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ABSTRACT

This study is an investigation of the morphology of Hadley Rille

and its relationship to surrounding structurss,

Hadley Rille is wholly contained within mare basalts and appears
to have beern deflected by pre-mare material. The rille is cut by
post-mare craters but cuts no post-mares crater. Irregular depressions
at either end of the rille appear volcaniec in origin. Thus, rille
formation appears contemporaneous with mare filling. Rille wall outcrop
probably represents a series of lava flows, Some debris accumulations
in the rille are zoned resembling slides on quarry slopes. Others, with—
out zonation, have an unclear mode of emplacement. Two boulder cate-—
gories are present - light colored, rounded, partly buried boulders and
dark solored, angular, exposed boulders. The former may be pre-mare
talus into which the rille has been incised. Boulders in the rille are
filleteé above and undercut below, Thermal creep from intergranular

adjustments during cyclic solar exposure may produce this effect.

Twenty-eight transverse profiles of the rille indicate that the
southern section of the rille has a V-shaped profile with mildly con-
cave limbs and no natural levees., U-shaped or asymmetric profiles
have resulted from post-rille alteration. Asymmetry suggesting slip-
off slopes is present on small radius corners., The mare surface slope
is not consistently toward or away from the rille, The high side of

the mare is not consistently on one side. Although not profiled, the
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indistinct northern section of the rille appears U-shaped or flat
bottomed. Volume calculations from profiles adjacent to mountains

suggest 2 lunar slope erosion rate less than 35 meters/billion years.

Structures surrounding the rille are examined to determine their .f
effect. Lineament strike directions are compared to computer simu-
lated directions radial and ecircumferential to adjacent basins from
structure locations. Structures in the Imbrium Basin appear related
to the Serenitatis or Vaporum events. One such structure is the
depression at the south end of the rille. A statistical comparison of
structure and rille-segment azimuth frequency distributions indicates
that structures and rille-segments are related in the north but un-—
related in the south. A fracture density map indicates exceptionally

high densities in significant locations.

The length and width of Hadley Rille place it with the largest
20% of sinuous rilles. Its channel volume of 20 km>. corresponds to
a block 40 km, x 50 km. x 10 meters. The absence of a depositional
form 1is therefore significant. The power spectrum and meander wave-—

length are similar to values characteristic of terrestrial rivers,

Non-parametyic statistical tests show that rille width decreases
northward; that width and depth are directly correlated; that width
shows abrupt increases followed by gradual tapering to the north;
that limited segments show a width-azimuth relationship; and that
inereasing curvature of the rille may correlate with increasing rille

width 2 km. northward.
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Hadley Rille is directly related to the emplacement of mare basalts
in Palus Putredinis. Fxisting hypotheses of sinuous rille origin are
in discord with the cooling behavior of deep lava flows and the strength
of materials. It is proposed that Hadley Rille is a chamnel which re-
turned lava to the southern vent from which it initially extruded and
that the channel persisted through many episodes of voleanism. This

view is supported by available topographic information and is in accord

with the observations of this study,
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CHAPTER I

INTRODUCTIGN

Preliwinary Discussion:

Lunar rilles are long, narrow furrows on the lunar surface. Based
on their appearance, they can be classed into groups which in reality
tend to grade into one another. One distinct group has been called the
sinuous lunar rilles. These have a serpentine aspect in map view which
is a pattern similar to terrestrial stream channels. Their presence in
the lunar enviromment has consequently been a matter of speculation since
their discovery. Hadley Rille (fig. 1-1) is peihaps the freshest appear-
ing sinuous lunar rille. Its proximity to the Apollo-15 landing site has
made it the most photographed rille at ;11 scales. This report is a study
in detail of the geomorphology of this spectacular form and a discussion

of the question of its origin.

Early observation of lunar rilles. The presence of valley-like

features on the moon has been known for about 200 years. The first
observation of lunar rilles was reported by Schroeter (1787) who identi-
fied a total of 11 rilles in tha period 1787-1301. Subsequent early dis-
coveries inciuded Lohrman's observations of 75 rilles between 1832 and
1841. Schmidt, who himself discovered 243 rilles between 1842 and 1865,

catalogued a total of 425 rilles. He was evidently the first to record

Hadley Rille, By 1900, over 1000 lunar rilles had been described.

These discoverers did not note the sinuous nature of any of the

.l}
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rilles, however. Most furrows on the lunar surface, particularly those
large enough for telescopic observation, are straight or gently curving.
The photographs of lunar models prepared by Nasmyth and Carpsnter (1874)
show a slight sinuous aspect to the rilles on the Aristarchus Plateau,
These authors believed the rilles to be structural in origin and did

not mention the sinuous appearance. In 1893, Pickering made detailed
observation of the Palus Putredinis region which resulted in an accurate
sketch (fig. 1-2) of Hadley Rille. This is considerably more detailed
than some sketches which have Followed (for example, Gooéacre, 1931).
Pickering subsequently observed a number of sinuous rilles and was able
to make important generalizations about their morphology and occurance.
Due to limitations emposed by diffraction and air turbulance, Pickering's

observations represent about the highest resolution visible from earth.

Figure 1-2 Sketch reproduced from Pickering (1903). This is the first
accurate sketch of Hadley Rille. Only the southern lalf is
portrayed. The remainder is not clearly visible from earth.




Definition of Sinuous Lunar Rilles:

Although space flight has enormously imporved the quality of data
concerning lunar rilles, Pickering's initial characterization still serves
as an adequate general description. He ascribes the following character-
istics:

1. The sinuous rilles are wider at one end than the other.

2. The wide end originates in a pear-shaped depression.

3. The forms are composed of joined, short radius curves which
impart to them the appearance of river channels.

4, One end appears higher than the other and the wide end (unlike

rivers) appears to be the high end.

Hadley Rille departs from this characterization in that the de-
pression at the wide end is arcuate, and that it is on a very nearly

level surface.

Greeley (1971) has summarized the characteristics of the sinuous

rilles as we know them from Lunar Orbiter photography as follows:

1. They appear to originate in irregularly shaped craters or depres-
sions.
2. They generally trend down slope.
3. They have discontinuous channels and cut-off branches.
4, They are fairly uniform in width or occasionally tapér toward
_ the_terminus.
5. They are restricted to mare surfaces and appear to be controlled

by highland or pre-mare topography.




6. They form topographic highs along the rille axis.

Hadley Rille seems to conform to these criteria except for number 6.

One must also question the use of "origin" and "terminus" to describe

the ends of the rille.

-
!

Other authors have suggested definition on a quantitative basis.
El-Baz, F, (1968) suggests that there are four major classes of rilles-

linear, arcuate, sinuous and complex-and that they can be subclassified

" even further., He suggests that the subclasses can be distinguished by
determining the sinuosity index, the percentage of curved portions of

a2 rille compared to its total length.

Oberbeck, V. R. et al. (1971) have suggested that harmonic analysis,
specifically, the coefficients of a Fourier sine series, might suffice -

to distinguish different classes of rilles. ' :

The Problem of Sinuous Lunar Rilles:

The discovery of the sinuous rilles presented Pickering with the
yet unanswered problem of how these large river-like features could

1

form in an environment with little or no atmosphere. Until 1965, the - i
= 3

4

RS

resolution of observations was such that few astronomers were motivated

e

to investigate the issue as relatively few of these forms could be recog-
. 1 . , . \
nized , and their sinuous nature is barely perceptable on telescopic
2
photographs . The general trend of thought seems to have been that the
1The state of knowledge just prior to Lunar Orbiter flights is

summarized in Cameron, W.S. (1964) An interpretation of Schroeter's ‘
Valley and other Lunar Sinuous Rilles: J.G.R., Vol.69, p. 2423,

2A good telescopephoto of this region is found in Alter, D. (1967)
Pictorial Guide to the Moon, Crowell, New York, p. 98, On p. 142 of this :

volume, a telescopic enlargement of the Alpine Valley illustrates the in o
visibility of its central rille which is so obvious on L.0. photos. a




sinuous rilles are varisties of linear rilles and are structural in

origin.

With the advent of Space flight, the realization hase come about that
the sinuous rilles are both numerous and strikingly serpentine. A few
investigators have made general observations on the geomorphology of the
rilles (se ch. 2 of this report). A large number of writers have authored

hypotheses concerning the origin of the rilles which are discussed in

detail (see ch. 7 of this report). It is sufficient to note here that

the hypotheses fall into categories classed according to mode of genesis

as follows:

1. Tectonic movement
2, Ash flow following a volcanic eruption
3. Fluid flow
a. Water
b. Water and ice
c. Wéter under ice
d. Lava on %he surface
e.  Lava in lava tubes followed by roof collapse

4, Fluidization of regolith over a gas fissure

The most pertinent work concerning the morphology of the Hadley Rille
and its surroundings is found in the post-mission Apollo-15 preliminary
science report and in the pre-mission planning for the £flight. Prior to
this report, there has evidently been no detailed geomorphic study of a
specific lunar rille and its relation to its surroundings, and the problem

of the origin of these forms remains unresolved.




The Purpose of this Study:

The selection of Palus Putredinis for the Apollo-15 landing site
has provided a first hand observation of Hadley Rille, Excellent ground-
based stereo coverage of several kilometers of the rille is available.
In addition, this mission was the first to fly with metric mapping and
panoramic cameras. The metric mapping camera has provided an undistorted
view of the rille and surroundings as well as topographic control, The
panoramic camera has produced oblique photographs of the surface with a

resolution of two meters and less.
The purpose of this study is <:o:

1. Conduct a close qualitative examination of satellite and ground-
based lunar photographs of Hadley Rille and its surroundings.

2. Make a precise and detailed quantitative examination of the rille
and associated forms.

3. Establish statistical, algebraic and graphical relationships
_betwéen measured parameters,

4, Discuss the genesis of the rille in terﬁs of the relationships

and observations and establish a most probable mode of origin for this

sinuous rille.




CHAPTER 11

PRIOR WORK IN THE APENNINE-HADLFY REGION

Location of the Study Area:

The location of Hadley Rille is detailed on the four maps, figures
2-1 to 2-4, vwhich alsoc serve to name various features of the region.
These maps will serve as a useful reference for the lunar names used in

this and subsequent chapters.

Due to the inverting nature of astronomical telescopes, there has
been some confusion concerning the definition of lunar compass points.
The most recent trend and the one which will be followed here is as
follows: The north lunar pole is at the apparent top of the lumnar
disk as seen by an observer (unaided eye) standing in the earth's north-
ern hemisphere. The east limb is then to the right and the west limb to
the left. Zero degrees longitude bisects ﬁhe visible side and otherwise,

the coordinate system is identical to earth's.

Lunar Stratigraphic Nomenclature:

In the last 15 years, considerakle effort on the part of a number
of photogeologists has been devoted to developing a2 scheme of Junar

stratigraphy. One apparent advantage on the moon is that impact events

are essentially instantaneous and form widespread deposits, thus providing

key beds. Significantly, the first attempt at establishing a lunar

stratigraphy (Shoemaker and Hackman, 1962) was tied to impact events.
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Difficulties in moon-wide correllation arise when units are suf-
ficiently distant from type areas that no cross-cutting or superposed
relationships are inferable with units in the type areas, a problem
frequently recognized on earth. In this situation in lunar stratigraphy,
secondary criteria such as morphology of superimposed craters (Soderbloom
and Lebofsky, 1972) crater demnsity or general surface appearance are used
for correllation. In the current application of stratigraphic reasoning
to lunar problems, the secondary criteria seem to have become primary and
time stratigraphic designations based on surface appearance have been
assigned in many studies. This is obviously an uncertain procedure, and
many rock stratigraphic units displayed on lupar geologic maps have been
assigned dual time stratigrapnic designations reflecting the uncertainty
(for example, Wilhelms and McCauley, 1971). Table 2-1 is a summary of
pertinent lunar stratigraphic units and some of the criteria used to

assign them.

Fortunately, the Imbrium event as represented by its assumcd ejecta
blanket, the Fra Maur> Formation, represents a fundamental time plaﬁe in
lunar stratigraphy. This places Palus Putredinis, the rille location,
in a very favorable geographic location for stratigraphic interpretation
and its‘history can be related to the lunar stratigraphic sequence with

some confidence.

Pre-Space Flight Geblogical Studies of the Palus Putredinis Region:

This region has been favored by most observers, probably because it
lends itself to favcrable undistorted telescoplc viewing, and because of

the complexity and variety of forms visible in a small sketchable area.

.
£
]
!
;
!
|
‘
,

P T - S




Table 2-1. Abridged scheme of lunar stratigraphic nomenclature

Rock stratigraphic Generj:_tl characteristics and specific Time Istimatgd
unit units™, unit age YIP
Copernican Deposits of Copernicus (primary definition) Copernican
system : and other fresh appearing rayed craters, p=riod
Eratosthenian Deposits of Eratosthenes (primary defini— Lratosthenian
system tion) and similar slightly subdued craters period

' with rays no longer visible or very faint 9

at high sun. 3.2 x 10

Tmbrian Upper member informally defined as the Imbrian
system mare surface between Lratosthenes and period

Archemedes, Implication seems to be that
this represents the contact betueen mare
fill surface and Eratosthenian ejecta.

Dark mare materials in the Imbrium Basin
and Oceanus Procellarum,

Deposits of Archemedes and other mare-
flooded craters superposed on circum-
Imbrium deposits and structures.

Circur~ILnbriuwn deposits and structures

Basil member defined as the Fra Mauro Fm. 3.9 x ZLO9
Pre~-Imbrian Deposits of Julius Cacsar and other simi- Pre-Imbrian
system (informal) lar degraded craters covered by Imbrium time (not a 9
Basin ejecta or cut by its structures. formal period) kb x 10

1P1*imarily Tfrom Wilhelms, D, E. and McCauley, J. F. (1971) weologic map of Lhe near side of the moon-
rationalle, methods and format, p. %4, published to accompany U,5,G.5. Hap Ho. 1-703.

BCT

2] -
“Mutch, T. A. (1972) Geolopy of the Moon, Princeton University Press, Princeton, New Jersey.
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Most 19th and 20th century books on lunar studies have maps, sketches or
at least physiographic descriptions of the features in this region. At
least two studies, Spurr (1944) and Shaler (1903) are caried out from

a geological view point., Both of these authors believed that most lunar
features are volcanic in origin and interpreted Palus Putredinis in this
way. It is interesting that although extremely detailed physiographic
maps of the moon were produced prior to space flight, little effort was
devoted to interpreting geology on a regional basis. Most authors have
described classes of lunar features and have illustrated their classifi-

cations with specific examples.

Post-Space- Flight Geological Studies of the Palus Putredinis Region:

Because of the selection of the Apollo-15 landing site adjacent to
Hadley Rille, considerabls interest developed in interpreting the regional
structure and stratigraphy. What follows are brief notes on the most
significant studies of the regional geology. The regional setting itself

is the subject of the next section.

Hackmann (1960) differentiates the mare material from the pre-mare
material and illustrates the large scale structural elements on a 1;3,800,000

map .

Hackmann (1966) subdivides the area into several formations and
establishes a stratigraphic sequence. This differentiates Imbrium material,
post-Imbrium event basin filling material in two stages and several crater

forming evisodes on a 1:1,000;000 map.
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Carr and El-Baz considerably redefine the boundaries given on
Hackmann's 1966 map and add several stratigraphic units to account for
erosional processes and secondary cratering. Some rock units on this
1:250,000 scale map receive a significantly different interpretation
than on Hackmann's 1966 map. For example, Hackwann mapped a large expo-
sure of Apennine Bench Formation south of Hadley Rille which was
interpreted as early mare filling basalt. This was reinterpreted by
Carr and El1-Baz as a post-Imbrium event slump deposit. These changes

may reflect the improved resolution of Lunar Orbiter photography.

Howard (1971) has mapped the region surrounding the Apollo-15
landing site to provide a detailed 1:50,000 scale map which is substan-
tially in agreement with and was ?ublished simultaneously with the Carr
and El-Baz map. There is considerably more detail concerning small
craters, and the precise location of some of the boundaries of small units

on the mare surface is modified.

Swann et al. (1Y71l) have discussed the Apollo-15 landing site in
their detailed post-Apollo-15 preliminary report. The authors make
pertinent observations and interpretations from the ground-based photographs

and discuss sample locations and observations station by station.

Swann et al. (1972) in an abriged version of the preceding paper
have included a map of the landing site area at a scale of 1:32,000.
This map which was drawn with the additional insight provided by Apollo-1S5

confirms the interpretation of Howard (1971).

Gast et al. (1972} have presented thin sections of the major rock

types found during Apello-15 and have classed the rocks according to




3

16

mineralogy and texture. The genesis of the most prominent rocks is

also discussed.

Regional Sétt;ggz

Hadley Rille is located in the Palus Putredinis (figs. 2-1, 2; 3, 4)
an embayment of mare material just within the southeastern edge of the
Imbrium Basin. The apennine Mountains form an arc which is tlie southeast
edge of Mare Imbrium and are regarded as fault-bounded, rectilinear,
upthrust blocks resulting from the basin-forming impact {Carr and El-Baz,
1971). The rille is adjacent to and apparently in places deflected by
the prominent escarpement at the edge of the mountain block. The lunar
coordinates of a point close to the center of the rille are: North 26000',

East 3930',

The Imbrium Basin (fig. 2-1) is generally regarded as a large impact
feature formed toward the end of the moon's early history. It is thus
an old lunar form, but it and its ejecta blanket cross-cut several older
features (Wilhelms and VcCauley, 1972). Adjacent to, and cross-cut by
the Imbrium Basin are two other older basins - Serenetatis on the east
and Vaporum on the southeast., The geologic complexity of the Hadley reg-
ion is due in part to its Imbrium Basin marginal position. From a broad

view, the bed-ock geology and structure must have.been affected by the

. Serenitatis and Vaporum events as well.

Structure. There are numerous linear or arcuate structural elements
in this region which are for the most part circumferentizl or radial to

the Imbrium Basin (Howard and Head, 1872). These lineaments are also
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aligned in the same directions as the well known Lumar Grid (Elston et al.,

1971). It appears that the three nearby -basin forming events and the over-

all lunar structural pattern have joined to produce the structures so well

displayed at this site. Some structures, even structures within the

Imbrium Basin, seem to be related to the formation of the Serenetatis i~
Basin in pre-Imbrium time (see ch. 5 of this report). All the tectonism

vhich produced the faults represented by some of these structures did not

occur immediately after the Imbrium event. Some faults cut thg low-lying

Apennine Bench Formation which seems to be an early mare filling basalt

(Carr and El-Baz, 1971).

Palus Putredinis, illustrated on figure 2-2, is bounded by faults
to the northeast and soﬁtheast, bounded by hummocky hills of questionable
origin (mapped by Carr and El-Baz (1971) as post-Imbrium slump deposits) -
to the southwest, by the rim deposits’ of the crater Archemedes to the
northwest, and by ejecta from the craters Aristillus and Autolycus to the
north. It seems to be topographically isolated from the adjacent floor
of Mare Imbrium which implies tﬁat the basalts which fill it are of local
origin. It is possible howevVery; that at the time of mare filling that
Rima Fresnell to the north was a local channel or that one existed under

the present ejecta blanket of Autolycus.

Major craters. Large craters which have scattered ejecta throughout

this region are Archemedes, Aristillus and Autolycus (fig. 2-2). Ejecta
from the latter two have formed secondary impact features on the surface
of Palus Putredinis indicating their recent age. Thr former, which is

flooded with late mare basalt, has secondary structures remaining on the
Apennine Bench Formation indicating an impact after the early stages of

mare f£illing (Carr and El-Baz, 1971).
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ik samples. Samples frcm Apollo-15 come from two distinct geolog-

ical environments - the mare plains and the base of the mountain Hadley

Delta (Swann et al., 1972). The rocks from the mare plains are predomin-

antly basalt and those from the mountain are breccias and metaigneous

rocks. These rocks have been further subdivided into groups which are

simply reptrsented in the diagram (fig. 2-5), drawn for this report but
based on the conclusions in the papers by Gast et al. (1972) and Swann

et al. (1972). These two articles also discuss the genesis of the various

rock types and come to the following conclusions:

1. The mare basalt samples are evidently related to the underlying

mare filling material. The type 2 basalt was swzmpled directly from ap-

parent outcrop at the rille lip, and was also found as a boulder in

Dune Crater at the other extremity of the sampled arez (fig. 2-4).

The typs 1 basalt was found as boulders throughout the mare area and is

thought to comnsitiute the uppermost rock unit underlying most of the

regolith at the site. The types 3 and 4 basalts were found at the rille

lip (station 9a, fig. 2-4) and their origin is not clear. 1In the context

of this investigation, it appears possible that these have been ejected

by relatively recent impacts from early formed rock units exposed toward -

the bottom of the stratigraphic section in the rille,

. 2. Most of tne non-basalt samples are regarded as being related to

the Imbrium impact either as impact-related breccias or as deep seated

rocks brought up by the event.

3, Those breccias which contain mare basalts are though to have

originated with local impacts on the mare.

4. The non-mare basalts which were found in rake samples at Spur

o T i
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Figure 2-5. Classificabion of the suite of rocks from the Apollo-~15 mission.

Type 1 (porphyritic clinopyroxene basalt)

Type 2 (porphyritic clinopyroxenc basalt vitrophyre}

Hare
basalts Type 3 (porphyritic olivine basalt)
Basalts Type L (Scoriaceous basalt)
Non~mare
basalts
Apollao—15¢ Shock metamor—~
rocks phosed rocks
Non~ Clastiec rocks containing mare basalbs
basalts (breccias) <::::::
containing non-mare basalts and gabbroic rocks
Anorthosite

61
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Crater (fig, 2-4) and in breccias from the Appennine Front, may have been

transported from distant pre-mare te-rains after impacts.

Radiometric ages: In addition to the extensive petrologic work

which has been reported on lunar rocks, radiometric ages have been repor- b

ted for many samples, In particular, Husain (1972) has published a

SgAr ages on five samples of mare basalt and eleven

compilation of 4OAr—
Apollin-14 samples from the Fra Mauro Formation. I have examined these
values statistically to ascertain the elapsed time between the Imbrium

event and the mare f£filling.

The five mare basalt values range from 3.15 to 3.32 x 10° YBP and
have an average value of 3.26 x 10° years. The standard deviation is “ N
0.064 x 10° indicating a 90% probability that another value from the same
population would fall in the range 3.26 + 0.11 x 109 years, The standard error
is 0.03 x 10° years which after calculating the t-statistic indicates that
9

the average value has a 90% probability of being within + 0.0¢ x 10

years of the 'true'! value of this population.

The Fra Mauro Formation samples show dates ranging from 3.50 to
3.92 x 10° YBP. The average value is 3.78 x 107 years with a standard
deviation of 0.11 x 10° years indicating that another value from the
same population would have a 90% probability of falling in the range 3.78 +0.18
x 10° years. The standard error is 0.054 x 10° years indicating thaf the
average value has a 90% probability of being witltin + 0.10 x 109 years

of the 'true' value.

By subtracting these two averages and calculating the pooled 90%

confidence limit for the difference, the time difference between the

¥
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Imbrium event and the mare filling can be estimated. This value is

9
0,52 + 0.10 x 10 years. Thus, at the 90% confidence level, 400 to 600
million years elapsed between the Imbrium event and mare £illing. It -

should be noted that the confidence limits for these averages are about

-

the same magnitude as the estimated experimental errors reported by the
various investigators summarized by Husain. Therefore, this statistical

treatment seems reasonable.

Geologic History of the Region:

The geologic history of the Hadley region has been discussed to scme
extent by most of the authors noted in the preceding section. A general
statement is found in Carr and El-Baz (1971). The diversity of cross-
cutting and overlapping relationships at the Imbrium Basin edge makes a
detailed relative chronology of events possible. The discussion which
follows and the chart (fig. 2-6) are based on interpretations in the pre-

viously discussed papers and my own observations of the Hadley region.

