and the fluid flow processes for the channels).
Veolcanic processes and the releace of volatiles, either
water or ground ice, probably both contribute to the flank
erocsion on Ascraeus Mons,

Summary: Irreqularly shaped depreccsions appear to be
the result of mass wasting and the embayment morphcalogy
suggests that a sapping process produced the channele.

Both featuree may be the result of lava erosion, ground ice
sublimation, and debris flow generation; none of thecse
procescses can be excluded baced on the data available. The
different outlines of both features (irregular and

straight) may indicate that ground ice sublimaticn is more
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likely for the irreqgular deprescsione while fluid flow is
more liKely in the channels.

Subdued bacse morphalogy. The subdued terrains on

the basal porticon of the Ascraeus Mons shield indicate a
different envircnment or surface history from that of the
summit region. Pocssible explanations for the production of
the subdued morphology can be breoadly categorized’as: D
ercsion of the surface, 2) deposition of material on the
surface, and 3) chemical alteraticn of the surface. Both
the erccional and depcositiconal mechanisme could include
fluvial, glacial, mass movement, aeclian, and valcanic
procescses while alteration would involve chemical reactions
potentially influenced by the surface processes. None of
the Ascraeus Mone photographe contain morphologic features
indicative of fluwvial activity., Glacial processes have
teen proposed for ceveral locaticns on Mars (Luchittx,
182>, including Olympus Mone {Hodges and Moore, 1979, but
again there is no other evidence of glacial activity on
Aecraeus Mones., Tectonically induced mass movements on
Ascraeus Mone are identifiable only as fault-associated
features; it would seem unlikely that the entire base
region was extencsively modified through mass movement.
Adeolian and volcanic processes are concsidered to be the
most likely physical methode for modifying the base
terraine.

The surface morpholoqy would be expected to vary
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considerably depending on whether erosion, deposition, or
alteration were the dominant mechaniem. Aeolian erocsion
could produce streamlined yérdangs (Ward, 1979 and complex
exhumation relationshipe among surfaces of differing age
(Greeley et al., 1979) while vaolcanic erocion might
be evidenced by channels radial to the vent area (Reimersc
and Komar, 1979). HNone of these erccional features
(aeclian or volcanic) are cbeerved in the base ares.
fAeolian deposition could produce = variety of dune
forme, dependihg upon the wind regime (Bagnold, 1941) while
depcsition of particles (ducst) cut of suspencsion would
blanket the preexisting topocaraphy, as in loess deposite an
Earth (Flint, 1971, pp.251-284). Pyroclastic depocsite
might take the form of localized pyroclastic flows, areally
extensive ignimbrite cheets, or airfall depocsi ts
(Macdeonald, 1972, pp.122-176). Explosive eruptions may
produce dicstinctive bedforme near the vent arex (Wohletz,
1988) while airfall deposite would mantle the preexicsting
topography (Macdonald, 1972, pp.135-139)., No dunes are
evident in the base region of the cshield, although thece
features could be precent on a scale below the resclution
limit (22 m per pixel) of the photographs. Deposition out
of suspencion appears to be the most likely physical
mechanism for producing the subdued morphology, although
dunes ¢ S@ m in horizontal scale could be present but

unidentifiable.
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There would be no readily distinguishable morphologic
difference between deposits of either volcanic or aeolian
origin produced by particles that settled out of
suspencion. Both types of deposits should generally
increace in thickness toward the source area (e.g. vent or
cource area for loess) (Macdonald, 1972, p.137-8; Flint,
1971, p.255-4&> and the increasingly subdued morpholagy wi th
decreasing elevation would suggest x source external to the
volcano. Individual flow margine are visible throughout
the bace region except in the smooth terraing if these
flowe are comparable in height to the cummit region flows
(15 to 45 m) then the materials deposited on the surface
are probably ¢ 1S m thick over moet of the base region but
> 45 m thick on the emocth terrain. These thickness
variatione may indicate changes in the local efficiency of
the deposition or repeated depocitional events.

Chemical alteration of surface materials could
potentially modify surface morphology through the
redictribution of the weathered products. Earth-based
epectral analyses suggest that weathered basaltic glase is
a qood candidate for the csource material of martian dust
(Allen et al., 1981; Singer, 1982) . Volcanic heat
cources could provide localized areas of substantially
increased alteration. The volcano is eufficiently old to
allow ample time for weathering to have progressed to the

point of influencing surface morphology on the scale of 1@s
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of m, however, redistribution of the weathering products is
needed in order to continue exposing unaltered materials to
weathering. Once again both volcanic and aeolian procecsses
could be involved, along with conesiderable mase movement.
The surface morphology provides no concstraint on the
chemical weathering of the surface but prhysical processes
weuld =till need to be associated with the surface
modificatian.,

Summary: The subdued morphology of the shield base
terraine ic most likely the recult of deposition of
dust-csized particles ocut of csuspencion, either from aeclian
or volcanic processes. Deposit thicknesses are probably <
15 m except on the smocth terrain, where it could be > 45
m. Chemical weathering could contribute to a breakdown of
surface features but redistribution of the weathering
products by surface procesces would ctill be required.
Photographic resolution is not sufficient to eliminate the
possibility that dunes, representing callections of
sand-sized particles, may alsc be precent on the chield if

their horizontal scale ic ¢ S8 m.

Summary: Geocloqic Hicstory

The geologic history of Ascraeus Mone can be broadly
divided into five stages: 1> activity prior to
construction of the shield, 2) shield construction, 3

caldera collapse at the summit, 4) chield erocicon and f1ank
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eruptions associated with the Tharsis plains, and 3) recent

surface modification.

Pre—chield cstage. Very little of the surface that

pre-dated the commencement of Tharsis Montes volcanism
remains exposed in the vicinity of Ascraeus Mons. The
Ceraunius Foecae surface underwent considerable N-S
criented faulting prior to emplacement of the Tharsie
plaine. The immence Tharcis Rice may be the result of
either iscstacy and lithosperic loading (Banerdt et

al., 1982 or constructional velcanism (Solomon and
Head, 1922) but either procese inveolved voluminous
outpouringe of lava that buried the pre-Tharsis Rise
csurface. The eruptions became localized at the crest of
the Thareic Rice, leading to conestruction of the Tharsics
Montes shield wolcances. The Thareis Montes eruptive
activity generally migrated northeast from Arsia Mone to
fscraeus Mone.,

Shield-building staqe. Erupticon of fluid lavas

{moet likKely basalte) became centralized at 11°N,

184°W, building a breocad, shallow-cloped (5°) wvolcanic
construct. The hille and Knobs of the mountainous terrain
weest of the chield were emplaced pricor to the flowe an the
chield. Individuxzl chield flows included gently undulating
plaine surrounding sinucus channels (interpreted to be
pahcehce flows), lobate flows with 15 to 45 m high margine

and leveed channele (interpreted to be aa or block flowe),
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and hummocks 200 to 1066 m apart (interpreted to be toey
pahoehoe flowe). Thrust faulting disrupted the scuthern
flank and all of the lower flanke became terraced (either
through faulting or localized volcanism) , however, all of
these features were crossed by subsequent shield flows.

The width of the thrust fault indicatee that unconsoclidated
materiale (such as nonwelded tuff) do not comprise the
major portion of the chield flank. Flow dimenciones suggest
that the yield strength, effusion rate, and erupticn
duraztion of the Ascraeus Mone lavas are cimilar to the
basaltic lavas on terrectrial shield veolcanoces. Viscosity
estimates for one ridged flow are orders.of magni tude
larger than basalt viscosities; it is possible that magma
bodies separated from the main magma chamber of the volcano
may have recsulted in isclated flowe of differentiated
lavas. The cratering record indicates that the flanks of
Ascraeus Mone are probably at leacst 468 millicon years old
(Table 3.2).

Caldera cstage. Repeated collapse of the summit

area produced a caldera complex with at least nine distinct
centers of collapee, most of which are not coincident.

Lava lakee occurred within each caldera deprecssion, only ta
be disrupted by subsequent ccllapese events. No flows qo
into the calderae from the summit flanke; caldera
development postdated =11 effusive activity on the

uppermast flanke. Caldera and summit area merphology do
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not indicate the occurrence of late-stage pyroclastic
activity associated with caldera collapse (Mouginis-Mark,
1$81). Croesscutting of caldera floors and walle by
subsequent caldera collapses indicates a decreacing
elevation of lava flocding with time, perhaps related to
diminiching hydrostatic magma pressure near the end of
cummit area volcaniem. The most recent calderx floor is
probably at least 408 million years old (Table 3.2).

Shield erccion stage. Portions of the shield

curface were eroded by mase wasting, particularly on the
weetern and northwestern lower flanks. The plaines
currounding Ascraeus Mons were emplaced by flank erupticne
that may have either accompanied or postdated the flank
erccicn. WVoluminous flows erupted from centers between
Aecraeus Mone and Pavonis Mone and northeast of Ascraeus
Mone; these flowe have dietinct margine, and are much
larger than the individual flows on Acscraeus Mons.
Channelized erocion embayed the scuthwestern and
northeastern flanke (aligned with the Tharsis Montes
trend), which became the sources of the latest plains
emplaced around Ascraeus Mone. Grabene disrupted both the
chield and the plaine surfaces. Meost arabens are
aﬁproximately concentric to the summit of the volcano,
however, those northwest of the ehield are oriented N-& and
are located within a topographic depression identified from

lava flow directione. These N-S grabens are associated
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with the latest tectonic events recorded throughput the
Thareic region (Plescia and Saunders, 1982). The plains
northwest of Ascraeus Mons are probably at least 158
million years old (Table 3.2).

Recent stage. The cshield bace includes

smooth-appearing terrain that poetdates a1l other terrain
unite and structural features on the volcane. The emooth
terrain ic an extreme example of the subdued surface
morphology evident on a1l chield base terrzine. The
subdued aprearance of all csurface features increaces wi th
decreacsing elevation from the summit area, coincident with
& decreasing abundance of small ¢ ¢ 200 m diameter)
cratere., The surface of the volcanc has been modified by
processes that result in an elevation-dependent variation
in morphology; aeclian, volcanic, and weathering processes
appear to be the most likely agente for the surface
modification, WVariationes in albedo provide evidence that
aealian movement of materials is presently occuring on the

Thareis volcanoes {Lee, 1984).
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CHAPTER 4. SURFACE PROPERTIES

Introduction

Mcet remote eensing analyses of Mare have concentrated
on data of moderate or low spatial recsolution to establish
glebal and regional trends in properties such as albedo and
thermal inertix. In order to addreces geoclogic quecstions
for specific features the remote csencing data should be of
cufficient resclution to diestinguish terrain types within
the study area. Ascraeus Mons has a good combination of
high and moderate resolution data collected at visual to
radar wavelengths.

Remcte eencsing measurementes of Ascraeus Mons are
variable in coverage and resclution but they are
sufficiently diverse to complement the description of the
curface materiales cbtained strictly from photographe
(Chapter 3. Appendix | includes a description of quality,
resclution, and coverage for the data discucssed in this
chapter. Photographs of Ascraeus Mons takenm through red,
agreen, and violet filters () = 8.4 to @.7 Fm> were
combined to provide a coleor view of the velcano and to
quantify the reflectance properties of the volcano surface
at vieible wavelengths., Infrared measurements () = 7
to 24 Mm) provide surface temperatures, and the
variation of the surface temperature throughout the day

(quantified as thermal inertia) can be related to the
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particle cize and porosity in the uppermost several cm of
the csurface materials. Radar data () = 3 to 13 cm
provide the elevation of the surfazce while the strength and
spectral chape of the reflected signal can be related to
the roughnecse of the surface on the scale of 16 cm to 166
m. The water vapor abundance of the atmosphere was
determined from infrared measuremente of absorption bande
due to water. Thecse data cover a range of scales from that
of the atomes compricing the surface materials to featurecs
approaching the resolution limit of the becst photographe.
Thice chapter beqgine with the reflectance propertiecs
cbtained from the color photographse of Ascraeus Mons, along
with their relationchip to the spectrally superior but
spatially inferior Earth-bacsed measurements. Thermal
inertias cobtained from high recsolution thermal sequences
are correlated with the terrain units on the volcano (from
Chapter 3>, and moderate recoclution sequences are uced to
expand the spatial and temporal coverage of the thermal
recsults. Previouely publiched data on the surface
roughnese of the wvolcanc at radar wavelengthes and the
abundance of atmospheric water vapor above the volcanco are
diescucesed in relation to the recsulte cbtained here. The
discusesion section precsentes & esynthesics of the properties
ocbeerved at different wavelengthe. A summary of the
geclogic implicatione of the remotely determined surface

properties of Ascraeus Mone concludes the chapter.
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Visual Reflectance

Sunlight reflected from planetary surfaces provides
compositional information through the location and
intensity of absorption features; the red color of Mars
results from a strong Fe®+ absorption in the
ultraviolet (Singer et al., 1979). Earth-based
epectral data cannot spatially resolve the individual
chield volcances from the surrounding Tharsis plains,
However , Viking color photographs provide visual
reflectance values at three wavelengthe that can be
compared to the Earth-baced spectra. Measuremente at only
three wavelengths cannot constrain spectral features other
than the dominant Fe absorption but spatial variations in
visual reflectance can be investigated.

A color photograph of Ascraeus Mone (Fig. 4.1 was
produced by combining Viking Orbiter photographs taken
through violet, green, and red filters {centered at 6.45,
8.53, and 8.5% Mm wavelengths, recpectively). No
correcticne for a surface photometric function have been
applied to this photoaraph. A diffuse haze abscures the
eurface below an elevation of approximately 13 Km and wispy
patchee of clouds are present northwest of the volcano.
Theee cleoude and haze are similar to features observed
around Acscraeus Mone early in the Viking mission (Brigge

t al., 1977).
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Figure 4.1. Color photograph of éscraeus Mone in early
morning. Photographe taken through red, green, and violet
filters were uniformly stretched so that the max imum
brightnese corresponde to an albedc of 8.137. The area
shown here corresponds to the areas in Figs. 4.2, 4.4,
4.11, and 4.12. Appendix | provides information about the
photographs.
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The resolution of the color photograph (822 m per
pixel) allows only large-scale features on the volcano to
be identified., The scuthwestern and northeastern
embayments into the cshield base are both vicsible but they
are partially obscured by the haze. The caldera complex is
clearly ocutlined by shadowes and highlighte on the walles.
The flank terraces on the eastern flank have straong
highlighte on the terrace faces.

The color patterne in the summit area of Ascraeus Mone
are approximately symmetric around the caldera complex.

The caldera complex and the summit area within S8 Km of the
caldera rim are a relatively uniform orange-brown. Below
the summit area is a distinct ring of lower albedo; this
"dark coltar”" ie similar to low albedo ringe obceserved on
all of tﬁe Thareis chield wvolcanoces (Veverka et

al., 1?977; Lee et al., 1982). The lower margin

cf the dark collar is not clearly delineated because of the
ocbecuring haze.

Scoderblom et al. (178> found that the Tharcsis
cshield volcanoes have some of the highest reds/viclet ratios
(x3) in the equatorial reqion of Mars, along with the
cldest materials in the cratered scuthern hemicephere. The
fiscraeus Mone redsviolet ratico is ( 2 for the clouds and
hxze but > 3 in the summit area (Fig. 4.2)>. The higher
red/violet valuee on the weestern side of the volcano are

due to the slope of the wvolcano surface, as discuseced
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Figure 4.2. Red/violet ratio of photographs used in Fig.
4.1. MNote the asymmetry associated with the illumination
direction (from north of east).

412



below. The classical high albedo areacs of the planet (e.g.
Arabia, Tharsie) alsc have red/violet ratios > 3 but they
are twice as bright as the volcanoes and the southern
hemisphere cratered terrain at visible wavelengthe

(Soderblom et a

1978; McCord et al.,

1.
ex

1982; Arvideon et al., 1982). Broadband albedos
measured by the IRTM (6.3 to 2.6 Km) do not show the
Thareic veolcancs to be significantly darker than the high
albedo Tharcic materiale surrounding them (Pleskot and
Miner, 1981), <o the albedo difference between the
volcances and the Thareis plainse could be confined to the
vieible wavelengthes.

Nine locaticone from the ccler photograph were selected
for quantitative evaluation of the reflectance properties
(Fig. 4.3). Four locatione sample the summit and dark
collar materials, three locaticns sample cne of the
highlighted terrace faces on the eastern flank, and two
locations sample the condensate haze and clouds. Table 4.1
liste the intencsities at the three filter wavelenaths,
averaged from nine pixels that covered a total of 14.4
kmz at each locatian.

Correctione for the surface photometric function
provide the normal {(zero incidence angle) albedo of the
surface materiale. Photometric variations on & surface
assumed to be an ideal diffuse scatterer are described by

the Lambert photcometric equation (Short, 1975, p.é&D:
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Figure 4.3. Ascraeus Mons albedoe. &) Shield locations,
by ehield locatione with incidence angles adjusted to match
the caldera red albedo, ¢ condencate locations, d
comparicson of albedoe for Ascraeus Mone with albedos for
Arsia Mone, Syrtis Major, and Arabia (from Soderblom et
al., 1978, Fig. 17>,
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Table 4.1. Albedo values for Ascraeus Mons.
Filter
Violet Green Red

Location Photograph Intencities

1 LB286C 11 .858( 1) .083¢(2)
2 L827C¢ 1D @561 LB83(2)
3 LB825( D .843C1) B870C2)
4 L8210 B841C 1) LB468(2)
S L8341 B881¢(2) B97(2
é .847( 1 L881(2) L 12603
7 .8568¢ 1 LB76(2) L115¢2)
8 .840¢ 1) .684(1) L1174 1)
? 878C 1) .887( 1) LI11CD
Lambert Albedos
1 .851 .099 .14 1 = 59.5
2 Q53 899 . 184 59.5
3 .849 .@885 . 138 59.95
4 .841 .681 . 134 S%.5
S 867 . 120 171 59.5
é 693 . 146 . 248 S9.5
7 897 . 158 227 S?.5
g 118 . 165 . 236 59.95
& . 138 . 171 217 59.5
4 .851 L8927 . 144 &5.5
S @57 . 183 . 163 52.95
& 041 . 1684 . YY) 46 .8@
7 .871 . 1ag . 184 43.5
Minnaert Albedcs
i = 59.5°, e = 8.5°
K= 1.2 .95 .95
1 L8559 895 . 158
2 861 L8495 . 158
3 .857 .882 . 133
4 .348 .878 . 129
S 877 118 . 185
) . 186 . 154 . 246
7 113 . 145 219
5] . 138 . 146 223
@ . 158 . 166 211

(Yaluee in parentheces indicate the standard
deviation of the third decimal place for nine
values of the photograph intencitiy at each
location).
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A=A, cos i (Egq. 4.1
where A is the observed reflectance, Ay 1s the albedo at
zero incidence angle, and i ie the incidence angle of solar
illumination measured from the surface normal. Table 4.1
lists the Lambert albedos at each location for the
photograph incidence angle (5?.5°) and at selected
locations for other incidence angles,

Natural surfaces often differ significantly from the
ideal surface decscribed by the Lambert photometric
function. The Minnaert photometric function incorporates
the viewing angle, equivalent to the surface emicsion
angle, into the photometric expression (Minnaert, 1941):

A=Ay (cos 1Y% (cas erk-1 (EQ. 4.2
where A, A,, and i are equivalent toc the Lambert
expressions given above, e is the emicsion angle measured
from the surface normal, and K ic a coefficient that wvariec
with phase angle and surface material. Phace angle is
defined as the angle between the illumination source (Sun)
and the detector (spacecraft), measured at the target
surface (Saundere and Mutch, 198@6). The variation of K
with phace angle produces the "opposition effect", enhanced
reflectance near zerc phase angle, observed in many
different materials (Pleskot, 1981; Thorpe, 1982). At the
57.53° phacse angle of the Ascraeus Mons cclor photograph
the Minnaert coefficient is 0.95 for the red filter and

1.20 for the viclet filter (Thorpe, 1777). Table 4.1
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includes Minnaert albedos for the nine locations; these
values are quite similar to the Lambert albedos becaucse the
Minnaert coefficient is near unity and the emiscsion angle
ic emall., The cimpler Lambert photometric function seems
adequate for characterizing the surface albedos for
Ascraeus Mones.

The nine locations on Ascraeus Mone cshow considerable
differences between their Lambert albedos (Fig. 4.3 . The
change in albedo with wavelength ie similar for the seven
locatione on the chield but the absoclute values of the
xlbedoe vary widely (Fig. 4.3a)., The central caldera flcor
{location 1) is nearly identical to the southern summit
{location 2) while the dark collar materiale (location 3
are darker than the summit areas at green and red
wavelengthe. The other four shield locatione occur con the
weet and east flanke of the volcanoc where topographic
effecte are most evident for the photometric brightness of
the surface. The albedos of locations 4 through 7 were
adjusted to match the caldera floor and southern summit
values by varying the incidence angle in Eq. 4.1. This
procedure provides a new incidence angle for the four
locatione (Table 4.1). The calculated incidence angle can
be related to the topographic slope of the surface,
analogous to the computerized technique of Eliason et
al., (1981) for obtaining topographic information from

multicpectral images. A é° cslope to the west caucses the
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western flank albedos (location 4) to precicely match the
caldera floor albedos (Fig. 4.3b); thic slope is similar to
the 4° slope obtained from photogrammetry. A dark arex
directly north of the summit caldera (Fig. 4.1) correcsponds
toe the western slope of & topographic peak in this area
(Fig. 3.3, consictent with the photometrically darkened
western flank. Thece recsults suggest that the entire
summit area abcove the dark collar, including the caldera
complex, ic spectrally similar when corrected for
topagraphic slope.

The adjucsted albedos for the terrace (locations S
through 7 have increasing viclet and green albedo with
increasing distance down the easztern flank of the wveolcanco
(Fig. 4.3k). The cloude and haze have cspectra with viclet
albedos higher than at any shield leocation {(Fig. 4.3c).
This suggeste that there is an increzsing contribution from
the haze with decreasing elevation, so that the
Fhotometrically inferred surface slopes become more
inaccurate down the chield flank. The location above the
terrace (%) has & photometrically determined slope of &°
ta the east, in good agreement with the S.5° clope
cebtaxined fraom photogrammetry, while bkelow the terrace
{location 7> there is & calculated 14° clope. If this
8% difference ie attrituted to the haze influence on the
albedcs, then the terrace front {lecation & can be

inferred to have an 11.5% clope, or & S.5°% increacse
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over the average flank slope. The highl;ghting of terrace
fronte up to 96° from the solar incidence direction
suggests that these featurees could have locally increased
albedos (poscibly due to condencates) or enhanced
ecattering from features smaller than the resolution limit
of the photograph.

