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ABSTRACT

Geomorphic mapping, crater counts on selected surfaces,
and a detailed study of drainage basins, were used to trace
the geologic evolution of the Margaritifer Sinus Guadrangle
(0=-30°8, 0=—-45<W). Relative ages are given as the
cumulative number of craters > 1 km-10® km=. The oldest
features and dominant structural controls in MC19 are three
multi-ringed impact basins, Ladon, Holden and Noachis. The
oldest dated surface covering these basins (1,000,000~
850,000) evolved during the period of intense bombardment.
Since that time four resurfacing events have occurred. The
first three (300,000-100,000, 70,000-40,000, and 14,000-
8200) were all of regional extent, while the fourth (&4000-
2000), occurred locally, filling basins. Valley networks,
incised in the third event unit, are always buried by the
fourth event unit when present.

A peak in geomorphic activity occurred from 10,000-5000.
Events during this period included the formation of
Uzboi/Ladon Valles with deposition in Ladon Basin (11,000-
6200), and the formation of Samara and Parana/loire Valles
in MCI19SE (8500-4600). Flow out of Ladon Basin and to a
lesser extent Samara and Parana/loire Valles created etched
terrain at their confluence (2000-4500) that was
synchronous with initiation of Margaritifer and lani Chaos
(10,000-2300). The range of dates for the chaos may be due
to periodic collapse.

The extensive, well integrated nature of Samara and
Parana/Loire Valles (caombined drainage area = 847 of the
Colorado River, USA) requires the exisitence of a long
period of favorable climatic conditions to allow their
formation. Development of these two systems was probably
through sapping processes because of: 1) similarities in
general setting and morphology to terrestrial systems formed
by sapping; and 2) drainage densities well below any
observed for terrestrial systems formed by surface runoff.
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A broad range of channel and valley features are
displayed on the surface of Mars. There is as great a range
in morphology as in scale, from huge macro—- and smaller
meso-scale outflow channels such as Kasei Vallis and Ladon
Valles respectively, to small scale valley networks such as
Nirgal Vallis and Parana/lLoire Valles. The Margaritifer
Sinus quadrangle of Mars contains examples of all these
types of systems, and has one of the best integrated and
highest concentrations of valley networks on the entire
planet (Carr 197%9a; 1980b; Pieri 1979; Baker 1982). The
quadrangle also displays a variety of other interesting
geologic and geomorphic features, such as etched, chaotic
and fretted terrain; ancient multi-ringed impact basins
{(Schultz et al. 1982b); possible relict polar deposits
(Schultz 1984); ancient heavily cratered uplands; and smooth
plains that display various crater densities.

Several possible Earth analogs have been examined in an
effort to explain the origin of the various different scale
channels seen of the Martian surface. The morphology and
scale of the Channeled Scabland in eastern Washington is
strikingly similar to the Martian outflow channels (Baker
1982). A catastrophic flood hypothesis similar in effect to
that which formed the Channeled Scabland has been evoked as
one possible mechanism for the creation of the outflow
channels (Baker 1982; Murray et al. 1981:; Carr 1979b; 1981;
Masursky 1973). Boothbroyd and Timson (1983) showed that
braided rivers on the Arctic North Slope that frequently
switch active channels, due to ice jams during ice drives,
can result in morphologic features similar to those found
within Martian meso-scale outflow channels such as Ladon
Valles.

The smaller valley networks are the most diverse and
lpast studied of the channel and valley features (Raker
1982). Several different theories have attempted to explain
their formation, ranging from lava erosion (Carr 1974) to
rainfall and surface runoff at an earlier time in Martian
history (Masursky 1973; Masursky et al. 1977). Many workers
(Sharp and Malin 1975; Sagan and Pieri 1979; Mutch et al.
19763 Carr 197%a3; 1980a; 19813 Carr and Clow 1981; Pieri
1780a; 1980b:; Murray et al. 1981; Baker 1982; Laity 1985;
Laity and Pieri 19803 Mars Channel Working Group 1983;
Higgins 1982:; 1984) now feel that a combination of wet-
sapping and resultant downstream fluvial action, after Sharp
and Malin (1973) , were the most probable formative
processes.

The purpose of this paper is to: 1) present a larger
scale (1:2,000,000), more detailed geologic map of the
Margaritifer Sinus quadrangle than presently exists
(Saunders 1972); 2) use crater counts and cross—cutting

13 PRECEDING FAGE BLANK NOT Filhizo
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relationships to consider the timing of various channel and
valley forming events, their drainage basin evolution, and
the interplay and relationship of the channels and valleys
to each other and other geomorphic features in the
quadrangle; 3I) use crater counts to determine when peak
periods of geomorphic and tectonic activity occurred in the
region; 4) advance the theory of valley network formation
through wet-sapping and downstream fluvial action by
providing a detailed, quantitative and qualitative study of
their drainage basins, densities, morphology and geologic
setting, and comparing them to terrestrial drainage systems
formed by similar processes; 5) develop a reasonable
hypothesis for the geologic/geomorphic evolution of the
quadrangl e.

14




PHYSICAL SETTING
Location and Description

The Margaritifer 8Sinus quadrangle is located at the
eastern end of Valles Marineris, approximately 1000 km NE of
Argyre FPlanitia, between 0= and 305, 0° and 45°W (Fig. 1).
The quadrangle is located within a broad trough known as the
Chryse Lowland (Frey 19743 Saunders 1979), and has a
distinct northward slope (Fig. 2). Surface materials
consist mainly of heavily cratered terrain and intercrater
or smooth plains (Mutch et al. 19763 Scott and Carr 1978;
Saunders 1979), two of the older units on the HMartian
surface (Scott and Carr 1978; Saunders 19793 Murray et al.
1981). The quadrangle includes: (1) some of the best
integrated and highest concentrations of valley networks on
the planet (egq Samara, Parana/lLoire Valles in the SE
quadrangle) (Carr 197%a: 1980b: Baker 1982); (2) Eos Chasma
{128, 39W) and Capri Chasma (85, 40W), marking the eastern
end of Valles Marineris;y (3) several meso—scale outflow
channels, Ladon, Uzboi and Margaritifer Valles (2285, 28W):
(4) Chaotic terrain (many locations) and fretted terrain
(35, 20W); (5) several ancient multi-ringed impact basins
(Schultz and Glicken 1979; Saunders i979); and (&) possible
ancient polar deposits (Schultz 1984).

Physical Processes

The Margaritifer Sinus gquadrangle is presently undergoing
only minor morphologic modifications resulting mainly from
eoclian (Carr 1981; 1984; Greeley et al. 1982; Murray et al.
1981), cratering and mass movement events. A wide range of
processes, including tectonism, cratering, volcanism, and
channeling, have operated within the quadrangle at a much
greater rate and scale in the past (Saunders 197%2:; Neukum
and Hiller 1981; Schultz et al. 1982; Scott and Carr 1978).
The result is that features formed at a relatively early
period in the history of the planet can still be observed
and studied today.

15



S34N3ea4 Jofew 13yjo pue

fsiauueyd pajdagas

(Z861) 433eq wouj partjipow dey
tartbueapenb snuig Jajriyraebuael ayy o

uotrjedol ayl Hummoys gc9 pue NG9 usamlaq saey 40 dew di1borocab parjidwis  °p by

16




L)

S99

18v3
o

NOS

A

Buipuw BupyA 8|08y B LUUERT Y. ey Aqqouy E
: LTS =
; wy 0002 000t © iy ) =] F— =5
H . . N +.593% . I.o:_-v.llso:_g
L ELL/ 0 oroed 2 .I At Y .@ sufsld OREOIOA PesmIRID AjjaveH
= NOILVYNY1dX3

2084 3024 306 308 .wcn H1f0S MOC Mog MO8 MOZY MOSL
£ A M& ﬁ..v.-.!o seusbem .
N o830 ydury o
H PG ...IIOO A 2185 [0}
£ @ .
~ e _oe.!n!r\ .S-ﬂw_ ..VA.OQ.WU
VILINYd
ﬁ f NOID3¢ H

SvTaH S > YISVANVHL

c

SINOZVNY

YILINYd

v

>

-
ree

2
@t alv
e

VILINV Ravoal vy
X YITMaIoy VILINVd
N { VIavouy
NOID3H| VINOGAD .
g1 17v 3 4 0 19 N A o
dN
3081 MozZL 306 309 30T MOoC Mo9 MO8 MOTL MOS1

<
HLtION

1 2an814

S0t

1S3Im

NOC

17




Wy} | ST [EAL]UL
4NOo3uod ayy ~«9/61 S95M) 3Sibueuapenb snurg uajrjraebuey ayy jo dew owydeabodoy
ayly wouy SINojuon ‘ybnouy puemMor asA4y] a8yy 40 swe ayl buore ajbuedpenb
ayy 40 483uUad ayjx spaemol asuabuaaAuod pue uoribads ayjl 30 adors paeMylIou JOUTRISTP
ayyl HurIeSNIIT SJNO3U0D YIM snulg Jajrjtaebuaey 4o dew jartfads papeyg -z B4

18




(Ll R e
ON6T RAUTT B RE R

AUV EERINGRONY VN GRS SOLETV ORIV TeNDRIY A

y

e

53 geandory

¢

e
b8

19




METHODS

Using approximately 400, mainly orthographic, Viking
Orbiter Image negatives of the study area, contact prints
were made to determine negative quality and precise
location. All but the poorest quality were then printed to
a scale of 1:2,000,000 and stereo pairs were selected.
Certain high resolution sequences f(about 50 m/pixel) were
printed to a scale of 1:500,000 and assembled into mosaics.
High quality negatives (200 m/pixel) of the area surrounding
Samara and Parana/lLoire Valles, in the Margaritifer Sinus SE
and Argyre NE quadrangles, were printed to a scale of
1:1,000,000 and assembled into a mosaic. All of the above
were then used in conjunction with published 1:2,000,000
photomosaics (USGS 197%a; 1979b; 1979c: 1979d; 1979e), and
1:5,000,000 geologic (Saunders 1979), shaded relief (USGS
1975; 1980), and topographic (USGS 1976) maps of the region
to complete the 1:2,000,000 geclogic map of the qguadrangle.
All work completed in the area since it was mapped by
Saunders (1979), (Carr 197%9b; 1980a; 1980b; Schultz and
Glicken 19793 Shultz and Lutz-Garihan 1982; Schultz 1984;
Pieri 1980a; Boothroyd 1983: Boothroyd and Grant 1984; 1985;
Grant and Boothroyd 1984:; Parker and Pieri 1985a; 1985b) was

incorporated into the map. Methods employed for mapping
were after Baker and Kochel (1979), Saunders (1979) , Baker
{1980a; 1980b; 1982), Boothroyd and 7imson 11981}, and Wise
(1979).

Stereo pairs used for geologic mapping were also used to
delineate drainage basin boundaries, after Boothroyd (1982).
Work began in the Margaritifer Sinus SE and Argyre NE
quadrangles along a major N-S trending basin boundary
located at 9W (Boothroyd and Grant 1984), and extended
towards the NW, encompassing all of Samara and Parana/lLoire
Valles, their associated sub-basins and internal—-basins.
Work continued westward to the Margaritifer Sinus GW
quadrangle, mapped by Boothroyd (1982). A Bausch and Lomb
zoom stereoscope was used for the mapping. The areas of the
drainage basins were then measured using a polar planimeter
and a table digitizer. All valley lengths visible within
the basins at 1:1,000,000 scale and 200m/pixel resolution
were measured using a table digitizer. Drainage densities,
for Samara and FParana/lLoire Valles, sub-basins, internal-
basins, and selected areas within the drainage basins, were
calculated and compared to values obtained for other Martian
systems (Baker 1985) and terrestrial systems (Gregory and
Gardiner 1975; Abrahams 1984). A further comparison, based
on morphology, density, and geologic setting was made to
terrestrial systems formed mainly by sapping processes
(Higgins 1974; 1982; D’'Amore 1983; 1984; Laity 1985; Laity
and Pieri 1980; Pieri, Malin and Laity 1980).

1:1,000,000 and 1: 2,000,000 photographs, various
orthographic negatives, stereo pairs and crater counts were
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used to determine the relative ages of units
surrounding/covering Samara/Parana/Loire Valles,
Margaritifer Chaos (105, 21W), and Ladon Basin (18S, 3I0W) .
The possibility of flow out of Samara and Parana/Loire and
the Ladon Basin into/through the Margaritifer Chaos was also
examined in this manner.

After consideration of many papers concerning various
approaches to methods of crater counting and the
presentation of results (Hartmann 1965: 19693 Marcus 19683
Chapman et al. 1969; Murray et al. 19713 Soderblom et al.
19743 McBill 19773 McBill and Wise 19723 Crater Analysis
Techniques Working Group 19783 Masursky et al. 1980; Neukum
and Wise 19763 Neukum and Hiller 19813 Neukum et al. 197%;
Hiller and Neukum 1979; 1980; Wise 1984; 1985; Wise and
Milkowski 19803 Wise et al. 1979; Wise, personal
communication 1984) the D.U. Wise method of dating local

surfaces was choosen to complete the crater counts. This
method utilizes small, homogeneous crater populations and is
described fully in Appendix 1. The relative ages of

surfaces are presented as the cumul ative number of craters
>1 km-10® km— =, derived by comparison to the standard curve
of Neukum and Hiller (1981). Absolute ages were derived
from the Lunar cratering vs. age curve (Neukum and Hiller
1981). The counts were completed using a table digitizer
linked to a DEC VAX 11/780 computer at the Lunar and
Planetary Institute, Houston, TX.. A program called
‘STAMMER® written by Brian Fessler at the Lunar and
Planetary Institute, was used for calculation of cumulative
crater/size frequency plots (Appendix 2). Plots were
obtained on a Digital VT 125 graphics terminal, and compared
to the standard curve to obtain relative ages for the
various surfaces. Edits and final copies of the plots were
made using an updated version of the ‘STAMMER® program
(Appendix 2). The updated version was designed to run on a
Prime/B50 computer and a CalComp 1051 plotter at the
University of Rhode Island Computer Center was used to plot
the final cumulative crater size—frequency curves.
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RESULTS
Geologic/Geomorphic Mapping

On the basis of its high valley network density and
overall geomorphic diversity, the Margaritifer Sinus
quadrangle was selected as the site for this study. A
detailed geologic/ geomorphic map of the entire quadrangle
was completed at a scale of 1:2,000,000 (Figs. 3a-d). For
the purposes of this paper, the map has been reduced and
divided into quarters. A copy of the original map, in the
form of a clear overlay and at a scale of 1:2,000,000, can
be obtained <from the author. The map explanation is
presented in Table 1.

Relative ages have been assigned to selected surfaces
within the quadrangle based on 102 crater counts completed
(Table 2, Figs. 4a-d, a reduced version of the poriginal
1:2,000,000 Fig., shows crater count locations). The
individual crater counts are presented in Appendix 3 and a
summary of all results is given in Figure 5. The results of
the crater counts were used, where possible, to help define
and correlate units and to locate contacts. The map unit
correlation is shown in Figure 6. Relative ages are always
given as the cumulative number of craters >1km-10® km—=
obtained by projection of the Neukum and Hiller Martian
standard curve (1981). Tentative absolute ages have been
assigned by simple comparison with the lunar standard curve.
An introduction to, and general description of, the various
units and terrain types descibed below can be found in Mutch
et al. (1976), Murray et al. (1981), and Baker 1982.

Description of Units
Channel Features

Channels and Valley Networks (Ch)-Examples of varying
scale include: macro-scale features such as Eos and Capri
Chasma (see USGS 1980); meso-scale outflow channels, Uzboi
and Ladon Valles (see USGS 1980); and various valley
networks ranging in size and morphology from Nirgal Vallis
to Parana/Loire Valles (see USGS 1980) to numerous small,
poorly-integrated wvalley features found throughout the
quadrangle.