Events can be classed into three major time intervals in the order

of decreasing age as follows:

1. Events preceding and including the Imbrium Basin forming event.
2. Events which occured between the time of the basin formation and
the end of mare filling.

3. Events which occurred after mare filling.

These basic intervals are chosen because the breaks are represented by
widespread rock units., The basin forming event is represented by the
Imbrium Basin and its ejecta blanket. The mare filling is represented

by the mare basalt surface. The regional history is discerned by ob-
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Fig. 2-6. Chart indicating relative sequence of svents around Hadlsy
Rille {craters and features illustrated on maps, Figs. 2-1

to 2-4).
Assumed avent Lunar time period ovidence
(youngest at top) PI I i c
1 T Y
Small primary craiers : . ( ) Zjecta and boulder
' trails in rille
Aristillus event ; ' () Craters and ejecta
Autolycus event () Craters and ejacte
_ , : |
Hedley C impect 1 (| = Crater and ejecte
| i f
! 4 1 i
. L a ! | ; : .y s R .
Second genaration of ; i P Zxposed boulders in
rille csposits ; ( : ? ‘rille
i ! :
; i
Faudiing : ? ., 7  Linsaments near Mill
| i 205
1 N ; -
: ! ; ;
. . . { . ] .
Rille deposits : ( ¥ ‘Buried Boulders
H Pl i
| é
Rille Formabtion | ( ) ; Hadlsy Rills
Adjustment of lava ’ i Formation of marc
surfacs 2T : volcanic marpholesy

v,

- -aq L a -
llere surfacs bhasalts

amplacsad

Szcond seguencs of

mars filling

Archemedes event O Rim cepesits end
' structures on Apenn-
ina Sench Fm,

Faulting ? ) Dima Bredley,Rima

Zarly Mere filling () apennine Bench P,
Slumping into Imbrium Slump denosits
Besin ()
Imbrium Impact Q) Fra Mauro Fm.,A»snn-
. ine Mis.,Imbrium 3n.
Serenatatis Impact () Sersnstatis Basin
and rim
Vaporum Impact () Vaporum 3asin
|

Accretion of Moon # ? i Roclt fragments in

! some bresccias

() - indicates that the event took place within the indicsabed inberval
but not necessarily througheut tie interval,
? — indicates that the limit is cquestionable.
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serving how smaller features are related to these major features and to
each other. Figure 2-6 is a chart which summarizes the major events and
their inferred chronology. Most of the events have been mentioned in the
preceding sections. The remainder are discussed in chapter 4 of this

report:

Previous Work Concerning the Morphology of Lunar Rilles:

Several authors have written papers which include significant obser-
vations concerning the appearance of lunar rilles and how the rilles re-

late to their surroundings. The following fall into this category:

Pickering's (1903) initial and important characterization of the
general properties of lunar sinuous rilles has already been discussed in

chapter 1,

Murray (1971) has noted that some sinuous rilles are linear for part
of their length and that in some cases, the land surface is higher on one
sidé of the straight section than on the other. He also noted that rilles
tend to be topographically controlled and to avoid topographic highs.

He reports that sinuous rilles tend to be associated with established vol-
canic features. This paper also includes a map of the location of rilles

and it is pointed out that 85% of the rilles lie in the maria.

Oberbeck et al. (1969) note the similarity between the sinuous rilles

and a cratered sinuous ridge north of the Harbinger Mountains.

McCall (1970) points out that many sinuous rilles have apparent ob-
structions in them to lateral flow of fluids. He notes that some rilles

have craters associated with them spaced along the length of the rille.
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Strom (1968) makes careful observations of the cross-cutting rela-

tionship of the inner rille in Schroeter's Valley.

Schumm (1969) notes that several of the rilles in the vicinity of

the crater Aristarchus seem to cut through topographic highs,

Hapke and Greenspan (1970) feel that an abnormally high number of

craters occur in the bottoms of some sinuous rilles.

Cruikshank and Wood ({1972) note that some rilles have distinctly flat

bottoms while others have V-shaped profiles.

Greeley (1971) gives the geomorphic characteristics of several

rilles in the Marius Hills region of the moon.

Other authors have investigated the rilles using numerical measures

to group and compare them. These papers include the following:

Schubert EE_EL‘ (1970) have performed a set of quantitative measure-
ments on about 130 sinuous rilles and have reported histograms of length,
width width/length ratio, meander wa#e length, and meander wave length/
width ratio. They have also plotted the location of these rilles on a
map of the nearside disk and have therby illustrated that there is a
strong tendency for rilles to occur at the edge of the circular mare basins
within mare material. The histograms presented in Schubert's report have
been recast as cumulative frequency diagrams in chapter 6 of this report

and the position of Hadley Rille is indicated on each.

Oberbeck, et al. (1971) have published a catalog of lunar rilles with
varying sinuosity. This is intended as a working regerence for other

investigators. They also develop the equations for writing a Fourier sine




25

series to represent the rilles and apply the method to a specific example.
The use of a Fourier series to characterize rilles was also proposed in
1969 by this author in the original porposal for this report. Such an
aralysis has been carried out for Hadley Rille and forms a section of

chapter 6 to follow,

Previous Geomorphic Investigations of Hadley Rille:

Pickering (1903) described Hadley Rille as the second largest
sinuous rille visible on the mbon (schroeter's Valley is larger). He
was able to observe 50 miles of the rille's channel from the earth (end
to end distance) and calculated that it had a sinuous length of 65 miles.
(Lunar Orbiter imagery has shown the rille to be considerably longer and
has also indicated a number of rilles which are even longer than Hadley
Rille but less distinct,) Pickering also noted that the general course is
slightly east of north (modern convention) and that the rtille is about
2000 feet (600 meters) wide at the southern extremity narrowing to about
500 to 1000 feet (150 to 300 meters) in places. He noted that the southern
end coincides with a crater on the south flank of Hill 8 in the Hadley

range of the Apennine Mountains (fig. 2-2)

Cameron (1964) also noted the crater at the south end of the rille

and compared it the terrestrial volcanic features.

Greeley (1971) described the rille as being 135 km. long, 1.2 km.
wide, and 370 meters deep. He noted that the northern section is con-
siderably different than the southern part. This difference is discus-
sed in chapter 4 of this report. Greeley also reports that the rille is
situated on a topographic high (an observation not confirmed here), notes

the lack of tributaries, and discusses the obstruction in the channel near




26

the Apollo-15 landing site.

Howard et al. (1972) have written a post Apollo-l15 report on the
geology and morphology of Hadley Rille with particularly emphasis on the
landing site area. Using Apollo-15 photographs and maps prepared from

them, they have reported that:

1. The southern half of the rille does not appear to be structurally
controlled, wheras segments of the northern half do.

2. Around the landing site, the mare surface on the northwest side
of the rille is higher than the surface on the southeast side.

3. The width and depth of the rille are in direct proportien.

4, The rille wall e#hibits a distinct sequence of talus, outcrop
and regolith with approptiate ledges and benches.

5. The materials within the rille can be attributed to mass wasting

from the outcrop along the edge.

Wu et al. (1972) have published a map of the Apollo-15 landing site
based on Apollo-1S§ metric and panoramic photographs. Theif report also
includes eight topographic profiles of the rille at the landing site pro-
duced on a Bendix AS-11 Analytical Plotter, using panoramic photographs.
About thifty such profiles covering most of the southern part of the rille

have been prepared for this report (see ch. 4).
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CHAPTER III

EQUIPMENT AND METHODS

This chapter describes the photographs and physical equipment used

for data aquisition and the methods used for data reduction and analysis.

Lunar Photography:

The two programs which have had exceptional significance in this

study are the Lunar Orbiter program and the Apollo-15 mission.

Lunar Orbiter photography. A general description of the Lunar

Orbiter camera system can be found in the volume by Bowker and Hughes (1971)
or the volume by Kosofsky and E1-Baz (1970)}. Briefly, the Lunar Orbiter
spacecraft was equipped to expose and process film during flight. The
resulting photographs were transmitted to earth by an optical scanning

and transmission system. This approach allows much better resolution

than a television camera permits. The photographic camera was equipped
with short and long focal length lenses which allowed the transmission

of medium and high resolution photographs during each flight. These pic-
tures have good to excellent resolution {to one meter), but the metric
fidelity is probably correct to only a few percent. Therefore, they are

primarily useful for observation rather than measurement.

Apollo-15 photography. A general description of the Apollo cumera

systems is found in the report by Dietrich and Clanton (1972). The photo-
graphs which have been most relevant are the Apollo-15 metric, panoramic
and ground-based Hasselblad photographs. The metric and panoramic photo-

graphs are individually deseribed In the report by Lockheed Electronics
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(1972). A report by Batson et ﬁl. (1971) describes the individual ground-
based photographs. A technical summary of all the Apollo-15 photography

is found in a report by Cameron and Niksch (1972).
A brief description of the three relevant camera systems follows:

1. The netric camera is primarily designed to take medium resolution
photographs (to about ten meters depending on sun angle) with very high
metric fidelity (or low point to point distortion). The camera has a 76 mm
focal length which at the flight altitude of 100 km, yielded photos with
a scale of about 1:1,300,000. These are usually supplied at an enlargement
of about 1.66x yielding a scale of 1:800,000. Most of the metric photo-
graphs were taken with a vertical camera axis, although some oblique ex-

posures were made, -

2. The panoramic camera is designed to take high resolution (to one
meter from orbit) photographs with low metric fidelity. In operation,
the camera exposes the film serially as the optical system sweeps from
horizon to horizon. The film simultaneously moves in a direction contrary
to the lens motion. During the Apollo-15 mission, the optic axis was or-
iented oblique to the surface, and was shifted between a fore and aft
orientation for successive exposures. This sequence provided stereo
coverage because the exposure intervals were timed to have the aft expo-
sure cover the same area as a preceding fore exposure. These can be suc-
cessfully viewed in a conventional stereo viewer if only a small section

is observed at a time.

TRAATI Y LY
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Table 3-1. Specific photogrephs used in this study.
1. General monoscope observation of the Palus Putredinis region
with some stersoscopic overlap.

Small scale- Lvnar Orbiter I?;10253, 109H3
Intermediate scale — Lunar Orbiter V, 104M to 106M

2, G&tereo, wvertical, intermediate scale photos of the rille.

Low sun ~ Apollo-15 Mebric, 411 to 419

Intermediate sun - Apollo~l5 Metric, 583 to 590

Intsrmediate sun -~ Apollo-15 Metric, 990-99%5 (no shadow from
adjecent mountains in this series)

High syn ~ Apolle-l5 Metric 2304-2306 (coverage of south nslf
only

3. Sterso, obligue, intermediate scale, high resolution coverazs
of the rille (listed¢ as sterec pairs).

Low sun - Apollo-15 Pan (G374 znd 9375, $376 and $281)
Intermediate sun — Apollo-15 Pan (9795 anc $8C0, 9797 and 6202,

0801 and G806, 9£03 and 980%)

L., high mebtric fidelity coversgz with zpproprizte shedowing for
use on the Mann comparstor.

Apollo-l5 Metric, 416
5, Used to construct sters=zo models orn the AS-114 plotter,

Metric modsl — Apollo-15 Metric, G%2 =né 9SL
Pen model - Apollo-15 Pany, 9795 and 90CO

6. GCround-based photographs which czn be used to construct panor-
ames of the rille (40 mm. Hasselblad),

Apollo-15, 11166, 11168, 11170, 11172, 11174, 11176, 11178,
31180, 1118Z, 13184 (taken from stabtion 10)
Apollo-15, 11111, 11112, 11121, 11123, 11125, 11127 (station 9z)

7. Ground-baszd photographs which illustrate specific rills
features near the landing site (500 mm. Hasselblad).

ApOllO—lS, 12023 and 12104, 12058 and 12125, 12056 and 12156
8. Used to construct a photomosaic for structural interpretation,

Apollo-l5 Metrie, 991-995

9. Large scals verticel moncscipic coverzge of the Apollc-15
landing site.

Apolle-15 Rectified Pan, 9377 (4x enlargement)
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3. The ground-based Hasselblad photographs were taken with hand-
held cameras by astronauts during surface traverses. The cameras have
focal lengths of 60 mm. and 500 mm. which provide normal and telephoto
coverage. Many stereo pairs exist because objects were intentionally

photographed from two or more traverse statioms.

Table 3-1 specifically lists the numbers of photographs which were

used for different purposes in this study.

Equipment and Procedures:

Large format stereo viewer. Several unusual problems associated with
lunar photography make stereoviewing with a conventional stereoscope

difficult. e

1, Many of the photos are large (up to 70 cm diagonal dimension).
These are too big to manipulate under a conventional mirror stereoscope.

2. The field of view of conventional stereoscopes is too small to
see whole forms on photograph: this vize.

3. The ground-based Hasselblad photographs were taken from arbitrary
positions tnat produced stereo coverage but with photographs of different
scales, This makes stereo fusion in a conventional viewer difficult
because each eye sees a different size image.

4. Many of the photographs are provided with a glossy surface.

Rear lighting of these photographs is desireable for optimum and contin-
uous viewing.

5. For purposes of analysis, it was desired to take azimuthal and
length measurements of features while viewing photographs in stereo. This
requires several inches of working space under the stereoscope.

6. A conventional mirror stereoscope is throughly uncomfortable




Pig., 3-1., Large Format Stereo Viewer

(AL}
|

#300d SI HOVd

Fig. 3-2. Bridgeport Milling Machine.
An Apollo photograph is in place on
the milling table for coordinate
meagurement, (Courtesy of John
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when used for continuous viewing.
In order to cope with these constraints a special stereo viewer was
designed and built for this study (fig. 3-1). This instrument which has

proven very useful has the following attributes:

1. It can sit on either an illuminated drawing table for rear 1lit
viewing, or on a conventional 5' drawing table.

2. It has simple adjustments for eyebase, neck inclination, distance
between photographs, and relative scale of photographs.

3. Extra large objective mirrors 17.1 x 12.4 cm. give a large field.

4. There is sufficient room beneath the mirrors to manipulate a

drafting machine for accurate angular and distance measurements.

Cost of the optical parts (first surface mirrors were used) was about $20.00

(Edmund Scientific Co., Great Barrington, N.J., 1970)., The remaining

parts were salvage.

Measurement of length. The most accurate and detailed length measure-

ments were made using the Mann 1200-3 comparator described below. For
purposes requiring less precision, conventional drafting scales were at
times used. Two instruments which provided relatively high precision at

moderate cost are:

1. A Sears & Roebﬁck co. metric vernier caliper (Sears no. 40161)
with a range of 13.5 cm. and vernier scale divisions to + 0.05 mm,

3. An Edmund Scientific Co. optical comparator (Edmund no. 30325
with reticle no, 30584), This is a flat field large diameter 10x hand

lens which is arranged to view a reticle which contains several angular,




linear and circular scales, One linear scale is 2. cm long and can be

read to i_0.0S T .

The primary constraint on the use of these instruments is that
although they provide precise information of specific features, they do
not provide good information about the location of different features
relative to each other. Size and relative location can be determined
together if the x-y coordinates of points outlining features can be read
on an arbitrary grid. An inaccurate, although simple way to accomplish
this is to overlay a sheet of graph paper over the field being studied
(for example-a photograph) and read x-y coordinates from the graph paper.
A more accurate approach which was used for some preliminary analysis of
profiles is carried out by placing the field to be surveyed on the table
of a vertical milling machine (Bridgeport model no. 9BRM). The precision

lead screws which normally drive the milling table can be turned to position
different points of interest under a stylus held in the stationary jaws

of the milling head chuck. After each location is positioned, its x and

y coordinates are read from the lead screw dials. If the milling table

is in good condition, this will provide coordinate data to an accuracy
better than + 0.025 mm. over a field 23 cm. by 50 cm. This potentially
useful technique was not developed to is ultimate extent because the Mann

1200-3 comparator became available (fig. 3-2).

The Mann 1200-3 Stellar Comparator. The Mann 1200-3 stellar comparator

(GCA/David W. Mann Co., Burlington, Mass.) was purchased by the Lockheed

Corporation at the Manned Spacecraft Center, Houston, Texas to measure
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the relative positions of stars on astral photographs. These measure-
ments are needed to determine camera orientation in the Apollo mapping
camera system. Conceptually, the mechanism is similar to the milling

table described above with the folloﬁing additions

1. The field is placed on a rear illuminated glass platform so that
light is transmitted through the field,

2., The viewer looks through an optical system and locates coord-
dinate positions under cross hairs.

3. Coordinate positions are electronically displayed and measurement
numbers are electronically assigned.

4. The output can be directly punched on cards for subsequ=ent

data processing

+ 5. The precision of the system is to within + 0.001 mm. which

corresponds to a ground distance of 10 meters at the scale used.

This system allowed the rapid compilation of sezveral important data sets

described in chapters 5 and 6.

Topographic measurements. Several methods were tried in an effort

to obtain accurate topographic information about the rille and its sur-
roundings., Preliminary information was extracted from NASA Lunar Topo-
graphic Photo Map Rima Hadley sheets A and B published by the U, S. Army
Topographic Command. This map was printed ag part of the pre-mission
planning for Apollo-15 and is based on Lunar Orbiter photography. The
vertical accuracy is + 250 meters at the 90% probability level. This is
adequate to describe the mountains bordering Palus Putredinis, but reveals

little about Hadley Rille.
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Initially, it was hoped that topographic information could be
derived from stereo pairs of Apollo-ls metric photographs using convention-
al cartographic plotting equipment. An attempt was made to use the Kern
PG-2 cartographic plotter at the U.S5.G.S. experimental cartographic
laboratory in McClean Va. There were severe difficulties with this
machine in accomodating it to the lunar radius and in leveling the
metric photos. A more basic problem appears to be that the rille can
only be expanded to a scale width of a few millimeters with these photos
in this machine. This fact combined with unfavorable sun angles produces
inadequate resolution within the rillefor adequate elevation readings.
Thus, to determine accurate topographic information, it was necessary to
use Apollo-15 panbramic photographs. As detailed below, these can only

be analyzed with an analytical plotter.

The AS-11A Analytical Plotter. The fundamental photogrammetric

problem is to relate an object's position on a photograph to its true
position on the ground, and thence to its proper positior. on a map.

If the position and orientation of the cameras is simple and well comtrol-
led, cartographic data can be extracted very simply with primitive equip-
ment. Thus, stereo pairs of vertical axis frame camera photographs taken
from equal altitudes can be analyzed using only a good scale (Advertising
Displays, Inc., 1970)} Unfortunately, flight éltitudes vary and camera
axes generally deviate from vertical. If either the camera orientations
with respect v the planetary radius:is known, or if the exact three-
dimensional ground coordinates of several common points in the overlap
area of fhe two photographs are known, then it is possible to determine

a set of unique three dimensional map coordinates for all the common
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points on the two photographs. An analysis of the stereo geometry results

in a matrix equation (Tewinkel, 1966) with the form:

x X
y = MY (3-1)
Z _Z

which relates the photo coordinates of points x,y,z (= -Focal length)

to ground coordinates (X,Y,Z). M is a 3x3 matrix involving the cosines
of angles between axes in the two coordinate systems. When multiplied,
(3-1) becomes the equations of colinearity which represent the relation-

ship between photos and the ground.

Historically, these equations have been resolved mechanically by
setting up the photographs in pfojectors with orientations similar to
the camera orientations with which the photographs were exposed. This
results in a stereo-projected image called a stereo model which is an
analog of the real ground surface. This can actually be contoured to
produce a map. The geometry of these machines is straight forward in
the case of double projection direct viewing plotters, and more complex
in mechanical machines with optical trains such as the previously mention-
ed Kern PG-2 (Schermerhorn, 1966). It is conventionzal to regard machines
in the latter class as mechanical analog computers which solve the colin-
earity equations to maintain the correct stereo model as different parts
of it are scanned by the machine operator. The analog elements in the
machine are rod lengths and cam profiles which maintain the correct rel-
ative geometry of the photographs, stereo model and drawing pen which
sketches contour lines on the map. These machines are designed to solve
the geometry of frame camera photographs which are those in which the

entire film surface is exposed simultaneously and the photo geomeiry

ekt e parmn B
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is symmetric about the optic axis. Apollo metric photographs are this
type. The panoramic photographs which are exposed serially as the ob-
lique camera axis sweeps from horizon to horizon have a much more com-

plex geometry {Doyle, 1972).

The difference between mechanical plotters and the AS-11A analytical
plotter is that the mechanical machines solve the equations of colimearity
by adjusting angles and lengths within the machine, wheras the analytical
plotter solves the equations by continuous computation in a digital com-
puter, When the operator scans different portions of the stereo model,
the photographs are adjusted by positioning servos to maintain the correct
orientatiun, In other words, as the operator moves the index mark of the
viewer from one point to the ﬁext across the stereoscopic model, the
computer continuously computes new positioning parameters for the photo
plate holders to give a geometrically correct stereomodel at the position
being viewed. This means that the same set of calculations must be re-
peated very quickly to keep up with the operator's movement of the index.
In the AS-1I1A, the repetition ratekfor some equations is 200 times per

second (Bendix Corp., 1968).
When the AS-11A is operated, sever». nmutually related things happen:

1. The operator moves the viewing field across the stereomodel
which he observes through the viewer. As he does so, the model geometry
is adjusted into a correct orientation by real time computation of the
colinearity =quations. This solution depends upon what part of the model

the operator is viewing.
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2. Interwoven with these calculations are other calculations
which determine cartographic coordinate information. These depend uﬁon
the continually updated model geometry and the viewer index position on
the model., The cartographic information is used to drive an electro-
mechanical plotter to directly produce topographic maps or profiles at

any desired scale.

The electronic rather than mechanical connections between different
parts of this system give much more flexibility than previously possible.
For example, the system can accomodate any pair of photographs for which
colinearity equations can be programmed. Any analytically describable
aberration such as lens distortion, uneven motion of the panoramic camer:

system, film shrinkage, or non-linear motion of mechanical elements of

the machine can be programmed as corrections ‘to the colinearity equa- -
tions. Furthermore, if redundant ground control information is available, a
least squares technique can be used to provide the best possible model

parameters during the initial orientation procedures. Thus, the photo- é
grammetric use of high resolution panoramic photographs with their low

inherent metric fidelity is made possible,

The system operation for the purpose of producing profiles such as
are illustrated in chapter 4 of this report can be divided into three

steps:

1. Metric photographs are oriented in the system using known
ground control information. For this study, five ground control points
were used for absolute orientation of the model. A minimum of three
‘points is requited, so the use of redundant information permitted a least-

squares fit, The ground control information was derived from Apollo-15




stellar photography and laser altimetry and was provided by Lockheed
Electronics Corp.

2, Panoramic photographs are oriented in the machine by relating
known positions on the panoramic photographs to the same points on the
metiic photographs. In this process, the colinearity equations for the
panoramic photographs are established but with constants derived from
the met#Ic¢ photographs.

3. The machine is switched to an operational mode and contour or
profile information can be plotted at will., This is accomplished as
in most photogrammetric equipment by moving an optical index across

the stereomodel so that the index appears to touch the land surface,

Selection of photographs for photogrammetric analysis. The following

criteria were considered in selecting photographs for use with the

AS11-A analytical plotter:

1. The metric photos used for the metric control must be well docu-
mented. The laser altimeter ceased to operate during the 33rd revo-
lution (Roberson and Kaula, 1972) which dictated the use of metric
-photos taken earlier in the flight.

2. The visual process used in positioning the index in the stereo
comparator requires that the photos have a well-defined ground surface
for comparison. A low sun angle giveé the best contrast. Fortunately,
the low sun exposure of the Apennine-Hadley region occured early in the
flight.

3. The sun must be high enough to prevent shadows from obscuring

features of interest.
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4. Time limitations dictated that only one panoramic medel could -

be set up. It was therefore necessary to select a pair of pan photos
which covered as much of the rille as pci-ible. Because of its rela-
tively fresh appearance, the southern section of the rille was given
preference, The photos chosen for the study (table 3-1) appear to

best meet these constraints.