The topography of the surface affecte not only the
magni tude of the albedos but aleoc albedo ratios (e.g.
red/violet; Fig. 4.2). The redsviolet ratio has been used
to clacseify reflectance variations on Mare (Soderblom
et al., 1978; McCord et al., 1982). The
Adccraeus Mone reculte illustrate the potential influence of
slopes ¢ é° on albedo measuremente; topographic
effecte need to be removed from reflectance measurements
prior to clascsification of albedc differences.

The three-coler albedos for Ascraeus Mone are similar
to but distinct from the albedos of Aresia Mone and
Earth-baced reflectance spectra (Fig. 4.3d). The Arcia
Mone albedoe (from Soderblom et al., 1978) are
concictently less than the Ascraeus Mons albedos. Both
volcanoese have albedos more comparable to classical dark
regions such as Syrtis Major but the wavelength dependence
of the Ascraeus Mons summit albedocs parallels the spectral
refiectance of the Arabia bright region (Earth-bacsed data
from McCord and Weestphal, 1971). Thecse comparisons suggest

that the bright material interpreted to ke present in the
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bright regions (cee Singer, 1982) is also present on
Ascraeus Mons. However, the lower albedo of Ascraeus Mons
in the visible wavelengths also suggests the bright
material coverage is not as complete as in the classicxl
bright regione. The dark collars on the martian velcanoces
are interpreted to result from aeoclian removal of dust from
a darker substrate (Lee et al., 1982; Lee, 1984) so

the summit of Ascraeus Mons presumably has at least a
partial covering of the bright dust. The |ower albedos of
Arsia Mone could indicate a more thorough removal of bright
dust than cccurs on Ascraeus Mone; this would be concictent
with the very extencive dark collar arex obeerved on Areia
Mone (Lee, 1984, p.132). The location of Arsia Mone in the
martian scuthern hemicsphere poscsibly contributes to
enhanced dust removal because dust storm activity is
usually initiated in the southern hemiesphere during maximum
csolar incsolation near the perihelion of Marse (Gierasch and
Goody, 1973y,

Summary: Vicual reflectances at three wavelengths
were obtained from three Viking Orbiter photographes of
ARecraeus Mons. Cloude and a diffuse haze obscured the
surface below an elevation of 13 Km. Lambert albedoe of
the caldera complex and summit flanke within 58 Km of the
caldera rim have uniform values of .05 to .14 at 8.45 and
8.59 km, respectively, when corrections are made for

the topographic slopes on the volcanc. Slopes ¢ &°

420




affect both albedo magnitudes and the ratios between
albedos at different wavelenaths. The Acscraeus Mons
albedos are larger than those of Arsia Mones and comparable
in magnitude to earth-based spectra from classical dark
regicne like Syrtis Major. The wavelength dependence of
the albedos at the summit of Ascraeuse Mons parallels the
cpectra from classical bright regions liKe Arabia,
suggesting bright material (dust) is precent on the
volcano. Aeclian activity removes thie dust from the
flanke to produce dark collare around the summites of the

Thareie volcances (Lee, 1984).

Thermal Inertias

Thermal inertia ice a measure of the change in
temperature of surface materials throughout the day (cee
Chapter 2). Low thermal inertia materiale have large daily
temperature variatione because they cannot efficiently
retain or conduct away heat. Thermal inertia is related to
physical conditione such as particle size (Kieffer et
al., 1973 and Fig. 2.7, porosity (Kieffer gt
al., 1977 and Chapter 5, and intergrain bonding
(Horai, 1979; Ditteon, 1982), all of which affect the
curface thermal conductivity. Thecse conditions may vary on
terraine with different qgeoclogic hicstories. In this
cection the thermal inertias for Ascraeus Mons are

evaluated in relation toc the geclogic terrain units.
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Four high spatial resolution thermal sequences that
cross Ascraeus Mons are discuscsed first. Several
corrections must be applied to thece data in order to
obtain an accurate representation of the therma) inertias

on the volcano., A1l thermal inertias precented here are in

-2~

unite of 1@6 cal cm  cec K+ The thermal inertias are
then compared to the terrain unite (from Chapter 3) in
crder to examine the geologic implicatione of the thermal
measurements. The combination of nighttime and daytime
measuremente quantifies the surface temperature extremes
thraughout the day, which can be related to clope winds on
the volcano. Temperature measurements at different
wavelengthe allow the abundance of spatially unresolved
high thermal inertia materials to be determined
(Christensen, 1982). Finally, moderate spatial resclution
sequences are used ta obtain the epatial distribution of
thermal inertias over the entire volcano.

High resolution data. Thermal inertiac calculated

from the observed 20 Bm brightness temperatures display
concsiderable disagreement between the four high resclution
sequences (Fig. 4.4, uncorrected). Thece variations are
the result of factors not incorporated into the standard
thermal inertia calculation. Four such factors are: 1)
positional errors along the groundtrack owing to
uncertainty in the cspacecraft position along the orbit

groundtrack, 2) elevation-dependent thermal propertiecs of
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ASCRAEUS MONS THERMAL INERTIAS
, UNGORRECTED |

i CORRECTED
0 109 106 103
16

THERMAL INERTIA

| ARIZONA STATE UNIVERSITY IMAGE PROCESSING FACILITY

Figure 4.4. High recsoclution thermal inertias for Ascraeus
Mone. Left figure ehowes thermal inertias calculated from
28 Km brightneses temperatures with no corrections.

Right figure chows thermal inertiase corrected for
positional errore, elevation—-dependent atmospheric effects,
and temperature changes due to atmospheric dust and clouds
over the wolcano summit. Data were averaged in @.2° by
8.2° lat/long bine. Note the similar corrected thermal
inertias for the chield summit and the plaine surrounding
the volcano {compare with Fig. 4.1). Appendix | provides
information about the individual sequences.
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the martian atmosphere, 3) atmospheric particulates (dust
and condensates), and 4) physical conditions (e.q. sencible
heat exchange by winde) affecting the surface temperatures.
These effecte have been evaluated for the Ascraeus Mons
thermal data through the simplifying assumptions described
below (Fig. 4.4, corrected).

Positional errors for the high recolution data result
from variaticne in the timing of data collection; the
timing errors vary between orbite and are greatest near
periapsis when the cspacecraft ie travelling fastest. The
approximate magnitude and direction (up or down the
groundtrack) of these errors are Known (F. Palluconi,
private communication, 1979) but each sequence must be
individually manipulated to produce the becst fit between
ground features and the thermal data. The sequences that
cross the summit caldera of Ascraeus Mons can be correlated
with surface features to the spatial recsolution limit of
the data (& to 8 Km along the groundtrack). The one
sequence that did not cross the summit caldera had a
well-determined orbit and is assumed to be correctly
pocsi tioned.

The topcography of Ascraeus Mone covers a vertical
range ( > 14 Kmd that ic greater than the scale height of
the martian atmocsphere (16 Km) (Lecvy, 1979) and
atmospheric properties vary considerably over thie

elevation interval. The thermal conductivity of

424



particulate materiale decreases with decreasing atmospheric
pressure under martian conditions (Wechsler and Glaser,
1945) ; however, this effect accounts for about one-third of
the lower thermal inertias associated with the Tharsis
region (Kieffer et al., 1973, 1977 and Chapter 2).
Jakosky (1979) chcowed that the thermal radiation from the
atmoephere decreaces with increasing elevation due to the
decreacing atmeespheric mase above the surface. This
produces greater temperature variaticons at higher
elevaticne than for the csame material properties at low
elevation. Thece elevaticn-dependent effecte on surface
temperatures have been remcoved from the thermal data
through assumptions of 1) & uniform atmospheric scale
height <16 km) and 2) atmocspheric radiation being
proporticnal to the atmospheric mass above & given
elevation. Appendix 3 provides a description of this
elevation correction procedure.

Jakosky (1979 modelled the thermal contribution from
a ducty atmoesphere and its effecte on surface temperatures.
Hie procedure overemphacized the thermal effects of the
dust becauce ccattering procecses dominate over radiative
processes in the martian atmoesphere (Ditteon, percsonal
communicaticon, 198@). The complex coptical and thermal
properties of the dusty martian atmosphere (Zurek, 19785
Pollack et al., 1979 are not presently

incorporated into thermal modele that allow dust
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corrections to be applied directly to the IRTM data.
Moderate to low resolution IRTM data (with > 1660 kmz2

per recolution element) covering more than a martian vear
provide evidence of temperature variations at different
wavelerngthe resulting from atmospheric dust (Martin et
al., 1?9793 Hunt, 1979; Christensen, 1982), water ice
cloude (Kieffer et al., 1977; Hunt, 1979%;

Chricstensen and Zurek, 1984), and carkon dioxide ice clouds
(Hunt, 1986), allowing an ascesement to be made of the
effectse of thecse atmospheric procesces on the high
resclution thermal data.

The corrected thermal inertias include the addition ar
subtraction of & concstant temperature prior to the
elevation corrections in order to produce agreement between
the individual sequences at their crossing points near the
summit of Ascraeus Mone. Sequence AS43 (cee Appendix 1)
wae ucsed as the standard for comparicson becaucse of ites
cptimum cspatial resclution, time of day, and season. The
temperature offsets applied to sequences A445, ALS?, and
B484 were -4.5 K, 3 K, and 8 K, recspectively. The warmer
cbeerved temperatures for sequence A448% are consicstent with
the increaced atmospheric ducst opacity at the time thecse
data were acquired (csee Table A1.2 in Appendix 1). The
A4&6% 1SKm atmospheric temperatures (T15) were 1S
degrees warmer 'nan the 543 TIS temperatures, consicstent

with & higher atmospheric dust content and increaced
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atmospheric thermal radiation to the surface. The lowered
temperatures for sequence B484 are due to afterncon water
ice cloude over the volcano, ac evidenced by a -7 K
difference between the 11 and 26 Bm temperatures

(T11-T20) (after Chrictencen and Zurek, 1984). Variable
cloud opacity over the chield may account for the great
variability in the corrected thermal inertiacs for this
daytime cequence.

Ditteon (1982) dicscussed the thermal effects of
phyeical conditions not included in the VikKing thermal
model that could affect the calculated thermal inertias.
Sencible heat exchange by winde, phase change of volatiles,
non-Lambertian surface albedo, temperature dependence of
thermal conductivity, and surface roughnecss all have &
relatively small effect on the thermal inertias calculated
with the etandard Viking model. Vertical inhomogeneity
(lavering) of low thermal inertia materiale (1 % 2)
cver high thermal inertia materials (1 = 3@) is
interpreted to be the caucse of low temperatures, relative
toe the standard model, in Tharsis during the late afterncoon
(Ditteon, 1982>. The low temperatures for the early
evening sequence (ALS? could be a result of layered
thermal inertias throughout the Tharsis area.

The correctione described above provide thermal
inertias that are better indications of the sur#ace thermal

properties. The corrected thermal inertias on Ascraeus
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Mone increacse radially away from the summit area of the
volcano., The summit area of the chield hae thermal
inertias very cimilar to the walues for the Tharsies plains
surrounding the volcano. The highest thermal inertiac
occur within the summit caldera and on the |cwer flanks of
the shield. The thermal inertia change at the shield bacze
correlates closely with the shield-plains qeoclogic contact,
discussed in more detail below. The corrected thermal
inertias for the chield are ctill }ower than the global
average thermal inertia of 4.5 (Kieffer et al.,

1977) but the chield mater§a15 do not have the
exceptionally low thermal inertiac propocsed early in the
Viking micsion (Kieffer et al., 1974>. Thics recult
reduces the need for advocating special materiale on the
valcano surfaces, such as extremely frothy or veciculated
lTavas (Kieffer et al., 1978, 1977). The thermal

inertias of Ascraeus Mcone are camparable to or larger than
the thermal inertias of the vast |ow thermal inertia
regicone that cover 20% of the surfzace area of Mare
(Zimbelman and Kieffer, 1979).

Summary: The four high resoluticon thermal sequences
of Acscraeus Mans dicsplay considerable dicsxgreement prior to
corrections for positiconal errcre and elevation-dependent
atmospheric conditione (Fig. 4.4). Atmoespheric
particulates (dust and condencates) and vertical

inhomogeneity (layering of thermal inertias) aleo

428



contribute to apparent thermal inertia discrepancies.
Corrected thermal inertias for Ascraeus Mons are comparable
to or larger than the Tharsis plains thermal inertias; thic
reducee the need for advocating extremely frothy or
vesiculated lavas on the volcano (e.g. Kieffer et

al., 1977).

Terrain unit correlatione. The high resolution

IRTM =equencee allow the thermal inertiac of individual
terrain unite to be determined., Correlations between
terrain unite and thermal inertias have been observed both
at a global ecale (Kieffer et al., 1977) and with
high resclution sequences (Zimbelman and Greeley, 1981,
1982 . The thermal inertias (all elevation-corrected) of
the terrain unite identified on Ascraeus Mone were chbtained
from the high resclution thermal sequences discuescsed above.
Three of the high resclution sequences croscsed the
cummit caldera of Ascraeus Mons, where the greatest
variability of thermal inertias occurs (Fig. 4.5 and Map
3). The caldera walle have the highest thermal inertias
obcerved in the summit area, with the highest values
concentrated along the uppermost walls. The high thermal
inertias for the afterncon sequence (I > 3) are
cverestimated becauce of the lowered temperatures in
chadowed areas adjacent to caldera walls. The thermal
inertias for the caldera walle (I ¢ 4.5 are far below what

would be expected for volcanic bedrock on Earth (I > S@&
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(Kahle, 1988). Atmospheric prescure differences between
Earth and Mare suggest that the caldera wall materials
would have a thefmal inertia approaching 12 if they were on
the Earth (csee Chapter S) but even thies value does not
indicate a dominant proportion of bedrock expocsed in the
walls. Differences between the IRTM thermal bands,
discuessed in more detail below, limit the abundance of
unresolved high thermal inertia areas (e.g. bedrock) on the
caldera walle to ¢ 154. 1t ie poessible that the spacecraft
viewing angle reduced the observable thermal flux from
near-vertical bedrock expocsures within the walls, but this
would increace the areal abundance of exposed high thermal
inertia materiale by lese than a factor of two. The
arcoved caldera wall terrain (cwg, Fig. 3.12) probably has
the highest thermal inertias and the most exposed bedrock,
consictent with the photogeologic interpretation (Chapter
2., Thie indicates that masse wasting processes have buried
most bedrock exposures produced by the caldera collapse
events.,

The flocor of the central caldera and the summit flanks
have similar thermal inertias (I = 2.8 to 2.5; Fig. 4.9,
even though these surfaces show considerable variation in
morpholoqy on the scale of 16@ to 188@ m (see Chapter 3).
The summit flanke covered by the high recscluticon thermal
csequences include individual flowe (f), low relief plains

(p>, and hummocky plaine (h), while the central caldera

431



tn?ludes both grooved (cfg) and planar (cf) floor units.
None of thece terrain unite has thermal inertias that are
distinguishable from the average summit valuecs.

A uniform thermal inertia for the distinctive terrain
unite in the summit area could indicate: 1) similar
original surfaces or 2) surface madification that recults
in uniform thermal inertias. Thermal measuremente of
terrecstrial wvolcanic terrains show temperature differences
between pahoehce and aa flows (Sabine, 1978, p.3?5 and
Chapter ©); this iec most likely the result of curface
reughness differences on the mm to m scale (Winter et
al., 1972). Both pahcehce and aa floaws are interpreted
to be precsent on Ascraeus Mone so it is unltikely that all
of the summit terraine have identical original surfacee.
Surface modification on Ascraeus Mons, as discuscsed in
Chapter 2, ic probably depcsiticonal incstead of erosional,
which suggeste that the summit terrains are all covered by
materiale of low thermal inertia <1 = 2). Jakoesky
(1979 has chown that, for planar surfaces, only 3 cm of
lew thermal inertia material (I = 2) ic needed to thermally
mask underlying higher thermal inertia materials, so that &«
large quanitity of low thermal inertia materials ic not
required to produce the observed thermal properties of the
summit area. The distinct morphology of the summit
terrains indicates that the low thermal inertia materials

are much thinner than the cbeervable flowe ¢ << 1S m).
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Both volcanic and aeolian processes may be responsible
for the summit area low thermal inertias. Effective
particle diameters for 1 = 2 materials are probably < 30
Bm (Fig. 2.7), consistent with either fine ash or dust.
Summit area morphology shows no direct evidence of
pyroclastic activity (Mouginis-Mark, 1981). Crater areal
abundances have been used to interpret the presence of ash
deposite on Hecates Tholus (Mouginis-Mark et al.,

1982) , however, no analogous depcsite can be inferred fram
the cratering record on Ascraeus Mons. A pyroclastic
origin for the fine materials would require areat dicspercsal
of the acsh in order to cover all summit terrains to depths
of «t least ceveral cm but not several m. The annual dust
storms on Mare provide an aeclian scurce for the low
thermal inertia materiale, concicstent with the reflectance
data discucsced above. The available evidence cannot rule
cut a volcanic origin for the summit area fine materiale
but an aeclian origin (i.e. dust) is consistent both with
the reflectance data for Ascraeus Mone and the present
martian climatic conditions.

The thermal inertiae for the Ascraeucs Mones shield
generally increase down the flanks of the volcano and
decreace again precicely at the shield-plains contact (Fig.
4.4). The higher thermal inertias at the shield base are

acsociated with the main cshield (terrain unit si of Map D)

433



l.} ,,'
a © Ve .ot
— T - '... .' v . ':
— T T oA -
ac s N '?;"- s .'.-'- -:
E= R o T e g
Z " Wiy ,,,f‘,”’f Y A ,,r: |
= Ve T P e
. s2 x‘}."' ..%‘. rJ "‘
2 Plains : e F
g Shield % Shield Plains
(A
0 Caldera
I -
l,_
=|a) A465
© I T T T ] T T T —
189.8  108.9  107.8  106.9  105.9 184.0 103.0  182.0 181.0  180.0
LONGITUDE
[
o _
(=] .
= s . .
b ?;?; v X
} i~ A4
= :_ 4 % > D : ':-
z H Y Y- ':"1 .
— 1 o Tl SRR %
. t PO ‘&w * .
29 §¥; ) 1
T - PA 1
= ; . i
| Plains Shield Shield Plains
% - Caldera
I—-
- |b) AB43
© T z T T T T T I —/
109.9  108.9  107.9 106.9  105.9  104.0 103.0 102.0 101.0  1G4.0
LONGITUDE

Figure 4.4.

Corrected thermal
terrain types from Map 1.

dust has slightly increased the apparent thermal
at lower elevations (e.q.
Terrain contact locations are indicated by arrows.

inertias correlated with
a) Sequence A44S. Atmosperhic
inertias

the plains). b) Sequence AS43,

correlations are more clearly displayed in Fig. 4.5.
Appendix | provides information about the individual

sequences.
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but not with the subdued plains (terrain unit s2) on
the northweetern flank of the wvolcano (Fig. 4.4a). The s2
terrain thermal inertias are consistent with the thermal
inertias on the plaine, supporting the photogeologic
interpretation that flows from Ascraeus Mone covered the eZ
terrain during emplacement of the p2 plains (Chapter 2.

The chield base hacs higher thermal inertias than
either the Tharsis plains or the summit area, but increaced
thermal inertiae do not appear to be asscciated with any
particular base terrain unit. MNumerous irreqular
deprecscione were crossed by the thermal sequences on the
lower western flank of Ascraeus Mone but these features
produced no distinguichable thermal inertia signature. The
dicscuecion cection below includes an evaluation of the
flank propertiec evident in different remote csensing data
cete, with the result that downslope cediment trancsport
involwving both dust and sand is probably the dominant
physical process recponcsible for the remcte sensing
properties of the flanks.

Duct or condensate clouds can &lso result in an
apparent increase in thermal inertia due to their

insulating effect on surface temperatures (Kieffer et

by

., 1977; Peterfreund and Kieffer, 1979 .

Fortunately, clouds produce distinctive differences between
temperatures measured in the IRTM thermal bande (Hunt,

1979; Chrictencsen and Zurek, 1984>. The temperature
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differences in the high resolution thermal sequences are
not significantly different between the plaine, shield
base, and shield summit. A concistent trend of T9 > Ti1 >
T20 (the temperatures at ¥, 11, and 28 Hm,
respectively) over both the chield and the plains for the
three nighttime (& cpacecraft) csequences indicates at leact
some atmoepheric dust iz always present, even above the
volcano summit. The daytime cequence (B484) has water ice
clouds or haze over both the plains and the chield but the
T11-T20 differences dicscucced earlier indicate the clouds
are the thickecst over the cshield. 1f cloude were
responcible for the increased thermal inertias of the
chield base then the clouds would be warmer than the
surface during the night, but observed temperature
differences are not consictent with either dust cloude or
water ice clouds. Hunt (1979) determined that T%-T11i
cshould always be negative for water ice clouds warmer than
the surface. The observed nighttime temperatures all
have T9-T1il > @ so that nighttime water ice cloude chould
not be present around Ascraeus Mons. Cloude do not appear
to be the cause of the thermal variaions on the volcano
flanks,

The only surface features on the flanks of the volcano
that have distinguichable thermal inertia signatures are
terraces. The subtle variations in thermal inertia

(changes of 8.5 to 1.68) on the shield flankKe a1} coerrespond
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to terraces (Fig. 4.4). The higher thermal inertias occur
downslope from both the terrace faces and the break in
clope at the terrace bacses (Fig. 4.7). The gentle (&%)
slope of the terrace face, relative to the flank slope,
inferred from photometry, makes it unlikely that the higher
thermal inertias are talus accumulations below the
terraces. The terraces probably represent subtle
topagraphic barriers to the downslope transport of
cediments, with increased sediment accumulation on the
cshalltower clopes below the terraces.