Morphological descriptions of Eos and Capri Chasma can be
found in Boothroyd and Timson (1981), Baker (1982), and Carr
(1981 1984). Descriptions of the meso-scale features,
Uzboi and Ladon Valles are found in Florenski et al. (1975,
Carr (1979b), Carr and Clow (1981), Pieri (1980a), Boothroyd
(1983), Parker and Pieri (1985a; 1985b), and later in this
paper. A further description of these features is not
presented here.
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FIG 3 GEOLOGIC/GEOMORPHIC MAP OF MARGARITIFER SINUS

SEE TABLE 1 FOR MAP EXPLANATION
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Fig. 3d

28




TABLE 1
GEOLOGIC/GEOMORPHIC MAP EXPLANATION

CHANNELS AND VALLEYS
Ch Valley networks and channel features
Small valley networks
Ch.. Channel walls
Che Channel floor

Che Terraces

R1 Remnants, large

Rs Remnants, small

Rle Remnants, large, flow modified
Rse Remnants, small, flow modified

CHAOTIC TERRAIN
Cta Extreme collapse
Ctm Moderate collapse
Cta Slight collapse
Cto Fositive relief chaotic deposits
Ctwe Fretted terrain

SMOOTH PLAINS DEPOSITS
Spe Fourth resurfacing event (&6000-2000)
Sp= Third resurfacing event (14,000-8100)
Spuw Smooth plains, undifferentiated
Spo Floor of Ladon Basin
Sp« Smooth plains, grooved
Spe fRelict polar deposits

CRATERS

Ca Youngest, fresh

Cs Subdued

C= Degraded

C. Extremely degraded

Ce Craters, flow modified

Co Jones crater

Cwre Holden crater

Ewn Ejecta blanket, as labelled
MULTI-RINGED BASINS AND HEAVILY CRATERED TERRAIN

Hc Hilly and heavily cratered terrain

P Ancient multi-ringed impact basins (AMIR)

Md Mount material

OTHER FEATURES

Gr Grabens

Gr¢ Grabens, flow modified

« Ridges

Ed Eolian deposits (mantled areas and dunes)
Mml Mass movement deposits

« Fractures
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Table 2,-- CRATER COUNTS: location, age and quality
(count refers to the image or photomosaic derived from)

Crater Count Luﬁation Relative age Count  Number of
§Lat Wlong (8 dke/10%a®) quality  Craters

£084A38.001 28,5 2 3500 600D 18
C084A38.002 29 2 12500 FAIR 3
C0B4A39.01B 30 20,5 2000 600D 12
C084A39.01C 29 21 1600 600D 13
C084A40.01B 27 2 3400 FAIR 10
C084A40.002 27 18 3300 POOR 10
C0B4A40.003 2] 21 3500 600D 12
C084A40. 004 26 20 4000 POOR 9
C084A40.003 29 20 2200 POOR 20
C084A42.001 26 18 8700 6000 8
CoB4A42,01B 26 i8 2600 600D 14
£08442,028 27 17 3200 POOR 10
C0B4A43. 001 27 13.3 2500 POOR 2
C084A43.01B 26 3 4900 FAIR 10
C084A43.01B 25 13 3930 FAIR 13
08443, 002 27 i1 9000 FAIR 7
C0B4A43. 028 27 12 13800 FAIR 7
C084A45.016 22 13 3200 600D 1l
COB4A46. 01D 2 14 10800 FAIR 1
C0B4A46. OLE 21 13 10000 FAIR 8
C0B4A46.02B 23 13 12500 POOR )
COB4A47.01B 24 8 11300 POOR 28
C084A47.002 23 1.3 9500 FAIR 9
C08447.028 24 8.3 9000 POOR 13
C0B4A47.003 23 i1 9500 POOR 15
C431A06. 004 3 17 10000 POOR ]
C451A06.002 IN 17 6000 POOR ]
C431A07.001 N {7 7000 POOR 4
C431A07.01B 2N 17 5000 POOR 3
C451h08,001 4 18 8000 POOR )
C615A24. 001 10 22 7100 POOR 9
Co13A24.002 i1 21 3000 POOR 8
Co15442,001 19 21 3400 POOR 4
Co15a42.013 20 22 3000 POOR 8
C615A43, 004 21 18 3000 POOR 13
C615443.002 23 18 10000 FAIR 11
Co15A46,001 16 15 34000 POOR 3
Co15A44,002 13 15 10000 FAIR 13
Co15A46.003 17 14 3800 FAIR 7
C630413. 00t 17 31 8500 POOR 7
C650A13.002 18 28 8900 POCR 18
C430A13.003 15.3 28 11000 POOR 18
C650A13,004 16 27 6200 POOR 13
CoJ1A61.01B 9 23 7000 FAIR b
C631A61.002 11 23 6700 FAIR 10
C631A63.001 14 22 4500 POOR 9
C651A63.018 13 23 9000 600D it
Ca31454. 00t 16 27 10300 600D 7
Co31R64.028 18 25 8500 FAIR 9
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Table 2 {cont’d)

C651A67. 001
C651A67.002
631468, 001
C651A68.002
Ch31A83.001
C651A83.002
C631A85.01B
C651ABb6.002
C651A87.001
C65187.01B
C651A87.002
C651A87.003
C631A92.001
CHC19SEN0S. 001
CAC19SEN0S. 002
CNC195EM0S. 003
CHC19SEMDS. 004
CHC19SEMOS. 003
CMC19SENOS. 006
CAC19SEMOS. 007
CHC19SENDS. 008
CHC19SENDS. 009
CMC19SEM0S.010
CHC198EMDS. 011
CHC19SEMDS. 012
CHC19SEMDS. 013
CHC19SEN0S. 014
CHCI9SEN0S. 013
CAC195EM0S. 016
CHC19SEN0S. 017
CHC195ENDS. 018
CHC19BEMDS. BK1
CHC19SENDS. BK2
CMC195ENDS. BK3
CHC19SEMOS. BK4
CHC19SEMDS. BKY
CHC19SEMOS. BKb
CHCL9SENOS. BK7
CHC19SEMOS. BKE
CHC19SEM0S. BKY
CHC19SEN0S. BKO
CAC19SEN0S. BUL
CHC19SEMOS. BU2
CHC19SENOS. BUS
CHCL9SENOS. BUA
CAC19SEMOS. BUS
CHC19SENDS. BRL
CAC19GEM0S. BR2
CMC19SEMOS. 6R3
CAC19SENOS. BRY
CHC19SENOS. RDI
CWC19SENOS. RD2
CMC19SEMOS. RDS

23 13
2 18
24 2
25 U
10 2
9 18
9 '
10 2
12 16
13 16
13 17
14 15
23 15
HC19SE
16 3
14 18
22 3
28 20
23 13
2 19
23 6
20 10
23 10
33 10
34 15
3 7
3 7
32 12
29 13
3.3 18
28 16
16 13
20 12
23 9
14 2
22 2
29 16
34 i1
27 21
2 16
18 2
HC198E
NC198E
18 2
34 14
28 9
18 12
28 16
34 1
18 2
21 10
26 20
16 19

16000
7000
9000
9800
3300
3000
231
3000

103000
110000
3100

13900
9000
8700

11000

13300

10100

10000
9300

11000

11300
9100

10000

14000

20000

11000

13300

10000

10000

11700

12300

30000

36000

48000

41000

47000

37000

63000

40000

43000

67000

120000
2000
170000
220000
170000
1000000
930000
1000000
850000
300000
198000
210000
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FAIR
FAIR
FAIR
POOR
600D
FAIR
POOR
POOR
POOR
FAIR
FAIR
FAIR
POOR
FAIR
POOR
POOR
POOR
FAIR
FAIR
POOR
FAIR
FAIR
POOR
FAIR
POOR
FAIR
POOR
POOR
FAIR
6000
POOR
6000
POOR
POOR
POOR
POOR
FAIR
POOR
POOR
FAIR
POOR
FAIR
FAIR
POOR
8000
POOR
500D
FAIR
6000
FAIR
600D
600D
600D

11
17
21
i)
3
b4
20

2
s
13

16
18

10
10

12
28

13
10

10
12
20

21
1

18
26
i)
17
i)

16
18
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Fig. 4c
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Fig. 5. Summary of all useable crater count data. Each
point plotted represents the relative age of one crater
count performed in the terrain indicated (see Table 2 and
Appendix 3 for individual cumulative crater size—-frequency
curves, locations, and assigned relative ages). Time
intervals of formation of various features and terrain were
determined by using the range of relative ages obtained for
that feature. Most likely times of resurfacing (dashed
vertical 1lines) were determined by identifying distinct
clusters of the relative age values that were obtained by
performing crater counts on various homogeneously cratered
surfaces (in a specific crater size range). The time of
valley formation in the region (dashed vertical line) was
determined by the cross cutting relationship of various
dated surfaces incised by, and covering, the valleys.
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The morphology of the valley networks is similar to that
observed across the planet, as described by the Mars Channel
Working Group (1983). Valley walls appear cliff-like and
most valley floors are flat, especially in the case of
Nirgal and Loire Valles. The network tributaries usually
have steep, cuspate headward ends, best developed in Nirgal
and Parana Valles. Valley widths average about 3 to 5 km
for the larger systems, and range up to about 20 km at the
widest point of Nirgal Vallis. Valley lengths range from
about 10 km for small valleys and tributaries to 900 km for
the Parana/Loire system to over 1200 km for the Samara
Valles system. Some networks show interior channels,
possibly indicating differential erosion of layered deposits
and/or multiple flow events.

A relative age of 8,500 to 4,600 has been determined for
the valley network systems in MC19SE on the basis of crater
densities observed on surfaces incised by the networks and
those covering them. This age is inferred for the other
valley networks incised in surfaces for which no age was
derived and is in general agreement with the age determined
for valley networks by other workers (Carr 1979b; 1980a:;
Hiller and Neukum 1979; and Neukum and Hiller 1981; Baker
and Fartridge 1984bh).

The meso-scale outflow channel features have a relative
age of 11,000 to 6200 based on crater densities found in
Ladon Basin. Chasma flow features are probably of a
similar, but slightly vyounger age than the other flow
features because some valley systems have been beheaded by
the Chasma wall (Schultz 1982; Boothroyd 1982; 1983). With
the exception of the Chasma, most other channel and valley
features are located within the hilly and heavily cratered
terrain. Two notable exceptions to this are Nirgal Vallis
and a large unnamed valley network in MCI9NE (Fig 3d) at 95,
144, It is important to note however, that both of these
systems head in the hilly and heavily cratered terrain.

Where possible, sub—units have been assigned to further
define features within the channels and valleys. Sub-units
include: the bounding channel walls; the channel floor, to
distinguish that part of the channel that was actually
occupied by fluid; terraces, to indicate various locations
and elevations occupied by fluid as downcutting progressed;
and large (long axis greater than SOkm) and small (long axis
less than SOkm) remnants. Remnants have been further
subdivided into those that have been submerged and modified
by flow over the top, and those not modified by flow.

Etched Terrain (Cha<)—-Etched terrain is present in the
central part of the quadrangle near the foot of Samara,
Parana/Loire, and Margaritifer Valles (Fig. 7). Crater
densities display a wide range of values from 9,000 to
4,600, Numerous remnants are seen across the unit some of
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Fig. 7. Photomosaic of etched terrain, with numerous
remnants (R), in MC19 centered at 125, 22W. Shows the
relationship of Samara and Loire Valles, entering from the
south, and Margaritifer Valles, to the etched terrain and
Margaritifer Chaos to the north. The presence of
distributaries (D) and flow modified remnants clearly
associated with Margaritifer Valles, and the lack of same
visibly associated with Samara and Loire Valles, suggests
that flow out of Ladon Basin was the dominant factor in the

formation of the etched terrain (651A461, 63, 64, 85, 86,
88).
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which may have been submerged and flow modified. Some low
areas in the unit show slight collapse. The boundary along
the west side and northeast corner is very subtle and its
exact position is subject to question. Type locality:
11.55, 21W and Figure 7.

Chaotic Features

Chaotic Terrain (Ct)-Chaotic terrain is located mainly in
MC19NW (Fig 3a) and the eastern part of MCI9NE {(Fig. 3d, see
also USGS 1980, and Fig. 7) where it appears as disordered
areas of flat—-topped, angular and occasionally rounded or
flow modified blocks of material showing high local relief.
A trend from flat-topped blocks towards the edge to angular
and rounded blocks in the center is common. The terrain is
located in depressions, that are sometimes closed, and are
either scarp bounded or gradational with channel floors,

fretted terrain or adjacent uplands. The deposits
surrounding the chaotic terrain occasionally displays many
fractures. Crater densities within Iani and Margaritifer

Chaos display a range of values from 10,000 to 2375. Type
localities: O to 105 and 15 to 30W.

Fretted Terrain (Ctee)—A small area of fretted terrain
exists in MCI9NE at 35, 19W (Fig. 3d). It grades into the
adjacent uplands to the west and the chaotic terrain to the
east. The fretted terrain occurs as undissected outliers of
the adjacent uplands separated from each other by steep,
flat—-floored chasms or channels that are roughly aligned
parallel to the east-southeast, west-northwest structural
grain that is seen the area. Type locality: 35, 19W.

Positive Relief Chaotic Deposits (Cte)-Positive relief
chaotic deposits occur as small, commonly rounded, isolated
patches mostly in MC19SE. These are best developed in
Parana Basin between Parana and Loire Valles (22.5S8, 12W,
Fig. 3c). The chaos consists of numerous fairly flat-topped
blocks that commonly display an outward facing scarp that
forms the boundary with the adjacent terrain. The chasma
 between adjacent blocks are less well developed than in the
fretted terrain and they do not appear to show a preferred
orientation. A very tentative crater density of 5200 (based
on a single count) was obtained for the positive chaotic
deposits in the region of 22.5S, 12W, making it younger than
the valleys in that area.

Smooth FPlains

Smooth Plains Deposits (Sp)-Located throughout the
quadrangle, smooth plains are seen as semooth to rolling
surfaces that sometimes contain channels. These deposits
are also present on many crater floors.
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Crater densities, mainly from MC19SE (Figs. 3c, 4c),
indicate that four resurfacing events occurred in the
region. The earliest (300,000 to 100,000), was of wide
regional extent and resulted in the first modification of
the cratered highlands in the area. The second (70,000 to
40,000) and third (14,000 to 8,100) events were also of
regional extent. The surface created by the third event,
labelled Sp>, is the youngest surface in the quadrangle
dissected by the valley networks. It was dated mainly in
MCI98E (Fig. 3c), but is probably of regional extent as
surfaces displaying similar crater densities occur across
the quadrangle. The youngest surface (6,000 to 2,000),
labelled Spa., was also dated mainly in MC19SE (Fig. 3c). It
occurs locally, filling basins, and always covers valley
networks when present. Similar fill, not dated, occurs in
other basins throughout the area. The Ladon Basin unit,
mapped as Sp. in Fig. 3b, displays a relative age of 11,000
to 46,200 based on the crater density of its surface. Areas
mapped as smooth plains outside MC19SE and the Ladon basin
are inferred to be associated with one or more of the above
events and, unless otherwise specified, are labelled Sp.
(undifferentiated). Where two plains units are
superimposed, only the top surface has been labelled.
Grabens, wrinkle ridges, and fractures are located
predominately within the smooth plains units. Type
localities: 295, 4iW and 125, 17W.

Relict Polar Deposits (Spe)—-Relict polar deposits
(described by Schultz 1984) occur as a distinct unit in the
extreme northeastern corner of the quadrangle mapped as Spe

(Fig. 3d). This wunit partially and completely buries
craters, and always covers valley networks that extend into
the region. Inverted topography and pedestal craters are
common.
Craters

Craters are classified on the basis of their morphology.
For a given size range of craters, decreasing crater class
number implies increasing age. However, within a given
class, craters of differing sizes can be of differing ages
(after Wise 1979). This is because smaller craters are more
easily modified by resurfacing events than larger craters.
Craters smaller than 10 km were not mapped and craters
smaller than 30 km were not classified.

The youngest craters (Ca) are very fresh in appearance
and usually display a central peak and a locally defineable
ejecta blanket. The next class of craters (Cs) is subdued
in appearance. This class of craters usually lacks a
defineable central peak and proximal ejecta blanket. Their
floors are usually quite smooth and show low local relief.
Degraded craters (C=) have been extensively modified and
have floors that are only slightly lower than the adjacent
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terrain. This class is the oldest/most modified that
display complete rims. The oldest and/or most modified
class of craters (C.,) are extremely degraded in appearance
and display incomplete rims. Craters whose appearance has
been modified by flow have the subscript “f° following the
usual classification, as is the case for Holden crater (Fig
3b, see also USGS 1980). Asymmetric craters, such as the
one located at 255, 11W (Fig. 3c), are the result of low
angle (<10 degrees) impact events (Schultz and Lutz-Garihan
1982). They are denoted by the subscript "a’ following the
normal classification.

Ejecta Blankets (Eb)—-Ejecta blankets are mapped around
some larger Ca craters. Where defined, they are labeled
according to the crater they are associated with.

Multi-Ringed Basins and Hilly and Heavily Cratered Deposits

Hilly and Heavily Cratered Terrain (Hc)-This terrain is
located mainly in the southwest (Fig. 3b), southeast (Fig.
3c) and northeast (Fig. 3d) quarters of the quadrangle.
Most valley networks are located within this unit. Large
numbers of craters, approximately S50 km and larger, and of
all morphologies are present. Very high calculated crater
densities (1,000,000 to 100,000) characterize the unit.
Areas that display numerous hills and scarps associated with
ancient multi-ringed impact basins (Schultz et al. 1982)
have been included in this unit. Grabens; ancient volcanic
flows; and some channel, eolian, and mass movement deposits
are also present. Type locality: 255, 16W.

Ancient Multi—-Ringed Impact Basins (== )-These features
have been best described by Schultz et al. (1982). Three
basins occur within the 1limits of the quadrangle: Ladon
Basin, centered at 185, 30W; Holden Basin at 268, 32W ( both
in Fig. 3b); and Noachis/Newcomb A Basin located at 22.55,
3W (Fig. 3o). The rings of these basins, identified by
Schultz and Glicken (1979), Saunders (1979) and Schultz et
al. (1982), are indicated on the map.

Mount Material (Md)-Mount material exists as isolated,
degraded, generally elongate hills. They usually appear in
somewhat arcuate patterns and often form the rings of multi-
ringed impact basins. Type locality: 16 to 178, 32 to 33W.

Other Features

Grabens (Br)-Features interpreted as grabens occur mainly
in MC19SW (Fig. 3b), the eastern edge of MC19SE (Fig. 3c),
and the southern part of MCI9NW (Fig. 3a). Their average
trend is 100 degrees with a range between 90 and 110
degrees. The grabens are roughly parallel to the Valles
Marineris system and radial to the Syria rise.
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Flom wmodified grabens (Gr.)-Many of the grabens have
valley networks associated with them and have been flow
modified.

Ridges (~)-Almost all ridges mapped fall into two
distinctly different categories. The first, and oldest,
are those that define isolated arcuate sections of degraded
multi-ringed impact basin rings, described by Schultz et al.
(1982). Examples of this type of ridge are located at 268,
25W and 208, 21W (Fig. 3b, USGS 1980).

The second type of ridge strongly resembles 1lunar,
volcanic, wrinkle ridges. These ridges occur throughout the
quadrangle within smooth plains units. They are oriented
predominantly N-S +10 degrees and are roughly concentric to
the Tharsis region.

Eolian Deposits (Ed)-These deposits exist in numerous
locations both as mantling deposits and dune fields. Many
locations appear to be partially to completely buried by
mantling deposits (e.g. the region just east of Osuga
Valles, see USGS 1980). Dune fields occur mainly on crater

floors (26S, 33.5W, Fig. 3b) and on the floors of Eos and
Capri Chasma (Fig. 3a).

Mass Movement Deposits (Mml) All mapped locations consist
of deposits derived from landslides, although other types of
mass movement deposits probably exist. Landslide deposits
have been observed on crater floors (27.38, 36.5W, Fig. 3b)
and on the floor of Eos and Capri Chasma (Fig. 3a).