Mathematical Methods:

Fourier seriec: Any function which is defined throughout an interval

of width 2L, is bounded within the interval, and has a finite number of
discontinuities, and maxima and minima within the interval can be approx-

imated by a series of the form (Skolnikoff and Redheffer, 1958):

£(x) = a,/2 + (ajcos(n x/L) - b sin(n x/L)} ‘ _;

n=1
where £(x} is the approximate value of the function, x is the independent

variable, a,, b, are coefficients which must be determined, and L is une

nJ
half the interval being approximated. Such an approximation is called the

Fourier series corresponding to the function.

The Fourier series is being used in this study to approximate the
function represented by a specific set of data. From a practical péint
of view, any data set (assumed to meet the above conditions) can be approx-
imated by one of several forms of the Fourier series. The differences
between the forms governs the behavior of periodic extensions of the
series outside the approximated interval (Gaskell 1958). An appropriate

fom for use here appears to be the Fourier cosine series which is given by:

ST P
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f(x) = a_ /2 + a_cos(n x/L)
o] n
n=1

This series is suitable because it can represent non-zero values of the
function at the point x = 0. Data for the Foufier series was acquired
using the Mann comparator, and it is not convenient to initiate the data
set at X and y equal to zero with this instrument. The coefficients of
the cosine series are given by the equation:

k-1
a_ = 2/k. ficos(n x3/L)

i=1
where the values fi are the data values at the x, locations and X is the

1

number of data points.

Spencer's formula. This formula is one of a family of curve smooth-

ing formulas which have been developed for extracting significant trends
in the dat; from random fluctuations. The formula calculates a moving
average over an interval which includes ten data points on either side

of the central »oint, but a moving average in which points cleose to the
central point are given more weight than points which are distant. The
equation for the smoothed y-value (yﬁ) for a point x; when values of data

(yl, IR yk,..yn) exist for equally spaced x-values (xl to ap) is given

by the cauation (Harbaugh and Merriam, 1968)

yﬁ = 1/350 (GOyk + 57(:yk4_1 + yk—l] + 47[yk+2 + yk-2) + 33(yk+3 £ yk-3)

+ 18(Yk+4 + Yk_¢) + 6(Yk+5 + Yk_SJ h 2(YI{+6 + yk-é) - S(yk+7 * Yk—7J

S0keg * Yieg) = 309 * Yie9) - Okatp * Yo10)
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When a list of data is smoothed using this formula, the first ten
and last ten x-values cannot have smoothed y-values calculated for them.
This follows because the form of the equation for the first smoothed value
(v§ or yi at k =0) requires ten y-values (unsmoothed data values Y 12 ¥y
«veee3¥_10) Which correspond to x_l to X_19° Y.10 is the first y value
in the data set. However, if circular data is smoothed, a smoothed y-value
can be calculated for all x-values if ten values are duplicated from each
end of the data set and attached to the opposite end. For example, if
a histogram of strike data is being smoothed, the first ten class inter-
vals can be attached after the last -lass interval because strike data
is repetitive with a 180° period. This allows the calculation of smoothed
frequency values for intervals up to and including the last class inter-

val. Similarly, by attaching the last ten values to the first end of the

histogram, the first and succeeding frequencies can be smoothed.

Miscellaneous mathematical methods. Vector algebra is used in

appendix 1 to solve a problem in spherical trigometry. A good discus-
sion of vectors is found in the book by Thomas (1953). It appears that
vector techniques could be much more extensively used in solving structur-

*

al geology problems.

Several statistical tests are used in chapters 5 and 6. It seems
impossible to divorce the test from the statistics being compared, so
the tests are discussed and referenced in those chapters., A number of
short special purpose programs were written for numerical processing of
data in this study. These are listed in table 3-2 and unique programs

are included in appendix 4,

REPRODUCIBILITY OF THE
“?LQ'T 2L ?f("fb POOR




Table 3-2, Progrems

Wame of Used in
program  chapter

*FORIZDR 6

*EPLECT 5
*EPRNCR 5,6
#2115 5,2
FOCIN] 5
oIr 5
¥RASTH 5
* — These fiv
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developed for this study.

Descrintisn

Computes tine Fourier coeificients for z full Pourier
series and optionelly, a cosine seriss, Also com-
putes the power specirum, value of the series
approximetion ay sach x~value and whe residual

value (Jdata " YPourier apprcx.)'

Comparss numericaelly coded informetion with a ussr-
gupplizd binary errsy to sort the coced data into
groups.,

Computes smeothed veluss according te Spencer's
Tormila, The smoothad curve is plotield grephically
by the line printer, 1If the data is circular, ths
program fills in tan spaces abt sach and ol the cdata

zet,

Computes, using the pribegersan ta c
trepaseidizl rule, various rills paramsiers
] 3

Hann comparater cazta, Compubasd valuss incl
and length of charnsl for rilie leocaticns znd s
sents and averags veluss for dhe rills. Also prints
end punches fregnency <Sistributions of ralsvant
feaciors,

Groups cabta into distributicns of frequsncy, per—
cent fregjuency, cumulative fregusncgy and percant
cumulative ZIfreguency. Prints resulld and optionally
punches result,

Computes difference of two porcent cumulative frae—
suency cistributions for the Smirnov test.

Computes the azimuth from any location to basin
central locsztions and comparss ths computed cirec—
tion with observed structure directicns at ths first

locebion.

2 progTams have been incorporated as appencix L,

e
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CHAPIER IV
DETATLFD DESCRIPTION OF HADIFY RITLE

This chapber is a detailed discussion of Hadley Rille and the
large and small scale features observed in and adjacent to it, The
chapter is arranged so tuab feabtures visible on small scale photo-
graphs are described first followed by descripbtions of those seen at
lavger scales. Approprisbe Apolloe~l5 photo references have been given

in each section.

Descripbion of Hadley Rille From Small Scale Phobographs:

This sechion summarizes the features which can be seen mono—
scopically on small scale photographs of the Palus Putredinis region.
Some appropriste photographs illustrating these feabures are Apollo-l5
metric A1, (fig. 4~1) or 914, or Lupsr Orbiter V, 1O5M and 106M.

Viewed as a whole, the riile is seen to cut through the mare
surface in a series of curves which are smoothly sinuous in places
yet orthogonally joined in others. The south end of the rille connects
t0 an arcuate depression which is incised into bobth mare and pre-mare
meterial, The north end of the rille adjoins a trisngular depression
one edge of which coincides with the contact between mare material and
older rocks. Between these points the rille iS. continuous, although a
constriction occurs east of Hill 305 (fig. 2~3) and the rille becomes
indistinet in the plain northwest of the hill,
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The southern section. The southern part of the rille has a

considerably dffferept appearance than the northern part, snd thws, it
is convenient to separabe the rille into two secticons for deseription.
The soubhern sechion is that part southeast of Hill 305; the northern
sectbion is the portion adjacent to and northwest of the hill. For
purposes of numerical treabtment, point 84 on figure 6~2 is the dividing

point.

The soubhern section of the rills is a deeply incised, clearly
simuons furrow which sbands oub in high optical relief, The walls of
the rille in this ‘section show a remarkable parallelism, Any small
fluctnation in the direction of one wall is matched by a corresponding
deviation on the opposite side. In profile view, the usual cross—
secbion is a symmetric V~shape, although variastions are present.

Where sppropriately illuminated, outcrop is observed along most of the
southern section except perhaps the first two or three kilometers adja—
cent to the cieftwlike depression. Pan photographs indicate that
oubcrop is found from the lip of the rille down, and that abt seversl
locations, it occupies the upper one—~third of the rille wall. There
appears to be a correllation between obvious outcrop and boulders on
the rille bottom indicating that the outerop is the source of the
boulders., There are some locations, nowever, where boulders have
obviously been ejected into the rille from nearby craters. There are

no locations where outcrop is unequivocally exposed in the bottom of
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the rille. There appears to be a relative absence. of small craters

in the rille compared to the adjacent mare surface, The varisble
lighting of the rille wall mekes a formal crater count of questionable
value, but a spot check of the mare surface and favorably illuminated
parts of the rille wall using the Edmmds 10X comparator (ch, 3) indi-
cates considerably fewer craters in the rille. Several craters inter—
sect the rille and have resuited in prominent ejecta deposits in it.
The converse situabion, suhdued craters which are cut by the rille,
would indicabe some elapsed time between mare filling and rille
formation. No such craters have been observed. The lowland ¢ccupied
by this segment of the rille has a northeast trend which is circumfer—
enbial to the Imbrium Basin, However, this direction is not selectively

adopted by individual segments of the rille.

The small mere surface feabures surrounding the southern section

can be interpreted and ranked in order of wvisual importance as follows:

1. Small, cup~shaped symmetrical crabers with raised rims probably

due to primary impacts and secondary impacts after Crater Hadley C.

2. Irregular depressions with little or no raised rims that

probably are volcanic collapse features of different types,

3. Irregular, low hills of probable pre-mare material which have

been left as islands after mare f£illing,
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The reflectivilty of the adjecent mare surface is more uniform
than in other paris of Palus Pubredinis, albhough two or three

places are nobicably brighter than the remzinder,

The northern section. There are important qualitative and quan—

tibative differences between the northern end southern sections. The
general trend of the northern section is radial to the Imbrium Basin
rather than circumferential. It will be shown quantitatively in sub-
sequent chapbers that the northern section of the chamnel is on the
average straighter and that a closer relationship exists between the
azimuth of individual rille segments ‘and the reginnal structure. The
channel width and depth are smaller and the profile is U-shaped or even
flat-bottomed at the northern extreme., The previously noted indistinct
section of the channel can only be well cbserved in iow sun photography.
In contrast to the soubhern section, the northern section shows little
or no cuberop and the cratered surfacs within the rille looks identical
©0 the cratered mare suwrroundings. As in the south, this section of
the rille is not observed to cro:s—cub amy other structures of the mare
surface, but one of the plumose structures from the crabering events to

the north does appear to cut the rille.

The surface surrounding the porthern section has more relief
features than that to the south, These can be ranked in order of visual

importence and interpreted as follows:
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1. Seccidary plumose structures associated with cratering events

to the north.

2. Small, cup—shaped craters with raised lips which are of
probable primary or secondary impact ordigin.

3+« Irregular depressions with small or no raised rims which may
be either volcanic collapse features or imperfectly developed plumose

structures,
L. Lineaments which probably represent post-mare £illing tectonism.

5. Hills which probsbly represent islands of pre-mare materizl

which were isolated during mare filling,

The reflectivity of this surface is highly variable from point %o point.
Much of the brié:,h’c. material correlates witia the surface disiurbance of
the plumose structures, so much so that a bright halo probably serves
to differentiate an :l’_r.regular secondary crater from a volcanic depres—

Si0n.

Detailed Observations Within the Rille from Command -Module Photography:

This section is concerned with specific features in the rille which
can be observed on metric and panoramic photography. Appropriate photo
references are the stereo pairs Apollo-15 metric 414~416 (fig. 4-1, L-2)

and pan photographs 9795-9800 (fig. 4-3, 4-L4) and 9797-9802. Stereo




A

1 c
Apollo-=15-9

Fig. 4-3. Apollo-15-9795 Pan photograph (lower), Fig. 4-4,
Pan photograph (upper). These copies do not retain the extraordinary
resolution of the originals.
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observation or the use of le magnificabion is necessary for many of
t_he observations. The order of observation described hers is as though
an observer started at the soubhern éxtremity of the rille and progres-
sed along the chammel to the northern emd. For convenience in descrip-—
tion, features on the observerts left are referred $t0 as being on the
mare side of the rille since most of the Imbrium Basin lies on thab
side., Features to his right sre designated as being to the mountain

side because of the presence of the Apennine Front.

Many of the described feabtures have heen profiled using the
AS-114 amalytical plotter (ch. 3). Readers who have used this machine
with pancramic photographs will qusstion how profile lines directly
across the rille can be established on the distoried panoramic model.

This was accomplished by the following method:

1. The location of the panoramic stereo model was located on a

metrTic photograph of the rille,

2. The ciesired profile lines were laid out on the metric photo~
graph. In most cases, the profile lines were perpendiculsr to the rille
direction at the point of intersection between the profile line and the
rille.

'3. Photo-identifiable objects {for the most part-—craters) were

located at each end of the profile lines.
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k. These objects were then located on the panoramic model in
the machine. The machine index was then traversed back and forth
aeross the rille and adjustments were made to the profile diysction.
This was repeated wbil by trial and error, a profile line was estab-
lished between the two photo-identifiable poimts, Then, the actual

profile was plotted.

The profiles are reproduced in figures k-6 to A-1% Each profile
is rumbered and carries identifying letters which are keyed to a loca—
tion mep (fig. 4=5). Above each profile is a horizontal line for
reference. The position of this line is the profile line indicabed
on the location map, and the ends of the line on both ‘the profile
drawings and the location map fall at the two photo-identifiable objects
used to locate the profile direction. In two cases, profiles 6a and
30a, it was not possible to find photo-identifiable objects on the
profile lines. Their locations and orientations are therefore less
controlled than the other profiles which is the Teason they were assigned

special profile numbers.

In some places, there ig difficulty in observing detail in the
rille walls because of unfavorable illumination. A1l detail is lost in
shadow or under direct illuminstion, whereas an oblique or grazing sun
angle is most fayorable. An examinsbtion of most .of the available
" imagery and photographs of the region has shown that about one third

of the rille wall is visually inaccessible. The remaining two thirds
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is the basis of the discussion to be presented forthwith.

The southern clefi. The southern end of the rille comnects to an

arcuate depression with an approximate north-south orientation, with a
length of about ten kilometers and a width of about two kilometers at
its widest. Under the stereoscope, this is seen t0 be one of three
cormected depressions which resemble dissimilar canoes tied end to end,
the southernmost two being progressively shorter than the first. Owing
%o the curvature of the forms, the chain of depressions crosses the Ap-
ennine Front and assumes a southwest azimuth. The final depression
grades into the set of lineaments which borders the mountain block.
Although the depressiomns are clearly comnected, there is a distinct

topographic barrier between them.

Concentric with and immediately adjacent to the northern depre‘ssiop
is an additional similar depression with corresponding shape bub with
dimensions about one half as large. The north-south azimuth displayad
by the two concembric depressions is visually and analytically (ch. 5)
in discord with regional stiructures, although an extension of them may
curve norbheast along the edge of Bennett Hill., Such an exbtension

would match the regional pattern of lineaments.

These forms cut both the mare surface and hilly material. It is

not completely clear how the depressions actually cut the Apennine
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Massif, Cary and El-Baz (1971) place them at the contact between the
Block Mountains and post-uplift slump deposiis. The walls show little
outerop which is notable comsidering the large amount of outcrop exposed
in the rille. There is a distinet change of texture at the bottom of
the northern depression which may repreéent an accumulation of trans—
ported debris. If so, the size of the sccummlation indicates that there

has not been much erosion from adjacent slopes.

The cross-sections of different depressions vacy in that the
concentric pair both appear V-shaped, the central one has a hummoclky,
flat bottom, and the southernmost appears somewhat U-shaped., The flat
bottom in the central depression may represent the original bottom pro-
file because talus deposits in other parts of the rille have not produced
a flat bottom. Thers is mo linear relationship between elevation and
width along these depressions. Consequently, they camnmot be mterﬁreted
as grabens as have certain other linear furrows on the moon (Baldwin

1971) .
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The southern section, The rille emerges from the cleft-~like

depression in a tight S—cvorve which is the only segment of the rille
which distinetly cuts pre-mare material. There is a peculiar mottled
appearance to the rille wall where the rille appears to cubt whai has
been mapped as Imbrium impact breccia (Carr and El-Baz, 1971) .
Measurements with the Kern PG-2 plotier ! jndicate that the channel
crogs~saction here has the most asymmetzric form found in the rdille.
The steepest slope of the transverse profile occurs on the oubside

of the cuxrve,

Profile number 3 (fig. 4=b) is drawn across the chammel about ten
kKilometers north of the cleft. At this location, a subdued crater
about 800 meters in diameter inbersects and cross—cuts the rille on
the mountain side. A number of similar craters intersect at different
places along the rille and their ejr;ct‘a may be partially responsible
for undulations in the rille bottom.

At the location of profile number 6a (fig. 4-8), there is a large

Lrhis location was not included in the model msed in the AS—11A
plotter for reasons discussed in chapter 3,
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(one kilometer long) block of materizl, visible only on panoramic
photographs, which forms a downward step on the mare edge‘ of the rille.
The 50-meter~high escarpment between the bioclc and the mave surface is
obvious on the profile. This appears to be a slump or fawlt block
which has truncated the bend in the rille. The strike of the escarp-
ment, corresponds to the structural trends in the region and the face
of the escarpment eligns well with the fault which is assumed o hound
the Apennine Front, There is a hint of a slight displacement on an
extension of the same slip surface fo the northeast across the rille,
This feabture msy have resulted from remcbilization of Imbrium event

faults by the event which prnduced the nearby Crater Hadley C (fig. 2-3).

The Grater Hadley C on the mare side of the rille is the largest
post—mare crater in Palus Pubredinis being 5.6 km. in diameter. Iis
obvious overlap of the rille establishes ilts post-rille age withoud
doubt, Although the rille is almost botally obscured next to the
crater (profile 9, fig. 49), the ejecta has only covered the rille to
a distence of sbowt ome half a craber diameter from the crater rim
(profile 10, fig. 4~10). Many of the small craters on the mare surface
here are assumed to be the result of secondary impacts after this éven’o.
It is notable that there is no pronounced increase in the number of
craers in adjacent sections of the rille. Profile number k (fig. 4~7)

is directly across Hadley C and emphasizes its flat bottom.
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Profile mumber 14 (fiz. 4-11) passes through a location where the
wall of the rille is over-steepened in comparison with the other pro-
files, and the floor is abnormally flap. This has resulted in an asym-
mebric profile in a relatively straight secbion of the rille. This
feature can be adeguately viewed only in sterso under high magnification
on filw-based panoramic photographs. Aboubt three kilometers north of
the profile number 14 location, there is a small, dark area in the rille
bottom contaitning several well—defined craters. The appearance is simi-
lar to the pooled lava observed lying in the crater walls of some larsze

1
erakers .

Profile mumber 17 (fig, 4~12) is directly across a small radius
curve which is comparable to the curves at the south end of the rille,
This profile was plotted several times to check for ssymmetric channel
shape. The oubtside slope of the curve is concave in contrast to the
opposite slope which is convex. This results in a steeper slope. o the
outside of the curve., These con'br.asting slopes could be interpreled as
indicating either a cut bank on the ocutside of the curve or evidence of

more effective meteorite erosion on the promontory which is present on

Tror eXample, the Crater Aristarchus as seen on Lunar Orbiter V
199H.

:\i_\..
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the inside of the curve., Profiles numbers 22 and 23 {fig. 4~L4) are
across a straight section of the rille with particularly favorsble
Aluvmination. This segment conbains the most observable outerop of
any segment. The ouberop occurs on both sides of the rille with more
on the mountain side, and extends one fourth to one third of the way
dovm the rille wall for a distance of three dlometers along the
channel, This comtributes a disbinet cliff and hench appearance to
the mare side of the profiles and resulis in concave slopes on both
sides of the rille. In the film-base versions of the pan photography,
the rille walls in this section have a distincet fish bone or tartan
appearance. Ii is difficult to pick out any particular lineament from
the overall pattern, and the pattern may be an effect of illumination

geomebry. This problem is dipcussed in chapter 5.

At the end of this straight reach, the rille mekes a series of
tight -urms which seem to be controlled by the Apennine Front. This is
the most obvious example of topographic control of the zille, althdugh
control is evident ab several other locations. It can be noted that
the three sharpest turns in the rille cccur where the channel is in

contact with pre-mare material in the soubthern section.

On film-base panoramic photography, there are notably few boulders
visible in the rille where it passes the Crater St, George, and outcrop
if present at 211 is found only on the mare side. Evidently, there is

a2 deposit of maberial in the rille here which has been eroded from the
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ad jacent mounbein hlock. Simple deposition does not explain the rela-
tive lack of oubcrop on the mare side, however, especially considering
that an obvious post-~rille crater is present in the rille wall, A

eraber such as this produced abundant boulders at the Apolle~l5 land-

ing site {discumssed below in detail).

The final bhend of this sequence is a sharp turn to the northwest
which becomes the general trend of The rille direction for the morthern
half of ibs length. The Apollo-~l5 landing site is locabed on the
mountain side of the rille sboubt one kilometer north of the turn, The
high resclution ground-based photographs t;»i‘ this area will be discussed
below.

To the northwest of the landing site, there is a crypbic feature
which is not duplicated elsewhere along the channel, In a serdes of -
elongated forms of decreasing width, the rille bapers northusrd over a
distance of about ten kilometers mmtil the channel is almost completely
closed, The rille then widens abriuptly and assumes an unobstructed con-
figuration. ©Some material has been thrown out of a recembt bright-
haloed crater on the mountain side zt the sharp bend im the rille. The
resultant ejecta blanket has obscured the original rille geometry some—
waat and has also produced a few boulder 'braiis on the rille walls. An
explanation for this constriction is essential to an adequate h;ypoth‘eéis
for rille genesis, and it is considered in some dei;aj:l in chapter 7.

Profiles number 26 (fig. 4~15) and number 29 (fig. 4-16) are across

O S+



significant comstrietions in this tapered section. Profiies number 27
(fig. 4~15) and aumber 28 (fig. L~1A) are along the rille botiom

through the constriction,

The northern section; Just ét the point where the rille assumes

a normal configurzfion shove the constriction, there occurs the first

of four lineaments which inbersect the rille within a 20 kilometer
length of channel, These have been inberpreted as tributary rilles
(Greeley 1971) but were later mapped as faults (Carr and El-Baz, 1972) .
Profile number 26 (fig. 4-15) is drawn perpendicular to and across the
lineament and 2lso interceﬁﬁs Hadley Rille obliquely at the constric—
tion. Viewed in profile, the lineament is seen %0 be an escarpment with
& height of about 15 meters. The appearance in cross-section and the
obvious azligrment with other local structures supports the view that

this is a high-angle fault. This structure msy heve considerable signi-

ficance in its relation to the constriction.
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About three kilometers to the northwest from its intersection with
the first escarpment, the rille encounters a second escarpm;anb with a
strike direction approximately perpendicular to the first. This north-
east facing escarpment is in approximate alignment with the southwest
face of Hill 305. At zdditional distances of four and then five Xlo-
meters along the rille, two more linecaments intersect the chamnel with
orientaiions perpendicular to the rille and to Hill 305. Their ecross—
cutting relationship with the mare surface indicates posi-mere filling

tectonic activity.

In the vieiniby of Hill 305, the rille traverses a stricture between
two embsyments of Palus Putredinis., Where the rille is adjacemt to the .
hill slope, it becomes subdued and irregular in zppearance. In profile
(profiles mumbers 30 end 302, fig, 4~17), the bottom of the rille
flattens, the width diminishes, and little outcrop is visible. The
change in character of the rille where it abuts pre-mare mountains has
been attributed by other suthors (Howard and Heed, 1972) to mass wast—
ing from the momntains., This interpretation has been expanded at the

end of this chapter to calculate a maximum rate of erosion from Hill 303,

-l
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and a maximm erosion rate of 106 meters is indicated. The position of
the rille relative to Hill 305 and the umusual linearity of the sec—
tion of chennel adjacent to the hill indicate topogrephic or structural
control of the rille by the hill, At several places around the edge of
Hill 305, there are benches of probable mare material clinging to the
edge of the hill. These mey represent high lava marks formed during
mare £illing. Swamm gt _al. (1972) have reported similar marks at a
haight of 90 meters above the mare surface around the base of Moumb

Hadley.