It ic important to note that no thermal inertia
changes in the flanks are ascociated with the presence or
abesence of the dark collar. The dark collar ics interpreted

to indicate remcwval of bright dust from the surface (Lee

4

al.,, 1982); the lack of any thermal inertia
change asscciated with the dark collar indicates that the
thickness of the mobile dust must be < 3 cm. The low
thermal inertias of the shield flanke apply to surface
materials that do not appear to be greatly influenced by
the winds that redicstribute the mobile duset. The presence
of the dark collar deoes not indicate that all (or even

x significant fraction of the) dust has been removed from
that portion of the volcano; this result makes it very

unlikely that albedo patterne on the volcano are in any way

related to bedrock compositions.
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Figure 4.7. Scutheast flank of Ascraeus Mons. Corrected
thermal inertias (right)> correspond to dashed area (left)

in photograph 892434 (center: 9.5°N, 102.4°W). T
indicates the location of the break in slope at the bacse of
flank terraces, S indicates the contact between the sl
cshield terrain and the p2 terrain of the plains (from Map
1>, and C indicatecs the location of an impact crater and
ite ejecta.
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The Tharsis plaine surrounding Ascraeus Mons (unit pZ
of Map 2) show no localized thermal inertia variations.
Even the well-defined p2 flows west of the wvolcano (168°
to 110°W) are indistinguishable from the p2 plaine. As
with the summit area terrain units, the Tharsis plaine
either have uniform intrincsic properties or all terraine
have been modified., The p3 flow hargins might be expected
to be rougher or blockier than either the flow surface or
the plaine but, as in the summit arex, nc thermal
variatione are evident at the margine. The Tharcics plains

are only & portion of the immense low thermal inertia

(o]

region that surrcunds Thareis (cee Chapter 2y, interpreted

tc be a site of dust deposition (Kieffer et al.,

19773 Zimbelman and Kieffer, 197%; Chrictencen, 1782,
1924k), It ie unlikely that & pyroclastic crigin for the
fine materiale would recsult in uniform thermal inertias
both surrounding the volcano and at ite summit., The
cimilarity between the thermal inertias of both the Tharcsis
plaine and the summit of Ascraeus Mone favere an aeoclian
origin for the fine materials at both lccatione.

Summary: Terrain unite on the summit flanke and
within the caldera complex do not have distinguicshable
thermal inertiacs, except for the uppermost caldera walis.
The caldera wall thermal inertias (I = 4.5 are far below
the value for wvealcanic bedrock (I = 58> and exposed bedrock

proebably represente < 1S4 of the caldera wall terrain. The
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other summit area terraine, both flank and caldera urni ts,
have very cimilar thermal inertias (1 = 2.6 to 2.3,
concsicstent with an effective particle diameter ¢ 36 K,

A volcanic (pyroclastic) origin for the fine materiale
cannot ke ruled out but an zeolian crigin is favored. The
shield flanke increace in thermal inertia with decrexcsing
elevation, concicstent with downcslope sediment
transportation. Terracee are the only flank features with
dictinguichable thermal inertias; the terraces probabdly
represent subtle topographic barriers to downcslope cediment
mcowvement. The dark collar has no ascociated thermal
inertia signature, indicating that the albedo patterns on
the vealcano are probably not related to bedrock
compositiconse. The shield-plaine contact correlates with
thermal inertia changes from higher wvalues ascsociated with
the chield bace <! terrain of Map 1> to wvalues on the
Flaine comparable to the chield summit. Similar thermal
inertias on the chield summit and the Tharciec plains
support an aeclian origin for the fine materiale.

Diurnal temperature zmplitude. Thermal inertisa

can ke more precisely constrained by obeervatione of the
came surface area at different times of the day. The
diurnal temperature amplitude, the difference between the
minimum and maximum temperaturec throughcout the day,
provides & measure of thermal inertisx independent of the
surface xlbedo (Kieffer et al., 1973) but the
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multiple observatione needed for thics measurement cannot be
accomplicshed by a single spacecraft without averaging data
over very large areas. The high recsclution data for
Acscraeuse Mons provide a rare opportunity to measure the
diurnal temperature amplitude of & wvery emall surface area
on Mare.

Mighttime and daytime temperatures on Ascraeus Mons
were cobtained only two dayes apart through the use of both
Viking erbitere. The absolute calibration of temperaturecs
for both IRTMe ie hetter than | degree (Martin, 1981) <o
the uee of cheervatione from different instrumente shculd
net diminieh the accuracy of the measurements. The
crossing point at 11.5°N, 184.7°W on the northwestern
caldera floor had & nighttime temperature of 13% K and &
daytime temperazture of 271 K. Thece values correspond to a
25 KkmZ area (5 ¥Km by S Km) near the southern margin of
the caldera flocor well removed from the caldera walle;
other locationse within the area covered by both sequences
may be influenced by the caldera walles and the shadowe
acscsociated with them. The cobeserved temperaturecs place a
lower limit on the diurnal temperature amplitude of the
caldera floor materiale of 132 K, corresponding to an upper
limit on the thermal inertia of 2.4 (Fig. 4.8).

The diurna)l temperature amplitude locwer limit can be
further raiced by concsidering the conditione under which

the data were collected., The afternoon cloude discucscsed

441



Including time of obs

Observed 139 K at 23.9 H
139 H

DIURNAL TEMPERATURE AMPLITUDE (K)

Without atm rad

With atm rad

L ] 1 ] )

0 THERMAL INERTIA 5
(102cal cm—2sec'?K™")

-t
o
o

Figure 4.8. Diurnal temperature amplitude for the
northeacst caldera floor on Ascraeus Mones. Dacshed line
indicates observed temperature difference. Curves indicate
diurnal temperature amplitude with (lower) and without
(upper) atmospheric radiation. Arrows indicate diurnal
temperature amplitude at optimum timee of day.
Cross-hatched region indicates most likely valuecs.
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earlier indicate that the observed daytime temperature ic
itself only & lower limit. More importantly, the
temperatures were not measured at the precice times of
maximum and minimum temperature. The 2.6 upper limit to
the thermal inertia and the time of day the measurements
were made indicate that the actual surface temperature
amplitude was 9 to 15 K larger than 132 K. The atmospheric
thermal radiation ie minimal at the summit of the volcano
zo that the temperature amplitude there should approach the
valuee correspeonding to no atmosphere. The hatched area
(Fig. 4.8 reprecents the range of most likely diurnal
temperature amplitude values. These considerations
conestrain the caldera floor thermal inertia to be less than
1.7. The elevaticon-dependent correction for thermal
cahductivity (Appendix 3) results in a corrected thermal
inertia upper limit of 2.7. Thie ic in good agreement with
the corrected thermal inertia (2.4) determined from
temperatures measured at a single time of day for this
location, providing support for the accuracy of the thermal
inertias cxlculated from individual high resclution
sequences.

The > 145 K diurnal temperature amplitude on Ascraeus
Mone has cignificant implications for aeclian activity on
the volcano. Magalhaes and Gierasch (1982) described the
conditione required for clope winde on Mars, but the

maximum diurnal temperature amplitude they concidered was
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126 K. Their resulte indicated that slope winde could be
generated at night over curfaces colder than the atmoesphere
and the surface chear velocity (related to the surface wind
velocity gradient) is directly proportional to the diurnal
temperature amplitude. Surface cshear wvelocities in excess
of 2 m/sec can be extrapclated from the Ascraeus Mons
results (from Magalhaes and Gierasch, 1982, Fig. &». This
value that could =set 1608 Pm cand particles in motion
under martian (S mbar) conditicne (Greeley, et al.,
186> .

Summary: Two high recscluticn IRTM cequences measured
& 132 K difference between nighttime and daytime
temperatures on the northwestern flcor of the fiscraeue Mans
summit calderx. The time of day for the measuremente
indicates the actual diurnal temperzture amplitude ie > 145
Ky providing an upper limit for the corrected thermal
inertia of 2.7. This recsult increases the likelihood that
nighttime slope winds are capable of caveing xeclian
activity on the flanke of the wvelcanca.

"Black" abundances. Christensen ¢1932) devel oped

& model for evaluating the relative abundance of spatially
unresolved high thermal inertia materiales through
differences between temperatures cobtained at different
wavelengths., Thics model evaluates the temperature
differernce between two wavelengths (T11-T20 for the 1ow

nighttime temperatures on the valcana) as the result of twa

444



thermal inertia components: high thermal inertia "blocks"
(defined to have I = 3@, albedo = 8.1, effective particle
diameter > 16 cm) and the areally dominant lower thermal
inertia soil. The "block" abundance and scil thermal
inertiae are free parameters but the composite surface
thermal flux ie constrained to agree with qglobally
determined thermal inertia for the location. The "block"
abundance reprecsentse &1l higher thermal inertia materials
expoced within the field of wview, including rocks, bedrock
cutcrope, and indurated scile (e.g. the "duricrust" of
Dittecon, 1982). Figure 4.9 showe the averaged "block"
abundances for the three nighttime high resolution
cequences crossing Ascraeus Mone., The daytime cequence was
not uced becaucse the thermal inertia differences of the
"blocke" and the scil are not distinguichable during the
afternoon.

The "block" abundances on Ascraeucs Mone (Fig. 4.9) are
concictent with the S to 28Y abundances determined for
other locatione on Mare (Christensen, 1982). The bacse
porticne of the chield have slightly lower "block"
abundances than the summit area. The shield "block”
sbundances are slightly lower than the plaine values for
sequence A44S but the shield and plaine have comparable
"hlock" abundances in sequence AS43. Sequence ASSY data
were collected shortly after local sunset; the

westward-facing flank (185 tc 1@67°W) may have had higher
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afternoon temperatures because of the 5° shield slope
(Chrictensen, 1981, p.188) that increased the ectimate of
the chield "bleock" abundances. The apparent increase in
"blocK" abundances with increasing time after the global
dust storm may be due to atmospheric effecte since the
precence of either dust or water ice cloude tends to
decreacse the calculated "block" abundance (Christencen,
1981, p.d4l).

The eimilarity in "block" abundances between the
chield and the plaine is reduced by considering
elevation-dependent effects (cee Appendix 3> on the thermal
inertia of the "blocke". Thermal inertia 308 materials at
2@ Kkm elevation have surface temperatures equivalent to
thermal inertia 5@ materials at zerc elevation; convercely,
therma) inertia 36 materiale at &.1 mbar atmospheric
pressure have temperatures comparable to materials of
thermal inertia 16 at 26 km elevation. The summit area
"block" abundances are therefore underestimated in relation
to valuee from the rest of the planet. Fig. 4.18 compares
the predicted T11-T28 values for "Bbiock" thermal inertias
of 3¢ and 14; thece calculations indicate that the summi t
area "block" abundances (I = 1&) are S8 to 404 of the wvalue
obtained for equivalent materiale at &.1 mbar atmospheric
pressure (I = 38>, co that summit area "block" abundances
are actually 20% or more. The plaine surrounding Ascraeus

Mone have vwalues 854 of the zero elevation "block® values.
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Figure 4.18. Temperature differences for different "block"
abundances and thermal inertias. Values reprecent the
areal abundance of spatially unresclved high thermal
inertia materiale determined from differences between 1t
and 20 Mm brightnecss temperatures, after Christensen
(1982 . Sclid lines are for "block" thermal inertiac of 30
at zero elevation; dached lines are for "block" thermal
inertias of 16 at 20 Km elevation, which has equivalent
temperature variatione to I = 38 material at zero
elevation. Right margin labels are the "block" abundance
for each curve. Note that elevation effects cause the
"Block" abundance at the volcano summit to be
underestimated by almost S8% in comparison to zero
elevation. Calculations are for sequence AS43 at 16°N
latitude, but the values are not strongly affected by
season or latitude.
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Thece changes make the shield summit materials "blockier”
than the Tharesics plaine and the cshield bace materials,
consicstent with the trend of morphology degradation down
the chield flankes (Chapter 3). The higher "block"
abundance in the cshield summit area suggestes that rock
materiale there could have their greatest contribution to
the remote sencing results. However, fine materiale still
dominate the observations at wisual and infrared
wavelengths., Even at the wvolcanc summit, rocke and bedrock
are still & minor component in the uppermost cseveral cm of
the surface.

The apparent discrepancy between decreacsing "block"
abundance and increacsing thermal inertia with decreacsing
elevation on the wvolcanc may be related to the sorting of
the surface materiale (M. Malin, personal communication,
1924) . Interpretation cof the thermal inertias as effective
particle diameters (Fig. 2.7) implies that the average
particle size ic emaller at the chield eummit than at the

=

g_l

ce. The "block" abundances can eimilarly be interpreted
as the relative abundance of cource (diameter > 16 cm
materiale. Sorting of sedimente ic related to the
dispercsion of particle sizes arocund the average wvalue for

the cedimente (Pettijohn et &al., 1972, p.78. A

emaller average particle cize and & larger abundance of
courcse materiale in the summit arex indicate that the

summit area has poorer corting than the cshield bacse.
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Sediment sorting increases as the duration or number of
episodes of mass transport increaces (Pettijohn et
al., 1972, p.74 =o the summit area materials have
undergone less sediment trancport than the bace area

materiale., This i

mn

geoclogically reasonable since sediment
transport cshould be predominantly downslope. The sediments
most easily moved by the atmosphere would probably be
transported furthest downeliope. The particles most easily
mcved by the wind on Mare are 100 Bm in diameter

(Greeley et al., 198@); this particle cize

correcspands to a thermal inertia of 4 (Fig. 2.7, a typical
value for the chield base area (Fig. 4.6)., There is no
photcgraphic evidence of accumulaticone of sand on the
cshield base but the thermal inertia and "block" abundance
values suggest that sand-cized particlec may be abundant
throughout the lower elevations on the volcanco.

Summary: "Block" abundances, representing spatially
unrecsolwved high thermal inertia materiale (I = 3@ and
effective particle size > 16 cm), can be oktained from
temperatures measured at different wavelengths
(Chrictencsen, 1982). When elevation-dependent effecte are
included, "block" abundances of 2 204, ¢ 18%, and 16 are
obtained for the cshield summit, the chield bacse, and the
Tharsie plaine, recspectively. Thermal inertias and "block"
abundances suggeet that the scrting of sediments increaces

down the flanke of the volcance, and sand-cized particles
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could be abundant throughout the lower flankKs.

Moderate recclution data. The high resolution

csequences provide good spatial resolution but poor arexl
coverage on Ascraeus Mone (Fig. 4.4). Moderate resolution
thermal data show the spatial distribution of thermal
inertias acrcee the entire volcano. Thermal inertias from
twelve nighttime sequencee and two afternoon sequences were
corrected for elevation and binned according to the spatial
recoluticn of each sequence (Figs. 4.11 and 4.12).

Thermal inertias obtained during a time of increased
atmoepheric dust (A437 and A43% in Fig. 4.11) are
comparable to the values determined from high resolution
sequence A485 (Fig. 4.4a). The highest thermal inertias
acsscciated with the bace of the shield occur along the
northwestern and southeastern flanks, paralleling the trend
of the Tharsie Montes. Thermal inertias at the summit of
the shield are lower than the thermal inertiacs of the
Tharsie plaine (as in A465), suggecsting that atmospheric
dust ic still cignificant at the lower elevations. Thermal
inertias obtained after the dust opacity decreased to a
optical depth of 8.1 (all B spacecréft sequences in Fiq.
4,11) are comparable on both the plaine and the chield
summit, similar to high resolution sequence A543 (Fig.
4,6bY. The thermal inertias of the cshield base are still
highest on the northwest and southeast flanks but the

entire shield base has higher thermal inertias than the
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Figure 4.11. Corrected thermal inertias for Ascraeus Mons. Thermal inertias
are binned according to the spatial resolution of each sequence. Sequencs A437
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cshield summit, resulting in & radial symmetry of thermal
inertias,

Fig. 4.12 chowe thermal inertias for Ascraeus Mone on
four daye during & seven day interval. The summit area
thermal inertias are comparable to the thermal inertia of
the Tharsis plaine and both areas are consistently lower
than the wvaluee for the base of the chield. The chield
base areas of higher thermal inertias are concsistent with
thermal inertias obtained half a martian year earlier (Fig.
4.11> and wvary only slightly in position during the seven
day interval, concsicstent with the low cpatial recolution of
these data. The thermal inertias on the wvalcano are
concsistent both in location and value on a daily basis aver
at least half of & martian year. This concicstency
decreases the poscsibility that cloude are the major
contributor to the chield flankK thermal inertia variations.
The two daytime sequences are dominated by afterncon claouds
weet and northwest of the veolcanc (Aéé8 and A&SR in Fig.
4.12) . The clouds lower the surface temperature and
produce ancmalously high thermal inertias, simi]ér to the
daytime high resclution sequence (B484). The moderate
resoclution sequences indicate that the properties
identified in the high recolution data are representative
of the entire chield area.

Summary: Thermal inertias on Ascraeuese Mons are

radially symmetric around the shield summit. Thermal
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inertiacs are consistent in location and walue on a daily
basice over half of a martian year. The high resolution
cequences are representative of the thermal properties on

the entire vaolcanca.

Summary. Elevation dependent correcticone
(Appendix ) were applied to four high resclution thermal
cequences that crossed the summit of Ascraeus Mons. The
corrected thermal inertias for the volcano are comparable
to or larger than thermal inertias on the Tharesis plains.
Extremely frothy or vesiculated lavas (Kieffer gt

al .

=

1977) are not required to explain the thermal

inertiac on the wvolcano. The uppermost calderx walle are
the only terrain umit in the summit area with
dicstinguichable thermal inertias (I = 4.5); exposed bedrock
probably represents ¢ 154 of thie terrain. A1l other
caldera and cummit flank terrains have thermal inertias
cimilar to those of the Tharsies plaine (I = 2.8 to 2.5,
suggesting the ubiquitous precence of fine materials
{diameter ¢ 38 Kmd). The fine materiale are probably
aealian in origin, from global dust storme, but &
pyroclastic origin cannct be ruled cut. Thermal inertias
increxse with decreasing elevation but they return to the
summit flank wvalue at the chield-plaine contact. Nighttime
and daytime temperatures indicate the diurnal temperature

amplitude ie > 145 K, increacsing the likKelihood that
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nighttime slope winds can result in aeclian activity on
valcano. Spatially unresclved high thermal inertia
materiale (I = 38 and effective particle size > 16 cm
occur on > 28X of the summit terraine and ¢ 184 of the
cshield base terraines and the Tharsie plaine; this
information, along with the thermal inertias, suggecsts
sorting by sediment tranceport increases down the flanks

the volcano., Sand-sized particles could be present

the

that

of

throughcocut the lower flanks of the shield but there ic no

phatographic evidence of sand accumulatione. Thermal
inertias from the high recsolution cequences are

representative of the entire volcano.

Surface Foughnecs

The characteristice of Ascraeus Mons at radar
wavelengths (3 to 13 cm? are poorly defined because no
quacsi-specular radar returns have been received from
obeervaticon runs that crossed the wvolcano (Downs et

al., 1982>. However, the lacKk of & radar signal from

the volcano in iteelf provides important information about

the csurface properties. Dual polarization radar recsults

provide additional constrainte on the scattering properties

of the surface in the Tharsics region (Harmon et

al., 1982,

Few radar returne have been received from the Tharecis

region for either the continuous-wave (Simpson et
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al., 1978a,b) or the delay-Doppler (Downs et

al., 1975, 1982) methods of cbeservation. These

analyses have concentrated on the quasi-specular radar
return that resulte from specular reflection of the radar
signal by the parte of a gently undulating surface oriented
perpendicular to the incidence direction (Hagfors, 1784).
Uese of thie scattering law requires that the diffuse radar
compenent, produced by multiple scattering and/cr
wavelength~scale structures on the surface (Harmon et

al., 1982, be emall compared to the quasi-specular
component. This assumption appears to be recscnable for
much of Mare (Downe et al., 1978 . However, the

Thareics area ic dominated by the diffuse component
{averaging 3.2 times the quasi-specular power) so that the
quaci-specular return is greatly reduced -{Harmon et

al.,, 1982). Ascraeus Mons ic cocne of three pocscsible

sources that may be responcible for loccally enhanced
diffuee ccattering (Harmon et al., 1982 and A& in

Fig. 4.13 . Quasi-specular returns from observaticns that
croscsed Acscraeus Mone were received west of 181°W, very
near the eastern margin of the shield, and east of 187°W
at 9.4°N and east of 111°W &t 12.1°N (Downe gt

al .

1982>. The wectern limite are closer to the edge
of the mountain materials (Map 1> than the chield margin.,
Several factors could contribute to the diminished

quaci-especular returne from Ascraeus Mone, including: 1H
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Figure 4.13. Depolarized component of radar data from the
Tharsis region (Harmon et al., 1982, Fig. Sa).

Data were collected on ¢ Feb 1988, centered over 22.8°N,
?7.4°W. The broad depolarization enhancement results

from scattering of radar signals by the Tharsis Rise,.
Feature A, with enhanced scattering relative toc the Tharsis
Rise, was observed on several consecutive runs; Ascraeus
Mone, Ceraunius Fossae, and Syria Planum are pocssible
source areas on the planet for this feature. Four
additional features (arrows) were also observed on multiple
runs, most of which could be related to other Tharsis
shield volcanos. Maximum power corresponds to 91 standard
deviations of the signal noise.
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enhanced roughness due to slopes on the .1-10@8 m scale

(Simpeon et al., 1?78; Downs et al., 1982) ,

2) large-scale flank slopes (Harmon et x1., 1982),

3) ccattering of the radar signal into the diffucse
component (Harmon et &l., 1982, and 4) decreaced
reflectivity and dielectric constant for surface materials
{Jakoeky and Muhleman, 1981). The precsent data neither
exclude any of thece optione nor indicate which is most
cignificant. However, the prominent diffuse component from
the Thareis region results in underecstimated reflectivity
and dielectric constant valuee cbtained from &
quaci-specular scattering analyeis (Harmon et al.,

1982 . 1f Ascraeus Mone ie & source of lecally enhanced
diffuce ecattering (Fig. 4.13), it would be reacsonable to
expect & larger abundance of wavelength-scale rocke on the
volcano, consistent with the increased "block" abundances
tor thé cummit area obtained from the thermal data. The
morphalogy of the chield surface, even for the subdued base
terraine, ie much more varied than on the Tharcsis plains
currounding the wolcano (Chapter 3), concictent with
increased roughness < 186G m in scale.

The different radar scattering characteristics of the
Aecraeus Mone shield and the Tharsie plains may be related
to the different hictories of these locations. The shield
surface consists of intermixed lava flows typically < 2 Km

wide and < 1@ Km long while the plains flows, where they
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are visible, are generally > 5 Km wide and > S8 km long
(Chapter 3). The cshield flows and the mass wasting
features on the lower flanks may contribute to greater
surface variations at the .1 to 1@6@ m scale than on the
broad plaine. The cimilar thermal inertias for the chield
summit and the plaine indicate that fine-grained materiale
are present throughout the Tharcis region but these
materiale apparently are not thick encugh to macsk the
surface rcughnese from the radar signals., Schaber ¢19g6)
attributed radar roughnecse southwect of Arsia Mons to
surface variations on lava flows covered by a loaw thermal
inertia aeclian mantle. High thermal inertia "blocke®
probably are not the principal cause of radar scattering
becauce other areas on Mare (e.g. Syrtie Major) have
"Block" abundances comparable to or greater than thase in

Tharesic (Christensen, 1982) and alsoc have cbeervable radar

1]

signale {(Simpeson et al., 197a).