Drainage Basins
Drainage Basin Mapping

Drainage basin mapping, using stereo pairs of Viking
Orbiter images after Boothroyd (1982), was conducted in
MC19SE and MC26NE in the Samara and Parana/lLoire Valles
areas. Stereo pairs used for the drainage-basin mapping are
shown in Appendix 4 (Table &, Figs. Ba-d). The mapped area
incorporates the entire drainage network of both systems,
including sub-basins of major tributaries, and internal
drainage basins between the major networks. Figures 9a-d
shows the mapped region in MCI198E and MC26NE from a major N-
S trending drainage divide at 9W (Figs. 9c,d), discussed by
Boothroyd and Grant (1984; 1985) and Grant and Boothroyd
(1984), westward to, and including, the locations in MC19SW
(Fig. 9a,b) mapped by Boothroyd (1982). A copy of the
original drainage basin map of the entire area, in the form
of a clear overlay and at a scale of 1:2,000,000, can be
obtained from the author.

Both Samara Valles and Parana/Loire Valles are fairly
well integrated and extensive systems. Both have numerous
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Fig. 8c
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Fig. 8d
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Fig. 9b
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Fig. 9d
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sub-basins, many of which are occuppied by third or fourth
order tributary valleys (Strahler stream order
classificationy GStrahler 1952) that empty into the main
trunk valley system. The locations of the major sub-basins
and associated internal basins of these systems are given in
Table 3, and are shown in Figs. 9c,d. The LP3 sub-basin and
12, I13a, and I3b internal basins are shown in Figure 10.
Some sub-basins, notably southern Clota, S1, 85, S6, and LP3
(Fig 9c), have undergone post valley formation resurfacing
that has partially to completely buried the existing valleys
within them.

Drainage divides between basins and sub-basins are
located: 1) along the rims of craters, such as the divide
along the western side of the LP4 sub-basin; 2) along the
crest of inferred wrinkle ridges, as for the divide around
the western side of the LP3 sub-basin; 3) along the crest of
rings of the ancient multi-ringed impact basins, as seen
along the eastern Himera sub-basin divide; and 4) as poorly
defined lines crossing regions of low local relief as is the
case for the divide along the southern edge of the Clota
Valles sub-basin.

Drainage basin areas of Samara and Parana/Loire valles,
their major sub-basins and internal basins, were measured
from the 1:1,000,000 photomosaic constructed for the region.
The 1lengths of all valleys able to be identified at 200
m/pixel resolution were also measured (a reduced copy of the
1:1,000,000 photomosaic showing the measured valley segments
is given in Fig. 11). Values obtained for total valley
lengths were divided by the encompassing drainage basin area
to obtain the drainage densities of the two systems, their
major sub-basins, internal basins, and selected sections
along the trunk valleys. Basin areas and densities are
displayed in Table 4.

Drainage Basin Areas

From Table 4, the total drainage area of Samara Valles
(313,295 km=) and Parana/lLoire Valles (222,255 km=) are,
respectively, approximately 0.5 and 0.33 that of the
Colorado River, USA. Samara Valles sub-basins (Table 5)
range in area from 52,528 km= for Himera and 28,406 km= for
52 to 3,601 km® for S3 and 3,351 km= for S7. Sub-basins in
Parana/lLoire Valles (Table 5) range from 40,420 km= for
Parana and 27,696 km= for LP3 to 3,690 km= for LPS and 2,620
km= for LP7. Internal drainage basins (Table 4) range from
21,766 km= for I1 to 2,313 km® for I12. The majority of the
Samara and Parana/lLoire Valles sub-basins and associated
internal basins are under 10,000 km=, tending towards the
lower end of the range of values presented above.
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Fig. 10. Section of MC195E centered at 275, 12W. Dashed
lines outline sub-basin LP3 of Parana Loire Valles. A
drainage divide along the the rim and ejecta blanket of
crater Gb at the southern edge of LP3, separates drainage in
the sub-basin from drainage in three internal basins to the
south (12, I3a, 1I3b). Several short valley segments are
present in the southern half of LP3 (V) and well developed
northward flowing segments exist in I3a and I3b (V).
Paleoflow (arrows) was to the north out into Parana Basin.
(084A43, 44, 45, 46, S79RA44, 435).
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Fig. 11. All valley segments measured for use in the
calculation of drainage densities for Samar a and
Parana/l.oire Valles, portions of their trunk valleys, all
sub~basins and internal basins. Integrated valley segments
are indicated by a solid line. Non—integrated valley
segments are assumed to have been integrated in the past,
and are indicated by a dashed line. Post valley formation
resurfacing and valley burial was probably responsible for
the present disintegrated appearance of some segments. A
copy of the original figure at 1:1,000,000 can be obtained
from the author.
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FIG 11 VALLEY SEGMENTS MEASURED FOR DRAINAGE DENSITY CALCULATIONS
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Drainage Densities

Overall drainage densities of Samara and Parana/lLoire
Valles (Table 4) are quite similar with Samara Valles having
an average density of 0.034 km-km™ 2 and Parana/Lpoire Valles
an average density of 0.039 km-km =, Loire Valles has a
density of 0.032 km-km = and Parana Valles has a density of
0.070 km-km—=, Sections along the trunk portions of these
large systems display a range of densities. The highest
values, 0.043 and 0.067 km-km~=, are found along central
portions, between the third and fourth rings of Ladon Basin.
Slightly lower values, eg 0.016 and 0.022 km-km—=, are found
in proximal and distal reaches. Samara Valles sub-basins
(Table 5) have an average density of 0.039 km-km™ =, with a
range from 0.075 km-km = for S8 to 0.013 km-km—= for Sé.
Parana/Loire sub-basins display slightly higher drainage
density values (Table 5S), averaging 0.054 km-km—= and
ranging from 0.107 km-km—= in LPS to 0.018 km-km~= in LP1.
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TABLE 4.-- DRAINAGE SYSTEMS, arsas and densities

Location Arma Integrated Integrated Additional Total

Channels Density Channels Density
(basin) (ka?) (kn) {kn/kn?) {kn) {kn/ka?)
COMPLETE DRAINABE SYSTENS
Samara 313,293 8616.7 0.028 2033.1 0.034
Parana/Loire 222,253 7378.1 0.033 1247.0 0.039
Loire 181,838 4347.5 0.025 1247.0 0.032
Parana 40,420 2830.6 0.070 - 0.070
SAMARA TRUNK VALLEY SECTIONS
Proxinal 56,874 834.5 0.013 84,3 0.014
Hid 33,300 2220.0 0.067 - 0.067
Mid/Dist 28,483 948.8 0.033 196.4 0.040
Dist 52,528 309,56 0.010 1002.1 0.028
LOIRE TRUNK VALLEY SECTIDNS
Proximal 22,023 1408.9 0.022 5.9 0.022
Mid 19,253 670.8 0.035 162.4 0,043
Distal 32,898 107.5 0.034 476,3 0.043
INTERNAL DRAINAGE BASINS
I 21,964 -- - 596.9 0.027
12 2,33 - - 18.4 0.008
I3A 8,081 -- - 7.4 0.007
I3B 11,583 -- -- 608,1 0,053
14 6,329 - - 41.3 0.006
IS 1,471 - - 127.1 0,017
14 3,304 - -- 140.0 0.026
C1 2,136 -- - 95,2 0.043

AVERAGE INTERNAL BASIN DRAINAGE DENSITY = 0,023%
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TABLE 5.-- SUB-BASINS, areas and densities

Location  Area Integrated Integrated Additional Total
{sub- Channels Density Channels Density
basin)  (ke?) (ka) (ka/ke?) (ka) (kn/ka?)

SAMARA VALLES SUB-BASINS

Hisera 52,528 909.6 0.010 1002.1 0.028

Oltis 18,090 1149.5 0,044 91.7 0.069

Clota 23,509 631.3 0.027 38.1 0.029
51 6,794 113.0 0.016 25.1 0,020
52 28,406 602.6 0.021 147.3 0.026
53 3,601 - - -~ -~
53 3,544 - - 189.4 0.053
54 8,320 236.6 0.028 - 0.028
] 5,978 - - - -~
86 9,009 - - 118.3 0.013
§7 3,381 242,9 0,073 - 0.073
88 1,077 333.4 0,075 -- 0.075
59 12,997 319.5 0.029 140.2 0.040

PARANA/LOIRE SUB-BASINS

Parana 40,420 2830.4 0.070 - 0.070
LP1 7,686 136.3 0.018 -- 0.018
LP2 5,225 191.1 0.037 - 0.037
LP3 27,696 11.2 0,003 326.0 0.022
LP4 9,910 396.4 0.040 -~ 0.040
LPS 3,690 338.9 0.092 Sh.4 0.107
LPs 12,589 33%.0 0.027 - 0.027
LPéa 2,708 212.8 0.079 - 0.079
LP7 2,620 21.9 0,083 - 0.083

Average Samara Sub-Basin Drainage Density = 0.0384
Average Parana/Loire Sub-Basin Drainage Density = 0,0537
Average Internal Basin Drainage Density = 0.0234
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DISCUSSION

Interpretation of Map Units

Channel Features

Channels and Valley Networks (Ch)-All the various scale
channel and valley features have been shaped by fluid
erosion. The source of this fluid varied for the different
scale features. For the macro-scale features within Eos and
Capri Chasma, the source was most 1likely the adjacent
chaotic terrain (Carr 1979; Carr and Clow 19813 Murray et
al. 1981; Baker 1982). Parker and Pieri (1985b) suggested
that the catastrophic flow of water out of Argyre Planitia
carved the Uzboi/Holden/Ladon system. Valley network
formation by sapping processes and associated downstream
fluvial activity was first hypothesized by Sharp and Malin
(1975). As summarized by the Mars Channel Working Group
(1983) this is currently the popular theory of formation
held by most workers today, and will be further discussed in
this study.

Etched Terrain (Ch..)-The etched topography was created
by the removal of surface material through fluidal activity.
This flow was associated with discharge mainly from
Margaritifer Valles and, to a lesser extent, Samara and
Parana/Loire Valles. The eroded material was transported
downslope to the north and east.

Chaotic Features

Chaotic Terrain (Ct)-The chaotic terrain represents the
remains of a previously overlying surface that collapsed
after water was catastrophically released from below and
removed support (Saunders 19793 Carr 1979b). Carr (1979b)
suggested that extremely high pore pressure in confined
aquifers could lead to breakout and the catastrophic release
of water, thus forming the chaotic terrain. He demonstrated
that this process could repeat itself several times over an
extended period of time. This would help explain the wide
range of crater densities ocbserved in the terrain. Errors
in the measurement of crater densities, due to poor negative
resolution ({260 km/pixel for much of Iani and Margaritifer
Chaos) and difficulties in determining whether a crater is
within the chaotic terrain, or on the pre-collapse surface,
may be partially responsible for the large range of density
values for the chaotic terrain.

Fretted Terrain (Ctee)-The Fretted terrain in MCI19NE
(Fig. 3d) is not typical of the fretted terrain described
elsewhere by Sharp (1973). It is most probably the
incompletely developed edge of the adjacent chaotic terrain
to the east, and was formed in a similar manner.
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Positive Relief Chaotic Deposils (Cte)—-As previously
suggested by Boothroyd and Grant (1983) the positive relief
chaotic features may be similar to very large scale
terrestrial pingos. It is unclear whether or not these
features are still evolving at present.

Smooth Plains

Seooth Plains Deposits (Sp)-Volcanic, fluid and eolian
deposits of various ages that partially to completely cover
the Hc unit. Locations mapped as smooth plains that display
high crater densities {(about 100,000) have a deficiency of
small diameter craters, and large craters display almost
exclusively €C,, C=, and occasionally C= morphology. Other
areas, partially buried by resurfacing, that display mainly
C=, C=, and Casa class craters and high cumulative crater
densities (greater than 100,000), are labelled as part of
the Hc unit. Deposition of channel eroded material in the
area within Ladon Basin was responsible for the formation of
the smooth plains unit there. Smooth plains units mapped
are equivalent to unit P mapped by Saunders (1979).

Relict Polar Deposits (Spe)-The location mapped as relict
polar deposits was classified as such by Schultz (1984) on
the basis of its: 1) layered nature; 2) numerpus pedestal
craters; 3) location adjacent to an area of low thermal
inertiay and 4) position relative to asymetric crater
orientations around the planet (Schultz and Lutz-Garihan
1982). Schultz (1984) suggested that the polar wandering
which resulted in the deposits was the result of a
relatively rapid mass redistribution somewhere on the
planet. The development of the Syria Rise may represent
such a situation (Schultz, personal communication 1984).

Multi-Ringed Basins and Hilly and Heavily Cratered Deposits

Hilly and Heavily Cratered Terrain (Hc)-The terrain that
comprises this unit is the oldest in the qguadrangle. The
unit is quite thick and intensely brecciated by impact
events., It is also locally volatile rich. The surface of
the unit shows impact crater saturation in some locations,
and incorporates terrain associated with the multi-ringed
impact basins (Schultz et al. 1982). Similar to unit pc
mapped by Saunders (1979) and units hc and Uic mapped by
Wise (1979).

Ancient HMulti-ringed Impact Basins (»"")-These features
are multi-ringed topographic basins formed by large
meteorite impacts. Cross cutting relationships indicate
that they are the oldest recognizable features in the
qQuadrangle.

Mount Material (Md)-These generally elongate hills are
the extremely degraded remnants of concentric ridges (rings)
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created during the formation of the multi-ringed impact
basins (Schultz et al. 1982).

Other Features

Grabens (Gr)-All grabens in Margaritifer Sinus are
tensional features. Parker and Pieri (1985) have associated
their formation with the development of the fault system
radial to Tharsis and the initiation of formation of Valles
Marineris, thus giving them a relative age of about 10,000
to 5,500 from Wise et al. (1979).

Flow Modified Grabens (6r«)—Development of these grabens
was synchronous with development of the other grabens. Flow
modification associated with valley network development was
immediately post graben formation, based on cross—cutting
relationships and the relative ages of the two features.

Ridges («)-The first type of ridge is associated with
multi-ringed impact basin rings. The second type of ridge,
of compressional origin, is probably associated with Tharsis
evolution. Parker and Pieri (1985a) suggested that the
preferential location of the second type of ridge within
smooth plains units was due regional compression that caused
buckling in the relatively rigid plains deposits overlaving
less competent regolith. Wise et al. (1979) derived a
relative age of 10,000 to 5,000 for similar features located
in the Tharsis region.

Eolian Deposits (Ed)-All post Spa mantled and buried
surfaces appear to be a result of eolian deposition. All
dune fields also appear to be of eolian origin.

Geometry and Relationship of Large Scale Features

The NW portion of the guadrangle (see USGS 1980) is
dominated by Eos and Capri Chasma and related chaotic
terrain (Carr 1979; Carr and Clow 198153 Murray et al. 1981;
Baker 1982). These workers have suggested that the
catastrophic release of fluid from the chaotic terrain
caused the flow features observed in the chasma and the
connected outflow channels further to the north. Recession
of the southern wall of Eos Chasma has caused the beheading
of several southward flowing valley networks along the
chasma edge (Schultz et al. 1982, Boothroyd 1983). The
position of the chaotic terrain throughout the area (see
Fig. 3a,b and USGS 1980) is probably controlled by a
structural zone of weakness that enhanced permeability and
collapse, associated with the region of overlap of the rings
of the Ladon and Chryse multi-ringed impact basins (Schultz
and GBlicken 1979, Schultz et al. 1982).

The Ladon and Holden multi-ringed impact basins (Shultz
et al. 1982) are clearly the dominant structural controls in
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the SW portion of the quadrangle (Fig. 3b). Almost all
mount material in the region is associated with the basins
{Saunders 1979; Schultz and Glicken 1979; Schultz et al.
1982), and valley networks located there tend to show an
exterior radial centripetal pattern (after Pieri 1980a) with
segments of the systems commonly being deflected parallel to
a ring just before crossing it. The drainage pattern in
most of MC19SW is roughly centered on the Ladon impact
basin, the largest of the three, and which has been the site
of considerable fluvial deposition (Boothroyd 1982; Parker
and Pieri 1985a).

A large segmented system consisting of Uzboi, Holden and
Ladon Valles crosses the quadrangle from the SW to the NE.
Ladon Valles (Fig. 12) has isplated terraces at different
levels that were abandoned as the channel downcut (Boothroyd
1982; 1983; Parker and Pieri 1985a). Where Ladon Valles
passes one of the impact basin rings before debouching into
Ladon Basin, its course is changed from the NE to the NW
indicating the structural influence of the Ladon impact
basin on the system (Parker and Pieri 1985b).

The entire Uzboi/Holden/Ladon system was initially
through flowing into Ladon Basin (Florenski 19735; Fieri
1975; Boothroyd 1982) , however , Holden crater, now
superimposed on the central part of the system, appears to
have interrupted the late stage flow. Close examination of
Margaritifer Valles at the NE margin of Ladon Basin (Fig. 7)
shows that it drains the basin, and empties into the etched
terrain just south of Margaritifer Chaos (as had been
suggested by Florenski et al. 1975, and Boothroyd and Grant
1984). This indicates that the Uzboi/Holden/Ladon system
may once have been through flowing to the northeast.