North of Hill 305, the rille is positioned across one corner of
Palus Putredinis., It unltimately ends sbout 25 kilometers nor%hwest of
the hill. This length is further from the 'shore! of pre-mare £illing
bedrock than amy other rille segment., North of the sbtraight sectien
under Hill 305, the rille pettern becomes clearly sinuous for a channel
length of ten kilometers, then abnormally straight for sboub eighi
Klometers, and finally continuss in a sinuous pattern to the end,
Inmediately to the north of Hill 305, the rille assumes a subdued

gppearance ani nearly disappears for a distance of about eight kKilio-
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meters. Furbher north, the chamnel becomes more distiwet, and the

relief continually increases to the northern end.

The northern end of the rille intersects some of the segmermis of
the arcuate system of forrows called the Fresnell Rille System. These
are believed by most authors (ch. 5) to be surface expressions of the
circum~Imbrium fault system. One prominent furrow aboubt one kilometer
wide ends abruptly at the rille and several other lineamenis appear to
intersect it less distinctly. An adequabe hypobhesis for rille origin

should explain this association.

At its extreme norvhern end, the rille widens into a triangular
depression about four kilometers long and three kilometers wide at its
widest. The north edge of this depression is ceincident with the con-
tact bebween mare filling material and pre~mare hilly maverial., One
irregular furrow which inbtersects the rille on the mare side is oub of
accord with the other structural directions and is surrounded with
brighter material than the general mare surface. This appears to be a
plumese struciure from Autoiycus or Aristillus rather than some feature
relabed to the bedrock or mare surface structure. This indicates that

at least one of the craters must post—~date the rille,

QObservations From Largze Scale Ground-based Photogranhs:

During the Apolio-15 traverses, numerous ground-baseci photographs
were taken of features around the landing site. Two focal lengths were
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used, 60 mm. for normal scale photo coverage, and 500 mm. for telephoto
photographs, The photo stations were chosen o provide sterec coverage
of many features end photographs of ‘both scales can be assembled into
mosaics, some of wirich are detailed in chapter 3. This section is a
descripbtion of certain small scale feabures in the rille based on

observations Ifrom those photographs.

The maberial visible within the rille at the landing site includes
hoth outcrop and fragmenbed material which ranges in size from 30 meter
boulders to probable clay size. Both the oubcrop and the loose materials

are quite variable in their appearance,

’

Swann et al. (1972) have discussed individual outerops in some
detail and have made a number of significant observations. This para-
graph is a summary of their observations. The oubterop along the rille
is discontinuous and it is difficult to trace a particular stratigraphic
horizon from one oubcrop to the next with certainty. The mevxdisum depth
of visible outcrop is 60 meters, bu‘c.l rocks collected from Dune Crater
(fig. 2-L) suggest at least 100 meters of basaltic rock. Individual

outcrops are clearly layered; all feature a massive layer, end manmy have
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thinner section above and/or below the massive one., It is possible to
dis*inguish the different layers because differenf physical properties

such as reflectance, appearance after weathering, resistance to weathering
and mode of fracture give them different optical relief. fhere is a
prominent near-vertical joint set, and this frequently cuts more than one
layer. ther joint directions are observed locally but not as a general
rule. A few places show possible columnar jointing. The layers in this
vicinity have an apparent dip to the southwest suggesting that older mater-
ials are exposed north along the rille. The lower exposure of the outcrop
seems to be associated with a slight topographic bench of problematical
origin. These authors think that the evidence is insufficient to demonstrate
that a series of separate lava flows are exposed in the rille wall. A compari-
son of these photographs with outcrops which I have observed in Iceland and
northwest Canada suggests that the evidence for at least two flow units on
photograph Apollo-15-12023 (fig. 4-19, discussion to follow) is compelling
These authors also discuss the possibility that the rille is incised into

the pre-mare surface, but find no direct evidence in the nature of a

nonconformity.

In order to illustrate several additional important features of the
rille wa-1, three sets of stereo photographs will be described here in
detail (figures 4-19 to 4-25) These éhree sets have been chosen as being
representative of the features visible on the entire set of 500 mm. photo-
graphs of the rille. The coverage of each pair is illustrated on figure

4-18, and identifying information for the stereo models is given in table
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4-1, Some of the features to be described can only be discerned stereo-

scopically,.

Table 4-1 Ground-based stereo models described in the text.

Apollo-15 Camera location-
Stereo Model photographs ground station Figure number
1. 12023 Sa 4-19
12104 10 4-20
or
12107 10 4-21
2 12058 9a 4-22
12125 10 4-23
3 12056 Sa 4-24
12156 10 4-25

Features visible on the upper rille wall section., Stereo model

number 1 (table 4-1) illustrates a typical upper section of the rille
wall. This model includes extensive outcrop and debris. To the rear of
the outcrop on the mare surface is a subdued crater about 50 meters

in diameter with virtualln ne boulder debris present on its rim. The

mare surface behind the rille seems to be veneered with fine material with

only an occasional nearly buried boulder visible. The rille wall has
two obvious zones, an upper region containing well-displayed outcrop,

and 2 lower section containing unconsolidated material ranging in dia-

S
[
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Fig., 4-18. Map to indicate the location of stereo models

discussed In the text, The models are described in table 4-1,




81

&
meter from ten~meter boulders to fine materiel, Overlying the outecrop
is a lgyer of regolith several meters in thickness which is a depth
in agreement with regolith depths predicted from studies of crater

morphology (Oberbeck and Quaide, 1967) .

The outcrop has two clearly different zones. The upper unii
is massive, light-colored materizl cub by oblique and verticel
Joints, the most obvious set being the oblique set. The joint spacing
is drregular and relatively wide. The outecrop surface has both rounded

and angulzr areas, but is predominently rounded.

The lower oubcrop ?y contrast is more closely joinbed. There
are two preminent joint sets which have no correspondence to those in
the overlying unit, There is a prominent sub=horizontal ¢-.L and a welle
developed, subsidiary nsar-~vertical set. The horizomtal joints divide
the unit inbo very well-defined layers which closely resemble terrestrial
depositionzl wnits, The wvertical joint set suggests colummar jointing
viewed from the edge. The lower unit is darker than the upper, has a
more blocky surface appearance, but has a smoother f{sce as & whole, The
considerable difference in appearance, joint direction and joint spacing
suggests that these two rock ~mits have been emplaced at different times.,
Both outcerops have overhanging blocks jubting out from fhe surface a
distance of several meters. There is partially déveloPed cliff and
bench topography on the upper part of the rille wall, presumably due to

different characteristics of rock uniis, Debris has collected on a
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bench on top of the second unib, and a second accumulabion has formed
on & bench below this unit, The upper unit is cub by two' notches which
appear to have acted as conduits for talus fsns on the bench below.,
These notches have an.appearance similar to trails cub by soil move-
ment which the author hes observed in terrestrial alpine topography.

However, the lunar trails are less pronounced than the terrestrial trails,

Poised on the rille lip above the highest rock unit is a collec-
tion of large-to-moderabe-sized bowlders. It is not clear how they
achieved this stratigrsphic position. They may have been ejected with
regolith from the crater beyond the rille lip on the left side and now
are a lag depasit afbter micro—xﬁeteroite erosion (or thermal creep~a
mechanism to be postulated). It is not clear how material could be
removed from bemeath the rocks so as to leave them so precariously
positioned. They might have been ejected from some other fresher craier
in the vicinity aithough no such source is evident on the pan photography.
There are several such places along the rille lip where boulders stand
gbove ouberop, bub in most cases, the boulders are partially buried and

not free-standing as these are.

In order to compare the debris accummlations within the rille with
similar features on the earth, observations and photographs were made
at the B&M crushed stone quarry in Ashland, Mass, This site was chosen
beecause the quarry stone is a greenschist which breaks into 'angular frag—-

ments similar to the lunar debris. The guarry slope accumilation in
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:E‘igura b~ 251is zoned so that the large fragpents are at the dowm~slope
side of the pile and fines have accumuwlated above. These accumlations
form when a few large rocks slide or xoll down the slope and stop to
form a dam across the flow path and are followed by a flow of finer
material to a position behind the dam. If more large fragments follow
the fine maberial, they mey have enough momenbum to roll over the fine
accumulation and thus come to rest toward the front of or even zhead
of the heap, Evidently, this process can happen as a single event or
as a succession of smaller events. This process requires no simosphere
or water. OSeveral of the debris accumulations on the lunayr phetographs
have a similarly zZoned aspect. This is especially true of the boulders
on the bench b!elow the layered oubterop. Thus, a similar slope transe
port process 1s assumed Lo be responsible for this accumlation although

it is not possible to speculate on the time rate.

There are a mumber of other debris accumulations which do not
show a clear zonation. One such accumulation is on the left side of
photo 12023 and is best viewed in sterec on the pair 12023-12107. It
is not clear if these boulders are in their approximate original poci-
tions or if they were transported by some mechanism which did not cavse
zonation, They seem to over;!.ie . a layer of fine material which sug~
gests transport to this locality. Perhaps the entire accumilation

arrived in one hallistic evend.
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Pig's, 4-19 to 4-26, The Apollo-l5 ground
based photosraphs (fig's. 4-19 to &.25)
are not spacea for sterec viewing, but
may be cut for use with a mirrer stereo-
scop2. Some difficulty will be experi-
enced because of scalen which don't
match,. This might de resclved by ele-
vating one edge of the sterecscope and
refc: saine, Plgure L4.26 is placed out
sequance for comparison (mes text).
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On the Eot'bom one third of the stereo model, the slope takes on
4 different eppearance which is characteristic of most of the photo-
graphed portion;s oi the lower rille wall, Ab :bhis level, there is no
cubcrop presert and the talus contains fewer boulders in proporbion
0 fine materials, The boulders which are present can be divided into
two groups. Ome group consists of rsiatively dark-colored rocks which
are angular and which rest on the surface with little or no filleting
with fine material (Morris and Shoemsker, 1968) L, The other boulders
are light in color, subdued or rounded in surface appearance, and are
relatively buried or filleted, There seems to be a relative lack of
partially buried boulders. This effect is more fully displsyed on

stereo pair 12056-12156 which corstibute siereo model number 3 (bable

k-1).

Recent craterine in the riille, The first stereo model (above)

illustrates a general section of the rille well. Stereo modei_ nomber 2
(table L-1) combrasts debris which is obviously recently generated with

other materials on the slope.

Ithese eubhors heve defined fillets as embankments of fine-grained
meterial partially or entirely surrouwnding larger fragments in a report:
Morris, B. C. apd Shoemeker, E, M, (1968) Fragmental debris., Geology,
Television observations from surveyor: Part IT of Survevor Project
Final Report, JPL Tech. Rept. 32-1265, p. 69. '
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The crabter in the center of the field éf this stereo model is
about 100 meters in diameter, fresh in appearance and has an obvious
raised r:!.m ﬁi‘ ejecta., The floor of the crater is filled with angular
boulders which ere as large as twelve meters across. These wers undoubl-
edly excavéted by the cratering event. The present .aﬁthor has seen
few boulders in nabural sibustions as clearly angular as the large,

pyramidal boulder on the rim of the crater on the uppper left side.

On the rim of the crater, there sre many angular boulders, bib

in addition, there are many which are noticably less angolar. The rim
dei;osit is probably a mixture of newly excava’ﬁed meterial with meberial
from the pre-crater surface. Oubside of the ejecta blanket, particu-
larly well displayed on the left, there are accumulabions of unzoned
debris similar to those noted on the first stereo model. Above this
accunmlation,.theré is a éection of the slope which conbtains nearly
buried, subdued appearjjg boulders also sa_ma.lar to t.hose_ noted on the

”

prior model,

Three diserete stages of slope development seem to be represented
by this debris. Dur:mg the first stage, ’c,hé relatively rounded, nearly
buried boulders were formed and they were incorporated ih a metrix of
fines, During the éecbn& stage, the slightly rounded, unburied boulder

accumilations formed.,: Finaily, the cratering event produced the ex-

tremely angular, e::cavajbed boulders in and around the crater. It is nob

clear if the ’c.hrée bo;zldei' types result from distinct tjjlénéeparatéd

-
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processes or if the three types represent a continuous process of slope
evolution. The apparent absence of partially buried boulders and the
dissimilar degree of rounding represented by each boulder type suggests

that three distinet processes have operated ab widely separated times.

Features visible on the central rille wall sechtion. Sterso madel

number 3 iliustrates a portion of the mid-slope section of the rille
wall., At this level, there is no outcrop. Thers are few zoned debris
accumlations albthough a small one is observed on the right side of the
model., Theses photographs particularly illustrate the two oldest
boulder categories. There ares many thoroughly buried boulders, but
many stand out on the slope. The numbér of one-half buried boulders

is minimal,

It should be realized that the bou;.ders in these photographs are
comparable to the largest glacially bransporited boulders on earth. It
is puzzling as e how they arrived at their present positions without
breakage assuming they have been sigﬁificé:atly moved at 211, Some of
the boulders on the rille slopes (sizes up to 30 meters across) are
larger than the jJoint blocks in the outerops in the ouberops above. A
joint spacing this large in terrestrial -volcanic rocks is certainly -

excepbtional.

As illustrated by this phobograph, most boulders within the rille

have no well-defined boulder trails leading to their present positions,

!

T
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There are a few boulder trails visible on penoramic photographs

(example discussed previously in this chapter), but 21l are easily
associlated with recent cratering events. Evidently, most boulders
have been emplaced by 2 process with one of the following characteris-

tics:
l. The process did not form trails initially.

2. The emplacement took place so long ago that the trails have

been erased by subssquent erosion. ' o

3. The boulders are in conbinual movement in some process which

is so slow that the rate of eressure-of boulde:':':'*'qraﬂs exceeds the rabte C
of boulder motion.
i

The movement of material dpwn lunar slopes has usually been
assumed to result from small i@act events causing the salbation
of surface particles, If the results of_ma.n;y' impacts are considered, | i
net movement of particles in a down—slope; direction is the most probable -
result., Micrometeorites appear to be an impﬁrtant agent of weathering |

- and erosion of the rille wall. For example, the banded boulder at the | 1
top of the talus azccummlztion on stereo model nﬁmber 3 has evidemtly o
been differentially weathered o a relief of several decimeters by this ' e |

mechanism. Another mechanism proposed by Gold (1966) assumes that
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particles which abiain an electric charge on the lunar surface main—
tain the charge for a long period in the absence of an atmosphere.
The resulting electrostabie attractions and repulsions may result in

down-slope movement, This process has not been directly documented.,

I would like to propose anobher possibls mechamism for lunar slope
transport which can be called thermal creep. Thermal expansion and con-
traction in response to cyclic solar exposure probably causes continual
slight intergranular readjustmemcs in the mass of regolith. On sioped
surfaces, this wounld cause downhill movement with a slow time rate.
Such a process would be particularly active below boulders because
reflection of sun light by the rock to the surface in an area adjacent
to the shadow of the rock would produce a high temperature gradient
there, and thus, be more apt to resuli in differential movement. This
could be largely responsible for the unexplained excavabion which has
been noted.bélow rocks on lunar slopes and which is apparent on many

buried rocks in this stereo model,

Characteristics of the Profiles:

In order that unusual profiles could be identified, several char-
acteristics of each profile were examined to determine Tordinary?
appearance. These observations are summarized in table 4~2. The
following general stabtements are based on the observed profile charac-
teristics and an examination of each profile location using paneramic

photogiaphs,

|
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1., The usual profile shape is a symmetric V—shape with a rounded

" pottom znd mildly concave limbs.

2. U-ghaped pmfﬂes -are related to crabers or adjacent mounbain |

slopes which have probably contributed material to the rille.
3. There is no consistant evidence indicabing nabural leevess.

L. ASjmeﬁry of profiles cen be explaimed by various post-rille
formation processes such as infilling by cratering or erosiou from adja—-
cent slopes. Some curved éectinns have distinet asymmetry suggestive
of slip-off slopes and cubt banks in stream channels. This could be
equally well e:*;pla:ijned.by more extreme wéather:i.ng after rille formation

on the sharp inside cormer of the curve.

"5. On the other hand, weathering amd erosion may have destroyed

asymmetries which existed after rille formstion.
6. Much of the cliff and bench appearance is related to visible
outerop. |
7. The mare surface slopss toward the mounbain side in the southern.
extremity of the rille, toward the mare side around the landing site,
butboth sides of the mare slope in toward the rille in the mid-section

of the southern rille segment.

8. The mare surface at the rille edge is higher on the mare side
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Table k~2. Observed profile characteristies.

Characteristic Number of profiles with

characteristic
Brewerl _I'_I_Ez Total
Profile location
Straight channel RE L 18
Gentle curve 7 2 9
Sharp curve 6 0 6
Very sharp curve 1 1 2
Profile symmetry
Symmetric 19 5 21,
Asymmetric 8 3 i1
Profile shape (based on appearance
of bottom curve joining the two
opposite slopes)
V-shape (ex.: profile 6) ig 5 23
U-shape {ex.: profile 23) ) 3 9
(the exemples -are borderline
cases)
Cliff and bench bepography 3
Present on 5 I\I/AB 5
Fossibly present on _ 7 N/A
Mare slopes to the side '
Mountain 8 3 11
Mare L 2 3 6
Both sides slope to rille - 8 37 11
High side of rille
Mare T 1 8
Mounbeain 2 > VS
Even 3 2 5
I1~defined g 8

“IFignres 46 to L~17 this dissertation.

2?11:1., S. S. CG. et al. (31972) Photogrammetry of Apollo-15 Photography:
in Apollo-15 Preliminary Science Report, NABA SP-289, Washington, D.C.

3Small scale makes judgment guestiomnable.
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on soubhern profiles but higher on the mountain side around the landing

site. The high side tends to be the mountain side at :.ntermed_.ate lo-

cata.ons, bu:b this is vanable.

Calculation of Funar Brosion Rate:

The probeble infilling of the rille with maberial eroded from Hill
305 has bheen noted in ﬁhis chapter. If one assumes that the channel
in this section was originally similar to the. remainder_.o_i‘_ tha sc_auther_n
section of the rille, the a.mou;t of deposition can be caleulated. This

provides an estimate of the amount of erosion from Hill 305.

In order %o accomplish this, the cross-sectional area of the rille
was established for each profile location without am obvious disruption
us:mg a polar planimeter. These values were averaged to give the

staﬁiétics in table lp-S.

Pable 3. Results of chamnel cross-section caleulations. .
Profile numbers used in average: 1~8, 10-24 (24 in tobal)

Average cross-sechbional areas

(square meters) o | 18.4 x 10% i
Stendard deviation | 3.8 w10% 1
Standard error .8 x 10t ye

" By comparison, the two profiles across the r:.lle under H:L’IJ.' 305 (Pro~
flles number 30 and rrumber 30a, Fig. 4-17) have values of 5.73 x 101" 2

and .21 x 10% ¥° shich when averaged, give 6.97 % 10 2,
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Subbracting these two averazge velnes and computing pooled confi-—
dence limits, the amount of in~filling is caleulated to be 11.3 x
10% ¥° & 6.5 x 10* 4%, Over the 7.2 kilomeber Llengsh of chammel
which profiles 26 and 31 seem to represent, this amounits to a volume
of 8.1 % 10° ¥ & .7 x 10° 3. This volume has been shed from an
area {orthogonally projecked on metric photo without slope correction)
of about 1.2 % 107 M°. If the maberial in the rille is assumed bo
represent all the material which has been shed from the hill slope,
this figure implies that ab the 90% confidence level, there has been
between 28 and 105 meters of erosion from the south slope of Hill 305.
If a three billion year 1Ida‘c.e is assumed for the age of rille formetion
(a2 data consistent with the mare basalt dates discussed im chapter 2), ’
the meccdmum rate of ercosion is found to be about 35 mebers per billion
years, There are obvious objections to this argument, bub it suffices

to establish an order of magnitude for the lunar erosion rate on an equil-—

ibriuvm slope during Eratosthemian and Copernican time.
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CHAPTER V

THE STRUCTURAT, SETTING OF HADLEY RTLLE _ ;

On mebric photos of the Apennine-Hadley region (fig. 5-1), i
numerous linear and sub-linear structural elements can be observed in
map view. The gquestion naturally arises as to the connection between !
these structures and Hadley Rille itself., A careful examination of
metric photos indicates that a few structures (perhaps two) in highland
areas can be extended to correspond with individual rilie segments, bub
that no such correspondence is evident for most rille segments. It is !

necessary, thersfore, to examine the region for more subtle relationships.

Structural Data Preparation:

L i aapaustadn

In order to assemble a strucbural map and to acquire data for
mumerical analysis of structural itrends, the following technique wa;s
adopted. A pholomosaic of strips from metric photos 15-0991 to 15-0995
was assembled and glued to a hard backing (fig. 5-1). The mosaic was
then examined strip by strip under the large forn:at stereo viewer (des—
cribed in ch. 3) using the eppropriate sterso companion for each strip
in turn. After a preliminary examination of the mosaic, a sheet of
mette surface mylar, upon which the structures could be traced, was
taped over the mosaic. Then, with the sterse viewer still in position,
the structures were located, plotied on the mylar, and an identifying

number was assigned to each, The matte surface mylar transmitted
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enough of the imsge from the mosaic that good siereo fusion was possible
during the plotting. This allowed relief to be used as a primary
eriterion in distinguishing structures in addition 4o tone and texiural

differences.

This techmique wes developed by the author afier reviewing
reports describing difficulibies in interpreting lineaments visible on
Apollo~l5 photography. In particular, Howard and Lersen (1972) have
concluded afiter lsboratory experiments involving the photograpiy of
random surfaces that illusionary lineament patierns may exist on much
lunar photography. Charscteristically, these patterns are most ob-
servable at low sun angle and appear to form a grid which is symmebtri-~
cally disposed sbout the direction to the sun., The angle between the
grid pattern and the surface projection of the sun vector varied from
15° to 55° increasing with the sun engle. The authors conclude tha
serious difficulity mey be eticountbered distinguishing real and imaginary
lineaments on low sun photography. Swann et al. (1972) have specifi~

cally studied the numerous small scale lineaments tﬁat appear on the
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dpolio-15 ground-based photography and have published rose diagrams of
the result, Most of the rose diagrams show a symmebry about the sun
vector. They have concluded that it is not possible to definitively

distinguish true lineaments from artifachts of lighting.

By using relief as a key factor in distingnishing lineaments,
this bias is probaebly minimized, The photographs which were chosen
are taken ab intermediate sun angles of 21° (0995) to 26° (0991)%.
These give adequabe stereo wrelief and contrast but shouwld exhibit fewer
lighting arbifacts than low sun photos, An additional advanbage is
that lineaments are not obscured by the relatively small shadows on

these photographs.

A total of 181 structures were plotted. A4s the structures were

being mapped, they were documentedas follows:

1, The azimubth of each of the elements was measured using the
vernier anglehead of a K&E drafting machine., This method of accumu—
labing engular data from graphics is rapid, accurate (+ ¥ degree) and
therefore has much to recommend it. It mmst be noted that no correction
was attempted for the distortion of the structure azimmths due to

relief of the terrain through which they pass.  Long structures probably

]lockheed BElectronics Co., Ine. (1972) Apollo-15 Index of Mapping
Camera and Panoramic Camera Phobographs, NASA, Houston,
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average to an approximately correct value and the most meaningful of

the subsequent stabisbtical tests emphasize the long-length structures.