Summary: Mo quasi-specular radar returne have been
received from Ascraeus Mons (Downe et al., 1282
but strong depolarized radar cignals from the Tharsic area
indicate that most of the radar power is scattered by
surface roughnese (Harmon et al., 1982). High
thermal inertiax "blocke® probably are not the principal
radar scattererc; lava flows with surface variations at the

.1 to 166 m scale probably contribute to the radar

scattering. The Ascraeus Mons cshield scatters radar
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signale more effectively than the Tharsis plains,
suggesting that the intermixed shield flows providevgreater
roughnese than the broad plaine flows. The low thermal
inertia materials precent throughout the Tharsie region do

not macsk the surface roughnese from the radar signals.

Atmospheric Water Vapor

The abundance of water vapor in the atmosphere of Mars
may be related to volatile transfer through the martian
curface materials. Absorbed water is liquidlike even at
martian temperatures (Ugclini and Anderson, 1972) and
evaporation of this water could deposit evaporites in the

martian soil and produce an indurated layer {(Binder et

w

.. 1977; Ditteon, 1982). The water vapor abundance

over Acscraeus Mone aide in evaluating'the patential
development of indurated scil on the volcano.

The Mars Atmoespheric Water Detector (MAWD) instrument
provided the first measurements of water vapor abundance on
Mare with sufficient spatial resolution to map latitudinal

and longitudinal vapor transport (Farmer et al.,

1977). During orbit 71 of Viking Orbiter 1 MAWD data were
collected acroes the four chield volcanoces of the Tharesis
region, including Ascraeus Mons (Farmer et al.,

1977 and Fig. 4.14). The water vapor abundance dropped

substantially over the wvolcano, and pressure-dependent

correctione for the relief of the wvolcanc did not
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Figure 4.14. Atmospheric water vapor abundance above
Ascraeus Mons (Farmer et al., 1977, Fig. 14a).

Water vapor abundance is expressed as the total amount of
precipitable water in the atmosphere. Solid points with
error bars represent the average of ten measurements
centered on each degree of longitude. Open points are
elevation-corrected average values. Arrows indicate
longitudes shown in Fig. 4.1,
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compencsate for the low abundance. The decreaced water
abundance over the volcanc could result from condensation
of water vapor into water ice clouds (Christensen and
Zurek, 1984). Photographs from this season show clouds and
haze arocund the lower flanke of Ascraeus Mone but not above

the summit area (Briggs

t al,, 1977)>. The top

level of the cloude and haze arcund Ascraeus Mons cccurs &t
an elevation of approximately 15 Km, concistent with other
MAWD data that show most of the water wapor on Mare is
concentrated in the lower several Kkm of the atmosphere
{Davies, 1979).

The MAWD epatial resolution is not sufficient to
precicsely locate the positions along the shield flankes
where the water vapor abundance begins increacing from the
low but uniform wvalues over the summit (Fig. 4.14). It is
evident that the lower shield flanke have 2 to 6 times more
atmospheric water wvapor than the csummit area. If the
increaced atmospheric water vapor is acscsociated with
evaporation of abscrbed water from the soil, induration may
be more pronounced at the lower elevations on the volcanco.
The higher thermal inertias of the chield bace, relative to
the summit area, could be related to increased induration
but then it would not be clear why the Thareis plaine do
nat aleo have higher thermal inertias. The lack of
correlation between the water wvapor abundances and the

thermal inertias at low elevations implies that chield bacse
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thermal inertias are probably not related to soil
induration.

Summary: The atmospheric water vapor abundance ic 2
to & times greater over the shield base than it is over the
summit area of the volcano. The water vapor abundances
were greatest cver the Tharcice plains. The lack of
correlation between water vapor abundance and thermal
inertia implies that the atmcospheric water content ic
probably not directly related to induration of the surface

materiales,

Dicscuscsian

The wvarious wavelengths uced in the remote csencsing
data deccribed here provide information about different
sizes and thicknesses of surface materials that correspond
to different cegments of the history of Ascraeus Mons.
Viceual reflectance is sencitive to the topmost microns of
the surface and to zeclian activity that can be observed an
& timescale of days to years (e.qg. Lee, 1984). Thermal
infrared measurements are cencitive to the topmost several
cm of the surface and changes are not obcserved in
response to visual reflectance features; thic material
represents the recent history over a period much longer
than a year. Radar measuremente are sencitive to featurec
at lexst on the order of the wavelength ¢ > 16 cm) and a

timescale that is likely greater than that reprecented by
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the thermal data.

The thermal inertias and wvisual albedos of the summit
area above the dark collar zone on the wvolcano flank
indicate the summit materials have very uniform properties.
The lack of carrelation between summit morpho‘ogy{and
thermal inertias (Maps 2 and 3) suggecsts the present
eurface properties are not contrcalled by the processes
recponcsible far the variety of summit area terrazine. The
cummit thermal inertias are comparable tc the plains
therma) inertias and indicative of & emall effective
particle size, ¢ 3¢ Wm in diameter (Fig. 2.7). The
classical high albedo regione of Arabia, Elysium, and
Tharceie all have thermal inertias similar to the values
cbtained here for Ascraeue Mons (Palluconi and Kieffer,
181> . The cimilarity between the reflectance properties
cf Acscraeus Mons and Arabia suggests the fine-grained
curface material on the summit is related to the high
albeda scile of Mars.

Earth-baced reflectance spectra of high albedo regions
on Mare are closely matched by laboratory cspectra of
Hawaiian palagonite, the weathering product of mafic
volcanic glase (Singer, 1982). Other palagonites have alec
been propeosed as analoge to martian soil {Soderblom and

Wenner, 1978; Allen et al., 19281). The reflectance

properties of the Hawaiian palagonites are governed by an

amorphoue ferric oxide-rich silica gel that coate the
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surface (Evans and Adams, 1979, 1980) and these coatings
may alsoc be applicable to martian color variatione (Evanc
et al., 1981). The bright martian dust appears to
be related to mafic volcanic materials but there is no
evidence that the Tharcic volcances, or Ascraeus Mons in
particular, may be the criqinal source of thece materiale.
The dark collar surrcunding the summit area of
Ascraeus Mons covere the trancsition between the criep
morphalogy of the summit features and the subdued
morphclogy of the base terrains. The lack of any thermal
inertia changes corresponding to the dark collar indicates
that the procecsses responsible for the visual albedo
pattern do not significantly change the surface physical
properties. The coalesced dark collar ctreaks are
interpreted to be the result of ercesion of & thin laver of

dust from a darker csubstrate (Veverka et

pU

—
~0
~J
~

Lee, 1984). The thermal inertias indicate that either the
darker substrate has physical properties very similar to
the bright dust or the bright dust reprecente such a thin
layer that the thermal data are not zensitive to it.
ViKing lander photcaraphs spanning two martian yeare have
documented the depcsition and removal of a thin Tayer of
bright dust, inferred to be only a few microns thick, at

both landing sitec (Guinnese et al., 1982). 1t is

feasible that a cimilar procecs occure on the surface of

the volcanc. This would imply that the cpectral
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reflectance data from the volcano primarily documents
changes in thie mobile dust layer.,

The eimilar low thermal inertias (I = 2.8 to 2.5 on
both the cshield summit and the Tharesice plains is
potentially related to the aeclian activity ohbcserved at
visual wavelengthe., Lee (1984, p.183) derived dust
depccition rates of .6009 and .863 gm cm~-2 during &
martian year at elevations of 28 and 1@ Km, recpectively,.
Thermal inertia 3 material mucst be at least 2 cm thick to
mask the underlying surface from thermal measuremente
(Jakocsky, 197%). Ascuming a 2 cm minimum thickness and an
average dencity of 1.5 gm cm-® for the dust, the
depccsition ratee given above indicate that at least 1506
and 458 martian years are required to generate this minimum
thicknese at 20 and 1@ Km, recspectively. Erasion along
with depcsition would cause thece times to be lower limite
only. These resulte indicate that an aeclian origin for
the low thermal inertias on both the plains and the
summit requirecs at least 156806 martian yeare of average dust
depccition. The timescaxle appropriate to the thermal
broperties af the csurface ics at least three orders of
magni tude greater than the timescale of the obeserved
variatione in albedos.

The chield flanke include featurees potentially related
to the surface hicstory for a timescale areater than that of

the summit thermal inertias. Several parameterc are
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observed to vary systematically with decreasing elevation
on the flanke of Ascraeus Mons (Chapters 3 and 4): 19
surface morphology becomes subdued, 2) the abundance of
craters ¢ 2080 m in diameter decreases, 2) thermal inertisx
increacses, 4) high thermal inertia "block" abundance
decreases, and 5) water vapor abundance increases. As
noted earlier, the water vapor abundance does not appear to
be correlated with surface propertieé or terrains but the
firet four conditions are potentially related. In Chapter
3 the morphologic variatione on the flanke were attributed
to & depocsitional process and in thie chapter the thermal
results could be reconciled through sorting ascsociated with
downelope sediment transportation. There is no evidence to
indicate whether this trancsportation and depcsition of
csedimente was accomplished through wvolcanic (pyroclastic)
or aeclian processes, but obcservatione of present day
aeclian activity on the wvolcano lends support to an aeclian
crigin. The sediment thickness at the chield base is
probably > 15 m (Chapter 3, which would require more than
360,00@ martian years by dust deposition alone. Sand-cized
(16@ Pm) particles, the particles moet easily moved by

the winde on Mare (Greeley et al,, 1988, are

likely to be asscciated with zeolian activity; the 166

Bm effective particle cize for the shield bace implies

that sand may be abundant at lower elevations on the

volcano., Electrostatically bound dust aggregate could
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produce sand-csized particles (Greeley, 1979 that cause
little rock abrasion (Greeley et al.,, 1982),

concistent with the distinct morphology of the summit
terraine. Sediment trancsportation and accumulation on the
volcano flanke likely reprecsente hundreds of thousands of
yeare in the surface hicstory of the volcano.

The radar measuremente lack the spatial resclution and
the signal power to distinguicsh between terraine on the
vaelcano but the chield produced stronger scattering of the
radar cignals than the surrounding Tharsics plains.

Features > 168 cm in scale result in the radar scattering;
thece features are more likely to be reltated to the history
of the terrains than the transportable surface csediments
cbeerved at wisual and infrared wavelengths. As discussed
in the surface roughness csection above, differences in the
flowe an the chield and the plains probably contribute to
their radar cscattering properties., The timescale
appropriate to the radar measurementes could potentially
approach the geclogic age of the terrain units,

Summary: WVicual reflectance measurementse document
aeolian activity on the timescaxle of dayes to vears. Albedo
variations on Ascraeus Mons probably inveolve movement in
the topmost ceveral microne of the surface. Thermal
measuremente are sencsitive to the topmoet ceveral cm of the
surface materiales. Thermal inertias for the volcano summit

reprecsent a minimum of 150808 martian yeare of aeclian
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deposition at average rates. Flank variations in
morphologic and thermal characterisfics are concistent with
downelope sediment trancsportation that could represent
hundreds of thousands of yeares. Radar measurementes are
sensitive to features > 18 cm in scale and may reprecent
timescales that approach the geoloqic age of the terrain

unite,

Summary: Geclogic Implications

Vicual reflectance. The reflectance properties of

Ascraeus Mone obtained from three-color Viking photographs
indicate that slopes ¢ &6° affect both albedo

magnitudes and the ratices between albedos at different
wavelengthe., Since thece propertiecs are used to
distinguicsh albedo variations for compositional

interpretatione (e.g. McCord et al., 1982), it ic

important that photometric variatione due to surface slopes
are included in the analysis, When slope corrections are
made, the summit flanke and caldera complex of Ascraeus
Mone have uniform albedos of .85 to .16 at 60.45 to 8.59

Wm, respectively. The wavelength dependence of the

summit area albedos is similar to classical high xlbedo
regions (e.q. Arabiad, suggesting bright dust ie present on
the volcano., Aeclian activity removes at least some of

this dust from the flanks to produce a dark collar around

the volcano summit (Lee, 1984, R.133)., Visual reflectance
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on the wvolcano primarily documentse changes in the mobile
dust layer and is probably not strongly influenced by
bedrock variations.

Thermal inertia. High resclution infrared thermal

data acrose the chield cshow that the summit area ie similar
tce the Tharcie plaine in thermal inertia (I = 2.6 to 2.5
and effective particle size (diameter ¢ 36 HKm).

Caldera walle are the only terrain unit with
diestinguicshable thermal inertias (1 = 4.5 ; exposed bedrock
probably represente ¢ 159 of thie terrain. A1l other
summit area unite have similar thermal inertiae, csuggesting
a ubiquitoue precence of fine materiale on the volcano.
This material ie probably zeclian in origin, deposited from
global dust storms, but a pyroclastic origin cannot be
ruled cut. The "dark collar" materiale are
indistinguichable from the summit area thermal propertiecs,
indicating the wvisual albedo differences recsuit from a very
thin ¢ {{ 2 cm) mobile dust layer. The chield base has
higher thermal inertia and fewer spatially unresclved high
thermal inertia materiale than the summit area; thece
differences are probably due tc downelope aeolian
traneportation and sorting of sedimente. Sand-csized
particies, pocscibly electrostatically bound dust particles
(Greeley, 1979), could be present throughout the lower
flanke of the wvolcano but there is no photographic evidence

af sand accumulatione. Thermal inertiac for Ascraeus Mons
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represent a minimum of 1508 martian years of aeolian dust
depocsition at average rates.

Surface roughness. Ascraeus Mone strongly

scattere radar signale. High thermal inertia materials
(e.g. roecke > 18 cmd probably are ncot the principal radar
scatterers; lava flows with csurface variations on scales <
168 m but > 18 cm probably contribute the most to the radar
scattering. The low thermal inertia materials precsent
throughout the Thareie region do not mask the surface
reughnece from the radar cignale. The chield of Ascraeus
Mone scatters radar signale more effectively than the
Tharcsie plains, suggesting that the intermixed cshield flcws
produce more roughnecss than the broad plaine flows. Radar
scattering characterictice may reprecsent surface variatione
related to timescalecs near the geclocgic age of the terrain
unit.

Aatmoepheric water vapor. Wkater vapor abundances

are as much as & timees greater over the chield base and the
Tharcsice plaine than over the summit of the volcano. The
water vapor abundance is not correlated with thermal
inertia changes or the shield-plains contact, which implies
that the atmospheric water is not related to particular

surface materiale or to induration of the shield base soil.
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CHAPTER S.  HAWATI-MaRS COMPARISONS

Introduction

Hawaii haes been used as a terrestrial analog for many
valcanic features viesible on the martian volcanoces
(Greeley, 1972; Carr and Greeley, 1980)>. Some cof the
resulte for Ascraeuws Mone (Chaptere 3 and 4) are not easily
undercstocd in terme of the spatial distribution or
appearance of surface features smaller than the recoclution
limite of the photographe. Such resulte include the Tow
thermal inertia and distinct flocw morphology cbeserved for
the summit area terraine on Ascraeus Mone, the high thermal
inertia "blocke" on the wvolcanic terraine, and the similar
thermal properties of all of the flow terraine. Several
Hawaiian flowes (Fig., 5.1 have surface charactericstice that
are instructive in the interpretation of features on
Ascraeus HMone,

Differences between the martian and terrestrial
envircnmente, particularly with respect to the atmosphere,
are likely to influence the remote sencsing reculte obtained
for both planete. Laboratory analysis of & csuite of
Hawaiian rocks (Robkerteon and Peck, 1974) provides an
excellent scurce of data for quantifying the thermal
inertia variatione in basaltse. Thie intormation ie alcso
ucseful in &csesesing the effects of atmospheric conditions

on the thermal inertia of basalt.
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7 MAUNA KEA

HUALALAI

5,6

MAUNA LOA

5 KILAUEA

Figure S.1.

Location map for photographs of Hawaiian lava
flows.,

Mumbere 2 through 7 chow the approximate location
of Fige. 5.2 through 5.7, recspectively. The five major

volcanoes that comprise the island of Hawaii are also
identified.
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Hawaiian Lawva Flows

Four aspectes of Hawaiian flows are considered here for
comparison with observations of Ascraeus Mons: 1> mantling
of flow surfaces by fine—grained materials, 2) surtace
roughnese and ites effecte on apparent thermal inertias, 3
surface features on hummocky terrain, and 4) ridge
dimencsiones on flows. A summary of all four of these
acspecte concludes the csection.

Mantling. The cpectral refliectance and thermal
infrared data for Ascraeucs Mone indicate that fine-grained
surface materiale are present on much of the volcano. An
ax flow near Mauna IKi on Kilauea wvolcanc has been mantled
by ash of the Keanakakoi formation ascsociated with

relatively recent eruptions of Kilauea (Malin et

o

.y 1982 and Fig. 5.2>. This flow appears very

n

ubdued on zerial photographs. Both pyroclastic and
aeclian cediments are areally abundant in thie arex, with
thicknescses of cm to several m (Sharp and Malin, 1983).
Thie example illustrates both the potential importance of
pyrcclacstice on bacsaltic cshield surfaces and the difficulty
of remotely identifying either a volcanic or zeolian origin
for the surface finecs.

Several Knobse of vesicular aa blocke project above the
fine-grained surface materiale covering thie subdued flow

(Fig. §.2). Thecse Kneobe reprecent one poscible example of
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the higher thermal inertia "blocks" identified in the
Tharsis area (Chapter 4). Indurated layers presumably
would have higher thermal inertias than the particulate
surface materiale; thece features may alec contribute to
the Mare "block" abundances. The aa blocke and the
indurated ccil cover roughly 20% of the precent surface of
the flow (Fig. S$.2) but neither of thecse materials would
likely have a thermal inertia of 30 on Mare (cee porocsity
diecussion beloawd). The "block" abundance of thie surface
under martian conditions would probably be lese than the
actual areal coverage of the Knobe and indurated soil,
perthape ¢ 154, Such & surface may be similar to the
Tharcsie plains, which are generally lacking in detailed
flow morphology and have "block" abundances of about 18Y%.
Mantling of flow surfaces does not nececsarily limit
the vicsible flow morphology. Flows an the northwest flank
of Mauna Kea are part of the grassy rangeland in this area,
vet flow margine and leveed channels are clearly
distinguichable (Fig. §.3). These flows are concsiderably
clder than the flows of Kilauea (Macdonald and Abbott,
1976, p.228-291), leading to substantial chemical
weathering and soil generation., The ccil is likely o be at
least 18c of cm thick on the flowse. The wveaqgetation
provides & particularly uniform surface albedo and texture
that allows even subtle topographic changes to be vicsible,

Al though the environment on Mauna Kea is very different
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Figure 5.2. Mantled surface of an aa flow near Mauna IKi
on Kilauea wolcano. The flow surface ie covered by ash of
the Keanekaci formation from Kilauea. Knobe of vesicular
aa blacke project above the ash, and indurated layers of
ch are exposed at some locations. This surface may be
imilar to the Thareis plaine around Ascraeus Mone. White
ard in foreground ie 25 cm long.

(11 U
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on the northwest flank

Grass—-covered f1ows
Flow margine and leveed channels

Figure S5.3.

are clearly

and vegetation cover.

.. Department of Agriculture rhotograph EKL-8CC-77.

Maura Kesx.

visible in spite of ubiquitous soil

u.s
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from the martian environment, particularly with respect to
rainfall and both chemical and physical weathering, the
Hawaiian flowe illustrate that fine-grained materiales could
be present on the martian flowe without eliminating the
larqge scale ¢ > 16 m) flow morpholeogy. The distinct
morpholoqy of flowe in the summit area of Ascraeus Mons
cshould not be considered a contradiction to the fine
particle size inferred from the thermal inertias.

Surface roughness. Surface roughnecse affects the

thermal characterictice of complex surfazces through
reradiation to or shadowing of adjacent surfaces (Minter
et al., 1972, Thie procese can be observed on
lava flowe where primary surface features are preserved.
Predawn and daytime thermal photographe of the 1822 flow on
Kilauea (R. Greeley, personal communication, 1983) chow
relative temperature differences that are directly
acscociated with surface roughness (Fig. $.4). The areas
warmest at night and coolecst during the day (higher
apparent thermal inertia) typically have very irregular
curfaces on the scale of .681 to 1 m (Fig. S.42) while the
areas coclest at night and warmest during the day (lcwer
apparent thermal inertiad are comparatively smcoth at the
sub-meter scale (Fiq. S.4b). The rcough locations typically
cccur within channelized areas of the flow.

The thermal data from Ascraeus Mone are of sufficient

epatial resclution to distinguieh between areas of either
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Fiqure 5.4,
&)

Surface roughness on the 1823 flow of Kilauea.
Irregular surface (higher apparent thermal inertia). b
Smocth surface on the sub-meter scale (lower apparent
thermal inertia). Card ie 25 cm long.
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channelized or unchannelized flows but both terrain types
have the same thermal inertias. Thus, these textures
either do not influence the martian surface temperatures
or, mere likely, have no effect on temperatures as a recsult
cf esurface modification (e.g. depccsition of fine-grained
materiale). The sub-meter scale roughnecse differences on
the martian flowes are apparently inesufficient within the 2
km by 5.5 km area of the best IRTM sequence to produce
distinguichable temperature differences. Radar scattering
from Ascraeue Mone indicates that roughnese elemente > 1@
cm are present on the shield surface but the thermal and
radar data may be recconciled by fine-grained surface
materiale that are thicker than several cm but thinner than
several m.

Hummocks. The hummccky terrain at the summit of
fascraeus Mone includes areas with S66 m to 1| Km spacing of
the hummocks (Fig. 3.11, hd>. The summit area on the
northwecsthern flank of Mauna Loa has a similar hummocky
appearance in aerial photographe, and on the ground the
entire surface ie covered by pahoehoe "toes" that originate
from { to 3 m high mounds (M. Malin, percsonal
communication, 1983 and Fig. $.% . Macdonald (1972,
p.78-79) uced the term "tumuli" for driblet-covered mounds.
Individual pahoehce toes are solid, lackKing the gas-filled
core cften precent in near-vent pahcehoe toces; this

"degacesed" pahoehcoce ie typical of basaltic lava that is
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Tumulus in Foreground
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Figure 5.5,

&) Toey pahoehce covers

tc 3 m high.