Nirgal Vallis (see USGS 1980), a tributary network to
Uzboi Vallis, has received considerable attention because of
its conspicuous sinupsity and unusual morphology (Milton
1973; Schumm 1974; Weihaupt 19743 Sharp and Malin 19735;
Baker 1980b; 1982). Schultz et al. (1982) suggested a
source area for the system along a ring of the Holden Basin.
Milton (1973) described the lower half of Nirgal Valles as
being most similar to a sinuous lunar rille, with the upper
half similar to the entrenched arroyo systems in the
southwestern USA. Because the system is internally coherent
Milton feit a two—-fold method of genesis, e.g. lava tube
collapse and subsequent headward extension by fluvial
processes was unlikely. Sharp and Malin (1975) hypothesized
that because Nirgal Vallis is probably not located in a
region of youthful volcanic features, and because the
overall morphology resembles that of terrestrial systems
formed by sapping and runoff, sapping and associated fluidal
activity was most likely the principal agent of formation.
This is the generally accepted theory today.
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Fig. 12. Ladon Valles (MC19SW centered at 22.55, 29W) is
part of a large, segmented, northward flowing system
comprised of Uzboi/Holden and Ladon Valles. The system
empties into Ladon Basin to the north of Ladon Valles, and
may have been through flowing out of Ladon Basin into the
etched terrain (Fig. 7) further to the NE. At least five
different levels of terraces can be indentified in Ladon
Valles (1 is oldest, 5 is youngest) that were created as the
system evolved. A small region of chaotic terrain to the SW
of Ladon Valles probably served as a late source area after
interruption of the Uzboi/Holden flow by the Holden impact
event. The course of Ladon Valles changes from the NE to
the NW as it crosses the first (FRH) and second (SRH) rings
of the Holden, and the second (SRL) ring of the Ladon multi-
ringed impact basins. This is a result of the structural
influence imparted on the system by the multi-ringed basins.
Figure is slightly modified from that of Boothroyd (1982;
1983) (611A32, 650A16).
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The influence of the LLadon impact event extends well out
into MCI95E (Fig. 3c and USGS 1980), where a fourth poorly
defined ring may be present (Schultz and 6Glicken 1979;
Schultz et al. 1982; Schultz, personal communication 1985).
The fourth ring is defined by widely spaced ridges
concentric abput the center of the basin. Other evidence
favoring the existence of a fourth ring comes from
morphological changes in Samara and Parana/Loire Valles
(Fig. 3c), observed as they cross its hypothesized position
(Schultz et al. 1982). Between the fourth and third rings
of Ladon Basin, Samara and Parana/iloire Valles display many
short tributaries that usually enter the trunk wvalley at
very large junction angles, commonly 90 degrees (Schultz et
al. 1982). The drainage density along this reach is the
greatest that the two systems display (Tables 4 and 35).
This is also the zone where tributaries with the highest
drainage densities (with the exception of Parana Valles)
enter the systems (Fig. 9c,d, Table 5. The plains and
cratered terrain between the Ladon third and fourth rings in
MC19SE are highly dissected by numerous short, poorly-
integrated valleys, giving the area a grooved appearance.
Inside the third ring and outside the fourth ring Samara and
FParana/Loire Valles display a subdued morphology with
relatively low densities and poorly integrated tributaries.
Schultz et al. (1982), and Schultz (personal communication
i985) postuiated that the observed change in valley number
and density between the two rings was due to the presence of
a thick blanket of volatile rich ejecta emplaced during the
Ladon impact event. In the immediate vicinity of crater
Jones, both Samara and Parana/Loire valles are partially to
completely buried by ejecta from the Jones impact event
(Fig. 13).

Samara and Parana/loire Valles are classified as well
integrated longitudinal stem valley networks after Pieri
(1980a). Samara heads in the Argyre NE quadrangle (MC26NE)
and flows across MCI19SE. Just before crossing the fourth
ring of Ladon basin, Samara Valles splits as it crosses an
ancient ridge (Fig. 14), rejoining at the edge of the fourth
ring. The more western of the two Samara valleys is higher
than the eastern. This may be due to an impact crater in
the western valley that appears to have dammed the flow,
resulting in deposition upstream, and forcing flow to be
diverted into the deeper eastern Samara valley. At the
point that the two valleys diverge, several incised interior
channels described by Pieri (1980a) can be seen in eastern
Samara Valles (Fig. 14).

After crossing the fourth and third rings of Ladon Basin,
Samara Valles enters a gentle northward trending downwarp
known as the Himera Basin. At this point Himera Valles
joins the system (Boothroyd and Grant 1985). After entering
Himera Basin, Samara Valles trends in a more northerly
direction along the axis of the Chryse lowland trough (Fig.
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Fig. 13. Jones Crater, located just outside the third
ring of the Ladon multi-ringed impact basin (TRL) at 195,
20W. Ejecta from the crater has partially buried sections
(P) of BSamara and Loire Valles and completely buried
sections (C) of Samara Valles and a graben located NW of the
crater (651A6%5).
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Fig. 14. Split in Samara Valles as it crosses an ancient
NE trending ridge centered at 28.55, 13W. The eastern
valley is deeper than the western valley, possibly due to
damming of the western channel by the crater at (C),
resulting in deposition behind it (D), and the diversion of
all flow into the eastern valley. The eastern valley shows
several interior terraces and a deep central channel (I) at
29.55, 14W. This may be due to multiple flow events and/or
the differential erosion of the underlaying units at that
location. The material comprising the ancient ridge (dated
by crater counting) is some of the oldest terrain in the
quadrangle (relative age 1,000,000 to 850,000). Drainage
basins are depicted by dashed lines, and large arrows
indicate the flow direction. Positive relief chaotic
deposits (Cte) exist along the eastern valley (084A41).
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2). The system debouches into etched terrain just south of
Margaritifer Chaos, close to Margaritifer Valles.

The Parana/loire Valles system parallels Samara Valles to
the northeast. This system is comprised of two separate,
but connected sub-systems, Parana Valles and Loire Vallis,
and is treated as one system (Boothroyd and Grant 1983).
Parana Valles (Fig. 15 and USGS 1980) is a digitate network
(after Pieri 19803 Mars Channel Working Group 1983) bounded
to the east by the Noachis/Newcomb A multi-ringed impact
basin (22.55, 3W), described by Schultz et al. (1982).
Parana Valles shows one of the highest drainage densities on
the Martian surface (Baker 1282). This may in part be due
to the presence of a thick volatile rich layer associated
with the ejecta lithofacies of Noachis/Newcomb A basin to
the east, similar to that between the third and fourth rings
of the Ladon Basin (Schultz et al. 1982; Schultz, personal
communication 1983). Parana Valles drains to the northwest
into Parana basin, located within a very degraded impact
basin (Fig. 15) that displays positive relief chaos features
similar to very large scale pingos (Boothroyd and Grant
1985).

Loire Vallis heads in Parana basin (Fig. 15), thus Parana
and Lopire Valles are connected and were probably through
flowing (Boothroyd and Grant 19835). Loire Valles is a
longitudinal stem valley that drains in a northwesterly
direction along its entire course, finally debouching into
etched terrain at the axis of the Chryse lowland trough
close to Samara Valles and Margaritifer Valles (Figs. 2, 7).
Between the third and fourth rings of the Ladon impact
basin, Loire Valles displays a wide flat-bottomed profile
with tighter incised meander bends than Samara Valles.
Short high angle tributaries entering into Loire Vallis
along this section tend to be more numerous and better
developed than along the same section of Samara Valles (Fig.
3c).

The etched terrain that Margaritifer Valles and Samara
and Parana/Loire Valles empty into is shown in detail in
Figure 7. The unit lies along the axis of the Chryse
lowland trough and is bounded on the west, south and east by
relatively higher terrain (Fig. 7). The northern boundary
has been engulfed by collapse features associated with
Margaritifer Chaos. ‘Remnants appear to be unmodified by
flow over their tops. However, fluidal erosion from flow
out of the three systems was probably responsible for
removal of the material between the remnants.

Margaritifer Chaos and lani Chaos (Fig. 7 and USG5 1980)
lie to the north of the etched terrain; Ares Valles outflow
channel heads along the northern edge of chaotic terrain.
The relationship between Ares Valles, the chaotic terrain,
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etched terrain and flow out of Ladon Basin, Samara and
Parana/Loire Valles will be discussed later in the paper.

Besides Margaritifer and Iani Chaos, MCi19NE shows several
large unnamed valley networks (Fig. 3d and USGS 1980).
These networks drain to the north and west and may possibly
empty into 1Iani Chaos. Poor image resolution and thick
mantling in the region by relict polar deposits prevent
definitive mapping.

The northeastern most corner of MCIYNE (Fig. 3d) is the
site of a thick blanket of relict polar deposits (Schult:z
1984) that completely covers all valley networks and some
very large craters (Fig. 16). The deposit may have been
created by migration of the pole relative to the stationary
spin axis of the planet (Schultz 1984). Because the relict
polar deposits always cover the valley networks, Schultz
(1984) determined they are younger than the networks. He
suggests that by basal melting and/or trapping by impact
ejecta or flood basalts, volatiles in the deposits could
accumulate in the underlying megaregolith.

Drainage Basin Evolution

Period of Formation

The period of formation for the major valley networks in
the quadrangle, Samara and Parana/lLoire Valles, was between
8,300 and 4,600 based on the crater densities of surfaces
incised by the valleys and those covering them. Figures %a-
d shows the drainage basins for these two systems. The
combined drainage area of Samara and Parana/lLoire valles is
B4Z that of the Colorado River in the southwest USA (Table
4) ., Coupled with the fact that each major sub-basin is
drained by at least a third or fourth order system (Strahler
stream order classification, Strahler 1952) , and the
extensive, well integrated nature of these networks becomes
evident.

Several of the sub-basins of the two systems underwent
extensive resurfacing after formation by the fourth or
youngest dated resurfacing event that partially to
completely buried parts of the networks. Examples are Clota
Valles, S1, S3a, 55, 56, and LP3 (Figs. 17, 18). The
formation of some impact craters has also deranged and
buried valley segments that were probably once integrated
parts of the larger valley network systems.

Figure 10 shows an area in MC195E centered at 275, 12W.
A sub-basin of the Parana/loire system ((LP3) is in the
central portion of the figure. The southern half shows
several internal drainage basins (I2, I3a and I3b) separated
from LP3 by a drainage divide running E-W along the rim of a
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Fig. 16. An example of the typical appearance of relict
polar material located in the NE corner of MCI9NE described
by Schultz (1984). Figure is centered at 1IN, 1.5W.
Pedestal craters (P) are common, indicating the removal of
material around them since their formation (615A36).
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Fig. 18. Clota Valles and S1 sub-basins of Samara Valles

centered at 275, 21W. Valley segments (small arrows) in
both sub-basins have been partially buried by material
associated with the Spa resurfacing event. The contact

between the Spas and the older material to the north was
located using crater counts and is drawn as a solid line.
Any valley segments in the southern part of either of these
two sub-basins (B) have been completely buried by Spa

material. The dashed 1lines represent the position of
drainage divides and the large arrows indicate the flow
direction. Positive relief chaotic features are labelled

Cte (084A40).
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class C, crater. The regional slope of the area shown in
the figure is to the north, determined by stereographic
mapping. Figure 19a, a sketch of the area in Fig. 10, shows
numerous short northward flowing valley segments incised
into the Sps surface (14,000 to 8,100) can be seen in the
southern third of LP3 (Figs. 10, 19a) that are completely
buried by the Spa unit (6,000-2,000) further to the north
(Fig. 19a). A short segment of almost completely buried
valley marks the outlet of LP3 into farana Basin. The 1I3a
and I3 internal drainage basins are also occuppied by
fairly well developed valley segments indicating paleoflow
to the north, that terminate at the southern edge of class
C. crater Gb where buried by its ejecta (Fig. 19a).

It seems likely that the valley segments in LP3 were once
part of a more extensive integrated valley system that
drained the entire area and emptied into Parana Basin (Fig.
19b). This drainage has since been completely mantled,
except along the southern edge of LP3, by basin fill
associated with the last resurfacing event (Spa). It also
seems likely that internal basins I3a and I3b were once
connected to and a part of the LP3 drainage before
interruption by the crater Gb impact event. Figure 1%9b
shows a reconstructed drainage pattern for LP3, I3a and I13b
before valley burial by the fourth resurfacing event in the
northern part of LP3, and before the crater Gb impact event.
Drainage was probably much more extensive and better
integrated in the past then observed today (Fig. 19b).
Similar modifications, mainly burial after valley formation
(6,000-2,000), have affected other sub—-basins and sections
of the trunk systems. Locations include Clota Valles (Fig.
18), S3a, the headward section of Samara vValles, 55, S6, and
the northern edge of Parana Basin (Fig. 135).

The presence of several terrace levels in Samara Valles
at 29.55, 14.5W (Fig. 14), first identified by Pieri
(1980a), indicate that multiple flow events may have
occurred there, each resulting in incision below a given
terrace level. Another possibility is that the terraces
represent differential erosion of material deposited by
various resurfacing events. This could have happened as the
channel was downcut continuously or during multiple flow
events. A stronger case for differential erosion of the
strata deposited by resurfacing events can be made for an
area on the eastern side of Loire Valles at 208, 15W (Fig.
20) . At this location, headward erosion by small
tributaries of Loire Vallis was at different rates on
different levels, with the headwall receding more rapidly
than any beds below it. Differential erosion may have been
due to differences in the composition, porosity and
thickness of the various beds.

Samara and Parana/lLoire Valles and their associated sub-
basins are extensive and well integrated systems, and may
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Figs. 1%a-b. Figures 19a, b are sketch maps of the area
shown in Figure 10, containing the LP3 sub-basin of
Parana/Loire Valles and 12, I3a, and I3b internal basins.
Several short valley segments are present in the southern
half of LP3 (V) and well developed, northward flowing,
valley segments exist in 1I3a and I3b (V) (Fig. 19a).
Drainage in LP3 was to the north out into Parana Basin.
Much post valley resurfacing {(5pa) has occurred in the
northern 2/3 of LP3 (Fig 1%a). The resurfacing appears to

have buried all valley segments in that area. Surviving
valley segments in the southern 1/3 of the sub-basin are
incised into the Sp= surface. Valleys in 13a and 1I3b

terminate where buried at the edge of ejecta (E) from crater
Gb (Fig. 19a). Figure 19b is a reconstruction of drainage
in Parana/Loire sub-basin LP3 before partial valley burial
in the northern section by Spa material and interruption of
the southern drainage by crater Gb. Existing valley
segments in Figure 19b are shown as solid lines, dotted
segments are inferred. Drainage divides in Figs. 19a, b are
depicted as dashed lines. Arrows show paleoflow direction.
See text for further discussion.
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Fig. 20. Headward and middle portions of Loire Vallis
with Parana Basin to the SE. The arrowheads in the north
central part of the figure show the 1location where
differential erosion of layers in the substrate may have
occurred. The geomorphic contact between smooth plains and
the heavily cratered terrain is shown by the solid line.
The geologic contact between Sps and Spas (in Parana Basin
and along the western edge of the photograph), as determined

by crater counts, is shown by the dashed/dotted 1line
(615A43) .
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have been even more extensive and better integrated in the
past. Because of this, a relatively long period during
which climatic conditions were favorable for network
formation must have existed to permit their development.
This implies that valley formation, once initiated, was
probably more or less continuous throughout the 8,500 to
4,600 (3.73 to 3.6 BYBP) period determined for their
formation.

Evidence for an extended period of conditions favorable
to wvalley formation argues against the possibility that a
single catastrophic event was responsible for their
formation. It seems unlikely that events such as the
creation of Argyre Planitia, though bhuge in scale, could
have modified conditions regionally or possibly planetwide
for such an extended period of time (probably on the order
of 100 million vyears based on crater counts). A more
appealing scenarioc would be one where a sustained event,
capable of affecting conditions on such a large scale, was
responsible for the period of valley formation. A
possibility of such an event was the period of activity in
the Tharsis region associated with the creation of the Syria
Rise. This appears to have been mainly a tectonic event
that began at about 15,000 and peaked in activity from
10,000 to 5,000 (Wise et al. 1979). The timing of this
event is right, however any relationship to the valleys and
the creation of conditions favorable to their formation
remains unclear and may warrant further investigation.

Valley Wetwork Drainage Densities

Drainage density, the measure of the total valley length/
basin area (Gregory and Walling 1973; Baker 1982), is one of
the most useful variables in the amalysis of drainage basins
because it measures the stream density, a fundamental
feature of fluvial drainage basins (Gregory and Gardiner
1975; Baker 1982; Abrahams 1984). Simplistically, drainage
density is the measure of the basin efficiency in removing
excess precipitation in the form of surface runoff (Patton
and Baker 1976). Despite its value, few studies have
focused on drainage density for several reasons, including
the time consuming nature of derivation (Gregory and
Gardiner 1973). Only one study besides this one has
quantitatively examined the drainage density of Martian
valley networks (Baker and Partridge 1984a; Baker 1985), and
to date, no drainage density data has been located for
terrestrial systems formed by sapping processes.

At the macroscale relevant for Mars (Baker 1983),
terrestrial drainage densities are climate controlled
(Gregory and Gardiner 1975; Abrahams 1984) and are dependent
on mean annual precipitation, its seasonality (Gregory and
Gardiner 1975) and intensity (Gregory 1976). Drainage
densities are lowest in arid regions {(mean annual

94




precipitation <180 mm), increase to a maximum in semiarid
regions (mean annual precipitation >180mm but <{380mm),
decrease again in humid areas due to vegetation cover (mean
annual precipitation >500mm but <1,000mm) and finally
increase to a second maximum in superhumid areas (mean
annual precipitation >1,500mm but <3,000mm) (Abrahams 1984).

The drainage densities determined for Samara and
Parana/Loire Valles (Table 4) are remarkably similar for
both systems (0.034 km-km— = for Samara and 0.039 km-km™ =% for
Parana/sLoire). This suggests that the mechanism that
created the valleys was operating at similar rates during
formation of both systems. It further suggests that the
substrate beneath the two systems is of fairly uniform
composition and that equivalent amounts of fluid, whether of
meteoric or subsurface origin, were available to both during
formation.

The range of drainage density values observed for the
sub—-basins and various trunk portions of Samara and
Parana/Loire Valles (Table 4 and 5) is probably due to local
variations in the amount of resurfacing that has occurred
since valley formation and/or 1local variations in the
substrate and amount of fluid available. The Clota Vallisg
sub—-basin shows extensive post valley resurfacing limited
mainly to the southern 2/3 of the basin. The observed
drainage density of the entire sub-basin is 0.029 km-km™=,
however, if only the northern third of the basin is
considered, the density becomes 0.049 km-km =. Other sub-
basins and portions of the trunk valleys displaying low
density values may have been affected in a similar manner.