2. The type of structure was noted and an appropriate map symbol
was plotted., In addition, a numerical code was recorded to idenbtify
the structure type for each struvcture in the data set. .The seven
structure types into which zll observed structures could be classed

and the number of observations in each class are:
a. Apparent grzbens (17 or 9.4%).
b, Hdges of mountain blocks (22 or 12.5%).
c. Undifferentiated lineaments (97 or 53.6%).
d. Crater chains (17 or 9.1;%){
e. Apparent volcanic relief features (14 or 7.7%).
f. Small local systems of fractureé. (11 or 6.1%).
Ee Tl.le general trend of sinuous rilles (3 or 1.7%).
3. The relative relief of each structure was class_ec{ as follows:

a. Obvious relief features (e.g._, Fresnell Rille s_ystem).

b. Easily seen on metric phobtos (southeast segment of

Bradley Rille).

c. Can be found on monoscopic photo after a search (many

B
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fig., 5-1., Mosaic of photographs, Apollo-15 metric 991 to 995 used
for structural interpretation, Compare with fig. 5-2,
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lineaments).
d. Only evident in stereoscopic model (no. 18).
L. The lengbh of each structure was measured.

5« The lipearity of each strucbure was indicated with a code

number,

The map which resulted from these observations is i*eproduced as

figure 5-2.

To complete the structursl daba, the position of the‘midapaint_ of
each sbructural a_lement_ was determined and recorded. This was accom=
plished by ‘overlaying a mebric grid on the map (i‘ig.; 5-2) to esbablish
a reference system. The positicn of the grid ;elative to the lunar
coordinate system was. recorzded. so that the metﬁc measﬁrements could
be transformed into lunar l_aﬁitudes and longitudes. AThe completed

structural data set is listed in appendix two.

Relationship of Structures to Adjacent Basins:

In chapter two, ib was noted that the structures in ths Apennine-

Hadley region appear to be generally circumferential or radial to the

Imbrium Basin, bub that the preceding Serenitatis and Vaporum Basin-

forming events must have affected the region as well., One use of the
stmctural. data is to examine the ialation_sh_ip between basins and

structures.

~y
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Several authors have discussed the structures which are circum-—

ferential and radizl +o lunsr basins:

Hertmann and Kuiper have published a series of papers discussing
the gross shructure of lunar basins. Hartmann and Euiper (1962} is
a reporv deteiling the posivions of concenvric ring structures around
all the telescopicelly observable lunar basins., Hertmenn (1963) pub-—
lished a detailed siudy of the radial structures surprounding the Imbrium
Basin. This paper &lso cunbains sun extensive bibliography on the
Imbrium Besin structurses, The papers by Hartmenn and Kuiper establish

the existence of the concentric and radial patierns without doubi.

Carr and El-Baz (1971) consider the northwest facing scarpe of

the Apennine Moumwtaing to be a major suructural boundary delimiting the

‘edge of basin-fill deposits., They also suggest thab basin-radial faulis

are to be found in the mounantains oubtside the basin,

HMutch (1972) discusses the presence of concenbric rilles surround-

ing the Humorum Basin,
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Basin relsted directions. The present aubhor decided to investi-

gate the guestion of the relaﬁionship of these structures to the adja-
cent basins using a direct approach. A geperal equation was written
whi.ch gives the azimuth from any poind on a planefarj surface to any
other point given the latitude and longitude of the pair of points.
The analysis of this problem which is gi'q'en. in appendjx. one yields the
following result:

8in(L,) -~ 8 x 5in(L.)

Cosl4zZ) - Cos(L,) x (1 - 8%

where

2

8 = [Cos.(lal) % _Gos(Lz)j x [Cos(W, - Wi) + Sin(Lz_) + Sin(Ll)]

AZ is the desived azimuth from point 1 %o point 2 (note that on a
spherical surface that The azimuth i5 not the same zs the back
azimith. Thus, some care must be taken to swbstitute variables
correctly.) o : :

L; and Lz are the labitudes of points 1 and 2 respectively.

W, and W, are the longitudes of points 1 and 2 respectively.

~ Upon the completion of this amalysis, a program was writben to use
this equation and the position data teken for the mid-point of each of

the measured Structures to compute:

1. The direction to the center of the Imbrium Basin from each

structure.

——
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2. The divection t0 the center of the Serenitatis Basin from

gach structure.

3. The directions at each structure location circumferential to : R
> - - o 1] 4 - - .
each basinj that is, azimuths at 907 to the radial azimuths described

in 1. and 2.

For purposes of this numerical experiment, the coordinates of the basin
centers were estimated from the map by Wilhelms and MeCauley (1971) .
The overall results of these caleuwlations are 1isted'i.:n table 51 znd
displayed graphicelly in figure 5-3.

Table 5-1. Renges of compubed dirvections from struchursl elements in

the Apsnnipe-Hadley region radial and circumferential to
the Imbrium and Serenitatis Basins.

Dirvection : Range of Values in the Region ’
Radial o the Imbrium Basin N55.60 to N6L.OW

4
i
:
1.
i
E
!
E
:

Circumferentisl to the Imbrium Basin  N26.0F to N3L.LE
Radial to Serenitatis Basin N76.1E to N&89.58

Circumferential to Seremitatis Basin  NO.5W to N13.9W

3lassification of structures according t0 azimubh., It can be seen

that there is a considerable angular difference between these velues;
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APENNINE —HADLEY REGION
CALCULATED BASIN RELATED DIRECTIONS

Serenitatis
Circumferential

=
z Range £y
S = t Imbrium
b N & 4 Circomierential
- T — Ay e Range
N
<

Imbrium
Radlal
- Range
Yo
103’
ﬂTGAE

Serenitatis
Radia}
Range

£ NB9.5E

' Fig. 5-3.  Basin-related directions which form the basis of the
structure classification by azimuth. :
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that is, Serenibatis-related directions do nob correspond to Tmbritm-

related directions. This fact is presented graphicelly in fig. 5-3.

Thus, the possibility arises thab the measured structural azimuths might

be classed and discussed in terms of which computed basin-related direc—

tion the measurements mwost closely appro::imate; If the Serenitabis
radial directions through this region were s:.mJ.a.r for examnle, to
the Imbrium radizl directions, such a classzf:.catn.on would. be impos-

sible.

Aeccordingly, the compubed azimuths from the center of each
structure radizl and tangential to each basin were compared to the
azimuths which were actually measured Ior each structure. Then, the
individual structures were grouped according to the basin direction
with which they were most closely associzbed. The overall vesults are

a8 follows:

l. Forty-eight (2;8) of the measured structure azimibhs or 26, 5”5
fa:ll clcsest to the Imbrium radial d:i.rectn.on (within + 22°),

2. Fifty-five (55) of the structure azimuths or 30.4% fa1l

closest to the Imbrium circumferential direction (with:‘m + 259,

3. Thirty {30) of the structmre azimubhs or 16.6% fall closest
to the Serenitatis radisl divection .-(_w_i*{:hin-.i 219y .

L. rorty—emght (1;8) oi' 'bhe structure azimiths or 26,55 £211 clos—

est 0 the Serenitatis clrcum...erentlal d:urecmon (within + 24 %.
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Results of structural calculabions. The mumerical results of

these calculabtions are presented in appendix two. Iz order to allow
interprebation, the results have been summarized and presenbed in two

formabts. The first is graphical and the second is cartographic.

Histograms. Figure 5-4 contains three graphical displsys of the
set of styucture azimmths. The bottom graph is a histogram with a 1°
class width of the nomber of meastured structurss falling in each
interval., Plothed above this is & second histogram of the same data
grouped with a class width of 10°. FPlotted ab the top of the disgram
is a greph which represents the 1° class width histogram except thab
the 1° frequency values have been smoothed according to Spencer's
curve-smoothing technione. (The use of this formuls is debailed in
che 3.} It can be nobed that the smoothed curve gives a much betber
representation of the oscillations in the frequency distribubion than

does the 10° ciass widbth histogram.

Tn order to display the results of the preceding numerical experi—

ment, the ranges of the caleulated basin-radial and basin-circumferential

azimuths have been superimposed as verbical lines on the graphs, In

addition, figure 5-4 indicates the range of measured structure azmi-

mubhs which is associated with each of the four basin-related structural

directions.

On the histograms (fig. 5-4), sever:l significant factors are

avident:

i
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1. The Imbrium circumferential and the Serenitatds radial direc—
tiops are represented by well—defined pesks, The strucburss with
east-yest aziwmubhs are unusual in the lumar structural patiern.

Elston et al. (1971) have noted a moon-wide absence of structures wit
an east-west suvriks,

2. The Imbriuwm radial direction is represented by a well—

»

defined pesk which is not as large as mighit be expected.

3. The Serenitatis circumferential direction seems to be repre~
sented by a trough, bub an exemination of the 1° class interval histo-
grem indicates thab several structures with a porth-south strike

constitute a pezk,

L. A somevwharn puzzling observalion is thav the largest peak on
the smoothed curve, as well as bobh hisuvograms, falls at the division
between the Imbrium radial and the Serenitetis circumferential expented

. . 0
ranges at an azimoth of 1LL5.

These frequency distributions indicate only the number of points
f2lling in each azimuthal class interval with no indication of the
relative importance of the different structures. In order to give

weight to the major structures, a smoothed curve showing the percentage

i
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of structuve length £alling in each azimuthel interval has also been
prepared (fig. 5-7). "'éomparison of the two smoobhed curves {figs. 5-7
and 5-4) illustrates the following pointss:

1. With one exception, a1l the major pesks are still present,

The exception is at 127,

2, The Imbrium-related peaks have become higher abt the expense of

the Serenitatis-related peaks. The east-west Serenitatis radial pesk

has become very small.

3. The peek ab the boundary between Imbrium radial and Serenita-

tis circumferentizl ranges has considersbly diminished.

Thus, in comparison, the structures which have azimuths associated
with the Imbrium circumferential and radial directions are the struc—
bures with the most surface expression. This is what one would expect

from the chronclogy of the region.

Inberpretive structure maps. These graphs, while giving a good

indication of the distribution of measured azimrths velative to basin-

related directions, feil to illustrate individual relationships., In

order to display which spacific fracbures appear to relate to ‘each
basin, two additional maps (figs. 5~5 and 5-6) have been drawn. The
information for these figures was obbtained with a program segment
ghich liste_d for each structure the basin-related direction which its
azimuth most closely approximabes. (This is not to imply that all

structures are basin-related—only that they have been so classed,)
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The maps were then prepared by tracing the structures related to each

~ basin on separabe sheets. Examination of these maps indicabes the

following:

L. HMost of the major structures in the region appear %o be
Inbrium-related (fig. 5-5). Structure nmumbers 72, 80, 9, 158, 131,
132, and 90 on the Serenitatis mep (fig. 5-6) are important exceptions
to this rule. '

2. However, there are significent Serenitatis-related structures

even within the Imbrium Basin; for exemple, 158, 179, 169, 9 (fig. 5-6).

3. There is an imporbant group of structures related to the
Serenitatis radial direction which strike northeast across the
Apennine-Hadley region. These include structure numbers 158, g0 r 91 79

91, 99, 39, 38, 18 and other smaller structures (fig. 5-6).

k4. The arcuate depression abt the south end of Hadley Rille
appears to be closely related by virtue of its orientation to the Sere-
nitabis circumferential direction, both with respect to ibs strike and

its comcavity (fig. 5-6).

5. Post-mave £illing fractures around Hill 305 (nos. 2k, 27, 29

and 30) appear to be related to Serenibatis directioms.

Conclusions. On the basis of these graphical and cartographic
analyses, the following conclmsions are postulabed: |

R (W
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L. Although the major: structures are Imbrium-related, meny of
the linear featurss .n the Apennine-Hadley region are fractures

related to the older Serenitabis event,

2. In particular, the arcuate depression ab the south end of
Hadley Rille is probzbly related to an old Serenitatis circumferential
fracture which was subsequently obscured by Imbrium ejecta or the

upthrusting of the Apennines.

3. Some of the post-mare filling structures around Hill 305
appear to be related to Serenitatis fracturing and therefore may rep-
resent much more extensive fractures than their limited surface ex-

pression implies.

L. If the Serenitabis event is still structurally evident in this

region, the Vaporum event may be too. The Vaporum Basin has been

thoroughly obscured by subsequent events so that it is not possible to
accurétely locate its center. It appears ©0 be somewhat east of due
south of Hadley Rille {fig. 2-1). If so, the \Tapérum circumferential
direction would roughly correspond to the Serenitatis radial direction
and the Vaporum radial dirsction would correspond to the Serenitatis
circumferential direction in the Hadley region. Thus, fractures on the
Serenitatis-related map (fig. 5-6) could well be old Vaporum fractures
which have subsequently been remobilized twice; once, by the Serenitatis

event and finally, by the Imbrium event. Such a sequence of events

could explain the frequency peak falling between the Tmbrium radial and

Serenitatis circumferential inbervals on figure 5~4. The fractures

o ERDUY
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represented by this peak might never have been mobilized by the
Seremitatis and Imbrium events if they had not been initiated by the

Vaporum event.,

Tﬁus far, this chapter has discussed relations'hips betwe . struc—
tures and the surrounding basins. The relati_onship of the Hadley Rille
to the structurel setting remains bo be discussed. This subject will
be approached in two weys. First, the directions vaken by ve.zjio_us
segments of the rille are compared with the structursl aziumthg:measured
in the region. Second, the demsity of structures in the region is
investigated to show how the rille is related to the amount of assumed

fracturing.

Comparison of Rille Directions With Structural Directions:

The author is aware of one detaile'd jﬁvastiga*_t,ion of the relation-
ship between the rille and Surrounding structures. This was performed
by Howard eb_al. (19'?.?.)=~ who have published rose dizgrams of predominaut
azimuths oinserveti in the southern and northern section of the rille and
compared these to the directions from the center of the Apennine-Hadley
region radial end circumferential to the Imbrium Basin. They have
concluded that in the soubthern section the rille shows no structural

contTol, whereas there may be some control by Imbrium radial structures

33
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in the northern segment.

As should be evident from the preceding discussion, the structural
situag.tion in the region is more complex than a simple grid of Imbrinm
radial and circumferential azimubhs. Therefore, a more detailed com-
parison seemed necessary., In the present study, the comparison has
been carried oub throuvgh the use of statistical tests on achtual numer—
ical data. Freguency distributions have also been plotied for visual
comparison. Comparisons have been made between several classes of

data which are described below.

Structural azimuths. Various sub-sebs were extracted from the

main set of structural data described earlier in this chapter. The

extraction was accomplished by machine using the following technique:

3

1. Punched cards were prepared with z numerical code which
detailed the characteristies (azimuth, length, structure type, relief,

regularity) for each of the 181 measured struchures.

2. A program was written to convert the descriptive parts of
this daba (structure type, relief, regularity) into a R0-digit binary

number,

3. Selection cards were prepared, each of which also contained a
20-digit binary number, The number on each of these cards represents
a combination of characteristics which characterizes a sub-set of the

main structural data.
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k. The binary numbers on the selection cards were rasd, compared
for correspondnece with the internally generated binary numbers, and
the azimuth and length of structures with characterdistics which f£it
the specifications on the selection caxds e;erevstored for subsequent
punching onte new cards. In this fashion, the lengths and azimbhs
of all the structures with any desired characteristics could bs

grouped as a datz set for subsequent statistical comparison.

Rille azimuths, A set of azimuths and their associated lengths

which characterizes the directions taken by the rille channel was
obtained from a set of x~y coordinates of the rille obtained with the
Mann comparator. This data is fully described in chapber six. The
azimuiths were computed by considering the rille t§ be a graph in x-y
space and then computing the slope of lines connecting adjécent
measured x=y points. These slopes were then converted to angles
relative to north. There are 152 measured x~y coordinates which
characterize the rille so that 151 azimubhs were found between adja—
cent points. In addition to the azimuths, the distances bhetween
adjacent poinbs wers also tablulated, The resuliant azimith and
length data sets wers punched on cards for subsequent processing. Once
the main set of rille azimuths was. formed, two additional sub-sets were
punched to characterize the northern and southern section of the rille
separately. The socubhern azimuths and lengths are those between points
1 and 84 (fig. 6~2) and the northern sets run from points &k to 152,

This data is listed in appendix two.

-
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Stabistical comparisons of the data. The obvious non~normsl

distributions displayed by these data sets (figs. 5-7 and 5-8) makes
the comparison of them mesningless if most simple classical parametric
statistical tests are used. After some experimentation, the following

approaches have been developed.

1, GComparison of frequency distributions. Frequenecy distribu-
tions have been formed from the various data sub-sets described above.
The freaquency distributions record the percentage of length of observed
structures which fall into each 10° class inberval; that is, the percent
lengbhs are grouped into 18 azimuthal intervals bebween 0° end 180°.

The 10° class width is greater than the irregulaiity in strike direction
displayed by most individual structures. Some of these fresquency

distribubions form the basis of the histograms (figs. 5-7 and 5-8).
Different frequency distributions have then been compared for:
a. Linear correlation.
b. Rank corvelation.

using the Pearson product moment correlation coefficient and the
Spearman rank correlation coefficient respectively. These two tests
each vield & numerical correlation coefficient which allows the determin-

ation of the probability of a direct or inverse correlation between

the frequency distribnbions. A positive resulis of these tests indicates

that at a cerbtain level of confidence, a correlation exists between

the freguency distributions.

.
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2. Comparison of cumlative freauency distributions. Percent
cumilative frequency disbribubions of the éE'iP.EE.’ of structures in each
1° azimithal interval have been formed for the various data sub-sebs.
Different distributions have then been compared to find the maximum
difference in cumulative frequency which occurs throughout the 0° to
180° arimuthal interval. This difference which is called the maximum
deviabion can be compared with theorebical distribubtions to determine
the probability of finding the observed difference in two samples
drawn from the seame population, A posibtbive result of this test
indicates a small probability of observing the observed difference
and thus can be taken as an indication of lack of correlation between

the two samples. This tesbt which is called Smitnov's maximum devia-

tion best for idemtical populations has the following abtribubte accord-

ing to Bradley (1968)1.

"The present test is appropriate when th:2 experimenter wishes to
test the H 02 of identity against general altermastives of nonidentity
and does not wish the sensitivity of the test to be concentrated upon

one aspect of nonidentity (for example, different median value or

]Bradley, J. V. (1968) Distribution~Free Sitatistical Tests,
Prentice Hell, Englewood Cliffs, MNew dersey, p. <85,

2H is the null hypothesis—a postulate concerming the data which
the expérimenter cam confitvm or reject by statistical test.

o rarimmos B
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unequal location — my nobe) ab the expense of most others.®

Thus, this zppears to be a general test to debtect dissimilarities in

‘the overzall characteristics of samples.

The essertial difference between the correlation approach and the
maximum difference approach is that the first assumes bhat no correl-
abion exists and sesks to show the contrary, whereas, the second assumes
a similarity bebtween the two distribubions and then expresses the |
probability of a difference. Thus, the two methods are complimentary.
The first of the two tests is probably the most significant because of
the emphasis placed on major structures by the accumulation of length

velues in the frequency distributions.

Summary of stabtistical tests. Table 5-2 is a summary of the sig-

nificant tests which have been performed and an indication of the

results. The table indicabtes the following generalizations:

1. No stabisbically significani direct or inverse correlaiion
exists between the set of rille azimubths and any set of structure
elements. The negative correlation coefficients obbtained indicate
| that any correlation which does exist tends to be inverse; that is,
rille agimuths have some tendency to follow directions not assumed by
structures., Figores 5-9 is a scatter.diagram ilinstraving the lack of
correlation betwesn the rille azimabhs and the set of 21l structure

azimuths,
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2. Although there is no Significant linear or rank correlation
between the fregquency distribubions, the Smirnov test does nobt show a
significant difference bebween the cumilative frequency distributions.
An attempt was made to resclve the paradox of no correlation but also
no significant difference by comparing cumulative frequencies of
structure length rather than data points, thus weighting the efifect
of the major strucbures. Such teshs gave significant differences atb
the 1% confidence level, but this approach may be invonsistent with

the basic assumpvions supporting the Smirnov test.

. 3. No correlation exists bstween either the north or south

sections of the rille and any sei of struchtural elements,

L. The Smirnov tests indicate that the north and south ssciions
of the rille t0 have cumilabive Ireguencies considerably different

than the structure sets, in agreement with 3. zbove.

5. Azimuths displayed by the south helf of the rilie show s strong
inverse correlabtion to those in the morth. The Swmirnov test indicates

a very significamt difference.

Thus, the statistics appear to indicate a genersal lack of correla—
tion between the rille and surrounding structures, If the freguency
distributions being compared were simple uni-model distribubtions, this
could be viewed as clear evidence of lack of structural control. How-
ever, the bi-modal structural distribution evidenced here (fig. 5-4)

adds another degree of freedom to the sibuabion which leads to %wo

possibilities:




Table 5-2.

fi Comparison

o Whole rille compared with all structures

& North % of rille compared with all
et structures

, South 4 of rille compared with all
L structures

Whole rille compared with well-defined
structures (total of 129, small,
irregular, or indistinct excluded)

North % of rille compared with well~
defined structures

o South & of rille compared with well—
o defined sbructures

Sy
i
|
t
|

Whole rille compared with all lineaments

maximur deviation.
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Inverge tendency, not significant
Inverse tendency, not significant
Not significant

Not significant
Hot significant 2
Significant at 5%

Inverse tendency, not significant
Inverse tendency, not significant
Significant at 1%2

Inverse tendency, not significant
Inverse tendency, not significant
Not significant

Nob significant
Not significant 2
Significant ab 1%

Not significant
Not significant 5
Significant at 2%
Not sigpificant
Not significant
Not significant

;L.G.C. = linear correlation coefficient; R.C.C. = rapk correlation coefficient, and D = Smirnov's

2K0c1’_11 G. 5. and Link, R. F. (1970) Stabistical Analysis of Geological Data, Vol. 1, Wiley, New York,

appear to suggest that a 10% risk level is significant for geologic problems.
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f Table 5-2. Results of Representative Stabtistical Tests, conb'd.
Comparison | RasultlL
North & of rille compared with all L.C.C, = =128 Not significant
Tineaments R,C.0. = ~,192 Not significant .,
: D = J265 Significant at 1%
South % of rille compared with a1l L.C.G. = .012 Not significant
-;; Lineaments ReCofe = ,123 Not significant 2
| D = .11 Significant ab 58°
North % of rille compared with south L.CuCs = = 77h Inverse correlation probable ab 1%2
o % of rille RiCeCe = —.809 Inverse correlatign probable ab LA
i - D = 423 Significant at 1% A
Ypid.
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1. There may be no structural control over the rille in which

case the stabisbtbical resulb is btaken at face value.

2. One struckture direction may give a predominating strucbural
conbrol to the exbent thab the other structure direction which appears
as 2 hump in a structure frequency distribubion has no correlative
hump in a particular distribubion of rille amimubths., This lack of
correlation for one structure direction may yield a nonsignificant
coyrelabion-coefficient even if tobzal structural conbtrol existed in

the obher structure direction.

The next section is an examination of the graphical displays of the
freguency distributions which allows some discrimination between

these alternstives.

Graphical comperisons. Figures 5-7 and 5-8 are frequency distri-

bubions of the most significant data sub-sets. Two graphs have been
prepared for each sub-seby one is a histogram with a 10° class interval
and the other is a 1° histogram smoobhed by Spencerts formula. In
order t0 emphasize the major structures, these diagrams represent the
percent of structure or rille segment length which is found in each
azimubhal class., This is in conbrast to fig. 5-4 which indicates the
rumber of observations in each ¢lass. The histograms serve to give a
gross comparison and the smoobhed curves show more detail., This type
of graphicel display is used in preference to rose diagran;s because
Cartesisn coordinates avoid the distortion of the wedge-shaped seg-

ments of a2 rose diagram (discussed in Harbaugh and Merriam,
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1968)1. Also, the use of Spencer's formula is facilitated, and
comparison bétween diagrams can be made easily by projecting verti-

cally from one curve to the next.
An examination of these figures indicabtes the following points:

1, Peaks on the whole rille smoothed curve tend to correspond to
troughs on the curve of all structures. This explains the tendency
toward negabtive correlation observed bstween the whole rille and differ-

ent structure sub-sets,

2. The whole rille distribubion is far ‘more diffuse than the

clearly bi-modal distribution of structures. ’

3. The inverse corrslzbion hetween the north and soubth sections

is obvious,

L. The north segment of the rille displays a wsll—defined peak
(70° wide, 100° to 170°) which grossly compares to the wider (100° wide,

20° +o 1800) peak which represents southeast striking structures,

5. The southern segment displays a peak [].10O wide or 350° (= 1700)
to 100°7] which corresponds to the peak of northeast striking structures
(60° wide, 10° 4o 70%), but the rille's histogram pesk is about twice

the widbh of the structure peak.

lﬁarba_ugh, d. W. and Merriem, D. F. (1968) Computer Applications

in Stratigraphic dnalysis, Wiley, New York.
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Examination of the photomosaic of the region (fig. 5-1) indicates
a physical basis for these observabtions. The southern half of the
rille occupies a valley which strikes northeast in the Imbrium circum—
ferential direction, Because the rille occupies a longibtudinal
posibion in the valley, it is necessary bthat azimuths measured for
this section should cluster in a diffuse group abouk the northeast

direction. Because the structure azimubhs appear so much more concen-

trated than the rille azimuths, it is felt that individunal rille seg-

ments ere not directed by bedrock strueture in the southern sechion.