Hummocky terrain near the summit of Mauna Loa.
the surface, extruded from tumuli |

b> Line drawing of photograph.
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well removed from the vent area but which has not
trancformed intoc clinkery aa (Carr and Greeley, 1980,
p.129-138>, The positive relief portions of the hummocke
(Fig. 5.5, ridge) are spaced hundreds of m apart and rise
16 to 20 m above the relatively planar surfaces at the
ridge bacse. Tumuli are present everywhere but the largest
ones typically occur on the crests of individual hummocke.
Mo clear indicatione remain of the pre-flow topoaraphy but
at a few locatione aa clinkere are only partially covered
by the pahcehce toes (Fig. 5.6), consistent with the
obeervation of icclated flow margine throughout the
hummocky terrain on Mare (Chapter 3).

The dominance of toey pahoehoe con the surface of the
Hawziian hummocky terrain suageste that toey pahoehoe could
zlcc be precent throughout the hummocky terrain on Ascraeus
Mcones. Both aa and pahoehce flows are interpreted to be
present on Ascraeus Mons (Chapter 3, and "degassed" toey
pahcehoe may represent lavas removed from the vent area but
nct on elopes steep enough to produce a transition to &
clinkery aa (e.g. Williame and McBirney, 1979, p.111). The
highest rescluticn photographe of Ascraeus Mene are not
capable of resclving features ( 58 m in scale, so the
presence of tumuli and toey pahcehoe on the martian
hummocKy terrain cannot be directly substantiated.

Ridgee. A trachyte flow on the northwestern flank

of Hualalai wolcano hae ridges of eimilar height and
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Figure 5.6. Pahoehoe toes on a partially covered aa flow.
Aa clinkere remained uncovered only near the margin of the
flow. Book is 15 cm high.
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spacing to ridges on a flow near the summit of Ascraeus
Mone (Fige. 5.7 and 3.11). The Hawaiian ridges are
typically 156 m apart and 15 m high, comparable to the 126
m spacing and 1S m height on the martian flow (Chapter 2.
Application of Egs. 3.4 and 3.5 to the Hawaiian flow
resulte in calculated interior vicecosities of 3.4 x 1@%
to 5.8 x 10811 poice for ridge growth times of 1 hour to
1 week, respectively. These values are only a factor of
two greater than the calculated wiscosities for the mar tian
flow. The trachyte flow on Hualalai ie interpreted to be
the result of extencive differentiation in & magma chamber
isolated from the main magma body of the wvolcanco (Macdonald
and Abbot, 1972, pp.385-3064) and it is poscsible that &
cimilar procecs produced a chemically-evolved magma for the
ridged flow on Ascraeus Mons.

Summary. 1) Mantling. Fine-grained materials of
both volcanic (pyroclastic) and aeclian origin mantle the
curfacee of some Hawaiian flows but it would be difficult
to determine their corigin from remote observatione alone.
Surface expocures of aa blocks and indurated soil on
mantled flowe may be comparable to the "block" abundances
inferred from thermal measurements of the Tharsie plains.
Distinct flow morpholegy does not automatically rule out
the presence of areally abundant fine-grained surface
materials, either on Hawaii or Mars. 2) Surface roughnecs.

Thermal photcgraphs of the 1823 flow on Kilauea show areas
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Figure 5.7. Ridges on the Puu Waawaa trachyte flow on Hualalai. The ridges are
similar in height and spacing to ridges on an Ascraeus Mons flow (Fig. 3.11,
large arrow); this resultes in similar calculated wiscosities for both flows.
The dark basalt flow is from the 185% eruption of Mauna Loa. U.S. Department of

Agricul ture photographs EKL-1CC-22 to 25.



of higher apparent thermal inertia typically have very
irregular surfaces on the sub-meter cscale while areas of
lower apparent thermal inertias are relatively smoocth. The
lack of thermal inmertia variations on the flow terraine of
Aescraeus Mone suggeste that the flow surfaces have all been
modified, probably through depocsition of fine-grained
materials on all terrains., 3> Hummocks., Both Ascraeus
Mene and Mauna Loa have terrains dominated by irregular
undulations with S@@ to 1868 m spxcing. The Hawaiian
terrain is covered by "degascsed" toey pahoehoe and tumuli;
similar features may alec be present on the martian
terrain. Toey pahcoehoe would be concsistent with the
pahocehce and aa flowe also interpreted to ke present an

Ascraeu

1n

Maons (Chapter 3)>. 4) Ridges. A trachyte flow on
Hualalai hase ridges of csimilar height and spacing to a
ridged flow on Ascraeus Mone., WYWiscoesity estimates from the
ridge dimensicne are similar for both flows, and the

martian flow cculd alsoc consist of chemically evalwved 1ava.

Porcocsity and Thermal Inertia

Thermal inertia wvariations on Mare are interpreted to
represent thermal conductivity differences since dencity
’and cspecific heat typically wvary much lecse than thermal
conductivity in moet rock materiale (Kieffer et
al., 1973, 1977>. Porosity in wvolcanic materials can

alsoc result in concsiderable dencity variationes in rocke of
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the same composition. Laboratory measurements on basaltes
from Hawaii provide very uceful data for evaluating the
effecte of porosity on thermal inertias.

Robertson and Peck (1%74) measured the porosity,
thermal conductivity, bulk density, average vesicle
diameter, glases content, and modal clivine content for &1
camples that included thaleiite and olivine thaleiite
basalte from Kilauea and a few alkKali basalts from Mauna
Kea and Hualalai, Thece data were uced to relate the
varicus properties to porocsity (Fig., 5.8). Statictically,
porcsity ie the best choice as an independent variable for
correlation with the other parametere (Table 5.1). Thermal
conductivity and density, two of the three physical
parameters that determine the thermal inertia (cee Eq.
2.1), are strongly correlated with porosity (Fig. 5.8x,b),
while the other meacsured propertiec show little correlation
{Fig. S.8c,d,e). 1t ic cignificant that the average
vecicle diameter, glacse content, and modal clivine content
apparently have no strong influence on the physical
properties ascsociated with thermal inertia. These three
quantities would presumably be the eacsiest to estimate in
the field, but such estimates apparently have little
relationcship to the thermal behavior of the surface.

The thermal conductivity and density measuremente can
be used to calculate the thermal inertias for the Hawaiian

basalt suite by assuming a value for the specific heat.
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Figure 5.8. Properties of Hawaiian basalte as a function
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Table S.1. Correlation coefficiente for bacalt properties,

Poroei ty Conductivity
Conductivity « P65 Porosity « P45
Dencity 279 Density 973
Yesicles . 713 Vesicles . 247
Glass . 768 Glacss . 628
Olivine .347 Olivine .S535
Density Vesicles

Porosity . 299 A Porosity 713
Conductivity .273 Conductivity . 247
Vesciles 213 Density 213
Glass L8692 Glacsse 728
Glivine .419 Olivine . 848
Glass . Olivine

Porocsi ty . 740 Porosity .347
Conductivity .828 Conductivity . S35
Dencity 892 Denci ty 419
Vesicles T28 Vecicles .848
Olivine .814 Glacss .014

Underlined parameter ic the independent variable in a firct
order {linear) least squarec determination of the
cerrelation coefficient for the parametere licted below it.
A second order least squarec determination modecstly
improves some correlations while significantly degrading
others.
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Bacaltic rocke have a consistent value of 8.280 % 0.01

cal agm-1 K-1 for their specific heat (Gaoranson,

1942; Kahle, 1986> and all types of igneous rocke show &
range in specific heat of only @.14 to ©.23 (Kahle, 1986,
p.284) ., Setting the specific heat to 0.2, the thermal
inertias of the Hawaiian basalte are ceen to be inversely
proporticnal to poroeity (Fig. S.%9a).

The relationship between thermal inertia and porosity
can be extended to martian conditions through laboratory
measurements of thermal conductivity as a function of
atmospheric pressure. Unfortunately, these measurements da
not exiet far bacalte over a wide range of porosities. The
bect thermal conductivity wve. prescsure data at different
porccities have been obtained for gquartz sands and
candetones and for cilica microspheres (Wocdeside and
Mecemer, 1?&1a,bd). The change in thermal conductivit}
accociated with & reducticon of atmoespheric pressure from 1
bar to &.1 mbar can be related to porocsity through thece
data. Thie relationcship, when applied to the Hawaiian
basalt data, provides & comparicson of thermal inertias on
Earth and Mare for equivalent rock propertiee (Fig. 5.9b).
The martian thermal inertias are consistently lower than
the walues for Earth due to the lowéred gae conductivity at
martian atmospheric pressures, attaining a difference aof &
factor of three for the low thermal inertiac typical of

much of Mare.
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Figure 5.9. Thermal inertias calculated for the Hawaiian
basalts. Thermal inertia Cunite of 183 cal cm? sec-/2 K-)

was calculated from the measured thermal conductivities and
densities, with an assumed specific heat of 8.2 cal agm~t K,
a) Thermal inertia as inversely correlated with porosity.
b) Thermal inertias on Mars and Earth for equivalent rock
properties. Martian thermal inertias are consistently
lower than terrestrial thermal inertias.
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Thie procedure assumes that the compositional
differences between the bacsaltse and the quartz sands do not
influence the thermal conductivity measurements. At 1| bar
atmospheric pressure both quartz sandetone and basalt have
very cimilar thermal conductivities and thermal inertias
{Kahle, 1980, p.244). The thermal conductivities of air
and carbon dioxide are slightly different but both gases
produce comparable thermal conductivity changes in porous
materiale as & function of pressure (Kannuluik and Martin,
1923) . Therefore, these concsideraticons should not
cignificantly affect the results obtained here.

The difference between the calculated thermal inertias
for bacsxlte on Earth and Mare are most pronounced for lower
thermzl inertias, i.e. large porocsities (Fig. S.9b). For
large porocities the composition of the colid particles
chould not greatly influence the thermal properties,
becauce the cize of void spaces qgoverns the total
canductivity of the rocks at low gas pressures (koodeide
and Meccmer, 1?41a). The resulte cbtained here for basalts
may then be applicable to porous particulates in general,
interpreted to be precent over most of the surface of Mars
(Kieffer et al., 1977). Martian thermal inertias
as z whole would then be equivalent to considerably larger
thermal inertias on Earth, decreasing the apparent
difference between the average martian values (I = 2 to 28,

Pxlluconi and Kieffer, 1981 and thermal inertias
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determined on Earth (I = 1@ to 86, Kahle et al.,

19765 Kahle, 1988)., This reduces the need to invake
processes on Mars subcstantially different from those active
en Earth in order to explain the generally low values for
martian thermal inertias.

Porosity contributes to the relaticonship between
particle cize and thermal inertia in particulate materiale
(Fig. 2.7) because pore size and volume varies with
particle size. The low thermal inertize inm nonvolcanic
regions such as Arabia are becst explained by emall particle
size (diameter ¢ 56 Kmd. Howewver, the low thermal
inertias on volcanic terrains such as Ascraeus Mons coculd
potentially be due to flow surfaces with very high
perosity. Lee (1984, p.114) interpreted the dark collars
cn the Tharsie volcances to indicate that dust has =& 1ow
recidence time on the flanke of the valcano and thue the
low thermal inertiac are the result of highly vesicular
lava, as originally praopoced by Kieffer et al.

(1277>. In Chapter 4 the thermal inertia for the summit of
fscraeus Mons was determined to be 2.0 to 2.5, comparable
to the Thareis plainse. From laboratory measurements on
basalt, these wvalues require porosities > 854, which conly
cccur on the glassy surface of recent lava flowe (Robertson
and Pecl, 1974>,

It does not seem likely that a pricstine flow surface

could be preserved over the age of Ascraeus Mone (ectimated
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to be > &80 million years, Chapter 3) from either chemical
or phyeical weathering. Gooding and Keil (1978) indicate
that basaltic glass should weather much more rapidly than
crystalline rock in the martian environment and ics the
likely precursor to clays in the martian dust. If aeoclian
activity on the volcano involves caltation of sand-sized
particles {Chapter 3) then a glassy flow surface should not
survive for the age of the volcanao. Finally, all of the
flow terraine on Ascraeus Mone have the same low thermal
inertia (1 = 2>, both aa and pahoehoe (Chapter 3,

while frech bacalt flowe on Earth have thermal inertias
more representative of bedrock, with higher walues on aa
flowe (I = 408 to 86, Kahle, 1986, p.278>. These
concideratione indicate that a small particle size
interpretation of the Ascraeus Mone thermal inertize is
more likely than a frecsh, highly veciculated wvolcanic
surface.

Summary: Laboratory measurements of thermal and
phycsical properties for Hawaiian baxealte (Robertson and
Peck, 1974) were used to demonstrate that thermal inertia
ic inversely proportional to peorosity. This result was
extended to martian conditicne through the gas-pressure
dependence of thermal conductivity, as a function of
porosity, for cilica sande and microspheres. Thermal
inertias, for equivalent rock properties, are &as much as &

factor of three lower under martian atmcospheric conditione
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than under terrestrial conditions. Porosity contributes to
the relationchip between particle size and thermal inertia
(Fig. 2.7) because a decrease in particle size increaces
porasity. On veolcanic terrain, such as Ascraeus Mone, 1ow
thermal inertias could represent highly porous, glassy flow
surfaces inctead of a emall particle size. Phyesical and
chemical weathering make it highly unlikely that prictine,
frathy flow surfaces are the cauce of the low thermal

inertias on Ascraeus Mone.

Summary

Hawaiian lava flows., Flows that are substantially

degraded in morphology (mantled by fine-grained volcanic
and aeclian materiale) =till have a conciderable exposyre
cf rock abcove the surface mantling materials. Canvercely,
distinct flow morphology does not indicate that
fine-grained materiales are absent from the flow surface.
Surface roughnecss on the sub-meter scale influences the
thermal behavior of flow surfacee, so the lack of thermxal
variatione between flow terrains on Ascraeus Mone indicatec
& uniform distribution of sub-meter scale roughness an
these flows., Owing to the great wvariety of surface
textures precent on basalt lava flowe, the uniform thermal
properties obserwved for the martian flow terrains suggest
that fine-grained materiales, present on all terrains,

result in the uniform roughness. Hummocky terrain on

496



Ascraeus Mons may include toey pahoehoce and tumuli (below
the resolution limit of available photographs) if the
martian terrain is similar te hummocky terrain near the
eummit of Mauna Loa. A trachyte flow on Hualalai has ridge
geometries cimilar to a ridged flow on Ascraeus Monsg,
supporting the possibility of localized eruptione of
chemically evolved lavas on Ascraeus Mons,

Porocity and thermal inertia. Hawaiian bacsalts

have calculated thermal inertias that are inversely
proportional to porosity. By assuming that the qas
prescsure dependence of thermal conductivity ie the same for
both porous basalt and eilica particulates, thermal
inertias of the came porcus basalte would be up to a factor
cf 3 emaller on Mare than on Earth., Highly porous flow
curfaces could cause low thermzl inertias on volcanic
terraine but it is unlikely that the frothy flow surfaces
required to explain the Ascraeus Mons thermal inertias
could survive physical and chemical weathering in the
martian environment. Small particle size for the surface
materiale is & more likely explanation for the Ascraeus
Mone thermal inertias than & frech, highly vecsiculated flow

eurface.
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CHAPTER &. DISCUSSION aAND CONCLUSIONS

Dicscucseican

Ascraeus Mons provides an excellent cpportunity to
examine the relationchip between physical propertiec
measured by remcte sencsing techniquee and the surface

morphalogy. Interpretation of spacecraft photographs

in

U

a)

gestes that Ascraeus Mone has had a complex history of
endogenic and exogenic ewvents (Chapter 3). Remote sensing
data spanning & wide range of wavelengths are spatially
coincident with many geclogic featurece of the volcano
(Chapter 4). Although no lander photagraphe are available
from the surface of Acscraeus Mons, Hawaiian lava flowe
provide some possible examples of the conditicne and types
of surface features that may be precent on the martian
volcano (Chapter SY). In thie csection the recsults of thece
analyses are combined in order to evaluate the processec
that have contributed to the geclogic history of Ascraeus
Maone and their implications for other areas of Mares.

Geologic hicstory. Thie summary of the geclogic

history of Ascraeus Mons is based largely on the
photogeclogic interpretatione presented in Chapter 2. The
emplacement and modification of the shield materiale are
summarized below, followed by a comparison of Ascraeus Mons
to the stages identified in the history of the Hawaiian

chield volcanoes.
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Mountainoue terrain west of Ascraeus Mons is embayed
by the plaing extending downslope from the veolcano. The
mountaincus terrain was emplaced as lava or debris flows
from source vente subsequently buried by flows on the
southern margin of the Acscraeus Mons shield. Veoluminous
flowe extend down both sides of the Tharsics Rise from &
location between Pavonis Mone and Ascraeus Mons and
northeast of Ascraeue Mons; the flows are superimposed on
the plaine surrounding Ascraeus Mons. These major flowe
indicate that conciderable volcanic activity persicsted at
the northern end of the Tharcis Rice after the centralized
eruptione that produced Ascraeus Mons. The lack of &
lecalized or concsistent source for these eruptione
evidently prevented the development of ancther major shield
edifice northeacst of Ascraeus Mones, poscsibly becauce the
supply of magma at the Tharsies Montes diminished as &
result of velcaniem at Olympue Mons.

Modification of the shield surface occurred on
Ascraeus Mons sub;equent tc the growth of the shield
(Chapter 3. The caldera complex near the summit of the
volcano underwent at least nine collapse events, each of
which was followed by partial lava flooding of the caldera.
The western flank has numerous irreqular deprescions where
mase-wasting procecses have excavated into the shield
materials. Near the lower margin of the western flank an

ercsional scarp separates the shield terrain from &
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smooth-appearing unit that merges into the Tharsis plains,
The smooth unit includes sinuous channels and subtle flows
traceable to the chield, indicating that this unit Cand the
adjacent plaing) postdate both the conestruction of Ascraeus
Mone and &t least part of the erosional modification of the
shield. The channelized embayments into the northeast and
southwest flanks of Ascraeus Mone reprecent more localized
disruptions of the shield than occurred on the western
flank. Lava erccion, ground ice sublimation, or debrie
flows (lahars) are the most likely processes associated
with the embayment ercsion. The embaymente are the source
af the most recent effucive activity from the volcano
(Scott et al., 1981t and Chapter 3).

The events ascsociated with the construction and
modification of Ascraeus Mons can be compared to five
stages in the history of mid-ocean bacsaltic chield
volcances (Macdonald and Abbott, 1976, p.138: 1) the
chield-building étage, 2> the caldera stage, 3) the
post-caldera stage, 4) the ercsicnal stage, and S the
rejuvenated stage. Ascraeus Mone has apparently progresced
through the first two stages, where fluid lavac enlarge the
volcaneo and repeatedly flood the summit caldera.

The post-caldera stage of the Hawaiian volcanoes
involves capping the chield with more chemically evolwved
ltavas and pyroclastic materiale, completely hiding the

caldera (Macdonald and Abbott, 1978, p.141). This stage
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either did not occur or was greatly reduced in intensity on
Acscraeus Mons. The caldera complex showes no evidence of
volcanic activity after the flooding of the central
(loweet) caldera. Icolated lava flowe on Ascraeus Mons
could involve chemically evolved magmas but such flows do
not appear to be areally significant (Chapter 3. Martian
cinder cones chould be broader and have less vertical
relief than comparable terrestrial cinder cones (McGetchen
et al., 1974) but neither photographic nor thermal

data for Accraeus Mone chowe localized morpholeogic, &lbedo,
or particle cize wvariations potentially related to cinder
depocsite. A lack of cinder cones on Ascraeus Mans would
suggest that Strombolian eruptions, characterized by weak
to viclent ejection of pyroclaste from lavas clightly more
viecoues than the fluid basalts of Hawaiian eruptions
{Macdonald, 1972, p.219), are not commeon on the martian
valcano. Thie may indicate that the martian magma is
deficient in the volatiles associated with Strombolian
eruptions. Alternatively, cinder depocsits may be precsent
kut mantled by the dust that covere the volcano (Chapter
4), Summit area dust thicknesses ¢ > 2 cm but << 135 m;
Chapter 4) probably are not sufficient to obscure all
evidence of Strombolian erupticne, so that such erupticns
do not appear to reprecent & major part of the volcanic
history of Ascraeus Mones. There is no definitive evidence

of poest-caldera stage volcanic activity on Ascraeus Mone,
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Post-caldera volcanism on Earth occurs when
crystallization in the magma chamber cauces chemical
differentiation of the magma (Macdonald and Abbott, 197a,
p.143). The lack of a post-caldera stage on Ascraeus Mons
could indicate: 1) continual stirring of the magma chamber
to inhibit differentiation, 2) csolidification of the magma
chamber without further erupticns, 3) withdrawal of mMagma
from the velcano, or 4) progressive lowering of the magma
level within the volcana., The first case would require
unreasonably prolonged activity within the magma chamber of
the wvolcano (estimated to be > 486 million yeare old; Table
3.2) unless the stirring was terminated by magma withdrawal
(cases 3 and 4). The second case would require very
competent rocke surrounding the magma chamber in order to
contain the differentiated productse generated during the
magma solidification time. The third case representse the
cimplest explanation, but if magma withdrawal were
complete, then any subsequent vealcaniem (i.e.
Flaine—farming eruptions) would require refilling of the
magma chamber., The fourth cace is a variation of case 3;
Towered magma levels could recsult from removal of
hydrostatic support for the magma. The lower elevaticns
for younger caldera floors (Chapter 3) cculd recsult from
progresesively decreased magma levele, The protracted
plains—forming effucion from Ascraeus Mons suggests that

the magma supply was not suddenly remcved from the volcano.
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Inctead, the magma level appears to have progressively
dropped during the waning stages of volcanic activity on
Ascraeue Mone, poessibly due to a shift in magma supply
either to the northeast, along the Thareie Rise, or to the
weet toward Olympus Mons.

Aecraeue Mone did not have a rejuvenated stage of
velcaniem unlese it included eruption of fluid lavas at the
chield base. The erocsion and modification of Ascraeus Mons
ic concictent with the erocicnal stage of mid-ccean islands
but the effucsion at the chield base was much more extensive
than the icsolated eruptions of undersaturated (silica poord
lavas typical of the rejuvenated stage in Hawaii (Macdonald
and Abbcot, 1970, p.144). The age of the Ascraeus Mons
chield makee it unlikely that the volcano could still be
evelving toward a rejuventated stage. It appears that
volcanic activity ceased at Ascraeus Mone during the
caldera stage, and the erosion of the shield base may have
bheen acsscciated with the latest effusion on the lower
flanke.