Mid trunk portions of Samara and Loire Valles and all of
Parana Valles may be incised into thick, volatile rich
lithofacies associated with ejecta from the multi-ringed
impact basins (Schultz et al. 1982; Schultz, personal
communication 198%5). As discussed above, the presence of
this material may be responsible for the higher density
values.

The drainage density values calculated for Samara and
Parana/Loire Valles are almost an order of magnitude lower
than values reported by Baker and Partridge (1984a) and
Baker (198%5) for 24 Martian valley networks. This
difference is due to differences in the technique used to
derive the values. Baker and Partridge (1984a) and Baker
(1985) used the headward extent of tributaries to define the
limit of the drainage basins of the valley networks, not the
topographic 1limit. Because of this, undissected basin
between tributaries and above the headward extent of the
tributaries was not included in the basin area and resulted
in the higher drainage density values. Because the
topographic drainage basin areas were utilized for density
calculations in this study, the values obtained can be
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compared better to terrestrial examples than those obtained
by Baker and Partridge (1984a) and Baker (1985).

All drainage density values obtained for the Martian
systems are well below those observed for terrestrial
systems formed by surface runoff in even the most arid
climates (Gregory and Gardiner 1975: Abrahams 1984),
suggesting that other processes, such as spring sapping,
were responsible for their formation. Unfortunately,
drainage density values for terrestrial systems formed by
sapping process are unavailable for comparison to Martian
values.

Valley Metwork Genesis

The general characteristics of the valley networks in
MC19 are similar to those described by others for networks
el sewhere on the planet. The networks in MC19 all head in,
and in most cases are located completely within, old heavily
cratered terrain. Pieri (1979) and Carr (1979a) noted a
similar distribution of networks in MC19 and elsewhere; Carr
and Clow (1981) calculated that over 99% of all valley
networks were located within heavily cratered terrain.
Tributary valleys either hang or appear as deep and wide as
trunk valleys; the interfluve areas between valleys are
broad, flat, and undissected. Valley junction angles tend
to show wide variability, but in general are low, a
characteristic that has been well documented (Pieri 1980a;
1980b; Pieri and Sagan 1979) for other Martian systems.
Drainage densities in MC19 and elsewhere are quite low
(Baker 1982; 1985; this study), and all the valleys are
scale variant (Mars Channel Working Group 1983). In
summary, the valley networks in MC19 are morphologically
typical of most Martian valley networks.

Pieri and Sagan (1979) compared all of the above
mentioned Martian valley characteristics, plus sinuousity,
presence of drainage basins, and drainage patterns among
others, to characteristics of terrestrial systems. On this
basis they concluded that genesis by headward sapping and
associated down valley fluvial activity was most consistent
with the observed Martian valley morphology. Formation of
Martian valley networks by sapping and downstream fluvial
activity was first suggested by Sharp and Malin (1975) and
is the most popular theory for their formation today (Pieri
and Sagan 1979; Pieri 1980a; 1980b; Pieri et al. 1980; Laity
and Pieri 1980; lLaity 1983; Laity and Malin 1985; Higgins
19823 Mars Channel Working Group 1983).

Laity and Malin (1985) define sapping as the process
resulting in undermining and collapse of valley head and
side walls, as a result of the reduction or complete loss of
basal support due to enhanced weathering and erosion by
concentrated fluid flow at a site of seepage. Examples of
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terrestrial systems formed mainly by sapping are not easily
located. This may be because many drainage systems whose
early development was dominated by sapping processes have
later been modified by surface runoff and can no longer be
recognized (Higgins 19823 1984). Baker (1982) suggests that
systems formed by sapping simply have not received much
attention in recent geomorphic research. Laity and Malin
(1985) point out that most work that has been done on
drainages formed by sapping has focused on small and micro
scale systems (Higgins 19743 1982; D 'Amore 1983; 1984),
although Higgins (19823 1984) has suggested that the sapping
process is scale independent.

Dunne (1980) developed a model for drainage networks
formed by spring sapping. He cited the presence of a
sloping water table with drainage towards a hydraulic sink
(stream or sea level) as the most important conditions
necessary for the initiation of sapping processes. Baker
(1982) examined volcanic valleys in Hawaii that have formed
by sapping. He noted that the high permeability of the
surface materials there has inhibited network development by

fluvial action and has thus allowed sapping processes to
dominate.

One of the best examples of a terrestrial drainage system
formed by sapping processes exists in the Glen Canyon region
of the Colorado Plateau, southwestern USA. Because the
region contains numerous canyons that are strikingly similar
in appearance and scale to Martian valley networks it has
recently been studied as a possible analog (Laity and Pieri
19780; Pieri et al. 1980; Laity 1983; Laity and Malin 1985).
In addition to conditions outlined by Dunne (1980) and Baker
(1982), Laity and Malin (1985) stated that the presence of
beds dipping in accordance with the slope was very important
in the development of valleys that most closely resemble
those seen on Mars. vValleys in the Glen Canyon region that
formed where the beds dipped away from the regional slope
more closely resemble valleys formed by surface runoff.
They also stated the importance of a relatively easily
weathered lithology. This allows rapid undermining of the
headwall by groundwater, and facilitates the removal of
talus following collapse. Laity and Malin (1985) concluded
that gross geomorphic processes similar to those forming
drainages on the Colorado Plateau may have operated during
formation of the Martian valley networks.

Fanale (1976), Carr (1979b) and Baker (1982) among
others, have suggested that a thick permafrost layer covers
the surface of Mars to a depth of 1 to 2 km. This is
supported by numerous occurrences of inferred permafrost
features. Saunders (1979) stated that in MC19 the ancient
heavily cratered terrain was probably highly brecciated to a
depth of at 1least 1 km. lLocations undergoing later
resurfacing have had a layer (s) of material deposited on top
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of the ancient terrain. These overlaying units are probably
thin in most locations, in comparison to the thickness of
the ancient brecciated terrain beneath, and may consist of
highly permeable lava and ash deposits. In MC19SE, the area
between the third and fourth rings of Ladon basin probably
contains an even thicker zone of intensely brecciated
volatile rich regolith than surrounding areas. This is due
to the probable presence of ejecta from the Ladon impact
event (Schultz et al. 1982; Schultz, personal communication
1985).

Samara and Parana/lLoire Valles in MCI19SE have features
indicating paleoflow directions accordant with the present
regional slope in the area. This suggests that the Chryse
lowland trough developed prior to the period of network
formation. Material emplaced during resurfacing events
prior to trough development would have been tilted to dip in
accordance with the regional slope as the trough was formed.

It is apparent from the above discussion that the general
conditions described by Dunne (1980), Baker (1982) and Laity
and Malin (1985) as necessary for the initiation of sapping
processes may be present on a regional scale in MC19SE.
Creation of the Chryse lowland trough provided the necessary
slope and hydraulic gradient towards the axis of the trough.
It also caused the dip of beds on the flanks of the trough
to be accordant with the regional slope. The presence of
thick intensely brecciated regolith would provide the
required permeability for ample groundwater flow. Even
higher permeabilities would be expected between the third
and fourth rings of Ladon Basin, the site of the most
extensively developed sections for the networks. The
intensely brecciated nature of the regolith probably also
provided the required lithology for high erodeability and
easy removal of debris. Regional thawing of the permafrost
layer in locations with sufficient ground ice would probably
have provided the necessary water to drive the system,
although it remains unclear what process or event caused
thawing to occur. Once started, sapping would have
continued until conditions favoring their formation changed

or until the groundwater supply was exhausted (assuming no
recharge).

Samara and Parana/Loire Valles, in MC19SE, have extremely
low drainage densities that argue strongly against formation
by surface runoff. A morphological comparison of the two
systems to terrestrial systems show that Samara and
Parana/Loire most closely resemble terrestrial systems (e.g.
the Glen Canyon region and the 6ilf Kebir plateau in
southwest Egypt) formed by sapping and associated downstream
fluvial activity (Pieri and Sagan 1979). Geologically, the
setting of Samara and Parana/lLoire Valles appears to meet
the general conditions described by Dunne (1980), Baker
(1982), and Laity and Malin (1985) as important for network
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development by sapping processes. Coupled with drainage
density measurements and morphological evidence, and a
strong case in favor of development by some sort of sapping
process can be presented for Samara and Parana/Loire Valles.
Similarities in scale, morphology and setting between Samara
and FParana/loire Valles and other valley networks in the
region suggests that sapping processes may have been the
dominant mechanism of valley formation throughout the
region.

Finally, as pointed out by Baker (1985) caution must be
exercised when directly comparing terrestrial and Martian
valleys. He states that caution is necessary because: the
origin of terrestrial systems is not fully understood;
conditions creating the Martian valleys were probably
unique; only morphologic parameters can be examined in the
case of the Martian networks; and the fact that terrestrial
studies have focused on channel networks, whereas Martian
studies examine relict valleys. This requires that any
conclusion concerning valley genesis and formation must
remain speculative in nature.
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Geologic/Geomorphic Evolution

The: 1) geologic/geomorphic map constructed of the area
(Figs. 3a-d); 2) crater counts, summarized in Figure 53 3)
geologic/geomorphic map unit correlation (Fig. 6); 4) cross-—
cutting and morphologic relationships; and 5) results of
drainage basin mapping and density determination (Figs. 9a-
d, 11, Tables 3, 4 and 5S); were used to trace the
geologic/geomorphic evolution of the Margaritifer Sinus
quadrangle.

The 0Oldest Features and Terrain

The oldest recognizable features present (about 4.5 BYBP)
in Margaritifer Sinus are the three multi-ringed impact
basins, Ladon, Holden and Noachis, Ffirst described by
Schultz and Glicken (1979) and Saunders (1979). The
formation of these basins resulted in large topographic
basins (e.g.Ladon Basin) and deep seated fracture systems
that have persisted to the present. Schultz and Glicken
(1979) and Schultz et al. (1982) also proposed that a
structural zone of weakness associated with an area of
overlap of the Ladon and Chryse Basin rings and of the
presence of a thick volatile rich ejecta blanket from Ladon
Basin may have led to collapse and formation of the chaotic
terrain in MC19NW (Figs. 3a,d and USGS 1980). The impact
basins have had considerable influence on some of the
drainage patterns. A thick blanket of wvolatile rich ejecta
beginning at the limit of excavation of Ladon Basin (Schultz
et al. 1982) may be responsible for the relatively higher
drainage densities along central portions of Samara and
Loire Valles (between the third and fourth rings of the
Basin). A similar situation may exist around
Noachis/Newcomb A Basin in the area of Parana Valles. Thus
the multi-ringed impact basins probably exert the dominant
structural control in Margaritifer Sinus.

The oldest dated surface in the quadrangle (1,000,000 to
850,000 or about 4.4 to 4.5 BYBP) was created during the
period of early intense bombardment that appears to have
affected the entire inner solar system 4.5 to 4.0 BYBP
before present (Murray et al. 1981). Where recognized
(Figs. 4a-d), the surface is expressed by numerous, large
(>50km) craters of various classes. O0f the locations where
the surface has been dated (Figs. 4a-d), it is best
preserved along a broad ridge trending roughly SW-NE from
central Samara Valles (295, 16W to southern Parana Valles
(245, 11W), and in the area to the west of Jones Crater from
about 145 to 20G. The surface has been labelled Hc on the
basis of its large diameter craters and very high crater
densities.

101 PRECEMMG PAGE ELANK NOT FiLMID




Periods of Resurfacing

Towards the end of the period of intense bombardment, the
first dated resurfacing event occurred (4.3 to 4.1 BYBP).
The event was probably wvolcanic in origin and appears to
have been the earliest regional modification of the cratered
highlands in MC19. Of the locations dated (Figs. 4a-d), the
surface is best preserved: 1) along a wide swath through
medial and distal Loire Vallis; 2) from Parana Valles SHW
into MC267NE; and 3) in central areas of MCI9NE (from crater
count C651A87.01B, Table 2, Appendix 3). Because the event
took place during the period of intense bombardment, the
surfaces created display high crater densities (300,000 to
100,000) with numerous large diameter craters (20 to 40 km),
though smaller in size and fewer in number than the cratered
uplands. Thus, the surface is usually mapped as unit Hc
where present. Crater densities observed on this surface
are similar to those noted by Wise et al. (1979) for the
ancient cratered highlands in the Tharsis region.

The next dated resurfacing event took place at the end of
the period of intense bombardment (just over 4.0 BYBP). The
surface displays moderately high crater densities (70,000 to
40,000) with craters predominantly S to 15 km in diameter.
This event was also volcanic in origin and regional in
extent. The surface is best preserved in the area around
278, 22W and at the foot of Samara and Loire Valles. At
some locations the unit has been almost completely buried by
later events. The creation of this surface was concurrent
with the end of the crustal destruction of the northern part
of Mars (Wise et al. 1979). The unit has been mapped as Hc
where superimposed on older, incompletely buried, higher
density surfaces, and as Sp= where the older material has
been completely buried.

The third period of resurfacing was the last to occur
before development of the valley networks and was the last
to affect the quadrangle on a regional scale. Whenever this
unit is present, valley networks are always incised into it.
The surface displays crater densities of 14,000 to 8,100
(about 3.75 to 3.8 BYBF) and has been dated at numerous
locations in MCI19SE, and MC26NE (Fig. 4c). Where thick
enough to bury older terrain completely it is labelled as
Sp=. Emplacement of this unit coincided with creation of
the Lunae Planum lava plains (from Wise et al. 1979).

Development of the Chryse lowland trough was prior to the
initiation of valley network and channel formation (before
about 3.8 BYBP). This can be inferred by observing that the
paleoflow indicators of direction in the major channels and
valleys are generally concordant with the present day
regional slope of the area, as first pointed out by Saunders
(1979). Several exceptions to this are the interior and

102




exterior radial centripetal drainage systems on hills
surrounding multi-ringed impact basins.

Peak Geowmorphic and Tectonic Activity

A peak in geomorphic and tectonic activity occurred in
MC19 from 10,000 to 5,000 (3.75 to 3.6 BYBP), concurrent
with peak Tharsis tectonic activity (Wise et al. 1979).
This period saw the development of major channels and
valleys, the etched terrain, and chaotic terrain.
Development of grabens and wrinkle ridges also occurred at
this time.

Meso—scale QOutflom Channels - Channel and valley
formation in the quadrangle may have begun with the
development of the Uzboi/Holden/Ladon system between 11,000
and 6,200 (about 3I.75 to 3.65 BYBP) and associated
deposition in Ladon Basin. This event has been associated
with flow out of Argyre Planitia (Parker and Pieri 1985b).
The age of the system is not well constrained, being based
on only five ‘average’ and ‘poor’ crater counts from the
floor of Ladon Basin. The system may have developed
contemporanecusly with channel and valleys elsewhere in the
region (8,500-4,600), or slightly earlier than the other
systems. Earlier development may have been favored by local
conditions associated with the Argyre impact event that
hastened the release of fluid from that area. This may have
occurred before conditions favorable to channel and valley

formation were fully developed elsewhere in Margaritifer
Sinus.

Flow in the Uzboi/Holden/Ladon system was interrupted as
a result of the Holden crater impact event. The floor of
Holden crater does show some evidence of flow modification
and a relatively small valley crosses the southern crater
rim from Uzboi Vallis into the crater (Fig. 21). The flow
direction in this small valley has not been determined and
it is possible that flow was out of Holden Crater southward
into Uzboi Vallis due to a change in local slope associated

with Holden crater. There is no evidence that the
Uzboi/Holden/Ladon system was through flowing following the
Holden impact event. No valleys breaching the northeast

side of the crater and connecting with Ladon Valles are
present, indicating that Holden Crater probably formed
during the late stages of flow, between 92,000 and 6,000
(about 3.74 to 3.65 BYBP). Roothroyd (19823 1983) and
Parker and Pieri (1985b) have suggested that an area of
chaotic terrain to the northeast of crater Holden (25.5S5,
3iW, Fig. 12) served as a late source area for Ladon Valles
after interruption of the system by the Holden impact event.

Flow out of Ladon Basin to the northeast, via

Margaritifer Valles appears to have been the dominant factor
in development of the etched terrain centered at 125, 22W
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Fig. 21. Northern Uzboi Vallis, Holden crater, and small
valley cutting across the rim of Holden crater (27.585, 3SW).
The floor of Holden crater shows some evidence of flow
modification (F), however, due to limited resolution, low
slope, and high adjacent local relief, flow direction in the
interior connecting channel could not be determined. It is
possible. that late flow in the channel was southward out of
Holden crater, a result of a possible local change in slope
associated with the impact. Flow in Uzboi Vallis further to
the south (large arrows) is northward (467A18, 19, 20).
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(Fig. 7). This is based on: 1) the large size of the meso-—
scale outflow channel in comparison to Samar a and
Parana/Loire Valles; 2) the relatively unmodified nature of
several large distributaries clearly associated with
Margaritifer Valles; and 3) the position of remnants
throughout the system (Fig. 7). There is an apparent lack
of distributary channels at the mouth of Samara and
Parana/Loire Valles. Crater densities from within the
etched terrain indicate a time of formation of 9,000 to
4,600, suggesting that flow out of Ladon Basin occurred at
this time. This would mean that development of the
Uzboi/Holden/Ladon/Margaritifer system actually may have
been more contemporaneous with channel and valley formation
elsewhere in the region (8,500 to 4,600) if flow was
simultaneous in all segments of the system. But, if ponding
in Ladon Basin occurred, release may have been associated
with later flow into the Basin from the numerous small
valley systems located mainly along its northern edge (see
UsSGs 1980).

vValley MNetwork Formation — The formation of the major
valley systems in the quadrangle, Samara and Parana/Loire
Valles, was between 8,500 and 4,600 (3.73 to 3.6 BYBP) and
probably occurred over much of the time span. This age is
based on numerous crater counts and is much better
constrained than the age of the Uzboi/Holden/Ladon system.
All valleys associated with Samara, Parana/lLoire Valles and
their tributaries are clearly incised into the wunit
associated with the third resurfacing event (14,000 to

8,100). A fourth unit, associated with a younger
resurfacing event (6,000 to 2,000), and also well dated,
always covers the valleys when present. The period of

network formation can thus be narrowly constrained based
upon the stratigraphic relationship of the networks to the
two units. Flow out of Samara and Parana/lLoire was
into/through the etched terrain and out to the north.
However, the lack of features in the etched terrain that can
be confidently associated with flow from these valley
networks further suggests that the terrain was shaped
primarily by flow out of Ladon Basin.