By conbrast, the northern section does not occupy a well~defined
vallsy. The Ffact that the northwest striking rille azimubhs form 2
tighter cluster than the northwest grouping of the sitructure azimuths

is therefore significant. An examinabtion of the photomosaic indicates

R e Co . e Y

that Hill 305 is one structure element which effecis obvious conbrol

over the rille., The segment adjecent to the Apollo-l5 landing site

(fig, 2-3) is a similarly directed sub--linear segment, but without

|

gbvious gtruetiral copbrol. Because of this cobvious conbrol of one
rille segment and the relatively tight grouping of rille azimuaths

gbout the Imbrium radial direction, it is felt thab significant control
of individual rille segments exists in the northerm section of the |
rille, In the next chapter, it will be shown that the sinuosity of

this section is less than that of ths southern ssction, The relstive

straightness of the northern section is further evidence of some
Linear controlling factor. The possibility of struetural combyol of

the linear segment adjacent to the Apollo-l5 lending site has some
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significance in inberpreting the comstriction in that section of the

rille (ch. 7).

In summery, it appears that the diffuse distribubion of rille 4

azimubhs vepresenting the whole rille results from the summation of

two more concentrated groupings corresponding to the northern and
southern sections. The southern section is influenced by no direct
structural control, bub its azimuthal distribution as a whole is
influenced by the rillet's valley-central positieq. The tighi

grouping of the northern rille azimuths indicates combrol of individual
segments by Imbrivm radizl elements, The strong inverse correlation
between the azimaths of the twe sections is a result of these two
factors, This inbterpretation is consistent with the stabtistical and

graphic evidence.

» Practures Asscelated With the Rille:

Although the course of the rille is for the most part not directed

by pre-existing structures, such structures may in some way have been

involved in the formation of the rille. In order to investigate the

overall associakion of the rille with structures, a fracture density
map (_f:_i.g. 5-10) was prepared. This map is predicated on the assump-
tion that all the obsexrved stfuctﬁres with the exception of sinuous
rilles represent fractures in the basement material. The map was drawn
by overlaying a metric sampling grid on the original 19 x 37 cm.
structure map (£ig. 5-2). Then the tobal length of structures

measured in millimeters in each 2 x 2 cm, block was measured and

'
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the result was recorded ab the cember of the block. The resulbt was

an. array of numbers abt 1 cm. verbtical and horizental intervals (since
overlapping blocks were used) which was suitable for conbouring. The
resulting map (fig. 5~10) has conbour lines which represent the lengbh
of observeble fracture in the surrounding avea. BRecause of the
arbibtrary scale of the metric photos which form the basis of the
original map, the unibts of fracture density are arbibrary, but a value
of 20 (indicating a length of 20 mm. in a 2 x 2 cm. sqguare ab map
scale) indicates thab on the ground, 15 kilometers of structure

length can be expected in the swrrounding 16 x 16 Xm. square.
These cbservabions have been made concerning this map:

1., Only visible structures are mapped. Several processes have
conspired to obscure structures-—the most prominent of which is mare

filling. This explains the major areas with zero structure density.

2. The highest structure densibies are associated with the

Bradley and Fresnell Rille systems.

3. A high density extbtends zast from the Fresnell Rille system

across Fresnell Ridge,

L. The constrichtion at the midsection of the rille is associated

with the extreme structure demsity around Hill 305.

5. The arcuate depression at the south end of the rille is in a

region of high struecture density.
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Summary of Structursl Relationships:

The preceding enalysis indicates several pertinent relabionships
between the rille and its surroundings. The immediate vieinity has a
complex set of fracbures which are apparently relabed fo at least two
basin-~forming events. The location of the rille ibtself is constrained
by major structures, such as the faults bounding the Apennine Houn—
tains., Some segments in the northern section seem to be directed hy
pre-existing structures. OSome parts of the rille are associabted with
areas of high structure density, Particularly notable in this regard
are the arcuate depression at the south end and the interruption

northwest of the Apollo-l5 landing site.
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CHAPTER VI
NUMBERICAI: DESCRIPTION OF HADLEY RILLE

L]

This chapter is intended to provide a nﬁmerical description of
Hadley Rille. The first sections of the chapter discuss the determina-
tion of basic rille parameters: lengths, widths, depths, etc. This
is followed by z discussion of derived relationships such as sinuosity,
meander wave length, and width/depth ratios. These values are then
compared with those found by other observers for other rilles. The
final sections of the chapter discuss statistical relabions and between
paramebers., Most of these rel-a'bionships are presented graphically as
well., Throughout this chapter, there is considerable emphasis on
:achieving a known degree of confidence; confidence limits are speci~
fied whenever possible, and a dual approach is used for deriving several
conclusions, Daba and calculated values not listed in the text will be

-

- found in azppendix three.

Phiysical Dimensions of the Rille:

Sevei:a.’l. techniques have been used to measure lengths of rille
segments, the width and depth at specn.fn.c cross—sec-blons and other
numerlcal charactern.st:.cs of the m.J_'Le. This section is a summary of

these results and techm.ques.

Gross lengbhs along the rille. The tip-to-tip extent of the rdille

and the length of several sub-sections have been established by direct

B
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measurement on metric photos M15-41k and N15-586. These are straight
line map disbances indicated on figure 6~1 and reported in table 6.1
which are intended to establish the gross size of the rille. These
yalues wers obtained by measuring the photo disbances between point

on paper base metric photos using a vernier caliper and converting to
ground distances using the focal 1ength and flight alititudes published
by Lockheed Flectronics (1972) . On an undistorted veriicel photograph,

Ground distance Flight height
Photo distance ~ Focal lengih

which allows the determination of ground distances (Tewinkel, 1966} .
The photos were scaled by measuring the edges and computing the enlarge-
ment compared to the original metric format. The corresponding grcund
distances obbained from the two different photos agree to within & 200
meters which probably represents the pfécision of the measurements.

The accuracy, estimated to be about 2%, is probably limited by di £ fer—
‘ential shrinkage of the paper, uncertainty in the flight heighu,
possible tilﬁ in the camera system and slight parallax due to the

unevenness of the mare surface.




Table 6~1. Gross lengbhs of the rille,

138

Average

'Value! km., 2

7.6
72.6

ko5

8.1
K81
50,4
51,8

——

Length Distance Distance ‘
Fig, 6=1 AS15-414 sA515—586!
(mm. photo) (km. gnd.) (mm. photo) (km. gnd.)
a~b 95-m 76'!5 . 9500 76.6
B 90,80 72.5 90.0 72.6
b—c 5.60 L5 5.55 L.5
d-e 10.20 8.1 16.10 8.1
f-g shadow 18.3 1h4.8
a~h 62,40 48,2 59.55 48.0
h=c 63,00 50.3 62.60 50.5
h=b 68,70 54.9 67.65 54..6
J=b 33.45 26.7 j poorly defined
: *h
0 KM 10
SCALE
f
d\'t c
e ~¢
Figure 6~1. ZLocation of length measurements reported in table 6-1.
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Average width of the rille, To determine the average width of the

rille and examine the relationship between width and other parameters,
a set of measurements was made of x-y coordinates of pairs of points
directly opposed across the rille ét 152 locations along the rille.
Figure 6-2 indicates the locations of these measurements. Since this
data set is used for a number of calculations, ibts acquisition will be

discussed in some detalil.

Measurements were made on the Mamn 1200-3 comparator (described
in ch. 3) on film base phobographs, The inherent accuracy of the Mamn
comparator is .00l mm. which corresponds to.a ground distance of 10
meters, This is the same order as the resolution of the photographs so
that no information is lost. The Menn comparator is not & stersoscopic
instrument so the locabion of the edge of the rille was established by
observing differences in texture, albedo, and tone. The photograph
chosen for measurement was number 15-416 which displays the follewing

characteristicss

1., It provides maximum contrast between the light reflected from

the rille walls and that from the adjacent mare surface.

© 2, It minimizes the proportion of rille length which is obscured

by shadows cast by the Apema:ﬁxes.

3. It provides “adequate contrast in the relatively obscure
northern portion of the rille where the east-west chemmel orientation

resuits in peorer contrast than present in other segments.
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The measurement locebions were neither randomly chosen nor
equally spaced, In order to give the best graphic portrayal of the rille
(fig. 6-4), the measurement locations were selected so that changes in
the rille widbh could be accurately represented in the data, This data
Set leads to a velid width-distance graph of the rille, bub it was
necessary to extract randomly determined width measurements from these |

before calculating the average width.

This data sebt was resolved using an IBM 1130 compuber. The program
is a straightforward list of calculations besed on the Pythagoresn
theorem which determines the distance betwsen two points in x-y space.

The calculations yielded the following informations:

1. The width of the rille was caleunlated abt each of the 152

meastrement locations.

2. The distances along the rille chammel between the locations of

the 152 width measurements was calculated,

3. The cumilative distance along the chamnel from the south end

of the rille to each measurement location was caleulated..

L. Separate' summations were made of the length of channel along

which rille width increased and the length aiong which width decreased.

5. A calewlation was performed o determine the aszimuths of the
channel center between successive width locations. These are the rille

azimuths used for strmctural interpretation in chapter five.

e T
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The first of these items is used to compute the average width of the

rille and the others are discussed subsequently.

The measured rille widths have values between 0.22 o0 3,20 lm.
The largest values are obsei'ved at each end of the rille and appear to
be due to the association of the rille Wi'bh. the arcuate fracture to the
south and the angular depression to the north., If two Kilometer seg-
ments are excluded from either end of the rille, the maximum width is
i‘éund to be under 1.7 km. In the histogram of measured rille widths
(fig. 6=-3), 211 extreme values on the high side are at the ends of the
rille. The minimom width of 0.22 km. occurs abt the comsbriction near
the Apollo-l5 landing site. If this & km. length of unusually narrow
section is excluded, the minimum width is found to be 0.52 km. The
average of all measured widths (including extremes) is 1.11 km. The
median value is 0.96 km. and the mode is 1.00 km., The standard devia—
tion- is 0.37‘3@1. and the standard error is 0.03 km. 4 listing of all

values is found in appendix three.

As discussed above, these measurements are not at randomly selec—
ted locations, and therefore, the simple arithmetic average is suspect.
In order to find a 'true! average to characterize the rille, two
approaches were used and the results are in substantial agreement,

although slightly less than the arithmetic average reported above.

Y

1. The map area of the rille was computed using the 152 compubed
widths and the 151 interveming lengths as factors in the trapazoidial

rule., The average width was compubted by dividing the area thus derived
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by the total chemnel length., The effect of this process is to weight
the width measurements by the channel length which they represent.
This gives an average widbh of 1,081 km. The same standard error of
0.03 probably applies indicating a”907£ probability that the ttruet
average width falls in the range 1.08+ 0.05 Im.

2. A graph of rille width vs. distance along the channel was
cons:bmct_ed (fig. 6-=4). Forty random numbers were drawn from a random
number table (Koch and Link, 1970)1 and multiplied by an appropriate
constant to give a randomly determined abscissa with which to enter
the graph. Three gaps in the daba set due to shadowing and tﬁe |
crater, Hadley U, were assigned to a widbth value equal to the average
of 10 values, 5 on either side of the gap, Finally, all the ordinatés
corresponding to the random numbers were averaged for an average width.
The average obtained from this approach is 1,084 km. with standard
dev:.atlon 0.26 and standard error 0.04 yielding a !true! average widih

1.08; 0.07 lm. ab the 90% confidence level. 2

In addition to the width calculatiois for the whole rille, the

IXoch, G. S. and Link, R. F. (1970) Statistical Analysis of Gea-
logical Data, Vol. 1, Wiley, New York, p. 339.

%t must. be mentioned that these two approaches are not independent
since the graph (i‘lg. 6-l;) is a graphical solution of the trapazoidial
rule. The second serves to establish a confidence limit more securely
than the first, however. :

mi e ol
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first method of averaging was employed to find average widths for sev~
eral sub-segments of the rille. These are reported in table 6~2, which

is keyed to figure 6-2.

Depth of the rille, The depth determination for the rille is less

direct than the determination of other parameters because the whole rille
could not be covered by the pan photography used with the AS-114 plot-
ter. In the southern portion of the rille, the depth could be measured
directly from profiles, but in the north, it has been estimated from

the width measurements and the width to depth ratio, determined for

the southern section.

For purposes of definition, the depth of the rille in the profiled
section is taken as the depth below the surrounding mare surface. For
most profiles, this is defined by laying a straight edge across the
profile so that it touches the mare surface on either side. The depth
is the vertical distance from the bottom of the rille to the straight
edge. On a few profiles, one side does not exhibit z well--defined mare
surface and best judgment prevailed. The measurement accuracy is
judged at + 2 mm. or + 10 meters at the 1:5000 vertical profile scale.
This is about the same 25 the standard error of the measurements and

much less than the variability of the daba which suggests that the

' method is adequate., The profile locations are semi-random (although

dependent on sun vector directions) so the depth data set was considered
to be unbiased., Depth values range from 363 meters to 200 meters,

although these two values appear to be outliers. The average depth

i
:
1




Table 6~2. Basic rille parsmeters. Location numbers. and lebbers specified in the left column are keyed to

figures 6-2 and 6~1 respactively.

A1 distances are in kilometers.

specified where possible and are at the 90% level,

Point~to-Point ~ Average
Location Ground Distance Width
1-152, a-b 76.5:0.8 1..08+0,07
1-151, a-c | 72,630.7
1-8l, a-h 48.340.5 1.23
84151, h-c | 504440.5
84~152, h-b 5e8+0.5 0.95
117-151, 3-b 26.740.3
1-45 1.39
Lol 1.08
© Bl-117 0.93
117-132 0.94
388 1,13
(profiled section)
Northern L
depression
Southern
depression °

Average

Lepth
0,25+0.0k

0.294+0.04

0.22+¢0.04

0.273:0.13

Length of
Ghannel

" Sinuosity

Confidence limits are

GChannel 3
Volume(km,”)

129.7
128.8
62,6
66.3
67.2
3L.6
29.3
27.5
b
15.3
L4.0

4a5£0.2

10.1;};0.2

1.68

1,28

1,23

17.6416%

11.0

7.0

6.846%

£

8v1
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of the rille in the profiled region is 273 mebers with a standard
deviation of 37 meters and a standard error of 7 meters. By applica-
tion of the t-statistic, the 90% confidence imterval is found to range : ‘
+ 13 meters from the mean, A listing of all the depth values is found .
in appendix three, Figure 6-5 is a histogram of the measured depth |

values, and figure 4=~5 indicates the profile locatioms.

The northern section of the riile is so obviously different from
the southern section thabt it would doubtlessly be in error to assign
to it the same average depth calculabed for the profiled section, If
we assume that the same widbh/depth ratio is assumed to hold for the
northern sectien as for the sout’h, an approximate average cau be calcu-—

lated because:

average width (from Mann comparator data)

average depth = average width/depth Tabic (from proiiles)

The t;ot’c.om o. the rille in the north appears flat which implies th-*
width/depth is probably greater than in a V-shaped section. Thus, this

scheme will probably give a mawrimum value.

The average widith in the northern section is Seel_:l in table 6-2 to
be 0.93 km. The average width/depth ratio for the southern section is
L.30 + 0.75 ab the 90% confidence level (see width/depth ratio to follow).

Thus, the average depth in the northern section is estimated to be 220

meters with en uncertainty of sbout + 40 meters. This diminished depth
is in accord with stereo observations of the section. Using the same

technique, the whole scuthern section .(not limited to the profiled
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section) has an ayerage depth of 284 + 40 meters, and the rille as a

whole 251 + 50 meters.

Length of channel. By suitable manipulation of the Mann compara—

tor coordinate data, the total length of riile channél was calculated.
Specifically, the center of the rille is found at each measurement
locabion by averaging the coordinate locations on either side. Then
the distance between adjacent center positions is calculated using the
Pythagorean theorem. Finally, these distances are sumed to provide
the total length of channel. Using this technigue, the total lengbh
of channel is found te bhe 129.7 km. The lengths of several shorter
Segments are detailed in table -2, A listing of the cumilative
lengths is found in appendix three.

Area of the channel cross—-section. The cross—sectional areza of

the channel at uninterrupted profile locations was measured directly
using a polar planimeter. This essentially straightfoi'ward procedure
yielded an average area of ,184 km.2 Profile numbers 1 to 24 excluding
number 9 (ch. 4) were used for this average. The sﬁandard deviabion of
this daba set is .038 km.” and the stendard error is 0.008 km,? indica-

2

ting a 90% confidence interval of + 0.013 lm.” about the mean or 7.2%.

Appendix three comtains a listing of all measured values.

Curvature. Several attempts were directed towerd measuring the
curvature of the rille at different locations. Most of these were
inadequate because the resolution of the method was poor, the location

where the curvature was being measured was ill-defined, or complica—

-
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tions in mathematical amalysis made the resuld meaningless. Firally,

the following btechnique evolved:

L. The x-y coordinates of the Mamn comparator data were drawn up

as a map of the rille (fig. 6-2) ab an original scals of 1 cm. to 1L Km.

2. A plexiglass template was constructed conbaining concenbric
ecircles. The radius of the circles increased geometrically according

to the arbitrary equations
radivs (class n) = 2 % 2(n—-1)/ 2 expressed in milimeters

that is, a class 1 circle has a radius of 2 mm., class 2 is 2 x 1/2 =
2.82 mm,, ebc. A tobal of 11 circles were drawn wibth radius from 2 mm.
(n = 1) to 64 ma. (n = 11) although the smellest class subsequently

ubtilized was class A.

3. The template was overlain successively on each of the numbered
points on the map in such a way that each of the adjacent wpoints fall on
or within a circle, the circumfersnce of which was touching the cenbral

point.

k. The template was translated until the maximum diameter circle
was found in which this condition prevailed. The cenbtral point was

then assigned the curvature class represented by thabt circle.

The spacing of the points on the x~y plot (fig. 6~2) is suffi-
ciently close that this technique appears adequate to characterize the

curvature. A few points have long gaps separating them and these were

(
)
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deleted from the analysis, as were the end points on the ploi, The
deleted points are obvious on the graph of curvature vs, distance along

the rille (fig. 6~4). The results of this experiment are shown in
table 6~3.

Table 6-3. Summary of curvatures measured on Hadley Rille.

Curvature class (n) Radius of maximum Number of points
Yo o2 x2 (n-1)/2 circle (km. on the in class
= ground)
3 A 0 (class 3 and
lower)
X 57
5 - 8
6 1.13 14
i 1.60 17
8 2.26 25
9 3.20 1
10 ha53 13
11 6.40 15
12 ) all larger to 33
straight line

The distribution is clearly bi-modal with centers at class 8 and
class 12, The grouping above the class 8 cur;ratures repreéehts the
loops in the sinuous rille, and the class 12 peak probably represents
the inflection points between curves. The median value of radius of

curvabure (which is an estimate of the average) excluding the straight
values falls ab 2,02 km.

Volume of the rille channel. The volume of the rille chamnel can

be estimated by calculating the wvolume of the triangule;' prism with the
width, depth and lengbh of channel measured for the rille. This is

given by:

e i et e B
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Volume = Average Width x Average Depth x Length of Channel
2

Extracting the appropriate measurements from teble 6-2, the volume of

the rille as a whole is found te be:

Volume = 1.08 x 0.251 x 129.7 = 17.6 km.>

2

The greatest uncertainty is in the value of the average depbh. This
uncertainty is estimated to be + 16% which stands as the uncertainty in

the value of the volume.

As a pertially independent check on the volume calculation, the
volume of chamnel in the profiled section of the rille was calculated
directly from the average channel cross-sectional area. This value
compares with the volume calculated for the same section using the

triangular spproximation as follows:

Profiled Section -

Method | Calculated Volume
Triapgular approximation of 3
cross~sechbional area 6.8 km,"
Cross-sectional area measured '
on profiles . ~ 8.1 km.3
Ty

An examination of the profiles (ch. 4) shows that the cross~section
is not precisely triangular hecause of concavity of the rille walls,
If it is assumed thab the cross-sectional area approximabtion of the
volume in the profiled section is correct and that the triangular
approximation yields the ssme proportionate error in the whole r;i.lle

calculation as in the profiled section, a corrected whole rille volume

v
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may be calculated, This is accomplished by scaling the volume calcula-
ted by the triangular mebthod as follows:

Volume _ 8.1 wm.”> values from L 1746 km.” value from
corrected ~ 6.8 I 3 above check triangolar
value * * . approximation

This increases the caleulated rille volume o 20.1 km.o. This
volume which just falls within the 16% uncertainty reported above

is the best value which can be calculated from the present data.

Summary of basic paremeters. Hadley Bille is seen in table 6~2 to

be a major land form. It is compareble in width (1 km.) to a large
terrestrial river, although its length is shorbter than terrestrial
rivers of this width. The estimsted 20 }r;m.3 volume of the channel

could be represented by a sphere of 3.4 km. diameter or by a block

50 km. x 50 km. x 10 meters deep. Ome of the most puzzling aspects

of Hadley Rille and lunar rilles in general is the lack of an associated
depositional form such a2s an alluvial fan or flow-lobe represenbing

material removed from the channel,

Derived Parameters:

Using the characteristics reported zbove as a base, it is possible

%o derive several other values which 2lso characherize the rille.

Sinuosity. The sinmosity of a'river channel is best defined as

the length of the talweg divided by the straight line distance between

e

e e
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end points (Scheidegger, 1970) . Thus, for the rille the sinuosity is

defined:

length of chamnel sagment
straight line distance between end points

Sinuosity =

For purposes of this caleulabion, both the lengths were calculated
from the Mann comparator data (epp. 3). The sinuosity for the rille
as a whole is 1.68 but the individual values for the northern and
southern segments (dividing the rille at point 8L, fig. 6-2{ are 1.26
and 1,23 respectively. This indicates that the bend ab point 84
foreshortens the end-~bo—end distance and resulis in an uncharacteris—

tically high overall sinuosity.

Width/depth ratio, An initial attempt was made to compute width

to depth ratios for each profile locabtion by using the width and depth
data previocusly described. Finsily, it was decided that a more accu-

rate value couid be calculabed in the following manner:

1, An zccurate tracing was made of each profile at the original

2x vertical exaggeratbion.

2, BEach tracing was set up in a level orientation on a drawing

‘board. A 300 triangle was placed over each slope on each profile to
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determine the point on the rille wall where the slope angle first ex—
ceeded 30° (at 2x vertical sxaggeration), This is a point near the

rille lip on most profiles,

3+ The rille width is then arbitrarily defined as the distance
between the two so defined points on each profile, and the depth is
the vertical disbance from the botbtom point on the profile to the line

connecting the two points. This construction is illustrated on figure

6-4. -

Lo The widﬁh/ depth ratio, correcting for the 2x vertical exagger— 'i

, &btion, is found:

Width Measured width %
Depth ~ Measured depth

2

Figure 6~6. Ceometric construction used to find width/depth ratio.
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The advenbage of this method is that whereas the width and depth
so defined may be inaccurate, the geometry of the construction indi-
cates thabt they are imaccurabe in proportion. Therefore, the resulit-
ing rabtio is an adequabe characherization. The average ratio is L4.30
with standard deviation 0.4t and standard error 0.09. This indicates
the 'true! average velue to be in the range 4.30 + 0.15 ab the ole7A

confidence level. Indiwvidual values are listed in appendix three.