Summary: The following sequence of events summarizes
the main elemente in the geclogic history of Ascraeus Mone.
Uolcaniem and tectoniesm produced the Tharcie Rise, which
turied the ancient heavily cratered plains (Scott and Carr,
1978 . Effuesion of fluid lavas centralized at the lcocation
cf Ascraeus Mone, building up a broad cshield. The summit

area collapesed repeatedly and was partially filled by lava.
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Flank erosion (most likely by lava erosion, ground ice
sublimation, or debris flowes) modified the cshield edifice,
while lavas flooded the plaines surrounding the shield.
Eruptions produced volumincue flows SSW and WNE of Ascraeus
Mons, along the axis of the Tharcsis Ricse. Flank ercsion
localized at the SW and MNE margine of the chield, deeply
embaying the chield. Volcanic activity on Ascraeue Mane
ceased, allowing featurec to be modified by surface
procecsses. In comparison to the Hawaiian chield volcanoes,
Ascraeus Mone did not progrecss past the caldera stage.
Strombolian eruptions do not appear to represent a major
part of the wvolcanic activity recorded on the volcanc
surface. There ic no definitive evidence of poet—caldera
or rejuvenated stage volcanism on Ascraeus Mons, which
could indicate that martian magmas are valatile-poar
relative to the Hawaiian lavacs.

Surface propertiecs. The remcte sencing

observatione of Ascraeus Mone provide information about the
surface at scalec below the recsclution 1imit of orbital
photographe (Chapter 4). The curface materiale {e.q.
cedimentes, coil, rocke) could be related ta the processes
that have cperated on the surface. 0On Ascraeus Mone the
cshield flanke cshow the most variation in the different data
sete examined here. The flank properties are summarized
below, followed by discussicon of their potential

implications for the surface history of Ascraeus Mone.
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The flanke of Ascraeus Mons have several
characteristice that vary with elevation (Chapteres 3 and
4. In moving from the chield-plainse contact to the summit
there is an increase in the number of cratere < 2786 m, an
increace in the relief and tonal contrast of photograzphe, a
decrease in thermal inertia {(indicative of a decreacsing
average particle eized, an increzse in the areal abundance
of high thermal inertia "blocke" (effective particle cize >
1@ cm), and & decrease in the atmospheric water vapor
abundance. The water wvapor abundance doces not appear to be
directly acscsociated with surface terraine (Chapter 4> but
the cother four characteristice appear to be related to the
recent hicstoery of the surface materiale, subsequent to the
emplacement of rock materiale within the <hield terrains.

The lack of evidence for post-caldera stage eruptive
activity {(discussed above) lecscens the likelihood of
subestantial pyroclastic activity on Ascraeus Mone. The
radially symmetric low thermal inertiae on the volcano are
alea diftficult to reconcile with a pyroclastic origin
(Chapter 4>: 1> the comparatively low thermal inertiazs for
btoth the volcano and the Tharsie plaine would indicate an
immence areal coverage ¢ > 187 km%) by pyroclacstic
materiale of wvery similar particle size, 2) airfall
depocsite transported by global winde would not recsult in
the 346° radial symmetry of the thermal inertias, and 3

thermal inertia changes &t the shield-plaine contact (Fig.
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4.4) indicate that the pyroclastice would have had to
precede the Tharsis plains surrounding the volcano.
Pyroclastice covering the entire shield cshould affect the
surface morpholeogy but the chbserved elevation-dependent
flank characterictics are not concicstent with = pyrocclacstic
csource at either the summit or the shield base.

The elevaticn-corrected thermal inertias for the
Ascraeus Mone summit area and the Tharcic plains are wvery
similar (Chapter 4>. Thie cuggests that similar materiales
are precsent in the uppermcst 3 to 5 cm of both surfacec.

If this is co, it weakene the arqument that led to the
proposal of extremely vesiculated basalt on the Tharsic
volcances as an explanation of their low thermal inertias
(Kieffer et al., 1978). The veciculated bacsalt

would need tc be present throughout much of the Tharcis 1ow
thermal inertia region, which covere 15% of the martian
surface (Zimbelman and Kieffer, 1979, if it is responsible
for the Ascraeus Maone surface properties. Thie cituation
cseemes highly improbable. Porosities nececsary to praoduce
the low thermal inertias ¢ > 85; Chapter 5) would make the
velcanic rocks very fragile and unlikely to survive either
the active aeclian environment ckeserved throughout the
Thareics region or the chemical weathering of mafic volcanic
glass (Gooding and Keil, 1972 . The thermal inertiac for
fscraeus Mone are not likely to be acverned by rock

vesicularity,
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Color reflectance values and thermal inertias indicate
that the summit area albedos are controlled by a mobile
duct layer preferentially removed from the dark collar area
(Chapter 4). It ies difficult to set dust in motion by the
wind without either local roughness to generate turbulent
eddies or sand to erocde the dust (Bagnold, 1941, p.?D.
Threchold wind cpeede for the initiation of particle motion

increase with decreasing atmospheric precssure (Greeley

I~

al., 19288) co that the free stream winds needed
to initiate aeclian activity at the summit of the Tharsis
volcances could approach the speed of sound (Sagan et

, 1974>. The presence of m-scale nonerodible

g_l

roughness elements could reduce the threshold wind speed
required for particle motion. At S mbar atmospheric
precssure, the threcshold chear volocity of 2 m sec-!
corresponde to free stream wind speeds above the boundary
layer of either 188 m =sec-1 over a flat surface of
erodible grains or 33 m sec-1 over & surface with
m—-ccale nonerodible features (Greeley et al.,
1982). It ie not clear that the surface roughness on
Ascraeus Mone ie sufficient to allow aeolian ercsion of
duest (without cand) with the 6.5 mbar atmoepheric prescure
at the volcanc summit.

Effective particle sizee inferred from thermal
inertias are ¢ 20 Km and 18@ Km at the chield

cummit and bacse, respectively (Chapter 4). The larger
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average particle size and smaller areal abundance of high
thermal inertia "blockse" (effective cize > 16 cm) on the
cshield base, relative to bath the summit area and the
Tharsis plaine, provide evidence that the shield bace
materials may be better sorted than either the summit or
the plains. Increased sorting results from repeated

reworking during transport (Pettijohn et al., 1972,

p.78) o the shield base surface materiale may have
undergone conciderable sorting during transportation down
the valcana., The particle cize of the bace materials
correspondse to that of fine sand, which is mocst easily

mcoved by the martian winds (Greeley et 1., 1977).

Transportation of sand down the volcanc flanke wauld then
contribute to the dust remcval from the dark collar arex.
Bath the subdued morphclegy and decreased abundance of
"blocke" of the shield base may be the result of burial by
mobile sand.

Lee (1984, p.192) indicates that the frech appearance
of surface features on the Tharsis volcances argques againet
significant surface ercsion by winds. 1t iec possible that
cand-csized particles on Mare are not compoeed of competent
materiale such as quartz but rather electrostatically bound
dust (Greeley, 1979). Such agaregates could move by
saltation but they produce very little abracsion of rock
materials (Greeley gt al., 1982). Aggregates would

alec aid in an explanation for a renewable supply of
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cand~-cized particles at the volcano summit cince some of
the ceasonally deposited dust could form the agaregatec.
Differences in veolatile transport through the surface
could potentially contribute to thermxl inertia variations
on Acscraeus Mone (Chapter 4). The greater abundance of
water vapor over the lower elevations of the wvolcano
increaces the poscsibility of alteration of the csurface
properties with decreasing elevation. The large diurnal
temperature amplitude may contribute to a daily transport
of water vapor (and dicssolwved calte) through the topmost
cseveral cm of the surface materials., The diffusion of
valatilee through the csurface fines has been propoced as &
mechaniem for the production of "duricrucst" (Mutch et
al., 19277; Ditteon, 1982) or "cace-hardened" csoil
lavere (Sharp and Malin, 1984) at the Viking landing sites
and such a process could potentially increacse the thermal
inertia of the surface {Dittecn, 1982). The increaced
thermal inertias at the base of Ascraeus Mens could be
coencicstent with this hypothesis. However, there ics no
correlation between water vapor abundance and the
chield-plaine contact, where & distinct thermal inertia
change occure, co there ic no direct evidence of enhanced
valatile interaction with the shield bacse materiale. Secil
induration cannct be ruled cut as & poesesible factor in
thermal inertia wariatione but it ic probably lece

cignificant than downlope csediment trancportation.
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The dust, sand, and potentially indurated soils on
Ascraeus Mons are affected by procescses precently active on
Mars and do not appear to be directly related to the
underlying geomorphic terraine. However, the csurface
deposite are not thick enough tc hide the cm to m-scale
features evident in scattered radar signals and exposed
high thermal inertia "blacks"., Thece observations indicate
that either the surface materials are retatively voung on &
geclogic time scale or the depositicn rates are wvery small.
Duet depocsition estimates of approximately .@0@1 gm cm-2
throughout & martian year (Pallack et al., 1979;

Lee, 1984, p.183) support the interpretation of = young age
for Tharsis dust deposite {(perhaps ¢ 10€ yvears old;
Chrictencen, 1984c). The variations in curface morphol gy
on Ascraeus Mone suggest that the depczit thicknecsces
decrezce with increasing elevaticon, consistent both with
reduced depcsition at higher elevations (Lee, 1924, p.183)
and with downelope transport of surface materials.

Summary: The flanke of Ascraeus Mone have systematic
variations in surface charactericstics cbtained from varicus
data sets. The areal coverage and spatial distribution of
small ¢ € 38 Kmd) particlee on the volcanc and the
surrounding plaine are difficult to reconcile with a
pyroclastic origin for the fine materials., Extremely
vesiculated basalt would probably not survive the chemical

and physical weathering in the martian environment; thermal
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inertias on Ascraeus Mone are not lkikely to be governed by
rock vesicularity., WViesual reflectance and thermal inertias
indicate that most of the volcano is covered with fine
materiale, moet likely aeclian trancsported dust.

Sand-cized particles, possibly aggregates of dust, may
increase in abundance down the flanke of the vealcano. Scil
induration probably ie lece significant than downelope
sediment trancportation as a poscible contributor to
thermal inertia variatione on the wvolcano.

Global implicatione. The surface history of

Ascraeus Mone has potential implications for other
lccationse on Mare. The elevation—dependent corrections
ueed for the thermal inertias of Ascraeus Mons were applied
to thermal inertias of the equatorial portion of the planet
(Fige. 4.1 and &.2). The moderate thermal inertias for
most of the martian surface are generally more uniform in
the corrected version, increasing the potential importance
of homogenizing surface procescsecs such as aeoclian activity.
The elevated Thareis and Elyeium areacs show the
areatest changes, particularly around the Tharsis Rise
{(Fig. é6.3>. The thermal inertiac in the Tharsis region
that remain ¢ 3 after the correction {corresponding to
particles < 5@ Bm in diameter) correlate with some
enigmatic surface deposits. The cratered martian plaine in
these areacs have been buried by materiale that are proposed

to be pyroclacstic (Scatt, 1982) or palecpolar (Schultz and
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Figure &6.1. Topography of the equatorial regicn of Mars.
Data are from the Mars Consortium (Kieffer et al.,

1981>. The four Tharsie shield volcances are located near
@GN, 128°K.,
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Fiqure 4.2. Thermal inertias in the equatorial region of
Mares. Data are from the Mars Consor tium (upper figure and
left histogram. Elevation—-dependent corrections were
applied to the thermal inertias (lower figure and right
histogram?» using the topography of Figure 4.1, The
agreatest changees occur in the Tharcsie Rise area (8°N,
11l .
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Figure 6.3. Thermal inertias for the Tharsis and Elysium regions. Data at left
are from the Mars Consortium. Elevation-dependent corrected thermal inertias
are shown at right.



Lutz-Garihan, 1981) in origin; no concsensus about thecse
materiale has been reached.

The large regions of low thermal inertia in the
northern hemiephere, including Ascraeus Maons within the
Thareis région, have been proposed as dust "einke" for the
current major ducst stofms on Mare (Christencen, 1984c).
Global ducst ctorm initiation ie related to increacsed
incsolation on Mare near perihelion, which currently occurs
when the subeclar latitude ie in the scuthern hemisphere
(Gierasch and Geoody, 1973). Astroncmical perturbations
produce climate changes on Mars over time periods of
168 to 167 yeare (Toon et al., 1788, and |
thece changes could influence the location of the regions
of ducet eroccion and depocition (Christensen, 1934c). One
important consideration for this hypothesis is the probable
lotation of former dust sinke in‘the csocuthern hemicphere
cince there ie & lack of low thermal inertia regioﬁs scuth
of the equator except for a portion of the Thareis region.
The results from Ascraeus Mone suggest that the complex
association of dust, cand, and poscible indurated scils in
the Tharsie area may be related to the history of these
alobal-ccale dust depocsite.

fecraeus Mone ie old enough to have undergone numercous
cy;les of ducst depcsition and erosion on the million-year
timescale suggested by Christensen (1984c). The summit

arex of the wvolcanc bears no clear evidence of these events
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while the base area is substantially subdued. If the
additional water wvapor available at the lower elevationes of
the veolcano doee in fact contribute to the induration of
the scile, the ducst at lower elevaticns may not be remcoved
but rather incorporated in & growing thickness of indurated
materials. Abundant cand in the base area coculd inhibit
the induration process by breaking up the scil. The
induration procese may aleo bond the cand-sized particles.
In the socuthern hemisphere Sclis Lacus ie the current
source of glcobal dust storme (Gierasch and Goody, 1973).
Thie broad plain occure at relatively high elevation
(approximately 8 Km) which could potentially be an area
where dust previously was deposited and has subsequently
been indurated. It is interecting to note that an
enigmatic high thermal inertia area coutheazct of Arcia Mone
(Kieffer gt al., 1974) has & thermal inertia very
eimilar to that of Sclis Lacue and may thus be a "window"
through the present ducst cover of Thareic to the indurated
seil from a previous climatic cycle. Tharsics, poszibly
including the base of Ascraeus Mone, could be & significant
duet source area a million vears from now when the
initiation of global ducst stormes takes place in the
northern hemicsphere.

Summary: The dust deposition and aeclian
transportation of sediments on Ascraeus Mone is lTikely

related to climatic conditione that influence the alobal
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transportation of dust. The southern hemisphere, and Solis
Lacus in particular, is the current location of global dust
ctorm initiation but low thermal inertiae indicative of
dust depocite are generally lacking south of the equator.
Solis Lacus could potentially be an area where dust
previously was deposited and has subsequently been
indurated. #@An =rea southeast of Arsia Mone has & thermal
inertia similar to that of Sclise Lacus and could be &

"windew" through the present dust cover of the Tharsic

regiaon.

Conclusiones

Sewveral conclusions can be drawn from this analysis of

Aecraeus Maone:

12 Accraeus Mone is similar to terrestrial basaltic
cehield volcancee in both surface morphology and
ectimated rheclogic properties. The flows on the
flanke of Ascraeus Mone are interpreted to consist of
pahcehce, aa, and toey pahoehce. Yield strength
ecstimates obtained from flow dimencsione are consistent
with values for basalt flows in Hawaii.

2 The lower flanke of Ascraeus Mone have undergone
extencive modification through mass-wasting and
cediment burial. Irregularly shaped depressions and
channelized embayments have excavated into the shield

materiale on the lower flanks. The ercsional agent
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could be lava, sublimation of ground ice, or debris
flows., Surface morphology becomes increacingly
subdued and the areal abundance of craterse ¢ 278 m in
diameter decreacsec with decreacsing elevation on the
volcano; both conditions are probably due to
depcsition of fine materials on the curface.

Surface morphology and albedo provide no direct
evidence of pyroclastic activity. The flanke of the
volcano have numerous elongate cratere interpreted ta
be endcgenic in origin but there is no evidence of
pyroclacstic depocits around them. The dust precent aon
the volcano (cee S below) could have buried some
pyroclactic deposits. However, the width of a thrust
fault on the southern flank suggeste that
unconecalidated materials (e.g. nonwelded tuff) do not
comprice & cignificant portion of the shield
materiale,

Volcanic activity on Ascraeus Mons was protracted
through time but apparently did not involve
significant amounte of chemically evolved magmas.
Crater retention ages indicate the chield flanke are
probably > 466 million years old, the most recent
caldera floor ie probably > 466 million years old, and
the plains northwest of the cshield base are probabily >
156 million yeare old (Table 3.2). Comparicson of

fiecraeus Mone and the Hawaiian shield valcanoes

518



=))

&)

suggests that no post-caldera or rejuvenated stage
volcanic activity (often involving very differentiated
lawvas) occurred on Ascraeus Mons.,

Duet ie abundant everywhere on Ascraeus Mone and the
Tharcie plains, Low thermal inertias (I = 2, ar an
average particle size ¢ 38 Pmd characterize both

the summit area terraines and the Tharsie plainse. The
wavelength dependence of albedos on Ascraeus Mons
parallele the trend for high albedo regicne (e.g.
Arabiad, interpreted to have bright ducst deposite.

The surface of Ascraeus Mone is neither primarily
bedrock exposures nor completely homogenized thraough
burial berneath fine materials. Spatially unresoclved
high thermal inertias (e.g. rocks, bedrock, and
indurated scile) account for > 208 of the surface near
the summit of Ascraeus Mone. Radar signale are
cstrengly cscattered by features > 18 cm in scale on the
cshield.

There ie no correlation between thermal inertia and
gecmarphic terrain units except at the shield-plains
centact and on caldera walls., The shield base
terraine have higher thermal inertias (I = 4, or an
average particle size of 166 Bmy than the Tharsis
plaine (similar to the chield summit). The caldera
walle have the highest thermal inertias in the summit

area (1 = 4.5 but bedrock exposures probably cover (
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30% of the unit area. Remote sencing data at visual
and infrared wavelenagthse are not significantly related
te the bedrock materials of the chield terrains.
Sediment variations on the cshield flanke probably
result from downclope aeclian trancportation. The
shield base has & larger average particle size but a
emaller abundance of unrecsclved high thermal inertisx
materiale {particle size generally > 10 cm) than the
cshield esummit. Thiec implies that the base matierale
have become better sorted through downslope
traneportation. Slope winde should be capable of
moving sand-cized particles (poscibly aqgregates of
dust) down the volcano.

Atmospheric precssure differences result in different
thermal inertixs on Earth and Mars for equivalent
material properties. Laboratory measuremente on
Hawaiian bacalts (Robertson and Peck, 1974) indicate
that thermal inertia is invercely proportional to
porocsity. The low atmospheric precsure on Mare chould
result in thermal inertias that are up to a factor of
3 emaller than they would be under terrectrial
conditiens. Porous scile and particulates are

probably affected in a similar manner.
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Future work. Each of the Tharceie shield volcances

should receive a thorough photogeclegic investigation
coincident with analyses of the beet available remote
cencing datzx. Arsia Mone should receive the highest
priority becauce of ite southern hemiesphere location,
clocer to the region of current dust storm initiation.
Flank morpholoqy and surface properties wvariationse can be
compared with the resulte for Ascraeus Mons to acssese
latitudinal relationehipe between the csurface histories on
the volcances., The elevation-dependent properties may wvary
with age due to increased sorting, depcsit thickness, or
induration on older features (e.g. Arsia Moned). Solis
Lacue should alec receive a detailed investigation as &
poseible analog to the Tharsie area during conditions of
dust remowval. Finally, the Elysium volcanoes appear to
provide examples of chemically evalved magmas (Malin, 1974)
and depocite identified as pyroclastic airfall

(Mouginis-Mark et al., 1982). These volcanoces

chould receive further investigation for comparicson with

the resulte from the Tharceis volcances.
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APPENDIX 1. DATA DESCRIPTIONS

The leocation and quality of the data used in thie work
are summarized below. The photographic data primarily
pertain to Chapter 2 and the remcte sencing data are

discussed in Chapter 4.

Photographic Data

VYiking COrbiter photographe were used for the
photogeclagic analysie of Ascraeus Mone. Fig. Al.l shows
the cutlines of the photographs presented in Chapter 3 and
their relative positicns on the wvolcano. Table &1.1 licte
the usable photographe of Ascraeus Mone; additiconal
photagraphe were taken of the wvalcano but either
atmospheric canditicons or problems in data tranemiccsion
degraded the resclution of surface features. During the
Viking extended micsion the periapses of both orbiters were
lowered, reducing the minimum range to the surface from
1586 to 2008 Km (Snyder, 177%). Thic improved the hbect
available spatial recsclution to 8 m per picture element
("pixel"s.,

Moderate spatial resclution images were combined to
produce 1:2,8080,608 ccale photomosaice throughout the

-

equatcorial region of Mars. Fig. 3.2 cshows the photomosaics

Ji

that include Ascraeus Mone (U.S. Geol. Surv., 1986x,b).

These photographe were used to map featuree on a regional
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18 PHOTOGRAPHIC DATA COVERAGE

LATITUDE

6° e o
110° LONGITUDE 100

Figure Al.1. Photographic data coverage for Ascraeus Mons.
Numbere indicate the figure number in Chapter 3 for the
corresponding outlined area. The chield-plains contact and
the caldera rim (from Map 1) are included for reference.
The area shown here corresponds to the areas in Figs. 3.1
through 3.3
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Table Al.

1. Photographic data for Ascraeus Mons.

Frame

Range Resolution
(km) (m/pixel)

High resolution

387A01-07
387A11-17
697A39-54
697A61-84
698A01-20
401801-24

754-786 2
849-889 2
1292-1246 32.
852-707 2
1119-982 2
958-857 2

Moderate/Low resoluzion

90A42-56
204A21-32
210A01-20
210A51-70
223A10-16
224A84-93
643A75-78
696A41,45,47
892A07-14
892A28-35

2525-2545 63.4-63.6
2850-2906 71.3-72.7
2669-2740 66.7-68.5
2373-2304 59.3-57.6
6355-6370 158.9-159.2
5171-4987 129.3-124.7
11544-11316 288.6-282.9
32882-32884 822.0-822.1
5980-5872 149.5-146.8
5618-5554 140.4-138.9

Inc. Ang.

{deg)

71.1-69.
70.8-69.
76.0-80.
78.2-81.
67.5-71.
67.4-71.

19.2-13.
61.4-54.
65.7-54.
63.9-53.
78.5-84.
51.2-60.
66.2-69.
59.8-59,
75.6-67.
75.1-65.