It is possible that valley formation had ended completely
by the time of the first occurrence of the fourth smooth
plains unit (Spa, &,000), however, because of the range of
dates on this surface, and its 1local occurrence, a more
intermediate value, such as 4,600, for the cessation of
valley formation is probably more realistic. This suggests
that the waning stages of valley formation in the region may

have alternated with the initial phases of the last
resurfacing event.

Tectonic Activity - The region was also tectonically

active during the period 10,000 to 35,000. Almost all
features labelled as grabens are approximately parallel to
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Valles Marineris and radial to the Syria rise. Parker and
Pieri (1985a) have associated these features with early
development of Valles Marineris and are therefore probably
part of the radial fault system of Tharsis. This would make
them similar to grabens described by Wise et al. (1979) in
the Tharsis area, thus assigning them an age of 10,000 to
5,500. The only exceptions to the graben orientation
described above are a N-S trending graben associated with
the Holden impact event (245, 28.5W, Fig. 3b) and a graben
system to the north of Ladon Basin (145, 31W, see USGS 1980)
that is arcuate in form and concentric about the center of
ilLadon Basin. It probably formed at the same time as the
other grabens, but its trend was controlled by the Ladon
fracture system.

Many grabens have valley networks associated with them
and have been flow modified (Fig. 22). Valley network
development was definitely post, but probably just after
graben formation, as the valleys always cut cross the
grabens. Evolution of grabens at the same time that
conditions favored valley formation would bave created
numerous seepage faces from which the valleys could then
evolve through spring sapping and the headward extension of
valleys, as suggested by numerous authors (Higgins 1974;

1982: Sharp and Malin 19753 Laity and Pieri 19803 Pieri et

al. 1980; Mars Channel Working Group i7983; iLaity 1983; Laity
and Malin 1985).

Features interpreted as wrinkle ridges are oriented
roughly N-S and are compressional features that may bhave
formed when buckling occurred in rigid wvolcanic lavers
overlaying less competent regolith as described by Farker
and Pieri (1985a). Because these features are oriented
semi—-concentric to the Tharsis region, they are inferred to
be part of the semi-concentric system of wrinkle ridges
described by Wise et al. (1979). This would assign an age
of 10,000 to 5,000 to the wrinkle ridges in Margaritifer
Sinus by analogy with those dated by Wise et al. (197%9)
closer to Tharsis.

Chaotic Terrain Formation - Development of the chaotic
terrain in MC19NW and MC19NE (Figs. 3a,d and USGS 1980) was
between 10,000 and 2,300 (3.75 to 3.1 BYBP). Initial
development was post, but probably essentially synchronous
with major channel and valley development and the formation
of the etched terrain. The relative ages are based on
cross—cutting relationships, as the chaotic terrain always
interrupts valleys or etched terrain where they occur.

Chaotic terrain is located predominantly between the
third and fourth rings of Ladon Basin, the proposed site of
a thick layer of intensely brecciated, volatile rich
regolith associated with the ejecta facies of Ladon Basin
(Schultz et al. 1982). The region is also postulated to be
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Fig. 22. Flow modified graben (Gf) and associated valley
networks located at 285, 23W. All valleys (V) drain into
the graben and appear to have originated either along its

walls or the walls of the degraded crater bisected by the
graben (084A38).
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a structural zone of weakness due to overlap of the rings of
Chryse and Ladon multi-ringed impact basins and their
associated deep seated fracture systems (Schultz and Glicken
1979 and Schultz et al. 1982). The nature of the regolith
and presence of numerous fractures would have greatly
improved permeability. Later development and thickening of
a permafrost layer, after flow through the etched terrain
during channel and valley formation, would have
substantially increased the pore pressure in the regolith
(Carr 1979b), further reducing support in this already
structurally weak area. The result would have been the
rapid collapse of the surface and the catastrophic outflow
of fluid from the region (after Carr 1979b), resulting in
the observed downslope flow features and outflow channels to
the north. Collapse and outflow would have continued until
pore pressures were reduced and the area became more stable,
or until outflow had decreased to the point that freezing
could occur thus resealing the aquifer (Carr 1979b).

It is possible that development of the chaotic terrain
was periodic in nature. A period{(s) of collapse may have
been associated with each of the following events: 1)
discharge from Ladon Basin via Margaritifer Valles (11,000 -
6,200); 2) discharge from Samara and Parana/lLoire Valles
(8,500 - 4,600); and 3) the continued eastward devel opment
of Valles Marineris toward Margaritifer Sinus, probably
between 5,000 and 4,000 from Wise et al. (1979) . Any
chronological combination of these events may reflect
reality, however, insufficient data precludes determination
of the precise age relationships of these systems/features.
Thus, the actual combination of events resulting in
collapse, and the number of periods of collapse remains
obscure. Following a period of collapse, redevel opment of
the permafrost layer and/or later recharge of the aquifer by
downslope migration of additional groundwater could have
resulted in additional collapse unrelated to the above
events (Carr 1979b).

Development of the positive relief chaotic features
(5,200?) may also have begun during the period of peak
geomorphic and tectonic activity (10,000 to 5,000). The
nature and origin of these features, and whether or not they
are actively evolving at present, remains obscure. As
suggested by Boothroyd and Grant (1985) these features
resemble large scale pingos and may or may not have formed
in similar manner.

The fretted terrain in MCI9NE (Fig. 3d) is inferred to be
the incompletely developed edge of the chaotic terrain. It
probably occurred during the waning stages of collapse and
outflow, either during the initial period of collapse or a
possible later period of collapse.
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The orientation of the chasma or channels between
undissected remnants in the fretted terrain appears to be
somewhat structurally controlled (Fig. 3d). However, the
orientation of fractures associated with the multi-ringed
basins, and the orientation of fractures inferred to be
associated with the early opening of Valles Marineris
(10,000 to 5,000) is similar. It can not be determined,

therefore, which, if either, set of fractures controls the
chasma orientation.

A fourth period of resurfacing, between 6,000 and 2,000
(about 3.65 to 2.5 BYBP) began as the period of channel and
valley formation was nearing its end. This event was
probably of volcanic origin and occurred locally, filling
basins. The unit is the youngest dated in the quadrangle
and is mapped as Spa. Emplacement coincided with the
building of Alba and Uranis Patera (Wise et al. 1979), and
at the time of enlargement of Valles Marineris eastward.

Post Channel and Valley Formation Activity

Following the period of channel formation the relict
polar deposits described by Schultz (1984) in the NE corner
of MCI9NE (Figs. 3d, 16) were emplaced. The relationship of
those depocsits to the adjiacent lani Chans is unknown due to
poor image coverage and resolution. Although undated, an
age between 4,500 and 2,000 (3.5 to 2.5 BYBP) appears
reasonable, based on the stratigraphic relationship of the

unit to the valleys and other smooth plains units.

Jones Crater (195, 20W) was formed sometime after the
peak period of geomorphic and tectonic activity. Ejecta
associated with the crater partially to completely covers
all valleys and grabens present (Fig. 13). Two tentative
crater counts performed on the Jones ejecta blanket have
vielded an age of 3,500 to 3,000 {(about 3.4 BYBF) for the
crater, making it one of the youngest dated features in the
guadrangle.

Eolian mantling following the Spa event may account for
significant deposits around the quadrangle. Numerous
locations display a subdued appearance as a result of this
mantling, and in some locations the complete burial of
features may have occurred. Thus, eolian mantling, occurring
after the Spas. event, may represent a separate, undated,
resurfacing event in some locations. Eolian dune formation
and mass movement have probably occurred throughout the
history of the planet. Present day 1locations of these
features include crater floors and the floors of Eos and
Capri Chasma. Dunes probably exist in other locations not
mapped, such as on the plains units, and mass movement has
probably occurred anywhere there was sufficient relief.
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CONCLUSIONS

1) The oldest recognizable features in Margaritifer
Sinus, based on cross—cutting relationships, are the three
multi-ringed impact basins, Ladon, Holden, and Noachis,
first described by Schultz and Glicken (1979) and Saunders
(1979). These basins have remained as the dominant
structural control in Margaritifer Sinus to the present.

2) The oldest dated surface in Margaritifer GSinus
(1,000,000 - 850,000 craters > 1 km-10® km™=) was created
during the period of early intense bombardment (4.5 to 4.0

BYBP) . Since that time numerous events, including four
resurfacing events of volcanic, fluid or eolian origin, have
occurred.

a) The earliest resurfacing event (300,000 - 100,000)
was of regional extent and was the first modification of the
ancient highlands in the area.

b) The second event (70,000 - 40,000) was also of
regional extent and coincides with the crustal destruction
of the northern third of Mars.

c) The third event {14,000 - B8200) was the last of
regional extent and is the youngest surface dissected by
valley networks. This event coincided with the end of

emplacement of the Lunae Flanum lava plains.

d) Following the third event, the peak period of
geomorphic activity occurred from 10,000 — 35000 (3.73 - 3.6
BYBP) concurrent with peak Tharsis tectonic activity.

e) The fourth resurfacing event (6000 - 2000) occurs
locally, filling basins, and always covers valley networks
when present. Emplacement was contemporaneous with the
opening of Valles Marineris.

f) Following the last resurfacing event, geomorphic
activity has resulted in: 1) eolian deposits that mantle,
and sometimes completely bury, features in some locationsg
2) the formation of relict polar material; 3) the possible
continued development of positive relief chaotic features;
4) the Jones impact event; and 5) mass movement and eolian
dune deposits.

3) During the peak period of geomorphic activity the
following events related to fluid release occurred: a) the
development of Uzboi/Holden/Ladon Valles with deposition in
Ladon Basin (11,000 - 6,200); b) the formation of Samara and
Parana/lLoire Valles in MC19SE (8,500 - 4,600); c) flow out
of Ladon Basin via Margaritifer Valles and, to a limited
extent, flow out of Samara and Parana/lLoire Valles that
created etched terrain (9,000 — 4,500) at their confluence;
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and d) initial development of Margaritifer and Iani Chaos
(10,000 - 2,300), which was immediately post channel and
valley formation.

4) Channel and valley formation may have begun with
development of the Uzboi/Holden/Ladon system (11,000 -
6,200). However, if ponding in Laden Basin did not occur
and flow in Uzboi/Holden/Ladon was continuous into the
etched terrain, dates within the etched terrain (9,000 -
4,600) suggest that development actuwally was contemporaneous
with channel and valley formation elsewhere (8,300 - 4,600).

S) Development of Margaritifer and Iani Chaos (10,000 -
2,300) may have been periodic in nature. A period of
collapse associated with each of the following events is
possible: a) discharge from Ladon Basin; b) discharge from

Samara and Parana/lLoire Valles (8,300 - 4,600); and «c)
development of Valles Marineris into Margaritifer Sinus
(around 5,000 - 4,000). Any chronological combination of

these events may reflect reality, however, insufficient age
data prevents the actual combination of events and number of
periods of collapse from being determined. Additional
periods of collapse, unrelated to these events, may have
occurred in the manner described by Carr (1979b).

&) Samara and Parana/Loire Valles are extensive well-
integrated fluvial systems with a combined drainage area of
535,550 km=, 84%L of that of the Colorado River in the
southwestern USA. As a result of resurfacing episodes after
valley formation and impact events, some valley burial and
network derangement has occurred indicating that these
systems were more extensive in the past.

7) The extensive, well-integrated nature of Samara and
Parana/lLoire Valles and their sub—basins requires a
relatively long period of favorable climatic conditions to
have existed to allow their evolution. Once initiated,
valley creation was probably continuous throughout the
interval (8,500 - 4,600).

8) Development of Samara and Parana/loire Valles was most
likely a result of sapping processes because: a) the
geoclogic setting of the two systems appears to meet the
general conditions described by Dunne (1980), Baker (1982)
and Laity and Malin (1985) as important for the initiation
of terrestrial network development by sapping processes; b)
drainage densities for Samara (0.034 km- km—=) and
Parana/Loire Valles (0.039 km-km™ =) are well below those
observed for terrestrial systems formed by surface runoff;
and c) morphologically, Samara and Parana/lLoire Valles most
closely resemble terrestrial systems formed by sapping and
associated downstream fluvial activity (Pieri and Sagan
1979).
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9 The similarity in drainage density values between
Samara and Parana/Loire valles suggests that the mechanism
that created the valleys was operating at similar rates
during formation of the two systems. It further suggests
that the substrate beneath the two systems is of fairly
uniform composition and that equivalent amounts of fluid,
whether of meteoric or subsurface origin, were available to
both systems on a regional scale.

10) The range of density values that is observed for the
sub-basins and various trunk portions of Samara and
Parana/Loire Valles is probably because of: a) 1local
variations in the amount of resurfacing that has occurred
after valley formation thus masking original higher drainage
densities; and b) variations in substrate and the amount of
fluid available on a local scale.
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APPENDIX 1

Crater Counting Methodology



Theory

The D.U. Wise method of dating 1local surfaces was
employed to complete crater counts on various surfaces
within MC19. This method uses relatively small areas
displaying a homogeneous distribution of craters in some
size range (Wise et al. 1979; Wise and Milkowski 1980).
Most other methods of crater counting utilize relatively
larger areas in an effort to build a large statistical base
(Wise and Milkowski 1980). These other methods are
effective when applied to single age surfaces, however, the
method becomes ineffective in regions affected by multiple
resurfacing events (Wise et al. 1979).

Lava flooding, mantling or erosion, occurring as
resurfacing events, preferentially destroys smaller craters,
due to their small volume and area, and usually only
partially destroys larger craters. The result is an
alteration in the crater size frequency distribution on
surfaces affected by a resurfacing event(s), the extent of
which being dependent on flow magnitude, thickness and
frequency of occurrence, so that it represents at least two
crater populations (Figs. 23a—-d) (Neukum and Hiller 1981;
Wise and Milkowski 1980). Each resurfacing event will
affect crater populations in a similar manner, completely
burying small craters and sometimes all craters in some
locations, and leaving larger craters or patches of larger
craters partially buried that represent an older surface and
show through the cover material.

As pointed out by Neukum and Wise (197&4) Neukum and
Hiller (1981) and Wise and Milkowski (1980) a cumulative
crater size—frequency plot performed on a large area
affected uniformly by a resurfacing event will show
flattening in the smaller crater sizes (Fig. 23a) or vield a
curve with two segments parallel to the standard curve, but
separated by a distinct bump. In the second case, one
segment represents all the larger craters that survived the
resurfacing event. Projection of the Martian standard curve
{Neukum and Hiller 1981) through this segment to 1 km may
vield a wvalid cumulative crater number for the older
surface. The other segment represents the crater history of
the surface following the resurfacing event. Projection to
ikm for this section will yield only an approximate age for
the resurfacing event. A crater size—-frequency plot derived
from an area affected by multiple resurfacing events will
display numerous bumps that will prevent reliable ages for
the various surfaces from being determined.

Even in an area affected by only one resurfacing event
problems arise. If resurfacing did not uniformly affect the
area, as often is the case, the larger surviving craters may
only be visible in patches. A crater size frequency plot
from such a location would result in a curve that is flat
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Fig. 23. Fig 23a is a cumulative crater size—-frequency
Plot obtained by counting all craters present in an area
centered on 125, 16W (see Fig. 4 and Table 2 for the
location of count C&51AB87.001). The curve is noticeably
flat for craters less than 10 to 15 km in diameter, and it
displays several bumps and different slopes. This is most
likely the result of one or several periods of resurfacing.
Comparison with the Martian standard curve (Fig. 23) would
vield only one age for this curve, based on the largest
craters, as that portion of the plot most closely matches
the slope of the standard curve. Close examination of the
region shows that three distinct size ranges of craters are
present. Using the method of dating local surfaces and the
three crater size ranges present, three plots (Fig. 23b-d),
each representing a period of resurfacing, have been
generated. Each curve vyields a relative age that
corresponds to events dated elsewhere in the quadrangle:
Fig. 23b to the Sp. event (age 110,000); Fig. 23c to the Spa
event (age 3,100); and Fig. 23d to the Sp= event (age
13,900).
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even for the larger diameter craters because local
distributions of the larger craters would end up being

averaged over the entire area of the count. This may
prevent derivation of a reliable age for the older,
partially buried surface. In both cases where a single

resurfacing event affects an area the age determined for the
time of resurfacing by projection through the segment
parallel to the standard curve in the smaller crater
diameters will be artificially high. Because the large
craters from the old surface have been included in the plot,
they become part of the cumulative frequency, causing all
the smaller diameter craters to plot at artificially large
cumulative values.

The method of dating local surfaces differs from the
method described above in that small (on average 40 +/- 30
craters per count), homogeneous populations of craters in a
given size range are utilized (Wise and Milkowski 1980). A
homogeneously cratered area is one that would yield similar
crater counts for randomly selected sub-areas within it
(Wise et al. 1979). Aireas that should be avoided when
employing this method include those with: 1) anomalous
crater concentrations, both high and low; 2) locations
displaying numerous potential secondary craters; 3) linear
rays of craters; and 4) some multiple craters. Figure 24
sShows an idealized drawing of a hypothetical area that is
homogeneously cratered in various locations by several size
ranges of craters. Outlined are locations in the various
size ranges that would be selected to perform crater counts.
Figure 24 also shows areas that should not be counted due to
the presence of anomalous crater distributions. The
selected areas show the craters choosen for each count.
Care must be taken to avoid counting craters partially
buried and not incised into the surface being considered.
Where not apparent, this is accomplished by examining the
morphological characteristics of the crater such as crater
class, rim characteristics, etc.. The presence of craters
from older surfaces in a cumulative size-frequency plot of
an area would shift the curve vertically upwards as a result
of contamination from older crater populations.