The width to depth ratio (wi“bh a 2x verticzl exaggeration) is
mmerically eqgual fo twice the cobangent of the depression angle from
the rille lip to the bottom., These angles are an approximation of the
wall slope angles, albhough the concave aspect of the profiles makes
the maximum slope angles somewhat greater than these., The depression
angles are found to range from 19.2CJ to 28.2°, The angle corresponding
to the average width/depth ratio is 22,8°. At a 2x verbical exaggera—
tion, the angles are roughly twice these values so the 30° triangle used
as described provides a good definmition of the rille lip as illustrated

in figure 6-6.

Harmonic analysis. The wave-like character of the sinuous rilles

sxiggests an examination wsing harmonic analysis. Such an exzmination
has been completed for Hadley Rille using a Fourier cosine series. The

purpese of this numerical experiment is:

l. To determine the spectral distribution of the irregular line
which represents the rille so that it can be compared to the spectral

curve for a terrestrial river.

T S N LBt O B P P L O U RS
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2. To debtermine a suitable length to use for the 'meander wave

lengtht of the rille.

?

The mechanics of this method of function approximetion are discussed in

chapter three.

Harmonic analysis approximates tha;, rille pettern with a function
which is composed of the sum of simple cosine waves of varying frecuency
and amplitude {Gaskell, 1958) . The rille pabiern can be decomposad
into its constituent cosine waves by listing the square root of the
power spectrum (defiped in ch, 3) for the series. 1In the case of the
cosine series, this is merely the absolute value of the Fourier co-
efficients, Thus, each wvalue in the root power spectrum egnals the
emplitude of one of the constituent cosine waves. These values can
then be examined to determine which particular frequencies are important

in the composition of the rille pattern.
‘

It is enalytically possible to calculate as many terms for the
series as there are deta points in the data set. In this case, the
shortest wave length examined would be L/nO where L is twice the length

of the rille segment being examined, and n, is the number of data points,
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However, the datz sei cannolt represent oscillations with 2 wave length
similar to the data spacing. This problem is kmown as sliasing
(Blackman end Tukey, 1959) . By limiting the number of terms in the
series to n O/Z,it is assured that there are at least two data points
on each hump of the shortest wave length spectral component being
examined, This is the cosine term witﬁ wave length equal o 2L/n0
which in the case of the rille is sbout the seme as the rilie width.
Secondly, if the short wave length terms sre examined, they are found
to have amplitudes less than the resolution of the data, This appears
to he true for terms with & wave length shorter than AL./nO. Thus, the
spectral znalysis has heen limited here to the first no/4 terms’ since
there seems 1little point in requiring the Fourier anzlysis to search
for componenits not reliasbly represented in the data., The shoruest
wave length (which corresponds to the nO/L;th term) is aboub 2L kilo-

meters long, or sbout twice the rille width.

The data set for the harmonic analysis was acquired using the Mann
comperator‘. The method was similar to that described earlier in this
chepter with a few important exceptions. The writing of a2 Fourier
series requires deta which is equeally spzaced along the x—axis. There-

fore, the xz~coordinate of the comparator was incrementally advanced
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and the associabed y-values were read. The value of the x-increment
was 0.250 mm. which corresponds to a ground distance of 0.28 km.‘ The
Fourier cosine series can only spproximate single valuned functions.
Therefore, it was necessary to use separate data sets for the morth
and soubh sections and compute a separate series for each. x and y-
values were read for the cenber of the rille in the north sechion and
both the center and the mare edge were read in the south. Both of thé
southern sets give substentially the same spectral components. The
rille cenber spectral curve is reported here so that the curves
reported for the north and south sections of the rilie have a common
basis. There were 159 data peints in the northern section and 153

points in the south.

The root power spectrum for the two rille secbions is listed in
appendix three 2long with other calculabed parameters and data for the
harmonic analysis. Figure 6~7 is a semi-log graph of the power spectrum
as a function of wave number (n) for both rille sections. The graph '
displays obvious peaks corresponding to the important cosine terms of
different wave lengbhs and there is a good correspondence between the
wave lengths of important terms in the two different sections. This
correspondence is illustrated in table 6-4 which lists the peak—forming

wave lengths for each sechion of the rille.

Figure 6~8 is z third graph which is the result of the spectral

&
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anelysis of a terrestrial river by J. G. Speight (1965) . This is a
study of the Angabunga River ::Ln the Territory of Papua New Guinez. This
particular river Ywas chosen for study because of its long, uncbstructed
and undisturbed alluvial plains course and its highly developed,

rapidly changing meander pattern" (p. 2). Speilght's analysis was
carried out by an awbocorrelation methc;:d (discussed in Scheidegger,
1970) which is different from the approach reported here, The aubo-
correlation method provides a more accurave spectral curve, parvicularly
at the long wave length end of the spectrum, and gives a much smoother
curve. However, it requires larger data sets then are available here,
and the -measorements sre of a much different sort. Becen;.se thé two

methods are significantly different and because all the physical para—

meters of the two geologic situations are so completely separate, it

gppears impossible to make a meaningiul direct comparison betieen the
PP i mp

two studies. However, certain qualitative similarities can be mentioned.
[ 4

1. All three spectral curves have severzl important long wave
length pealtss, The importance of peaks diminishes rapidly as wave

length increases (figs. 6~7 and 6-8).

T T
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Table 6~l. Wave numbers with peal~forming spectral intensities., These are peaks which are graphically displayed
on figure 6~7., There is a clear similarity between the long wave length intensities.

Wave Number
1234567891011 1213 141516 171819 20 21 22 23 2L 25 26 27 28 29 30
South Section

Points 1-84, ixXX XX X X X X X

Iig. 6-2

North Section

Poinbs 84152, X XX X X X X X X X
Fig, 62

§91
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2, The breoad, smooth pezks in Speight's curve sppear somewhat

similar to the broad, irregular pesks from the cosine serias. The

scaling difficulties make it impossible {o postulate a direct peak—to-

peak correlation.

Choice of meander wave lengbh. An examination of the metric

photography (#ig. 4-1) does not allow a satisfactory determinetion of

the tmeander wave length! of the rille. This follows from three factors:

1., The meander wave length of a2 river is an ill-defined quantity,
the value of which has in the past depended wpon the observerts sub-

jective interpretation of the river pattern.

A e s e

2, There is 2 legitimete guestion as to whether the rille should
be defined ss 'meandering' zt 21l because the valve of its sinunosivy
is relatively low, One discussion of a meandering river (Leopold, {
Yolman and Miller, 196L) ckems to suggest thai the sinuosity of
meandering rivers ought to be greater than 1.5 although some veriation
about this‘ value is allowed. The sinuogity of the rille as a whole
was seen to be well in excess of this (1.63), but the individval north

and south sechions had values which were substantially less (about 1.25).
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3. The northern section of the rille has a patiern which is not
smoothly sinuouns, perhaps as a result of the structursl conbtrol dis—
cussed in chapter five. Thus, it is not obvious how to include this
sechion in an estimete of the meander wave lengbh. Although the
soubhern section is sinuous, a visual esbimate gives between three

and five full meander cycles depending on interpretation.

Thus, an examination of the spectral peaks is suggested to ob—
Jjectively find an appropriate meander wave length with a value wi:éich
fits between three to five cycles :Ln the soubhern section of the rilie,
The southern section (as viewed by the harmonic analysis) is 42,6 km.
long. This means that spectral components with wave lengbths between
8.5 km. (n = 10, or 5 c¢ycles in the interval) and 14.2 km. (n = 6, or 3
cycles in the interval) must be examined. Table 6-5 lists the wave
numbers (n), wave leng!shs and spectral intensitiesl of 211 the speciral
components with wave lengths in this range. Two possible valves for
the meander wave lepgih have heen estimated by the following methods;

the resulis are in substanbti=. agreement:

1l, It is seen that wave numbers 8 and 9 in the southern ssction

and wave number 8 in the northern section have spectral inbensities

lThe value of the root power specirum corresponding to a given wave
length is here called the spectral intensity of the wave length.
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ebout twice as high as the other components in the range. An zverage
of the corresponding three wave length values gives an estimated

meander wave length of 10.8 km.

2. A second estimsted value has been calculabed by weighting
each wave length in the range by its spectregl intensity and calcula-~
ting the weighted average. This gives a value of 10.5 Im. in close
agreement with the simple average zbove. Both ths north and south
data sets were used in the Weighted average. This average seems o
make best use of the data and it is therefore accepted as the meander

wave length.

Leopold and Wolwen (196C) have investigebed the relationship
between river meander weve len ths and chanmel widths and also meander
wave lengbhs and radius of curvabure of the meanders. They have
reported thab the followinglequaticns hold for terrestrial stream

channels:

1.01

Meander wave length = 10.9 x widtl

Il

Meander wave length = 4.7 % (radius of curvature)0'98

If these equations are solved using the average rille width (1.08 km.)

—m——




Table 6~5, Caleulation of meander wave length — weighted aversage.

R T .

SOUTH SECTION _ NORTH SECTION
Wave Number{n) Wave length Intensiby Product Wave length Intensity Product
e ) (relative) {1an.) (relative)
) 14,18 ' 32 L53.76 Outside range of consideration

7 12,16 23 279.68 12,64 21 265 .4t

8 10.64 58 - 617,12 17..06 63 696.78

9 Q.46 60 567.60 9.33 37 363.71

10 8.51 35 <97.85 8.85 23 203.55

11 Oubside range of consideration 8,04 20 160,80

Stm 208 2,216.01 ~ sum 164 1,690.28

Totals for bhoth rille sections:

Total of intensities = 372

Total of products = 3,906,29
Weighted average _ Product total —_ 3,906.29 _ 44 5 T
Wave length T Intensity total 372 - ’
-

N O S
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and the estimated median radius of curvature (2.02 km., estimated

from table 6-3), the calculated meander wave lengths are found to be:

From widbth ecquation, wave length 11,78 Ion.

From radius equation, wave length = 9,36 km.

Both these values seem remarkably close to the rille value of 10,5 km.
and are well within the spread of the data reported by Leopold and

Wolman (1960) .

Hadley Rille compared to other lumar rilles, It is now

possible to compare the overall characterdstics of Hadley Rille with
other lunar rilles. Schubert, Lingenfelter and Peale (1970)2 have
published histograms of length, widih, t-;‘id'ih‘/ length ratio, meander
wave length 2nd meander wave length/r-:idth raﬁio besed on a sample of
gbout 130 rilles. In order that Had_'f_e'y Rille can be best compared
with other rilles, these diagrams have been recast as cumilabive
frequency disgrams. The position of Hadley Rille was then plotted

on each, This allows the position of Hadley Rille relative to other

rilles to be easily examined. The five cumlative frequency diagrams

R W
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are shown in figures 6-9 to 6-13. The following observations can be

mades

1. The widbth and length of Hadley Rille are exceeded by only

about 16% of the rilles so it is a relatively large rille.

2. Tts widbh/length ratio falls close to the medisn value, so

the rille is taverage! in this sense,

3. 1Iits meander wave lengbh is longer than any found in the Shubert
et al, (1970):L report in which a2 maximum meander wave length of 7 km.
_is menbioned. The meander wave length/width rabio is also an éxtreme

value.

Thus, the meander wave length of this rille appears to be an anomolous

characteristic in comparison with other rilles.

Relationships Between Rille Parameters:

Thus far, the gross mumerical chavacteristics of the rille have
been investigated, The remainder of this chapter is devoted to des-

cribing several relationships which appear to exist between parameters,

et vt D s o ey e i e s

s
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Relation between width of rille and distance 2long chammel,

Figure 6-4 is a graph of the rille width as a function of distance along
_ the chammel. It is based on the same data set that was used to deter~
mine the éverage width of the rille, It is reasonably evident on this
figure that rille width is a northward, decreasing function of length
along the channel., For example, if oné chooses the maximum and minimum
peaks in 15 kilometer segments of the rille, these seem to diminish
systematically between one 15 kilometer segment aund the adjacent one

to the north. This rule holds except for the northwestern 15 kilo-

meters of the rille where the widbth appears to increase again.

In order to sté%istically test the conclusion that such a width
decrease exists, theifollowing experiment was performed: 38 pairs of
3-digit, random numbers were drawn from a random number table (Koch and
Link; 1970) . These were multiplied b% a scale factor to give new
Figures which could be used’ as distances along the rille chamnel with
which to enter the width distance grsph. In this manner, randomly
selected p;irs of widths were located on the width distance graph, and
it was noted if the northermmost width or the southernmost width was the

largest., In 38 trials, the soubhern width was the largest in 28 trials

At TH E
FPRODUCIBILITY OF
S MATNAL PAGE 18 FOOR
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while the northern width was largest in only 10 triels., By applica-
tion of the 50% probability test (Langley, 1970) , it is found that
this oubtcome could occur less than 1% of the time if there is an.equal
probability of the largest value occurring to the north. Therefore, it
is concluded that there is a well-displsyed and statistically signifi-

cant tendency for the rille width to decrease to the north.

The general aspect of the width~length curve (fig. 6-4) zppears
similar to the tooth pattern of a carpenter’s rip saw which has an
abrupt increase in amplitude followed by a gradual decrease and then
another abrupt increase. In the case of the rille pattern, the abrupt
increases appear to take place about every 15 kilometers. In order to
indicate this sort of asymmetry, the program which resolved the width

data included = segment which summeds:

1. The length of channel glong which a north-bound observer would

note increasing width.

2, The length of chammel along which a north-bound observer would

"note decreasing width.

3. The length along which no measurable change (according to the
data) takes place.

Po—
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The results of these calculations for the rille as a whole are as

follows:

l. Width increases northward for 54.1 km.

2, Width decresases northward for 74.9 lm.

3. No change occurs for 0.7 km. (considered negligible)
The ratiolof the first two parameters is founds

Length along which northward decrease occurs _ 1.38
length along which northward increase cccurs

In addition to the calculabion for the whole rilie, this ratio was

calculated for several sub-sections of the rille with the resulis indi-

cated in table 6-6,

Table 6-6. Ratio of length of chamnel showing widih increase to the
length showing width decrease as viewed by a north-bound

cpserver in the rilie. Point location nmuwbers in the lasi
column correspond to figure 6-2.

Between points Ratio
1-152 1.38
1-84 1.81
84=152 1.09
1-108 1,65
108-152 1.05
1-13/ 1.94
124-152 : C.42

Thus, it is seen that the described asymmetry is evidently quite
characteristic of the southern 100 kilometers of the rille, but may not

be characteristic of the northern?8 kilometers.
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In order %o assure that the observed ratios were not the result
of the fortuitous selection of the end points, énother experiment was
performed, In this experiment, twenty segments, each of 15 kilometers
length were selected using random numbers, and the ratio described
above was calculated for each segment. »Some stabtistics of the resulis

follows

Arithmetic average ratio (m) - 1.63
Standard deviation (s) - 0.78

Standard error (s/n) - 0.175 (n = number of dats points)

By computing the t-statistic, tﬁe“probability that the !trus' average
value of this ratio might be 1ess.£han anEZSPecified value (M) can be
assessed. If the true value heas a‘significant probability of being less
than 1., the supposed rip-sew appearance of the curve cannot be assumed.

The t-statistic is computed from the preliminarf stabistics as follows:

, _bBxXxM-m_ 20x1~1.63

v = S = 0.78 = 3.61

Comparing this value with those in a table of t-statistics (Crow

et al., 1970} , the probability that the ratic is less or equal to 1. i.
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seen to be less than 0.2%, Therefore, there is a high probability that
the average is greabter than l., and the asymmetry described above is

assumed to e characteristic of the rille.

In order to infbémally iilustrate the cyclic behavior of the widbh—
lengbh data set, a smoothed curve (fig, 6-14) of width vs. location
number was generated using Spencer's formula (described in ch. 3 and
ch. 5). It was not possible to plot a width—distance curve (that is,
a spoothed version of fig. 6-.) using this method because Spencer's
Tormula requires data which is equally spaced along one axis. There-
fore, ground distance hés been approximated by measurement location
number to provide equally spaced data for the horizontal axis of the
smoothed curve (fig. 6-li). Spencer's formula uses ten daba points at
either end of the data set which are not reproduced on the smoothed
curve (discussed in ch. 3). This explains why there are only 132 data
points present on the smoothed curve (fig. 6~14) compared to the 152

points present in the original data set and on Tiguve 6~4.

Six peaks appear on the smoothed curve and they are remarkably
evenly spaced. The smoothed curve gives a good impression of the general
decrease of widbth with distance northward along the rille, and of the

rip-saw pattern described above.

Relaticnship between width and depth., The relationship between

width and depth of Hadley Rille has been studied graphically by Howard
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g

et al., (1972) . They conclude that width and depth are directly corre-

lated from measurements taken from a central segment of the rille near

the Apollo-15 landing site. The length of chamnel which they examined

was 41.9 km., A similar study has been completed here using the widith

and depth measurements taken to compute the width/depth ratio,

Figure 6-15 is & graph of rille depth vs. rille width for 24
profile locations (profile numbers 1-2/ excluding number 9 which is
in a location obscured by crater, Hadley C). There is an obvious
tendency for depth to increase with width., In or@er to cherk this
relationship stavistically, a rank correlation test (discussed in ch. 5)
was performed on this data. The sum of the sgnared rank differences
for the 24 data points was 604, Check of a squered-difference table
(Langley, 1971) indicates correlation at better then the 1% level in
sgreement with Howard's study. The hlgh degree of correlation indicates
that whern other factors sho¥% a relationship with rille width, they also

probably show a similar relationstip with rille depth.

.
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Relationship bstween rille width and direction of chammel. In

order to investigate a possible relationship between the width of
Hadley Rille and the direction of its chemmel, figure 6-16 was pre-
pared. The widbhs on this scatber diagram are those caleculated for
the width~distance graph (fig. 6-4). The azimuths used here were
measured directly from figure 6-2 using 2 K&E drafbing machine. The
straight edge of the drafting machine was placed tangent to the curve
of the rille at each of the width locations, and the chammel azimuth
relative to north was read directly on the machinet!s protractor head.
The agzinuth readings thus obbtained are probsbly correcht within 4 30
except in small radius corners whez:e the iocation of the tangent is
difficult to define. In these places, the values are probably 4 10°,
The compilation of this set of azimuths was necessary to find the
chamnel direction at each measurement location. This is a dii‘ferent.
value than those calculated from one location to the next and used for
structural iﬁterpre’c.ation in chapter five.

The disperse appearance of the scabtter diagram (fig. 6-16) indi-
cates that no correlation is present between rille width and channel
azimuth for the rille as a whole. However, there are several sequencss
of points along the chamnel which do seem to demonstrate an inverse cor-
relation between increasing‘azimuth and channel width., These points
have been replotted on figure 6-17. These sequences were Selected
afhber searching for related sequences of figure 6-16. In order to check
for correlation, the Spearman rank coi'reiation.test (discussed in ch. 5)

was applied with the following resulis:
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Sequence {locabion nmumbers, Fig. 6-2) Result
2432 The probability of finding this seguence in a seb

of unrelated figures is between 1% and 55. There-
fore, the result is probably significant.

65-89 The probability of finding this sequence in a set
also of unrelated figures is less than 1%. Therefore,
Ly-62 the resulbts are statistically significant.

Two obher sets of numbers were checked for correlation, one chosen
from the scabtter diagram and one selected ab random. These results are

as folilows:

Seguence Result

13-22 This set is a set of 10 points selected at random.

The probability of finding this sequence in a sebt
of pairs of unrelated figures is greater then 10%;
therefore, the result is statistically insigni~
ficant.
118-13 This set was chosen from examination of the scat-

ter diagram as a group which has a possible
direct correlation, The probability of finding
this seqnence in a set of unrelated figures is
greater then 10%; therefore, the result is stabt—
‘istically insignificant.

Several observabions can be made concerning these apparent relation-

ships:

-

I, All the statistically significant sequences occur in the
- southern part of the rille, The genersel appearance of the rille in the
south is much sharper and well defined than the northern section. The
general appearance of the north section suggests that it has been filled
either as the final event in the rille formation, or in some subseguent

event, Either oceurrence would probably obliterate any pre-existing

© ——

4
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widbh—azimuth _relatioﬁship .

2. The three sequences of points over which these correlations
hold 21l encompass at least one curve in the rille (fig. 6-2) and each
sequence contains a local maximum and minimum point on the width-

distance curve (fig. 6-4). Thus, a wide range of widths and azimuths

. are present in these figures.

‘3. The sequence of locations 65-29 occurs in a segmenit of the
rille which contains four separate curves and which contains two local

mexima and one minimum point on the widbh distance curve. This 15-

" kilometer segment of rille chamnel is also in the section of the rille

with the best préservad appearahce. Thus, the excellent correlation

obtained here is the most sigmificant of the three.

Relationship bebween width and curvebure. A number of atbempbs

to relate widih and curvature bt a point in the rille were undertaken

with no positive result. Finally, a graph representing-the curvature

-class at each point was added to the widbh disbence graph (fig. 6-L)

to display any possible relationship. It is reasonsbly apparent on

this figure that there is no direct correlation at a point. The two

graphs were then examined for correspondence in shape rather than for

does exist. This is the possibility that slopes of the two graphs

correspond in sign but that ‘slopes on the widbh graph ave displaced

about two kilometers to the north along the rille from the correspond-—

:_ng sloPes on "hhe curvature graph

- corresponding pesks, It appeared possible thab a less obvious similarity
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In orcder to test such a relationship, the following approsach was
devised. Apgroximately 100 random numbers were extracted from a random
number table (Koch and Link, 1970) . These weré multiplied by an ap—
propriste constent to yield a number which could be used o enter the
curvature-distance graph at & point between the south end of the graph
and a2 point two kilometers short of the extreme northern end of the
graph. The sign (positive, negative or zero) of the slope of the
curvature—~distence graph was noted. The sign of the slope ol the
width—distance graph at a point two kilometers north along the rille
was similarly nobted. The signs of the slopes of the two curves must

match in one of the three following ways:
1. Both slopes could have a similar sign.
2. Both slopes could rave opposite sign.

8 -
3. The result is indeterminate if one slope has a zero slope
or if the randomly chésen ordinsite occurs ab a break in one of the

curves.

The results of this experiment were treasted using the 50% probab-
: I b

ility test. This test assumes that there is an equal probability of
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. observing either similar or dissimilar signs in the parent pepulation
from which the sample was drawn and calculates the prcbab;lity of
finding the observed numbers if the assumption is true. If the test
yields a low probabiliby, it is an indication that width and curvature
tend to increase bogether with a two kllomEUer offset along the rille.
In performing this test, it is acceptable to discard data felling into
the third cabegory; the rationale bebind this and behind the test as

2 whole is discussed in a book by Langley (1971L) . The test has |

" yielded the following resulb:

Number of Number .of. L v
- mabched signs ' opposite signs Tobal

37 21 62

The probability of this result is between 1% and 5% so in a statisti-

cal sense, the proposed relationship is probably significant.

LY

From a phySlCal polnt of view, this result may be importaat. A
relatlonshqn ‘between channe1 geomenry at one channel location apd the
geometry at a location displaced a_ong the channel suggests flow in the

rille as a causual mechanlsm.