NWOUBNO

00 00 L 0O 00 WO W U=

Em. Ang.
(deg)

16.8-16.7

Local Time

(H)

7.43-7.47
7.44-7.48
17.19-17.33
17.26-17.35
16.47-17.01
16.32-16.55

11.5-12.77
7.57-8.26
7.41-8.30
7.49-8.31
17.08-17.34
15.14-15.49

NN
« e e e
O U Ut =
.-u'om

~

.

W

w

Filter

Clear
Clear
Clear
Clear
Clear
Minus Blue

Clear
Violet
Violet
Violet
Violet
Violet

Red
V1t,Grn,Red
Red

Red

Quality

Hazy

Hazy

Very hazy
Very hazy
Hazy
Clear

Clouds
Hazy

Hazy

Hazy

Clear
Clear
Clear

Some clouds
Clear
Clear

Ls
(deg)

294.77
294.77
86.85
86.85
8.29
337.86

124.76
185.06
188.60
188.60
196.04
196.60
63.29

86.21

182.37
182.37

Numbers correspond to first (left) and last (right} listed frames.



scale around Ascraeus Mons.

The 24 frames from orbit 461 of the B spacecraft (V02
provide the most detailed view of the Ascraeus Mone cehield
surface (Fig. 3.4a and Map 2). Surface features typically
must be resolved inte four or more pixelse before
morphalogic identification can be made; for the 4G1B
photographe four pixele correspond to {68 m on the surface.
The martian atmosphere was visually clear when these images
were taken but, unfortunately, this waes not the cace for
many of the Ascraeus Mons phaotos. Table Al.1l includes &
qualitative indicator of the atmospheric conditione in &t}
of the photographe (calumn labeled "CQuality")., Lg
reprecsente the cseason during which the photographe were
taken; Lg = 8% corresponde to the beginning of spring in
the northern hemicsphere, with one martian year covering
3466%, Cloude around Ascraeus Mone typically were most
prevalent during northern spring and summer (Lg % 36 to
18@<) .

Sterecscopic coverage from some photographes shows
topographic relief on the surface which can aid in the
interpretation of surface features. When viewed through &
sterecscope, Figs. 3.6 and 3.14 show the topecgraphic
relationehipe within the summit caldera and on the western
flank of Ascraeus Mone., Fig. Al.2 ie the left member of
the sterecscopic pair that includes Fig. &3.4. Other

photographe tisted in Table Al.l are also useful for
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Fiqure A1.2, Left member of the stereoscopic pair that
includes Fig. 3.46. Photographs 224A84-93, nongradient high
pases filtered orthographic projection.
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viewing the topographic relief on the volcano. Photographs
from orbit 387 of Viking Orbiter 1 provide stereoscopic
coverage of the summit area south of the caldera but
atmospheric haze obscurees featuree ¢ 3806 m in ecale. The
218A framee provide limited stereoscopic coverage across
the chield from the northwest to the southexst, including

the summit caldera complex.

Remote Sencing Data

The remote cencing data for Ascraeus Mone vary greatly
in areal coverage, spatial resolution, and quxlity. The
areas between 7° to 16°N latitude and 166° to
167°W longitude, centered over the summit caldera of
fAcscraeus Mone, was selected for diesplaying the coverage of
the variocue data sets (Fig. A1.3) .

The VikKing Orbiter color photographe of Ascraeus Mons
(Fig. 4.1> cover most of the area shown in Fig. A1.3. They
were taken near apoapsic of the spacecraft orbit in order
to maximize the area covered by the photographs taken
through different filters and minimize distortion resulting
from cspacecraft motion. The spatial reccolution of the
photographes is slightly better than 1| Km per pixel. Table
A1.1 provides additional geometric information about thece
photographe.

The thermal infrared data were obtained with the IRTHM

after the second global dust storm of 1977, which started
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REMOTE SENSING DATA COVERAGE

]
16
IRTM Resolution

Ad65 @
A543 = T
A6S59 @
B484

PLAINS

SHIELD

RADAR

LATITUDE

L i

7 ) : L 1 L L L L )
109 LONGITUDE 100

1

Figure A1.3. Remote sencsing data coverage for Ascraeus
Mone. The areal coverage of the high resclution IRTM

csequences (labeled diagonally) are outlined along with the
data gaps that resulted from in—-flight instrument
calibration. The recsolution sizes of individual IRTM
measuremente are shown in the upper right corner. The MAWD
resolution is shown for the 188°W spot. The horizontal
dacshed linec indicate the groundtrackes of Earth-based
quacsi-specular radar data (Downs et al., 1982).

Siagnals were not received from the locations with heavy
dashed lines (W of 181°W). The shield-plaine contact

and the caldera rim (from Map 1) are included for
reference.
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at Lg = 275° (Briggs et al., 1979). Table Al.2

liste the gecmetric information and atmoespheric dust
content faor all of the thermal sequences used in this
study. Four high spatial resclution sequences allow the
bect correlaticon of the surface thermal propertiecs with
geclogic featurese (Fig. A1.3). Incstrument calibration
during data collection resulted in pericdic gape along each
groundtrack. These data were collected near periapsis of
the epacecraft corbit in order to obtain the best pocssible
cpatial resclution. However, at periapesis the spacecraft
wae meving factest relative to the planet so that the "spot
cize", the area on the curface viewed by each detector,
became elongated alang the spacecraft groundtrack during
the integraticon time of each measurement. The spxtial
recsclution of thecse data, including the smearing of the
detector sample area along the groundtrack, ranges from 11
te 31 Kkme (Table &41.2), representing an improvement of
two ordere of maqnitude cver previoucsly publiched thermal
data for the martian volcances (Kieffer et al.,
1974, 1977; Z2imbelman and Kieffer, 1979). Fourteen
moderate to locw recsclution thermal sequences, including
twelve nighttime cequences, provide more uniform areal
ceverage over the shield for correlation with the higher
resclution data.

Individual thermal sequences provide surface

brightrness temperaturee for the local time of day at the
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Table A1.2. Thermal infrared data for Ascraeus Mones.

Orbit Seq. Range Em. Angle Local Time Dust Opacity Ls Spot Size Smear Resolution
(km) (deg) (H) (1) (deg)  (km?) (km) (km®)

High resolution
Ad65 2 627-719 56.0-44.3 3.3-3.9 0.3 339 14.4 3.8 30.7 (4.3 by 7.9)
A543 1 359-338 28.1-37.7 23.5-0.2 9.1 18 2.9 4.2 11.0 (1.9 by 5.7)
A659 3 767-575 6.9-17.3 18.6-19.3 €0.1 70 10.4 3.6 23.6 (3.6 by 6.5)
B484 1 424-344 37.9-30.4 13.9-14.0 0.1 19 3.8 4.9 14.8 (2.2 by 6.7)
Low resolution
A437 1 3421-4691 24.5-46.7 21.4 0.5 323 413 17.4 813 (22.9 by 35.5)
A439 4 3993-4641 16.5-26.6 20.0 0.5 325 409 18.6 833 (22.8 by 36.5)
A666 13 4550-4911 33.6-51.9 13.8 <0.1 72 623 20.3 1195 (28.2 by 42.5)
A668 1 5198-5840 45.2-62.0 12.4 £0.1 73 1049 23.7 1916 (36.5 by 52.8)
A903 1 9369-10169 41.1-53.6 3.8 0.1 189 2878 42.0 5420 (60.5 by 89.5)
A905 1 9193-9956 33.9-49.8 4.1 0.1 190 2514 41.2 4843 (56.6 by 85.6)
A908 1 9046-9705 27.9-43.5 4.4 0.1 192 2211 40.3 4350 (53.1 by 82.0)
A909 1 8901-9435 21.6-37.5 4.6 0.1 193 1985 39.5 3972 (50.3 by 79.0)
B463 3 6671-7165 49.5-63.9 4.1 0.1 10 1731 29.7 3197 (47.6 by 67.1)
B466 11 6880-7791 25.5-38.6 2.3 0.1 11 1297 31.5 2579 (40.6 by 63.5)
B469 2 6289-7254 30.7-49.8 0.9 0.1 12 1227 29.1 2378 (39.5 by 60.2)
B504 8 8299-8886 30.4-44.1 2.0 <0.1 29 1895 36.9 3710 (49.1 by 75.5)
B506 2 6513-7751 31.3-49.5 0.5 <0.1 30 1365 30.7 2643 (41.7 by 63.4)
B543 1 6891-7694 43.1-57.3 0.1 <0.1 46 1697 31.4 3155 (46.5 by 67.9)

Smear indicates the distance traversed on the surface by each IRTﬂ detector
during the .98 sec integration time of each measurement. Resolution represents
the combination of spot size and smear.
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Figure Al.4.

Mone.

High resolution thermal
Data are from sequence AS43.

a) 20 ¥m
inertiae calculated

brightness temperatures, b) thermal
inertias corrected for
elevation-dependent atmospheric effects (see text and

from a,

Appendix 2D .

c) thermal
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surface (Fig. Al.4a). These temperaturec can be
interpreted in terms of model surface thermal inertias
(Fig. Al.4b) through comparison with temperatures
calculated from the Viking thermal model (Kieffer et
al., 1977>. The surface albedo is & factor in thiec
thermal inertia determination but it cannot be measured at
night. Daytime broadband albedos of 6.24 to 6.22 are found
in the vicinity of Ascraeus Mons (Pleskott and Miner,
17813 an albedo value of 8.25 has been assumed for a1l of
the nighttime data used here. The albedo dependence of
surface temperatures ie emall for nighttime data (Kieffer
et al., 1977); for the data presented here &
*8.65 change in the assumed surface albedo corresponds
to a ¥1.5K temperature change or a F8.1 thermal inertis
change. The surface albedos reprecent enly minar
uncertainties in the calculated thrmal inertiac.
Elevation-dependent correctione must be applied ta the
thermal inertias determined for the martian chield
volcances (see Appendix 3). The corrections eliminate the
extremely low thermal inertias on the velcances (Fig.
Al.4c) .,

Radar data for the Tharsis region is limited in
quantity becauce little of the signal ic reflected back to
the receiver {Simpson et al., 1976). Earth-bacsed

radar determined elevatione near Ascraeus Mone that are

cseveral Km lower, relative to the 4.1 mbar level, than
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previously indicated from Mariner 9 data (Downs et
al., 1982). Figure A1.3 indicates the location of the
radar groundtracks that crosced Ascraeus Mons, although no

quasi-specular radar returne were received from the shield

—

surface {Downe et a

——

.y 19820, Dual polarization

|

radar returne from 22°N provide additional information
about the surface roughness in the vicinity of Ascraeucs
Mone but the groundtracke do not directly crose the volcanc
({Harmon et al., 1982).

The MAMD instrument cbtained a profile of the
atmospheric water vapor abundance across Ascraeus Mons on
Vot orbkit 71, Lg= 120% {Farmer gt &l., 1977).

Ten measurements were averaged together for each degree of
longitude to increase the signal-to-noise ratio (Fig.
A1.2 . The resulting spatial resclution of 256 by 168 kKm
is etill sufficient to provide several values over the

valcana,
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APPENDIX 2. GECGLOGIC TERRAIN UNIT DESCRIPTIONS

Map 1

Map 1 is a 1:1,776,060 scale geclogic map of Ascraeus
Mocne and the surrcunding Tharsis plaine (Fig. 3.2). Unites
acssociated with Ceraunius Fossae terrain (pf2, pfil, K are

in the Hesperian and Noachian systems (Scott et

o
—

.y 1781203 &ll other units are within the Amazonian

system (Scott and Carr, 1778; Scott et a

—

[

y 1981a0 .
The total area covered by the map ic 88@,46@ kmz,

Plains Unite,

p4 - Tharsie plaine, from shield embayments., FPlaines that
originate from the embayments on the lower southwest
and northeaxst flanks of Ascraeus Mone. The
embayments are aligned with the MN48°E trend of the
Thareis Montes., Lineatione suggest flow directicns
were approximately radial from the embayment mouthe.
Mo flow margine are wvisible within S8 km cof the
shield, but flows are abundant beyond thie distance,
particularly to the northeast. Channele {esimilar tc
those on the shield at the embayments) are very
common in the plaine scuth of Ascraeucs Maone.
Example: 7°N, 187°W. Interpretation: Moct
recent plaine unit assocciated with Gecraeus Mone.
Relatively fluid lavas or debris flowse (lahars) were
probably involved in the emplacement of thece plains.

p3 - Tharsis plaine, well-defined flow margins. Flows
with well defined flow margine and flow fronts.
Individual flows are 2 to S Km wide near the wvolcano
and 186 to 46 km wide on the cshallow slopes away from
the volcana. Flows west of the wolcano (188 to
112°W) originate in the saddle arez between
Ascraeus Mons and Pavonis Mone. Flows at 18°N,
11@°W, originate near the Ceraunius Fossae grabenc
northwest of Ascraeus Mone; flow directions are
toward Ascraeus Mone, indicating & topographic
depression centered approximately at 17°N,
168*W. Flows northeast of Ascraeus Mons cover an
area larger than that of the wvolcano and they are not
traceable to the wvolcano. Examples: 14°N,
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an
r
f

pl -

PEmM -

pf2 -

11e°l and 17°N, 184°W. Interpretation:

VYoluminocue flowes that originate at locatione not
directly acscociated with fAscraeus Mone. These flows
pocstdate &ll other Thareie plaine arcund the wvelcano
except the p4 {(embayment) plaine.

Thareie plaine, few flow margine. Plaine with
relatively few isclated flow margins wvicsible. Very
little surface reltief is vicible on the plaine., The
p2 plaine are cuperpocsed on the chield terrain at the
chield-plaine contact {e.q. scutheact cshield margind .,
Two broad mounde 18 to 28 Km in diameter are located
at 18.2%N, 188.1°W and 14.8%N, 1@7.3%W;

the southernmost mound may have a summit crater.
Example: 18N, 1e8*W., Interpretation: Fluid

lavae that postdate the shield terrain of Ascraeus
Mone., Few flow directione are evident but most lavas
are probably ascociated with Ascraeus Mons wvolcanic
zctivity. The low mounds may represent emall-volume
shield volcances.

Thareice plaine, no flow margine., Flow margine are
abeent but grabens and channels are typically more
abundant than on adiacent plains. lesclated patches
of thie unit are surrounded by p2 and pd4 plaine south
of fecraeue Mons, Surfaxce relief ie generally more
variable on thie unit than on the p2 plains.

Example: 7°H, 1@84°W, Interpretation: Lavas

that predate the p2 plaine surrocunding Ascraeus Mons.

Tharesie plains, associated with Pavonie Mons. Plains
downslope from the embayment in the 1ower
northeastern flank of Pavonis Monse. The p2 plains
are superposed on this unit. Surface morphaoleoqy is
eimilar to that on the pl plaine arcund Acscraeus
Mone. Example: 3N, 118°W., Interpretation:

Lava plaine asscciated with Pavonics Mone wvolcanicsm.,

Faulted plains, associated with Cerauniucs Fossae.
Smocth-appearing plains superposed on the intencely
faulted Caraunius Foscsae terraine. This unit
includes M-S oriented faults ascsociated with the
Cerauniue Foscsae extensional tectonice but it is much
lese faulted than unit pfl. The area mapped here
represente only the scuthern margin of terrain that
covers an area greater than that of Ascraeus Mons
(see Scott et al., 1981ay. Example:

17N, 112°KW. Interpretaticon: Lavas assocciated

with wveolcanic actiwvity in the Ceraunius Foscae
regicon. Crater counte on thie terrain indicate that
it predatez the Tharcsic plaine (Scott et al., 1¥81ad,
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pfl - Faulted plaine, ascsociated with Cerauniue Fossae.

Intencely faulted plains. Grabene 2 to 26 Km wide
and 36 to > 208 Km long have greatly disrupted this
unit. The grabens are predominantly coriented N-S.
Example: 19N, 189°W. Interpretation: Plains
(most Tikely volcanic in origin) that predate the
Tharsis plaine. Intense tectonic activity disrupted
thie unit prior to the emplacement of the Tharcic
plains along their southern margin.

Shield Unites.

cf -

cw -

n
ra
|

Caldera flocor terrain. FPlanar curfaces within the
caldera complex at the summit of Ascraeus Mons. All
caldera flcore are partly truncated by subsequent
cellapese events, except the centermost caldera floor.
The caldera rim truncates the summit chield terraine.
Example: 11°N, 184°W. Interpretation: Lava
infilling of the depreccsions acsscciated with
individual caldera collapse events.

Caldera wall terrain. Terrain below the rime of
individual calderas but above the caldera floore.
The uppermost portione of the scuthern and rnorthern
walle of the central caldera have grooves and ridges
criented downeslope {alcso see Map 2). Example:

117N, 184%W. Interpretation: Shield materials
expoced by the collapse evente ascscciated with
individual calderac.

Shield terrain, western flank. Smcooth-appearing
plains with little vicible surface relief on the
western and northwestern lYower flanke of Ascraeuc
Mone. This unit is separated from the main shield
{e1) terrain by a 400 to 868 m high scarp. Grabens
maintain their orientation through both =1 and =2
terraine but they are more subdued on the €2 terrain.
Some grabencs terminate at the shield-plaines contact.
Example: 183°M, 187°W. Interpretation: Lavas

from fmscraeus Mons that fed the p2 plaine flows west
and northwest of the volcanc. There ic a break in
slope between the p2 plaine and the =2 terrain that
parallele the cshield flank surface.

Shield terrain. Striations generally radial to the
summit of the wvolcanco and gentle Km-cscale undulaticne
cause the flanKs of Ascraeus Mons to be readily
distinguichable from the uniform appearance of the
surrounding Tharsis plaine. Terraces, evidenced bv
breake in slope approximately ceoncentric to the
summit, are spaced 15 toc S8 Km apart and they are not
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present within 58 km of the caldera rim. The
northern flanks have numercus S to 18 Km-diameter
craters that are often aligned with nearby grabens or
the embayment channels. Example: 13°N, 185°W.
Interpretation: Intermixed lava flows, generally
much lese voluminous than the flowe on the Tharsie
plains. The craters on the northern flank are
predominantly endogenic in origin.

spm - Shield terrain, Pavonis Mons. Terrain similar to the
fiscraeus Mone €1 unit. The northern flank of Pavonis
Mone lacke the abundant, aligned craters wvisible on
the northern flank of Acscraeus Mons. Example:
3°N, 112°W. Interpretation: Intermixed lava
flowe, as on Ascraeus Mons. Crater countes indicate
Pavonis Mones ie probably older than Ascraeus Mons
(Plescia and Saunders, 1979).

Additional Units.

r - Ridged terrain, Crescent-chaped unit west of the
mountainous terrain by Ascraeus Mons. Ridges are
present throughout the unit and parallel to the
arcuate margin. Average ridge spacing is 1 Km.
Example: 12°N, 169°W. Interpretation:

Landslide deposit from the mountainous terrain (not
the Ascraeuse Mons shield). Similar terrain west of
Arsia Mons was interpreted as landslide deposits
(Carr et al., 1977,

m — Mountainous terrain. Very irregular terrain west of
Ascraeus Mons. Numercus individual Knobse and mounds
(come acs large as S Km in diameter) occur at the
northern portions of this unit. Twe channels are
visible in the southern portion of this unit but they
are truncated &t the m-plaine contact. Example:
11°N, 188°W. Interpretation: Lava or debris
flow material that predatec the precent cshield
surface (unit 1> and the Tharcsis plains.

mik - Mountainous terrain, Knobby. Km-cscale knobe
throughout plaine adjacent to the mountainous
terrain. Example: 12°N, 168°W.
Interpretation: Mountainous terrain flooded by the
Tharcsie plainse flows. The Knobs are remnants of the
mountainous terrain that protrude above the surface
of the plains.

mpm ~ Mountaincocue terrain, Pavonie Mone. Terrain similar

to unit m but located north of Pavonis Mons.
Distinct margine are tracezkle ontc the northern
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flank of Pavonics Mons. Example: 5°N, 112°HW.
Interpretation: Lava or debris flow material from
Pavonis Mons.

K - Knobby terrain. Irregularly shaped, Km-scale Knobs.
Some lineations are continuous for 20 Km through the
terrain. All surrounding terraine are superposed on
this terrain. Example: 18°N, 112°W,
Interpretation: The oldest terrain exposed within
the area covered by Map 1.

¢ - Craters. Circular cratere > S Km in diameter with
raiced rims and, in some cases, lobate ejecta
blankets. Example: 18*N, 11a°W,
Interpretation: Impact craters.
M&P_ 2
Map 2 ie a 1:250,0808 scale geologic map of photographe
461B01-24 (Fiq. 3.4a). All units are within the Amazonian
system of Scott and Carr (1978). The total area covered in

the 24 photographs is 18,948 km2,

Caldera Unite.

cw - Caldera wall terrain. Smooth-appearing clopes below
caldera rim crests. Ralls are striated parallel to
the c<lope, viceible on surfaces where the c=olar
incidence angle ics greater than 86°, with 188 to
388 m spacing. Slopes are generally cteeper than
18° since basal contacts are well within shadows
cast by rim creste with a 72° incidence angle.
Subtlie flow-1iKe margins extend from some wall
cegments onto the adjacent floor material (46iB26, E
of center). Example: 401B28, center.
Interpretation: Talus accumulations aleng the base
of wall and rim scarps. Striations are probably the
result of downelope mass movement. Outflow onto
surrounding floors may be related to landslide events
along sections of the wall, or fluid lavas cascading
over the wall.

cwg - Caldera wall terrain, grooved. Uppermost terrain on
individual wall segments. Alternating ridges and
grooves, oriented down slope, give the terrain a
fluted appearance. The groove spacing is quite
regular, ranging from 15¢ m on chorter walls to 35 m
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cwe

cf

cfg

at targe wall expocsures. Deep shadows cast by the
ridges separating the grooves indicate relief of ¢ 1@
m and ¢ 38 m, respectively, for the groove

epacing listed above. Some ridges correspond to
grabens that intersect the caldera rim but graben are
not vicible at all fluted wall exposures. The cw
terrain is always downslope from the grooved areas.
Example: 4@1B18, NE corner. Interpretation: Shield
material exposed by caldera collapse and mass
wasting., Joint control of groove crientatione may be
significant.

Caldera wall terrain, slumped. Subdued, rounded
blocke and mounds at the base of several caldera wall
segments. Lineatione parallel to the adjacent walls
are present at several locations. Shadows indicate
up to 368 m of relief along some lineaticons. WVery
little surface detail ics visible beyond gentle
undulations on the scale of hundreds of m. Basal
portions of this terrain are buried by caldera floor
material. Example: 461B28, N of center.
Interpretation: Blocks of shield material that <lid
into the individual calderas during or after the
collapse events but prior to the floor terrain
emplacement.