By selecting areas to be counted in this manner, each
cumulative crater size-frequency plot completed will be
related to a specific geologic unit (Wise and Milkowski
1980). This technique allows the dating of the different
periods of resurfacing by examining the 1locations of
different homogeneous size populations of craters in an
area. Each count will result in a cumulative crater size-—
frequency curve that is parallel to the standard curve and
can be projected to a 1 km crater number using the standard
curve of Neukum and Wise (1976). By projection to a 1km
crater number, numerous curves from different size ranges of
craters can be compared on a common base and the ages of the
various surfaces determined. The method of local surfaces
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avoids the problem of smearing of the data, such as can
occur when using large areas, due to an unequal distribution
of various size crater populations across an area counted.
The problem is eliminated by defining count locations on the
basis of the presence of a homogeneous distribution of
craters in some size range(s).

Because the number of craters in any one count completed
using this method is small, individual counts are not
statistically significant (Wise and Milkowski 1980), and
should not be heavily relied on. However, when numerous
counts are performed at various locations on the surface of
the same wunit, a consistently recurring age is a good
indicator of the correct age.

As pointed out by Wise and Milkowski (1980), this method
of crater counting requires that the geologic analyses and
crater measurements be done simultaneously in an effort to
explain the appearance of each plot. Each curve should also
be re-examined to determine if the craters selected are
actually on the surface in question, on an older partially
buried surface, or part of a younger surface covering the
area. This technique allows the surfaces of various
specific units to be dated when it is not possible to do so
by counting craters of various size populations over a large
area (Wise and Milkowski 1980). A further discussion of the
method of dating local surfaces can be found in Wise and
Milkowski (1980), Neukum and Wise (1976), Neukum and Hiller
(1981) and Wise et al. (1979).

Figure 23a shows count number C651A87.001, performed in
MC19NE. This area has been affected by at 1least one
resurfacing event. For all crater sizes < 10 - 15 km the
curve is noticeably flattened and has several bumps in it.
Comparison of this plot to the Martian standard curve would
vield the relative age of the oldest surface in the area at
best. Closer examination of this location shows that three
size ranges of craters are present. Three separate counts
(Figs. 23b-d),using the method of 1local surfaces, were
performed in the same region as Figure 23a. Each count
considered only craters in one of the three size ranges
present, and only in the areas where they were homogeneocusly
distributed. Interpretation of these three curves revealed
that three resurfacing events have affected this area.
Comparison with the standard curve of Neukum and Wise (1976)
shows that these events correspond to the Sp. (Fig. 23b, age
110,000), Sp= (Fig. 23c, age 13,900), and Spa (Fig. 23d, age
3100) events.

Technique

Areas were selected across MC19 that, when dated, would
show the age relationships between the channel and valley
features, the etched terrain at their confluence and
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Margaritifer and lani Chaos further to the north. For the
Uzboi /Holden/Ladon system the floor of Ladon Basin was
selected for crater counts and relative age determinations.
Numerous locations, mainly in MC19SE and MCI9NE, were
selected in an effort to determine the relative ages of
Samara and Parana/lLoire Valles based on the ages of surfaces
that the valleys were incised into and those covering the
networks. Other counts were performed in this same area to
determine the age of the ancient cratered highlands and the
timing and extent of the resurfacing events that have
occurred. All counts were used to help determine the
geologic evolution of MC19. Crater counts were also
performed in the etched terrain, within Margaritifer and
lani Chaos and on the floor of Ares valles to determine
their age relationships to to each other and to other
features in Margaritifer Sinus.

After selecting the types of terrain and the features
where counts would be performed, the highest quality
orthographic images of them (Table 2) were selected
(resolution about 200m/pixel). These images, along with the
1:1,000,000 photomosaic of MC19S5E were then checked to
determine scale accuracy using the following spherical
trigonometric formula:

<

Cos{a)=Cos{F0 - §,3}Tos{9C - §,)+3in{FC — §,}sin(90 - §)cos(,

_’?')

where Cos(a) is the cosine of distance between adjacent
corners of the photograph or image in degrees, = the
latitude and = the longitude of two adjacent corners of the
photograph or image. To get Cos(a) into degrees, its
inverse was taken. This was then multiplied by the average
nunmber of km/degree on Mars (calculated to be 59.07
km/degree) to derive the actual distance between corners of
the image or photograph in kms. This was then compared to
the bar scale given on the images to determine the percent
error in scale. All images examined were found to have less
then 1% error in scale. The assembled 1:1,000,000
photomosaic of MC195E was found to have a scale error of
generally less than 1%. The 1%Z error in the scale of the
images and photographs was considered negligible, therefore
the scale on the images was utilized for crater and area
measurements. The calculated scale was used for crater and
area measurements done from individual negatives because of
the large scale enlargement.

The 1:1000,000 photomosaic was then examined for specific
areas with bhomogeneous crater populations in some size

range(s). Measurements in areas displaying homogeneous
populations of craters S km and larger in diameter were done
directly from the 1: 1,000,000 photomosaic. Some

measurements were also made from the photomosaic in areas
showing a homogeneous crater distribution in the range of 2
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to 5 km in diameter. Measurements taken off individual
images used for crater counts were made for areas showing a
homogeneous crater distribution in diameters less than 5 km
in diameter.

To perform crater counts in areas located on individual
images, the following procedure was used. The images were
enlarged using an overhead projector so that small diameter
craters (about ©0.75 to S5 km) could more accurately be
measured. The projector was placed at least 7-8 m from a
wall where a piece of tracing paper had been taped. An
image was then taped in the center of the projector and
projected onto the tracing paper. The scale of the enlarged
image was determined by measuring the distance between the
same two corners of the enlarged negative that were used in
the original scale calculation and comparing it to the
calculated value. Distortion due to the projector was
considered and found to be 14 or less. A tracing of all
craters on the image and/or the area of interest on the
photomosaic was then made and the position of valleys,
grabens, chaos, etc, were marked for later ease of location
identification. Craters of various sizes partially buried
by resurfacing events, and craters of questionable quality
(see Theory section), were marked accordingly for later
identification. This procedure was repeated for all the
images used. The image tracings were then examined to
locate those areas displaying homogeneous crater populations
in some size range(s).

Locations selected to perform crater counts on both the
1:1,000,000 photomosaic and tracings of the individual
negatives were defined by a loosely fitting 1line drawn
around the selected craters that was placed in an effort to
preserve the homogeneous crater distribution (Table 2, Fig.
24). This was done by placing the line about one hal+f the
observed distance between craters beyond the outermost
craters in the group to be counted (Fig. 24). Placement of
the line was such that narrow embayments and peninsulas were
not created as this would not reflect a homogeneous crater
distribution. For count locations choosen on the
photomosaic the placement of the line averaged about 0.5 to
1.5 cm beyond the 1limit of the craters to be counted.
Locations on the negative tracings have the line placed 1 to
3 cm beyond the outermost craters. This difference in the
distance of line placement is due to the much larger scale
of the negative tracings.

The last step before actual area and crater measurement
was the labeling of all areas to be counted so that they
could be easily referred to later. Individual craters
within the count area were, in most cases, also numbered to
prevent them from being overlooked or counted twice.
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Measurement of the area of each crater count location was
done at least twice and then averaged to derive a more
accurate value. Areas were derived using both a Digital
Polar Planimeter and a plane table digitizer. Measurement
of individual crater diameters was performed twice on each
crater across two different diameters approximately 90
degrees apart. These two values were then averaged to
derive an accurate diameter for each crater. Diameter
values were obtained using a plane table digitizer or by
hand measurement and were calculated to the nearest 0.1 mm.

The values obtained for the area and crater diameters for
each crater count location were used in a program called
"STAMMER® written by Brian Fessler at the Lunar and
Planetary Institute, Houston, X, UusA, to derive a
logarithmic plot of the cumulative crater size-frequency
distribution (Figs. 23a-d, Appendix 3). Each plot has been
normalized so that it displays the log of the cumulative
number of craters-10® km™—= vs. log of the crater diameter
(obtained by dividing 1,000,000 km by the actual area of
the count and multiplying it times the cumulative frequency
of each crater in the area measured). The counts were
normalized to allow easy comparison of the plots toc the
Martian standard crater curve (Neukum and Hiller 1981) so
that relative ages could be derived, and to provide a
common base for inter—comparison of the plots. Each point
on a plot represents the cumulative number of craters of
that diameter and larger for that count. The confidence
interval for each point on the plot was calculated using the
following formula and is explained below:

Confidence interval = (cum.freq +/—- square root of the
cum.freq.) X 10 km= / Area of the count

The value for the cumulative frequency of each crater within
the area measured +/—- the square root of that value, was
multiplied times the gquantity (1,000,000 km= divided by the
actual measured area of the crater count). This derives the
confidence interval based on the normalized area (1,000,000
km=) of the count.

The Martian standard crater curve (Neukum and Hiller
1981, Fig. 25) was used to project the data to obtain a 1 km
crater number. This was done for each plot and the
resultant cumulative number of craters > 1 km-10® km—= has
been used as a relative time standard throughout the study
(after Neukum and Wise 1976; Wise 1979; Wise et al. 1979;
Wise and Milkowski 19803 and Neukum and Hiller 1981).

Each crater count was compared to photographs of the
count location. This was done to locate any errors in
crater selection and to see how the derived relative age of
the count compared to the geology of the region and other
counts located on similar and different surfaces. Anomalous
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Fig. 25. The Martian standard crater curve reproduced
from Neukum and Hiller (1981). A copy of the standard curve
at the same scale as the plots in Appendix 3, included in
the original thesis, can be obtained from the author.
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curves due to error in crater selection or measurement were
edited and replotted. Anomalous curves with no identifiable
cause for their abnormalities (such as strange slope,
numerous bumps in the curve, or poor relative age
determination) were discarded altogether. All replotted
curves were generated using a second version of the
*STAMMER° program set up to run on the Prime computer with
CalComp graphics subroutines. All useable counts were
eventually replotted using the updated program to create a
common format for all counts (Appendix 3).

All counts considered as useable (total of 102) are
listed in Table 2, Figure 4a-d, and presented in Appendix 3.
A point representing the relative age of each count vs the
terrain where the count was performed (e.g. smooth plains,
chaotic, etc,) was plotted in Figure 5 in an effort to
determine periods of resurfacing and the time of formation
of the various units and landforms present. Empbasis was
placed on the relative ages determined for the best counts.
For specific types of terrain (Ladon Basin, etched, chaotic,
etc) the full range of ages derived for the unit have been
used to assign the period during which the feature most
likely <formed. Periods during which resurfacing events
occurred were defined by distinct clusters of relative ages
(Fig. 5) for counts completed at locations inferred to have
been resurfaced, and that could be correlated with
geologically distinct units.

Absolute ages were assigned to the units by comparison of
their relative ages with the lunar standard crater curve
(Neukum and Hiller 1981). The lunar curve is probably a
resonable estimate of the crater flux at Mars and was
therefore used for the age determinations.
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APPENDIX 2

Computer Programs
Used to Derive Logarithmic

Cumulative Crater Size-Frequency Plots



Two versions of the same program called ‘STAMMER', were
used to derive cumulative crater size—-frequency plots for
each crater count location. Each version is presented in the
following pages. Both programs are written in Fortran 77 and
both create data files containing all calculations performed
during execution that allow for later examination. The first
version was written by Brian Fessler at the Lunar and
Planetary Institute, Houston, TX. USA. It is designed to run
on a Digital Vax 11/780 mainframe computer. Graphics for
this version were written using DEC ReGIS (Remote Graphics
Instruction set) graphics subroutines. Output was reviewed
on a Digital VT125 Graphics terminal and bhardcopies were
obtained from a Digital Letterwriter 100 printer. Inital
plots and edits were obtained at the Lunar and Planetary
Institute in January 19835.

The second version of the 'STAMMER' program, listed after
the first in the following pages, was a modification of the
original that allowed the program to operate on the
Primes/830 computer at the University of Rhode Island.
Modifications were almost entirely within the graphics
section of the program, the actual calculation part of the
text was unaltered. The new version used Primos/Rev.19.3
Calcomp graphic subroutines to obtain hardcopies of the
plots on a Calcomp 1051 printer. Source changes were
completed by Dan Halloway at the URI Academic Computer
Center and by the author. All final edits of the program and
final copies of each log cumulative crater size—-frequency
plots are shown in Appendix 3.

- CEDING PAGE ELANK NOT FILMED
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ORIGINAL VERSION OF PROGRAM STAMMER
FOR CALCULATION OF CUMULATIVE CRATER
SIZE-PREQUENCY PLOTS
WRITTEN BY BRIAN FESSLER
AT THE LUNAR AND PLANETARY INSTITUTE
HOUSTON, TX, USA

PROGRAM STAMMER

REAL DIAM(1000),DIAMCUM(1000),DIAMNUM(1000),NEWD,OLDD
REAL FACTOR,AREA,CUMPER1D6(1000),CONFID(2,1000),Y(2)
REAL MAXDIAM

REAL LENGTH1,LENGTH2,LENGTH(200),MM,KM

CHARACTER INFILE®40,0UTFILE®40,TITLE®40

WRITE(6,®) 'ENTER INPUT FILENAME:'
READ(5,5) INFILE
FORMAT(A)

OPEN(UNIT:1,FILB=INFILB,STATUS:'0LD',RSADONL!)

WRITE(6,%) ' !

WRITE(6,®) 'ENTER OUTPUT FILENAME:'

READ(5,5) OUTFILE
OPEN(UNIT=z2,FILE=QUTFILE,STATUS='NEW')

WRITE(6,®) '
WRITE(6,®) 'ENTER TITLE FOR GRAPH:'
READ(5,5) TITLE

MAXDIAM=100.0

READ(1,6) MM,KM /% READ MAP SCALE (mm:km)
FPORMAT(F2.0,1X,F)
CONST=KM/MM

CALL GETVALUE(AREA1,%99) /% GET AREA ESTIMATES AND AVERAGE
CALL GETVALUE(AREA2,%99)
AREA=((AREA1+AREA2)/2.0)%CONST®#2

N=0

CALL GETVALUE(LENGTH1,%#8) /® GET LENGTH ESTIMATES AND AVERAGE
CALL GETVALUE(LENGTH2,%99)

NzNe1

LENGTH(N)=z((LENGTH1+LENGTH2)/2.0)®CONST

@goTo 7 '

CALL SORT(LENGTH,N) /% SORT LENGTHS INTO DESCENDING ORDER

DO I=21,N /% DETERMINE NUMBER OF CRATER DIAMETERS
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20

NEWD=LENGTH(I)
IF (I.EQ.1) THEN
OLDD=NEWD
ICTR=1
DIAM(ICTR)=NEWD
ENDIF
IF (NEWD.EQ.OLDD) THEN
DIAMNUM(ICTR)=DIAMNUM(ICTR)+1.0
ELSE
OLDD=NEWD
ICTR=ICTR+1
DIAM(ICTR)=NEWD
DIAMNUM(ICTR)=1.0
ENDIF
NDDO

WRITE(2,%) 'DIAMETER CUMULATIVE FREQUENCY NO. OF CRATERS'

D

E

0 I=1,ICTR /% COMPUTE CUMULATIVE FREQUENCY
IF (I.BQ.1) THEN /% OF CRATERS

DIAMCUM(I)=DIAMNUM(I)

ELSE
DIAMCUM(I)=DIAMNUM(I)+DIAMCUM(I~1)

ENDIF

WRITE(2,%) DIAM(T),® ', DIAMCOM(T), " ' DIAMNOM(T)

NDDO

WRITE(2,%) ' ¢
WRITE(2,%) 'DIAMETER CUM.FREQ.%1.E6/AREA CONFIDENCE INTERVAL'

F

D

CALL
CALL
CALL
CALL
CALL
CALL
CALL
*1.0

ACTOR=1.0D6/AREA

0 I=1,ICTR /% COMPUTE CUMULATIVE FREQUENCY
CUMPER1D6(I)=FACTOR®DIAMCUM(I) /% OF CRATERS PER 10886 KM#&82
CONFID(1,I)=FACTOR®(DIAMCUM(I)+SQRT(DIAMCUM(I))) /® COMPUTE CONFID
CONFID(2,I)=FACTOR®(DIAMCUM(I)-SQRT(DIAMCUM(I))) /% INTERVAL
IF (CONFID(2,I).EQ:0.0) CONFID(2,I)=1.0
WRITE(2,%) DIAM(I),CUMPERID6(I),CONFID(1,I),CONFID(2,I)

ENDDO

INIT_GRAPHICS()

CLEAR_TEXT

CLEAR_SCREEN
DRAW_GRAPHPAPER('LOG',5,1,'L0G',5,1, 'GRAY3')
LNAXIS('XT',INFILE,,,)

LNAXIS('XB', '"LOG(DIAMETER (km))',0.001,MAXDIAM, .FALSE,)
LNAXIS('YL','LOG(CUM.#/10%%6 kme®82) 1,

,100000.0, ,TRUR.)

DO I=1,ICTR

Y(1)=DIAM(I)

Y(2)=DIAM(I)

CALL PLOT_POINT(Y(1),CUMPERID6(I),'L"',T7)

CALL PLOT_DATA(2,Y,CONFID(1,I),'L','GRAY3',,1,,,)
ENDDO
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80 WRITE(6,%) 'ENTER HARDCOPY OPTION: 1) SMALL, 2)LARGE, 3)NONE'
READ(5,%) IOPT

IF (IOPT.EQ.1) THEN
CALL COPY_VIEWPORT
GOTO 80
ELSE IF (IOPT.EQ.2) THEN
CALL 2Z00M(2,2)
CALL COPY_VIEWPORT
CALL NOZOOM
GOTO 80
ENDIF

CALL CLEAR_SCREEN
STOP

99 WRITE(6,®) '®e8UNEXPECTED END OF DATA®e®:

STOP
END

SUBROUTINE GETVALUE(VAL,®)

REAL VAL
CHARACTER LINE®80,NUM®10

-t

READ(1,5,ERR=25,END=35) LINE

5 FORMAT(A)

NUM(1:6)=LINE(33:38)
NUM(T:10)=LINE(41:44)
DECODE(10,15,NUM(1:10),ERR=25) VAL

15 FORMAT(E10.3)
IF (VAL.EQ.0.0) GOTO 1
RETURN

25 WRITE(6,%) '#88ERROR DURING READ OR DECODE®##®:!
- WRITE(6,%) LINE
WRITE(6,%) NUM
35 RETURN 1
END

SUBROUTINE SORT(ARRAY,N) /% DESCENDING
REAL ARRAY(200)
LOGICAL SORTED
SORTED=,FALSE.