PP R U PR ST PN
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Summg, 3

The numerical and stakistical characheristics of Hadley Rille
have been explored in this chapter in some detail. For the most park,
the results in this chapter have been left as numbers which character—
ize the rille without further discussion. The conclusions which can be
drawn from these resulbts and the resulss of chapters four and five are

the subject of chapter seven.

a
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CHAPTER VII
THE ORIGIN OF HADLEY RILLE

This chapter is a discussion of the origin of Hadley Rille. The A
first section is a review of mechenisms which have bgen proposed for
rille formation, This is followed by a summary of the primary objec—
tions to each, both in general terms and with regard to the .aaracter—
istics of Hadley Rille, Finally, a mode of origin is proposed for
Hadley Bille which appears to conform well with the observations

carried out in this study.

Review of Rille Forming Mechanisms:

Mechanisms dependent on geologic structure, OStructurally depen~

dent hypotheses for rille formation fall into two groups. One group
supposes that the rille are actual structural features and the second .

requires the presence of an underlying fracture system.

Elger (1895)1 and Goodsacre (21.‘;’31)2 suggested that all lunar

rilles (not only the sinuous rilles) are shrinkage cr.cks associated

IE1ger, T. G. (1895) The Moon, George Phillips & Son, London.

7

2Goodacre, W, (1931) The Moon With a Description of Its Surface
Formations, Pardy & Son, Bornemouth, Fngland.
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with the cooling of lava, Nasmyth and Carpenter (1871:,)1 performed an
interestiﬁg set of experiments with hollow glass spheres and conecluded
that a1l lunar rilles ere tension fractures from internal pressuras;
Shaler (1903)2 concluded that all lunar rilles are tectonic and not

of fluid flow origin. These authors do not specifically mention sinu-
ous rilles, and ib is not clear if they were aware of them., Fielder
(1960)> suggested that the straight luner rilles are feults which have
been subsequenlly intruded by dikes. The intrusion is assumed t0 be
accompanied by the formation of a depression over the dike due to ten-
sion and thinning in overlying material, Quaide (Z!.%S)lL suggested
that the sinvous rilles are sinuous tension fractures, although in sub-—

sequent articles (below) he has zbandoned this view,

Schumm (1970)5, prompted by Mills!? (1969)6 experiments and several

1Nasmyth, J. and Carpenter, J. (187L) The Moon Considered as a
Planet, a World and a2 Satellite, 2nd ed., John Murrary, London.
2Shaler, N, S. (1903) A Comparison of the Festures of the Earth
and Moon: Smithsonian contributions to knowledge, Vol, XLXIV,
Washington, ’

3Fielder, G. {1960) A theory of the origin of lunar rilles: Sky
and Telescope, Vol. 19, p. 334-337.

hQuaide,'w. (1965) Ridges, rilles and domes, clues to maria
history: Icarus, Vol. L, p. 374.

5Schumm, S. A. (1970) Experimental studies on the formation of
lunar surface features by fluidization: G.S.A. Bull, Vol, 81, p, 2539,

‘ 6Mills, A. A, (1969) Fluidization phenome.sa and possible implica—
tions for the origin of lunar craters: Nature, Vol. 224, p. 863-866.
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garlier investigations, performed a series of experiments exploring

the behavior of powdered materials when they are fluidized by gas
emitted from a sub-surface slit. Based on these studies, he postulated
that sinuous rilies could be formed by gases passing up_fractures in
the lunar crust through a mantle of regolith. This.view is supported
by MeCall (1970)1 who bases his arguments on field examinabion of

terrestrial volcanic blow holes, It is also probably supported by

Hépké'aﬁémGiééﬁéﬁén'(19765“whbnhaie'observad'anomoibusly high crater

densities in the botboms of some rilles.

Mechanisms which reauire flwid wotion. The remaining hypotheses

all depend on fluid flow. The difference between different proposals
depends on the nature of the fluid, its source, and precisely how it
flows,

A. Ash flow. Cameron (1964)° proposed thabt the fiuid medium is
a fluidized ash in the form of a nuée ardente. She based this conclu-
sion on a comparison of telescopic photos of rilles with nufe ardeénte

channels formed on earth.

HicCall, G. 4. H. (1970) Luner rilles and a possible terrestrial
analogue: Nature, Vol, 225, p. 7ik.

gHapke, B. and Greenspan, B. (1970) Crater densities in the vie-
inity of luner sinuous rilles: EOS 51, p. 346.

3Cameron, W. S. (1964) An interpretabion of Schroetefs Valley and
other sinuous rilles: J.G.R., Tol. 69, p. 2423.
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B. Waber. BSome older studies conc Inded that I's.lles are :f‘lunal
érosion- channeis. Pickering (1903) ,who is credibed with the discovery
of the sinuous r_iiles, felt that they are drainage chammels from hot
springs associa'be.d with volecanic actiﬁt . He zlso suggested the
presence of ice and snow on the moon althoungh he realized that the
lunar atmospherié pressure is near zero. Pickering was preceded by

Neison (1876)° who did not recognize simuous rilles, bub felt that all

luwer willes are abandoned river walléys. One modern Selenologist

(Gilvarry, 1969)3 has steadfastly believed in the presence of an
aneient hydrosphere with a depth of up to two miles, but has argned
that Iunar hydravlic chammels would be very shallow. This conclusion
is bhased uvn a dimensional ana.'.!.ysis;- of terrestrial hydraulic geometry

to determine the effect of the lower lunar gravity on chammel Iorm,

Although the past existence of lunar surface water is presently
viewed as :merobable by most selenclogists, a number of recent argu—-

ments are based on surface or near-surface ice. Urey (1967)1‘ suggests

lPickering, W. H. {1903) The Hoon, Doubleday Page & Co., New York.

*Neison, E. (1876) The Moon and the Condition and Gonfiguration
of its Surface, Longmans, Green & Co., London.

 3eilverry, J. J. (1969) Geometric and physical scaling of river
dimensions on the earth and moon: Nature, Vol. 221, p. 533.

MUrey, H. G. (1967) Water on the moon: Nature, Vol. 216, p. 1094

ot o e
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thaet the lunar maria zre underlain by ice and that the rilles were
eroded by ice streams. This idea may be based on the suggestion by
Gold (1961)1 that if water was initially present on the moon, a perma—
frost layer must now exist at depth. Smoluchowsid (1968)2 performed
detailed calculations to show that water could be retained on Mars,
even at low abtmospheric pressure, becamse a protective ice cover would
form on the surface, This possibility was extvended to the lunar envir-
Toooes onment by Shubert, Lingsnfelter and Peale (1.97())3 who calculated that
sublimation of the lunar ice would cease afber a sufficiently thick
accumnlation of rock debris collected on the ice surface. They con—.
cluded that the rilles were formed when an impact event shatiered the
ice layer and underlying water flowed to the surface. The water then
was supposed to have flowed in an ice-capped stream to form the rille,
These authors have also performed calculasions to indicate that a
reasonable amount of waber cowld erode a rille-size chamnel in & rea—
sonable amount of time. In terms of anmalytical justification, Shubert's

paper 1s one of the most persuasive to date.

G. ZLava. Another group of recent hypotheses are based on lave

1Gold, T. (1961) Permafrost on the moon: J.G.R., Vol. 66, p. 2531,

2Srnc:.“!_uchcmrski., RB. (1968) Mars: retention of ice: Science, Vol.
159, p. 1348,

3Schubert, G., Lingenfelter, R. E. and Peale, S. J. (1970) The

morphology, distributicon and origin of lunar sinuous rilles: Rev. of
Geophy. and Spa,, Vol. 8, p. 199.
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as the flwid medium. The best supported of these is the argument by

Oberbeck, Quaide and Greeley (1969)1 which proposes that the rilles

are collapsed lava tubes which formed originzily in the mare basalt

flows. This argument is based on terrestrizl anslogpes and calcula-
tions which show the dimensions of ths roof span possible under lunar
gravity. The lava tube hypothesis is supported by Murray (1971)2 in
an article which compares lunar and terrestrial forms, Cruikshank
and Woed { 19?2)3- compare the lunar rilles with Hawaiian wolcanic
features and conclude that the lava tube origin is likely. Greeley
(Ii.9'?'l)l'L compares features in the Mardius Hills of the moon with
terrestrial forms apd concludes that these specific rilles are collap—
sed lava tubes. Hatheway and Herring (11.45"?0).5 have completed a |
detailed geomorphic study of lava tubes in New Mexico specifically
for comparison with lunar rilles. They have reported th.e basic

characteristics of the lava tubes, but are unwilling to assign a lava

Loberbeck, V. B., Quaide, W. L, and Greeley, R. (1969) On the
origin of Iunar sinuons rilles: Modern Geology, Vol, 1, p. 75,

ziiu_rray, J. B. (1971) Simious rilles: in Geology and Physics of
the Moon, Fielder, G., ed., Elsevier, New York, p. 27. ,

3 Cruikshank, D. P, and Wood, C. A. (1972) Lunar rilles and Hawsiian

. voleanic features: possible anslogués: Moon, Vol. 3, p. 412,

l’(}reeley, R. (1971) Lava tubes and chennels in the lunar Marius
Hills: Moomn, Vol. 3, p. 289. o S : :

5Hathewa.y, A, W. and Herring, A. K. (1970) Bandera lava tubes of

New Mexico and lunar implications: C,L.P.L. 152, Vol. 8, p. 299.
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tube origin to the lunar rilles without further irvesbtigabion. Green
(1969)1 wibh considerable optimism suggests that uncollapsed lava

tubes would be snitable lunar 'sheli;ers.

Most of the shove aubhors feel that flow msy have zliernabted
between the closed lave tubes and open channels depending on the widih
of the flow znd the thickness of the roof suppori. Turner (1973)2 has
prepared a model of the eastern segment of Schroeterts Valley and con—
cluded that the valley msy be an open channel, This study is based
on lunar orbiter imagez'y.: iabch (1972)3 2lso suggests that flow in
open chaunels is a possible origin, and further suggests thabt the

direction of flow cannot be established a priori.

Two additional papers by Leonardi (1971)4 and by Burke, Brereton
and Huller (1970)5 have given overall reviews of the problem and have
concluded that present evidence is insufficient to provide a unique

solubtion, if indeed there is a uoique origin for all simous rilles.

1Green, dack (1969) Terrestrisl apalogs: water on the moon, Pre-
sentation at the North American Rockwell Science Center, dJan. 16, 1969,

2'J?u:c'xzter, R. (1973) A model of the easterm portion of Schrosters
Valley: G.L.P.l., Vol. 10., No. 195, p. 8L.

 FMubch, T. A, (1972) Geology of the Moon, Princeton University
Press, Hew Jersey, p. 30L.

L‘Leona.rc]i, P, (1972) Winding and meandering furrows on the lumar
strface: Modern Geology, Vol. 31, p. 151, '

5Bu:rke, Je. D., Brereton, R. G., and Muller, P, M. (1970) Desert
stream channels resembling luner sinuous rilles; MNature, Vol. 225, p.
1234. ' ' .
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Tt has been strongly suggested by Mather (1971)1 that the sinuous rilles

may have several diverse modes of origin,

Examination of Hypotheses:

-.w;.,.-
2

The 2hove hypotheses may now be assessed with regerd to both the
lunar geologic environment and the geomorphic characteriszation of |

Hadley Rille presented in chapters four, five and six.

Weter-densndent hypotheses, Hypotheses requir.ng the presence

of water appsar the least plausabls, Expsrimental studies (Adler and
Saliisbury, 1969)2 indicate that water in a vacuum flows across the
sarface rather than flowing in chamnels, and produces a hommocky tOpo—
graphy. Anders (19'?0)3 has shown analytically that water on the moon
is incompacible with an accretionary origin, O0!Keefe (1969)1" has shown
that large craters would rapidly be obliterated by plastie flow if

large amounts of ice exist at depth within the moon. Gilvarry (1969)5

JT-ia'bher, K. F. (1971) Persona_~ commun_cau:_on.v

Ad__er, J. E. H. and, Sa:IJ.:stu::'y, J. W, (1969) Behav:.ov* of water in
a vacuum: implicabions for "lunar rivers¥: Bc:x.ence, Vol. 161;., s 589,

BAnd‘éz?s,‘ E. (1970) Water on the moon?: Sca.ence, Vol. 169, p. 3.309

l'O'Kee.ue J. 4. (1969) Water on the moon and a new non-c11men51onal
number: Sc:Lence, Vol. 163, p. 669.. :

*1bid., p. 533.
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i mab et B,

has calenleted that open chaunels conbaining flowing wabter would be
shallow aund wide rather than deep a2s is the rille. The most serious i
objection to lunar waber is the lack of any evidence of it in lumar
samples, No hydrated silicabes have been found in amy of the lunar
samples (Eeil, et al., 1970)1,' Mason and Melson, 19702 and, numerous
studies published in the procsedings of the first, second, third and
)

fourth lunar science conferences”). In fach, Apollo-l6 samples con—

tain Lawrencite (beClz) which is h::.ghly unstable in a hydrous ennT'—-

onmen‘b (Taylor, Mao and Bell 1971,) The sbsence of hydrabted
minerals in porphyritic or phaneritic rocks suggests that no water

was present during crystellization at depth within the moon.

With specific reference to Hadley Rille, the absence of any asso- | : j
cigted depositional form is unexplained. Urey's (196'7)5 wnique sugges—

tion that the rille was formed totally by ice which has since sublimed

J‘Kez.l, K., e al. (1970) Mineral chemistry of lunmar samples:
Science, Vol, 167, p. 597.

zbiason, B, and Melson, W. G. (1970) The Lunar Rocks, Wiley, New York.

3 Published by Geochimica and Cosmochimica Acta, MIT Pfess, C'ambridge.

L‘Taylor, L. A., HM20, H. K, and Bell, P. M. (1971;) Identification
of the hydrated iron oz::.de ‘mineral akagane:l.ue in Apollo—lH Junar rocks:
Geology, Vol. 2, p. 429,

Srpia.
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is a mechanism which should have lei‘t'somé morainal forms. It is dif-

ficult to see how any water-related mechanism could form a chennel

with a dépz'éssion ab each end, Water proxr.i.deé no eﬁplaﬁation. T"bi' the
central cons‘c.riction. Schubert's (1970) hy-pothes-fs evldem:ly requires
an :unnact crater at one end of the r:l.ZL'Le, and no such crater is ob-
served on Hadley Riile. Eluvial chanmels in a “'c.er_rastrial environment
appear as braided sbreams if the sinuositjr is as low a5 Hadley Rille's
is difficult o explain how such a We"" established sinuous form as
the south ssction of Hadle_y R:_IL'i_.e cruld have had a fluvial origin

without the formation of numerous mesnder Scars and abandoned channel

-segments. - ' A o oL e

Hy‘aotheses denenden"‘ on S'bruc"oure. Hypotheses reaua.rn.ng a dlrecL,l,,r_ _

contro]llng geologic structure also have serious ob,]ec'tlons. The

’parallelism of the edges of simuous rilles throughout a tortuous course
- (ch. 4) evidentiy eliminates simple i‘aultiﬁc from econsideration, The

:intrusion oi‘ & sinuous dlke is poss:Lble only if a yetr u.udeSc:r-rbeci mech—_. :

amsm for sinuous c:c-ack .:.ormat:.on :z.s an.scovermd, The strongest hypo-

thesis which ‘r,equ:i.ﬂ__fes structural _cpntro]__ appears to be Schumm's. _('1969)3_

1I'bid.

© "®Leopold, L. B, and Wolmam, M. @. (1957) River chamnel pabberns:

braided, meander and straight: U.S.G.S. Proi. Paper 282-8, p. 59,

bid.
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proposal req_uii’ing a fludized regolith.

This mechanism seems unliksly in the case of Hadley Rille because
of the absence of fractures in the adjacent highlands which line up
directly with rille segments {ch. k). ‘The overall discordance of most
rille segment azimuths with regional structures (ch. 5) also suggests
lack of conirol by specific underlying fractures. The partial struc—
tural alignment of the northern segments of the rille seems best
e@lmed 25 a diversion of the rille by t0pographj' rather than elign-—-
ment with a linear vent. The thin mantle of regolith over bedrock
(ch. 4) does not seem to0 2llow a thick enough fluidized bed tos.form a
rille as deep as is Hadley Rille. The raised edges on Schumm!s (3..970):L
experimental models are noticeably zbsemt on Hadley Rille (fig. 4~7).

Furthermore, the textures of the rocks found near the rille appear to

be best explained as lava flows rather than pyroclastic debris (ch. 2).

Ash flow hypothesis., The pyroclastic ash flow hypothesis of

Cameron (1961{.)2 is similarly ouid of accord with the petrologic evidence.
. Levas with the chemistry of the Hadley Rille rocks have been shown to
have exceptionally low viscosity (Murase and McBirmey, 1970)3 whereas

nuée ardente flows are typically viscous compositions., NuBe ardente

i,
“Tbid.

SI{urase, T. and MeBirney, A. R. {1970) Viscosity of Tunar Lavas:
Science, Vol. 167, p. 1491, .
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flows are found to conbain 55%’:. to 6'557.:. si]-.:t‘.ca. (Oliier, 1969):_[- whereas
nhe lunar rocks are typically less than L5% silica. Also, the mechan-
ies of a muée avdemse Flow mey requive am abmosphere (Holmes, 1965)2
The nuée ardemte chamnels depicted by Cemeron appear to haye a much

more disperse and distribubive aspect than the Hadley Rille chaunel.

Lava tuhe hypothesis. The oSt widely held h;ypothesis ab presénﬁ

appears to be tthe collapsed lava tube mecha.nism. Al’though the genera_"l.

character of the rillzs and the petrolog:-_c evidence seem to favor this

view, there are as yet important umexplained objections.

A, GEOmor.phic objections. According to Oberbeck (1969)3 ; the

breadth of a lava tube roof arch might reach 500 mebérs under extremely

optimal conditions, and erosion could subsequently widen the rille to <

- twice that width. However, Hadley Rille displays widths considerably

in excess of 1 lm, throughout much of its southern extent (fig. 6-L).
Furthermore, the estimated rase of evosion calculated in chapter'fow

indicates that 200 meters of additional widening after roof collapse

‘of the lava ‘ube would be an exbreme value, Assumjng' this nmch Ero~

sion, the 'ﬂ:&_.le, accord:.ng to Oberbeck‘s roof span calculation, should

not be more than 700 mebers wide. The appearance of the r:-.lle wall at

lOll:Ler, G. (1969) Volcanoes, MIT Press, Gambr:.dge. 7
Zolimes, A. (1965) Principles of Physical Geology, 2nd ed., 1 Ronald,
New York, p. 308.

3 hid.

o
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the Apollo-15 landing site stromgly suggests a sequence of lava flows
(ch. 4) end the petrology of the Apollc-l5 rocks suggests at least four
flows (ch. 2). However, terrestrial lava tubes have a verbical dimen-~
sion enbirely within a single flow (Hatheway and Herring, 1970)~. If
Hadley Rille was wvertically conbained within a single flow, the flow
must have been ab least 400 meters thick. For comparison, the thickest
flow in the Columbiz River basalts is only 120 meters thick and the
average thickness of these flows is about 10 meters. A thickmess of
LOO meters for lunar flows is a clear comtradiction to the low viscos—
ity of the lavas (Murase and MeBirney, 1970)2, the lower cooling rate
implied by an environment without abtmospheric convection or rain and
the sbsence of coarse grained rocks which should have formed at the
Apollo~15 site due to slow cooling in such a massive flow (discussion
of cooling history to follow). .If the entire rille, vertically and
horizontally is contained within one lava flow, the flow dimensions
mist be about 100 k. by 30 km. by 400 meters deep {surface area esti-
mated from fig. 4—1 ). This yields a flow volume of 1200 km.B, a
truly tremendous outpouring, A listing of large terrestrial lava flows

3

(Holmes, 1965)3 lists a 43 km.,” flow as the largest value which suggests

that the 1200 km.3 valve is far larger than expected on earth.

Lbid.
*bid.

J1bid.
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The appearance of Hadley Rille is also in discord with lava tube
morphology. According to Hatheway and Herwing (1970)1, lava tubes
a.ttz-;in a simmous appearance when diverted by pre-existing toposgraphy.
Hadley Rille displays its most sinuous appearance in the southern sec—
tion where topographic control is evidently the least. Published maps
(e. g.; Greeley, 1971}2 indicate that terrestrial rilles have a less
sinuous eppesrance than Hadley Rille and lava tube bends appear more
abrupt than the Hadley Rille curves. Also, lava tubes appear %o end
-dn-adistributary system or a flow lobe, not a depression. Tna
second article, Greeley (1973.)3 notes that lava tubes océupy topo~
graphic highs. Using profiles of Hadley Rille based on Lumar Orbiter
imagery, he indicates that Hadley Rille is so positioned. The profiles
drawn for this study (ch, 4) zre in strong disagreement with Creeley!s
profiles in this respect as are the ﬁrofiles o.i‘ Wu, et al. (1972)1*.
The obstruction northwest of the Apollo-15 lending site, inbterpreted

as an uncollapsed segment of a lava tubhe shows no ewvidence of a cave

bid.

2Greeley, R. (1971) Lava tubes and channels in the lemar Marius
Hills: Moon, Vol. 3, p. 302.

3Greeley, R, (1971) Lunar Hadley Rille: considerations of its
origin: Scn.ence, Vol, 172, p. 722,

l‘Wu, S. et al. (1972) Photogrammetry of Apollo-l5 photographqy in
Apollo—-15 Preliminery Science Report, NASA SP-289, p. 25-36.
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*

" entrance and is adjacen’o to a region of high fracture density (ch. 5)

and recent (post-rille} tectonic activity (ch. 4). It thus appears
unlikely that this segment of &ll possible segments is a Likely loca-

tion for an uncollapsed cavyern.

B. Objections based on cooling history. The strongest objec—
tion to & lava wube origin appears to this author to be an estimate of
the cooling history of the flow. Iun a flow thick enough to contain

Hadley Rille, two possibilitiss seem to exist for the mode of cooling,

1. Radiation from the top of the flow cools the surface so
that dense material forms end sinks. This situation resulbs in the
formabion of convection cells in the flow which contually subdbet
large rafts of solidified lava as scon as they form, and fresh, hob
liguid material is brought to the surface. This ‘behavior has been
observed in lava lakes in Hawaii (Duffield, 1972) . Under thesa con—
ditions, the lava mass pmbably. maintains a J';‘airlj uniform temperature

throughout because of the mixing, An absolute minimum time for cooling

- under these conditions can be calculated as follows:

Assume:

a. -That the only heab loss from the lava is radiation to

the sky which ‘is at 0°K.

J‘Du.ff_ield, W, &. (1972) Kilauea Volecano provides a model for plate
tectonics: Geobtimes, Vol. 17, p. 19, ' '




b. That the only energy released is Irom simple cooling
of the 1iquid and that no phase transformations oceur. The energy
released through crystallization would probably increase the cooling

time considerably.

c. The sample cools from 1650 to 1375 degrees Kelvin.
These values spproximebe the crystallizabion range of lunar basalis

according to the experiments by Murase and McBirmey (1970)1.

d. That convection in the liguid proceeds until the
basalt is completely solid and the meld is a uniform temperature
during cooling as a result of the convection. If coﬁvectic;n ceases,
then conduction through the flow becomes the dominant cooling process

which slows cooling considerably as sesn below,

g, Assume an emissivity of 1.0 or black body radiation.

This gives a maximum cooling rate. .

Heat radiated from the surface of the flow under these conditions

is equal tos(McAdams, 1951{.)2

Qr =VTtiat

1pia.

“McAdams (1954) Heat Transmission, McGraw-Hill, New York, p. 59.




wheres

Qr = Heat radiated (cal)

' = Boltzmen constant (= 4.88 x l'D'"9 c:all./cm.2 hr.

T = Temperature (°K)
6t = Time increment (har.)
A = Burface area of flow

The heat lost from the flow through cooling is found

DK)

wheres
QL = Heal lost
D = Depth of flow (taken as 400 mebers) o
A = Surface area of flow {note That 4 x D = the flo