Caldera floor terrain. Planar surfaces bounded
either by csteep slopes at the caldera walls or by
scarpe, with the downdropped side toward the central
{lowest) depression. At least nine centers of
collapese are indicated by wall segments, only two of
which are coincident (Fig. 3.13>. The central
collapee crosscut all other floors, which are
topographically higher than the central flioor.
Numercue arcuate to linear graben occur on the
crosscut floor segments, generally parallel to either
nearty walls or the central collapse. Sinuous ridges
and broad flow fronts are present on the central
floor. Example: 4@81B19, NE corner. Interpretation:
Lava which flooded the calderas subsequent to each
collapse.

Caldera flcor materal, grooved. Subparalilel to
clightly arcuate ridge and valley terrain on the
central caldera floor. The ridges and valleys trend
N2@8°W with an average spacing of 288 m; thecse
features are displayed by highlights instead of
strong shadows, limiting their relief to ¢ 35 m.

Thie unit is overlain by flows of the central caldera
floor terrain. Example: 4981B1?, center.
Interpretation: Modified caldera flcocor lavas. The
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cfes -

modification could have involved erosion or
compression.,

Caldera floor terrain, slumpea. Numerous arcuate
blocks on the steep interior slopes of the caldera.
Blocks wider than Z Km (between bounding faults) have
planar upper surfaces but no resolvable surface
detail. Faulte are linear to arcuate, parallel tc
the surrounding caldera rim, and stair-stepped down
the interior caldera wall. The most extencsive
occurrence of this unit ic on the eastern side of the
caldera complex. Example: 461iB21, E of center.
Interpretation: Extencively faulted caldera floor
material that slumped intc the depression caucsed by
the latest collapse event.

Summit Unite,

f -

Flow terrain. Flows bounded by distinct, lobed
margins with a rough visual appearance (abrupt tonal
variatione over a few pixels, ¢ 180 m in total
scale). Leveed central channels are common but not
escsential. Some flows transition from leveed to
planar surfaces near their distal (downslope)
margins. One flow (481B24, NE corner; Fig. 3.11) has
ridgees perpendicular to the flow direction at its
distal end; the ridges are 15 m high and spaced 120 m
apart. Flow margincs are lobate in outline on a scale
of 1868 to 5606 m.  Shadow lengths indicate the flow
margins are 15 to 45 m high. Caldera cecllapse
truncated some flows on the summit flanks. Contacts
with units p and h indicate contemporaneous
emplacement of all three terrains but unit f is more
commenly on top of the other units. Example:

408 1B24, center and NE corner. Interpretation:
Individual flows of lava less fluid than that of unit
p. Leveed central channels, high flow margins, and
rough surfaces and margins suqgest an aa or block
flow texture.

HummocKky plaine terrain. Undulatory terrain with a
complex assemblage of mounds, flow fronte and
icclated leveed channel secticons. Individual flow
fronts or channel sections are typically not
traceable for more than a few Km. Relief is
variable, up to a maximum of 48 m, over horizontal
distances of 208 to 1660 m. East of the caldera the
surface undulations occur on a Kkm scale while west of
the caldera the dominant scale is 380 to 566 m.
Sinuous channels occur within this unit (481B24, E of
center) but they are cshorter and far less abundant
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than in unit p. The unit h sinuous channele are
typically asscciated with distinct sources such &as
elliptical craters. Contacte with unite p and f
indicate contemporanecus emplacement of all three
terrains. Example: 4@iBzZ4, N and NE of center.
Interpretation: Multiple extrusions, poseibly
occurring simul tanously, result in an intermixed
pattern of flows and curface relief. The increacsed
relief, relative to unit p, and multiplie flow
features may be associated with less fluid
{"degacced") pahoehce (see Chapter 5, hummocke).

Plaine terrain. Planar areas with gentle undulaticons
vieible by slight tonal wvariations. Sinuocus channeles
166 to 200 m wide are very common, some meore than 5@
km in length. Tonal variations suggest the sinucus
channels run along the crecsts of gently sloping
ridges. Elongate toes extend radially from the
cinucue channel in 4@81B24, center (Fig. S.11). The
few flow margine visible within this unit are broad
and have law relief ¢ <15 md. Sinuocus ridges
oriented radial to the caldera are precsent in this
terrain scuth of the caldera rim. Contacts with
unite h and ¥ indicate contemporanecus emplacement of
a1l three terrains but unit p is more commonly
covered by the other units. Example: 4@1B24,
center. Interpretation: Fluid lavas emplaced along
central feeding channelse (possibly including
collapeed tube segments) or low broad flows. The
gentle surface relief and channel morphology suggest
& pahcehce flow texture.

Hummocky plaine terrain, Knobby. Undulatory terrain
consiceting predeminantly of individual Knobs and
mounde epaced 288 to S8@ m apart. Surface relief is
comparable tc that of unit h but flow fronte and
leweed channel csections are absent. The Knobby
pltaine occur west of the summit caldera but this may
be due tc the limited high resolution photographic
coverage available east of the caldera. Mapped
outlines are generally elongate radial to the summit
areay thic ie consistent with the h and p contacts
that suggest these units moved around and covered the
kK terrain. Example: 461B12, N of center.
Interpretation: Individual Knobe (large tumuli?)
generated by localized outpouring of small volumes of
lava. This type of emplacement would suggest a tcey
pahoehoe flow texture.
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Base Unite.

Contact relationships for most basal unite are

difficult to identify due to the subdued tonal and textural

variations in the photographs,

<

Smocoth plaine terrain., Plaine with ne vicible
surface features { 380 m in scale, rezulting in a
very smoath appearance. Gentle Km-cscale undulatione
are evident from tonal variaticns; many of these
appear to be asscciated with grabens generally
parallel to topographic contours and irregularly
cshaped deprescsicne oriented downelope. Example:
491841, S and W of center. Interpretation: Heawvily
mantled csurface. The thickness of the mantling
material muet be 18=s of meters in order to cbecure
all flow relief. This unit cverlies all cther bace
terrains.

Flow terrain, subdued. Flowe bounded by lcbed
margins; tonal contrast across margine and on flcw
surfaces is reduced compared to that of unit €.
Leveed central channels are common but lack dark
shadowes. The least subdued unit fe f1lcws appear to
overlie adjacent unitse. Example: 49 1BG7Y, E of
center. Interpretaticn: Individual flowe of lece
fluid lava liKke unit f but mantled by material that
reduces relief and tonal wvariatione.

Hummocky plaine terrain, subdued. Undulatory terrain
consisting of mounds and lineatione oriented along
the slope; tonal contrast is reduced compared to that
cof unit h. The lineations have a variable texture
and tone much like the margine of unit fe flows.
Individual flow segments are more common than in unit
h but they are not traceable for more than a few Km.
Irregular deprescions 868 to 3068 m acroes and
lacking positive relief rimes are scattered throughout
this unit at lower elevations. Example: 4@ igas,
center. Interpretation: Numerous individual 1lowe
and gentle undulations mantied by material which
reduces relief and tonal variations. This terrain ic
the cubdued vercsion of unit h but with & greater
abundance of individual flow segments.

Plains terrain, subdued. Planar areas, typically

including sinucus channels, with a subdued surface
relief. Sinucus channel relief is alza subdued,
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hke

relative to unit p sinuous channele, as evidenced by
decreacsed tonal contrast and the lack of dark
shadowe. Numeroue sinuocus ridges within this unit
(481818, S and SM of center) coincide with the
western end of a larqe thrucst fault scuth of the
summit caldera (csee Map 1. Example: 461B16, center
and SW corner. Interpretaticon: Fluid lavas like
unit p but mantled by material that reduces relief
and tonal variations.

Hummocky plains terrain, Knobby, subdued. Undulatory
terrain consisting predominantly of individual Knobe
and moundes spacecs 200 to S@E m apart, with little
tonal contracst over the entire unit. Individual flow
cectione are abesent. Irregular depressicns cccur
along the upslope unit contact in 481882, Example:
4e1B82, W of center. Interpretation: Localized
cutpouring of small wvolumes of lawa like unit hk but
mantled by material that reduces relief and tonal
variations.

Mound terrain. Rounded mounde 8.5 to 4 Km azcrcass and
< 2880 m high. The mounds are common below the 15-Km
elevation, near the trancsition from the summit units
te the subdued bacse units. Most mounds lack any
prominent surtace textures but cone of the larger cnes
has numercus small Knobe similar to but emaller and
more closely spaced than thoese of unit hke., Scome
moundes seem to have deflected plains flowese around
them while othere could be sources of individusxl
flowe (401BA7, E of center). Example: 481B083,
center, Interpretation: Parzcsitic low shields
produced by localized eruptions. Groups of
individual mounds criented along slope may represent
ficssure-controllied eruption centers.

fAidditional Unite.,

g - Graben floor terrain. Smcoth to Knobbhy surfaces

within grabens, oriented perpendicular to the
taepographic gradient. The graben are linear to
slightly arcuate, S88 to 1486 m wide, 38 to 146 m
deep, up to 786 Km long, and include up to three
paired faulte on both cides of the deprecssion. The
floor areas mapped here do not include materials
traceable within or acrose the graben; such material
ie included with the unit cutcside the graben.
Example: 4@81Ba3, E of center. Interpretation:
Material downdropped between graben faults where
surface features have been disrupted by the tectonic
activity,
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d - Depreccsion floor terrain. Smooth to Knobby sufaces

within irregular deprescions oriented downel ope.,
Same bounding scarps are linear and meet at obtuce
angles while other scarpe are arcuate. The floor
terrain includes no features continuous with
surrounding teatures. The deprecsion are 166 to 22@
m deep and 1 to 7.5 Km wide. Ejecta from a 1.4 km
diameter crater in 461B@G1 was disrupted by the
depression forming process. Large jumbled bleocks on
the floor area are mapped separately {see unit |
below) . Example: 481B@1, M of center.
Interpretation: Diecrupted material that callapsed
within the irregular deprescions. The disruption
process involved mase movement through collapse and
landslide ewvents, poscibly including sapping. Jointe
er faulte may influence some scarp crientaticne.

Jumbled terrain. Jumbled and rotated blocke within
irregularly shaped deprecscsicne. Mcest lecations
consist of a chaotic accumulation of mounde and
elongate blocke 16@ to 460 m across. One location
(481BB3> has parallel, crescentic ridges 56 to 188 m
high and spaced S88 m apart. There ic no vicible
surface texture but tonal variations are very abrupt,
indicating more surface relief than on unit m.
Example: 4@1BB3, center. Interpretation: Disrupted
shield material that clumped intoc the irreqgular
depressione. The crescentic ridgee are rotated
landelide bBlocks.

Crater terrain. Crater interior and rim depocite
and, where vicible, crater ejecta deposits, 1@
craters larger than 9868 m in diameter were mapped as
thie unit, where rim and/or ejects merphaelagy could
be identified. Example: 481B61, W of center.
Interpretation: Impact craters with circular raiced
rims and, in csome cases, ejecta deposits extending
radially from the crater.

Shadow. Surface features are totally hidden within

the chadowe adjacent to the caldera walle. Example;
48 1B17, E cide.
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APPENDIX 3. FLEVATION-DEPENDENWT CORRECTIONS

FOR THERMAL INERTIAS OM MARS.

Thermal inertias on Mare display an inverse correlation
with elevation; thic effect is most pronounced on the large
valcances in the Tharsis area (Kieffer et al.,

1973, 1977; Jakoeky, 197%; Palluconi and Kieffer, 1981).
Thermal inertia provides & quantitative measure of surface
properties such as particle size, porcsity, and intergrain
bonding but the martian atmosphere can affect temperatures
independent of the surface material properties and alter
the apparent thermal inertia. Three atmoccspheric effects
contribute to changes in apparent thermal inertiz (Jakoeky,
19793 Palluconi and Kieffer, 1721): 1) changes in the
thermal conductivity of particulate materixle as a function
of atmospheric pressure, 2) atmospheric thermal radiation
te the surface, and 2 atmospheric dust abserpticon,
scattering, and radiation.

The thermal conductivity of particulate materiale varies
with atmospheric precsure (Mecheler and Glaser, 1945). At
martian atmospheric pressurec the thermal conductivity is
proporticonal to the square rcot of the precsure, co that
thermal inertia is proportional to the focurth root of
pressure (Kieffer et al., 1973). Mare has no cea

level to define an equipotential reference surface for

elevation measurements o an atmoepheric precssure of &.1
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millibars (the triple point pressure of water) has become

the standard zero elevation lewvel {(Mutch et .,

19746, p.210). The change in thermal inertia due to

atmospheric pressure variations (identified as A can

then be related to the standard zero elevation pressure:
4=1 . 1a = (P / Pc) W (Eq. AZ.D

where I is the thermal inertia at atmospheric pressure P

and o is the thermal inertia of the same materiale at

zerco-elevation preszure (Poc) of &.1 mbar. Assuming & scale

height cf 1@ Km (Lecvy, 197%), atmcepheric pressure can

alsc be directly related toc elevation (Fig. AZ.1 and Table

A3.1). A cecond order least squares fit to 4 as =

function of elevation resulte in the expressian:

4= 1/ 01,18 - 824 (H + 4) + 86823 (H + 4)2 (Eq. AZ.2)

where H is the curface elevation in km, relative to the &.1

mbar level. When the surface elevation ics Kricwn, the

measured thermz] inertia ie divided by 4 calculated

from Eq. A3.2 to obtain the thermal inertia at &.1 mbar

atmospheric prescsure.

Thermal radiation from the atmosphere decreaces with
increasing elevation as the atmospheric density decreaces
{(Jakoesky, 197%). The standard ViKing thermal model uses &
constant atmospheric radiation flux of .82 of the noontime
solar radiation, concsistent with the small atmaospheric

temperature amplitude measured by the IRTM (Kieffer et

m

1., 1977, If it ie assumed that the atmospheric
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ELEVATION (km)

-4 . . . .
0.4 4 1.2

Figure A3.1. Change in apparent thermal inertia due to
atmospheric prescsure effects on thermal conductivity as a
function of elevation. 4 is apparent thermal inertia
normalized to thermal inertia at zero elevation {(Eq. A3.1).

28

ELEVATION (km)

0 THERMAL INERTIA 20

Fiqure A3.2. Change in apparent thermal inertia due to
variations in atmospheric thermal radiation as a function
of elevation.
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Table A3.1. Change in thermal inertia due to atmospheric
pressure effects on thermal conductivity (& and the

apparent thermal inertia due to atmospheric radiation at
midnight.

El (km) P (mbar) a Apparent Thermal Inertias

28 0.37 0.50 045 122 3.00 5.10 7.93 11.66 14.82
26 045 0.52 045 1.22 3.0l 5.12 7.96 11.69 14.85
24 0.55 0.55 046 1.23  3.03 5.14 8.00 11.74 14.90
22 0.68 0.58 046 1.25  3.06 5.17 8.04 11.80 14.96
20 0.83 0.61 047 1.27  3.08 5.21 8.09 11.88 15.04
18 1.01 0.64  0.49 1.29  3.11 5.25 8.15 11.98 15.14
16 1.23 0.67 0.51 132 3.14 5.30 8.21 12.09 15.25
14 1.50 0.70  0.53 1.36 3.18 5.36 8.27 12.21 15.38
12 1.84 0.74  0.56 140 3.23 543 8.39 12.40 15.56
10 2.24 0.78  0.59 146  3.31 5.53 8.54 12.63 15.78

8 2.74 0.82 0.63 1.52  3.39 5.64 8.71 12.90 16.04

6 3.35 0.86 0.68 1.60 3.50 5.78 8.93 13.24 16.37

4 4.09 090 0.74 1.71 3.63 5.97 9.22 13.66 16.81

2 4.99 095 0.81 1.83 3.78 6.20 9.56 14.15 17.33

0 6.10 1.00 090 1.97 395 6.46 9.95 14.70 17.93
-2 7.45 1.05 1.12 2,19 423 6.84 1051 15.39 18.86
4 9.10 1.10 140 246 458 7.29 1117 16.17 19.97

Table A3.2. Apparent thermal inertia due to atmospheric
radiation at noon.

El (km) Apparent Thermal Inertias

28 1.48 2.60 4.82 7.75 12.12 17.98 23.72
26 1.48 2.59 4.81 7.74 12.09 17.92 23.63
24 1.47 2.57 4.80 7.72 12.04 17.86 23.52
22 1.46 2.55 4.77 7.69 11.99 17.79 23.39
20 1.44 2.53 4.75 7.65 11.92 17.71 23.24
18 1.43 2.51 4.72 7.61 11.85 17.61 23.07
16 141 2.49 4.68 7.55 11.77 17.51 22.88
14 1.38 2.46 4.64 7.49 11.68 17.39 22.68
12 1.35 2.42 4.59 7.41 11.55 17.21 22.38
10 1.30 2.37 4.52 7.31 11.41 17.00 22.04

8 1.25 2.31 4.44 7.21 11.24 16.75 21.64

6 1.19 2.24 4.35 7.08 11.04 1645 21.18
4 1.11 2.16 4.24 6.92 10.79 16.09 20.63

2 1.01 2.05 4.11 6.73 10.49 15.69 20.02
0 0.91 1.94 3.97 6.52 10.16 15.24 19.34
-2 0.77 1.79 3.78 6.26 9.76 14.68 18.53
-4 0.60 1.61 3.56 5.96 9.31 14.06 17.62
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radiaticon flux is directly proportional to the mass of the
atmoephere above the surface (and therefore proporticonal to
pressure), then the thermal models can be rerun for
different levele in the atmosphere.

Thermal modele with atmospheric radiation constante of
L83, .82, .61, .@86%5, .6625, and .60125 were run for cseven
thermal inertias and related to elevation thraough a 18 km
atmcoespheric ecale height. The surface temperatures
corresponding to each lewvel in the atmosphere were used ta
determine the apparent thermal inertia, and fit by & secand
corder least squares exprecssion (Fig. A3.2), Decreacsing the
atmoepheric radiation tends to decrease the surface
temperatures at all timeszs of day, with the result that
calculated thermal inertias are toco low during the night
and tco high during the day, relative to the came szurface
materials at 6.1 mbar pressure. Increased surface albedo
could result in lowered temperatures throughout the day but
albedoe effectse on thermal inertia have been included in the
two-parameter (albedo and thermal inertia) fite to measured
temperatures (Kieffer et al., 1977; Palluconi and
Kieffer, 1981). Tables A2.1 and A3.2 liet the apparent
thermal inertias at several elevatione for midnight and
noon, respectively. All thermal inertiae precented here
are in unite of 153'3 cal em? sec’® K'. The values in the
twe tables are applicable between 18 H (where H reprecents

1724th of & martian day?) and S H lccal time at night and
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between ¢ H aﬁd 1S H during the day. Apparent thermal
inertias are not csencitive to latitudinal or seasonal
variatione.

A dusty atmosphere can also influence surface
temperatures. Jakosky (1979) modelled the thermal
contribution ta surface temperatures from atmospheric ducst
btut thie procedure overemphacized the absorption (relative
to scattering) of csolar energy (R. Ditteon, personal
communication, 1?86>. The complex optical (Pollack et

.y 1977, 1279) and thermal (Z2urek, 1978 propeties of

ne

the dusty martian atmosphere are not presently incorporated
into modele that allow corrections to be applied directly
tce the IRTM data. Temperaturecs measured at different
wavelengths are calculated to agree within 6.4 K during the
night and within 1.9 K during the day for a dust opzacity of
6.1 {Christencsen, 1982, Table 2); atmospheric dust shculd
nat have & significant effect on thermal measurements under
thecse conditions., Most of the IRTHM sequences used in thies
work correcspond to seasone where the dust cpacity =zt
thermal wavelengthe was ¢ 8.1 (Table A2.2).

The carrectione for elevation-dependent thermal
conductivity and atmospheric radiation effects can be
combined to cbtain thermal inertias more representative of
the surface physical properties. The thermal conductiwvity
correction i applied firet and this resuit ic ucsed in the

atmoepheric correction (revercing the crder of the

568



corrections results in thermal inertias typically within
8.2 units of the wvalues obtained by the imitial procedure).
Application of the atmocespheric correcticon requires
specification of night ar day for the cbeervations.

Thermal inertias cobtained from nighttime temperatures
(Kieffer et al., 1977; Zimbelman and Kieffer, 1779

are in good agreement with thermal inertiac determined from
temperatures measured at several times of day {(Falluconi
and Kiefter, 1981), sc that the night correction cshould ke
most applicable to global thermal inertia data sete (e.g.
Mare Consartium, Kieffer et al., 1221). Thermal

inertias calculated from individuxl temperature
measurements should ucse the carrection appreopriate for the
actual time of data collection.

The following example illutrates the uce of the
cerrection tables. @A temperatue of 14%.% K is meacsured
during the martian night for a location with an elevatiaon
cf 17 Km. The thermal inertia determined from the standard
ViKing model is 1.4. From Table &2.1 the thermal
conductivity correction reculte in & thermal inertia of
2.1, Table AZ.1 aleo preovides the atmospheric radiation
correctione for nighttime temperature measurements. &t 17
km elevation, the 2.1 value cbtained abewe corresponde to
6.46 of the difference between the nearest licsted valuecs;
at the @ Km level ©.48 of the difference between the

nearect listed wvalues corresponde to & corrected thermal
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inertia of 2.9.

The single~point thermal inertias from the high
spatial resclution sequences require one or two additianal
correctione, If the spacecraft pointing geometries contain
a timing error, the position of each measurement must be
cshifted up or down the groundtrack. The magnitude of the
shift muet be determined by manually matching thermal
values with ceveral surface features along the groundtrack.
Thie process is greatly simplified through the use of plote
(Fig. A1.4) and mape at & scale sufficient to clearly show
individual measurements.

An additicnal coarrectian resulte from the method by
which model calculaticone of thermal inertia are perftormed.
The very low nighttime temperatures on Ascraeus Mons cauce
the standard VikKing model to greatly underecstimate the
calculated thermal inertias that are ¢ 1, at times
resulting in physically impocesible negative wvalues. This
ie due to the I = 1 lower limit for calculated temperatures
in the =tandard model data files and the non-linearity
between temperature and thermal inertia. The correction
involves computing individual thermal models for the date
of the sequence at thermal inertizxse less than 1 and
interpolation of the thermal inertias. On Ascraeue Mons nco
thermal inertias calculated in thics manner were lecss than

4.8 (pricr to correcticone for elewvaticon).,
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