DO WHILE (.NOT.SORTED)
SORTED=.TRUE.
DO I=1,N-1
IF (ARRAY(I).LT.ARRAY(I+1)) THEN
SORTED=.FALSE.

148




TEMP=ARRAY(I)
ARRAY(I)=ARRAY(I+1)
ARRAY(I+1)=TEMP
ENDIF
ENDDO

ENDDO

RETURN

END
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UPDATED VERSION OF PROGRAM STAMMER
FOR CALCULATION OF CUMULATIVE CRATER
SIZE-FREQUENCY PLOTS
CHANGED TO OPERATE ON
THE PRIME/850 COMPUTER WITH
CALCOMP GRAPHICS SUBROUTINES
CHANGES IMPLEMENTED BY
DAN HALLOWAY AND JOHN GRANT

PROGRAM STAMMER

REAL DIAM(1002),DIAMCUM(1000),DIAMNUM(1000),NEWD,OLDD
REAL FACT,AREA,CUMPER(1002)

REAL CONFID1(1000),CONFID2(1000)

REAL MAXDIAM,XARRY(1002),BLOG(10)

REAL LENGTH1,LENGTH2,LENGTH(200),MM,KM

CHARACTER INFILE®#40,0UTFILE®40,PLOTFILE®40

CHARACTER®1 TEXT1(24),TEXT2(24),TEXT3(24)

WRITE(®,%) 'ENTER INPUT FILENAME:'
READ(%,5) INFILE
FORMAT (A)

OPEN(UNIT=101,FILE=INFILE,STATUS='0LD"')

WRITE(®,®) t ¢
WRITE(®,%) 'ENTER OUTPUT FILENAME:'
READ(®,5) OUTFILE

OPEN(UNIT=102,FILE=OUTFILE,STATUS='NEW')

WRITE(®,®) ' !
WRITE(®,%) 'ENTER PLOTFILE FILENAME:'
READ(®,5) PLOTFILE

MAXDIAM=100.0
DIAMNUM(1)=0.0
DIAMCUM(1)=0.0

READ(101,6) MM,KM /* Read map scale (mm:km)
FORMAT(F3.0,1X,F6.3)
CONST=KM/MM

CALL GETVALUE(AREA1,%99) /% Get area estimates and average
CALL GETVALUE(AREA2,%99)
AREA=( (AREA1+AREA2)/2.0)®CONST##2

N=0

CALL GETVALUE(LENGTH1,%8) /#® Get length estimates and average
CALL GETVALUE(LENGTH2,%99)
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N=N+1
LENGTH(N)=((LENGTH1+LENGTH2)/2,.0)®CONST

GOTO 7
8 CALL SORT(LENGTH,N) /% Sort lengths into descending order
10 DO 991 I=1,N /% Determire number of crater diameters

NEWD=LENGTH(I)

IF (I.EQ.1) THEN
OLDD=NEWD
ICTR=1
DIAM(ICTR)=NEWD

ENDIF

IF (NEWD.EQ.OLDD) THEN
DIAMNUM(ICTR)=DIAMNUM(ICTR)+1.0
ELSE
OLDD=NEWD
ICTR=ICTR+1
DIAM(ICTR)=NEWD
DIAMNUM(ICTR)= 1.0

ENDIF
991 CONTINUE
20 WRITE(102,%) 'DIAMETER CUMULATIVE FREQUENCY NO. OF CRATERS?!
DO 992 I=1,ICTR /% Compute cumulative frequency
IF (I.EQ.1) THEN /® of craters
DIAMCUM(I)=DIAMNUM(I)
ELSE
DIAMCUM(I)=DIAMNUM(I)+DIAMCUM(I-1)
ENDIF
WRITE(102,%) DIAM(I),' 't ,DIAMCUM(I),' ' , DIAMNUM(I)

992 CONTINUE

WRITE(102,%) * !
WRITE(102,%) 'DIAMETER CUM.FREQ.®%1.E6/AREA CONFIDENCE INTERVAL'

FACT=1.0D6/AREA

DO 993 I=1,ICTR /% Compute Cumulative frequency
CUMPER(I)=FACT®DIAMCUM(I)
CONFID1(I) = FACT®(DIAMCUM(I)+SQRT(DIAMCUM(I)))
CONFID2(I) = FACT®(DIAMCUM(I)-SQRT(DIAMCUM(I)))

c Qutput Diameter, Cumulative frequency and Confidence intervals
WRITE(102,%) DIAM(I),CUMPER(I),CONFID1(I),CONFID2(I)
993 CONTINUE

c Minimum values stored into data arrays at ICTR+1 locations.
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Used to insure constant scaling when using packaged SCALG routines.

ICTR then incremented to accommodate extra elements.
Added minimum data point will NOT be plotted.

CUMPER(ICTR+1) = 100.00

DIAM(ICTR+1) = 0.10
ICTR = ICTR + 1

Source changes to operate on PRIME/850-~PRIMOS/REV.19.3
Calcomp graphic subroutine calls to create log. plot
Open plotfile for output

CALL OPEN(120,PLOTFILE, 20, 'OUTPUT?')
CALL PLOTS(0,0,120)

Call Automatic Scaling Routines
CALL SCALG(CUMPER,6.0,ICTR, 1)
CALL SCALG(DIAM,6.0,ICTR,1)
CALL NEWPEN(3) :
Draw and Annotate X-Axis
CALL LGAXs(0.0,0.0,' ',-1,6.0,+0.0,DIAM(ICTR+1),0.5)
CALL CENTER(STX,.14,';L0OG DIAMETER #KM',17,6.0)
CALL CHARS(STX,-0.50,.14,';L0G DIAMETER #KM',0.0,17)

Draw and Annotate Y-Axis

CALL LGAXS(0.0,0.0,*' ',1,6.0,90.0,CUMPER(ICTR+1),0.5)

CALL CENTER(STX,.14,';LOG CUM. ># C;/10"6 #KM;"2',27,6.0)
CALL CHARS(-0.40,STX,.14,';LOG CUM, ># C;/10"6 #KM;"2',90.0,27)

Complete a Box with X and Y Axis

CALL PLOT(0.0,6.0,3)
CALL PLOT(6.0,6.0,2)
CALL PLOT(6.0,0.0,2)

Draw Grid on Log. Axis

CALL NEWPEN(1)
ET010 = 0.4342945
DO 11 I=1,9
BLOG(I) = ALOG(FLOAT(I))®ET010

FXMN
BLMN
Fd =

INT( ETO10 ® ALOG(CUMPER(ICTR+1))+100.0001)-100
(ETO10 # ALOG(CUMPER(ICTR+1))=-FXMN)/.5-.0001
.0

onn
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ENDIF
CONTINUE
FJ = FJ +

CONTINUE

12
13

FJ = 0.0
Y = 0.0
DO 14 J
DO 15
X
IF ((
CALL
CALL
CALL
CALL
ELSE
CALL
CALL

I
= (B

1
L
X

Q=W

]
OG(I)+FJ)/0.5

L] L] n.g ) DANDI
PLOT(X,Y,3)
PLOT(X+2.75,Y,2)
PLOT(5-9'II3)
PLOT(6.0,Y,2)

(Y .LE. 5.9 )) THEN

PLOT(X,Y,3)
PLOT(X+6.0,Y,2)

1.0

3
1,9
G(I)+FJ3)/70.5
.GB., 2.75 )
PLOT(X,Y,3)
PLOT(X,Y+4.9,2)
PLOT(X,5.9,3)

PLOT(X,6.0,2)

LAND. ( X .LE. 5.9 )) THEN

PLOT(X,Y,3)
PLOT(X,Y+6.0,2)

ENDIF
CONTINUE
FJ FJd + 1.0
CONTINUE

15

14

Annotate Graph in Upper-right corner

Draw a Box to enclose the annotation

aaoaoon

CALL
CALL
CALL
CALL
CALL
CALL

NEWPEN(3)
PLOT(2.75,5.9,3)
PLOT(2.75,4.9,2)
PLOT(5.9,4.9,2)
PLOT(5.9,5.9,2)
PLOT(2.75,5.9,2)

Prompt User for Annotation Information

aoaQ

WRITE(®,102)

FORMAT(' !',' Enter First-Text Array')"
READ(®,104)(TEXT1(1),I=1,24)
FORMAT(24A1)

102
104
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c
c

c
c
c
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103

105

106

88

WRITE(®,103)
FORMAT(' *',' Enter Number of Chars in Text Array!')
READ(®,#)N

CALL CHARS(3.0,5.60,.15,TEXT1,0.0,N)
Prompt User for Second Line of annotation

WRITE(#®, 105)

FORMAT(' ',' Enter Second-Text Array!?)
READ(',104)(TEXT2(I),I=1,2M)
WRITE(®,103)

READ(®,®)N

CALL CHARS(3.0,5.30,.15,TEXT2,0.0,N)
Prompt User for Third Line of annotation

WRITE(®,106)

FORMAT(' ',' Enter Third-Text Array!')
READ(',10")(TEXT3(I),I=1,25)
WRITE(®,103)

READ(®,8%)N

CALL CHARS(3.0,5.05,.100,TEXT3,0.0,N)

Plot data points with confidence interval attribute

XMIN = ETO10 ®* ALOG(DIAM(ICTR+1))
YMIN = ETO10 ® ALOG(CUMPER(ICTR+1))

CALL NEWPEN(2)

DO 88 I = 1,ICTR-1
CUMPER(I) = ALOG(CUMPER(I))®ET010
DIAM(I) = ALOG(DIAM(I))®ETO10
XPAGE (DIAM(I)-XMIN)/0.5
YPAGE (CUMPER(I)-YMIN)/0.5

Plot symbols at data points
CALL SYMBOL( XPAGE, YPAGE, 0.100, 1, 0.0, =1 )
Plot 1line representing confidence-interval
YNEW = ((ETO10'ALOG(CONFID1(I)))-YMIN)/O.S
CALL PLOT( XPAGE, YNEW, 3 )
INEW = ((ETO10®ALOG(CONFID2(I)))-YMIN)/0.5
IF( YNEW .LT. 0 ) YNEW = 0.0
CALL PLOT( XPAGE, YNEW, 2 )
CONTINUE

Close plotfile
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35

97

CALL PLOT(0.0,0.0,999)
CALL CLOSE(120)

Close Data and Output files

CLOSE(UNIT=101)
CLOSE(UNIT=102)
STOP

Abnormal termination error message

WRITE(®,®) '&88UNEXPECTED END OF DATA®s®)
STOP
END

SUBROUTINE GETVALUE(VAL,®)

REAL VAL
CHARACTER LINE®80,NUM®10

READ(101,5,ERR=25,END=35) LINE
FORMAT(A)

NUM(1:6)=LINE(33:38)
NUM(T7:10)=LINE(41:44)

DECODE(10, 15,NUM(1:10),ERR=25) VAL
FORMAT(E10.3)

IF (VAL.EQ.0.0) GOTO 1

RETURN

WRITE(®,®) '&83ERROR DURING READ OR DECODE®®#!
WRITE(®,%) LINE

WRITE(®,®) NUM

RETURN " 1

END

SUBROUTINE SORT(ARRAY,N) /#® Descending

REAL ARRAY(200)
LOGICAL SORTED
SORTED=,FALSE,

IF (.NOT.SORTED) THEN
SORTED=.TRUE.
DO 991 I=1,N=-t
IF (ARRAY(I).LT.ARRAY(I+1)) THEN

SORTED=,FALSE.
TEMP=ARRAY(I)
ARRAY(I)=ARRAY(I+1)
ARRAY(I+1)=TEMP
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ENDIF
CONTINUE
GO TO 97
ENDIF
RETURN
END
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APPENDIX 3

Crater Counts:

Logarithmic Cumulative Crater Size-Frequency Plots



Each count is labelled in the top right hand corner of
the plot. The first line of annotation refers to the quarter
of MC19 or MC26 that the count was performed in. The second
line describes the specific location of the count (place
name) followed by the latitude and longitude of its center.
The third line refers to the specific negative used for the
count and the count number on the negative (e.g. CO0B4A38.002
refers to count number two on the negative 084A38). Plots
with CMC195EMOS at the beginning of the third line of
annotation refer to those counts taken from the 1:1,000,000
photomosaic constructed of MC19SE. The last three characters
on the third line of these plots refers to the general size
range of craters measured from the 1:1,000,000 photomosaic
that were used to create the plot. See Table 2, Figs. 4a-d
and the individual plots for the specific location and
crater size range of individual counts.
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APPENDIX 4

STEREO PAIRS
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DRAINAGE BASIN MAPPING
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Table 6 is a list of all stereo pairs used for drainage
basin mapping. All images with >25/ overlap are listed.
The location given refers to the approximate center of
overlap between two images. Footprints of images listed in
Table & are are given in Fig. 8. The number in () following
an image number in Table & refers to the footprint number of
that image in Fig. 8.
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Table &,-- STERED PAIRS: images and location

{includes all images with >25% overlap)
(¢ nuabers in () refer to footprint locations in Fig. 26)

Stereo Pair Location
Inage ¢ Inage ¢ § Lat ¥ Long
HCLINN
613A22 (7) 631A62 (3) 12 25
613A22 (7) b651R63 (10} 14.3 24
615422 (7) 651A64 (6) 14 26
613A24 (8) 631R62 (3) 11 23
HC19NE
451R06 (1) 431A08 (3) 4.5 18
451A06 (1) 631A83 (2) ] 20
451A08 (15) 631883 (2) 5 20
451A08 (3) 651485 (B 8 18,5
613A23 (12) 631AB8 (11) 4.5 2
613A24 (8) 631A62 (3) 13 2
615A24 (8) 651A88 (11) 12,3 4.5
651A23 (13) 651A87 (135) 14 18
631A25 (13) 651A88 (11) 14 19
631A26 (9) 631485 (4) 10 19
613A26 (9) 63187 (15) 12 18
631A27 (14) 631A87 (13) 12,3 10
HC195W
0B4A3B (31) 6350A13 (32) 28 2.5
631A4S (23) 650A17 {22) 23 23
6350A17 (22) 631A63 (23) 23 3
NC19SE
084A38 (31) 630A22 (43) 9.5 2
084A38 (31) 084A40 (34) 21.5 21
0B4A39 (45) 0B4A4Y (48) 9.3 18
084R39 (45) b650A15 (32) 9.3 20
0B4A40 (34) 084742 (36) u 18,5
084740 (34) 630A15 (32) u 19.5
084A40 (34) 61362 (33) i) 19.5
0B4A40 (34) 651470 (33) i 18
0B4A41 (48) J79A42 (49) 29 15.5
084A41 (48) 613A61 (44) 29 18
0B4A41 (48) b13A63 (47) 29 16
0B4A41 (48) 630ALS (32) 28.5 18
0B4A4S (48) b631A89 (33) 28 15
084A41 (48) 6351A70 (33) 28 17
0B4A41 (48) 631A72 (4b) 29 16,3
0B4A42 (34) 613A43 (27) 24 18
0B4A42 (36) 613A62 (35) 26,5 18
084A42 (36) 651R67 (26) 24 18
0B4A42 (36) 631A69 (53) 26 16
084742 (36) 631A70 (33) 2 18
084A43 (31) STIM2 (42) 28 14,5
0B4A43 (31) b13A63 (47) 28 14,3
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Table 6.-- STEREQ PAIRS (cont'd)

084A43 (31)
08443 (31)
084a44 (38)
084a44 (38)
084A44 (38)
084A44 (38)
084A44 138)
0B4A4S (32)
084043 (52)
0B4A43 (32)
084a45 (40)
084746 (40)
084a44 (40)
0B4A46 (40)
08447 (57)
084A47 (57)
084447 (57)
084A47 (57)
084A48 (42)
08448 (42)
08448 (42)
084A49 (58)
084449 (38)
37942 (49)
579042 (49)
ST9R44 (50)
379046 (54)
379A46 (34)
379448 (35)
613A23 (12)
61323 (12)
615423 (12)
613A23 (12)
613A23 (12)
b13A25 {13)
615A27 (18)
613041 (25)
613A41 (25)
613A41 (285)
613A42 (16)
615A42 (16)
613A43 (27)
613844 (18)
61344 (18)
b13A43 128)
61343 (28)
61343 (28)
61546 (20)
613846 (20)
613A47 (29)
61347 (29)
615A48 (21)
b613A63 (47)

631869 (53)
651A72 (4b)
613A43 (28)
63167 (26)
651A69 (33)
63192 (24)
651094 (36)
379846 (34)
084n47 (25)
631A69 (53)
0B4A48 (42)
b13A47 (29)
651892 (24)
631494 (3b)
S79A48 (55)
b13A66 (39)
b13A68 (41)
65194 (36)
613047 (29)
613849 (30)
613468 (41)
S79A48 (53)
61348 (41)
613A63 (47)
651A72 (4b)
613863 (47)
J79M48 (33)
631894 (36)
651494 (36)
613425 (13)
651A83 (23)
631A63 (17)
631h88 (11)
631A%0 (19)
631890 (19)
651490 (19)
61362 (33)
650A17 (22)
631A63 (23)
631R63 (23)
651A65 (17)
63167 (26)
631863 (17)
631490 (19)
613A66 (39)
65167 (26)
631492 (24)
631492 (24)
631490 (19)
61368 (41)
631492 (24)
61549 (30)
65169 (33)
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27
8.9
22,3
3.5
25
22,5
23.3
26
23
26
1.3
20.5
22
3
24,35
23.3
22.5
4.3
20
19
21
23.5
2
28,3
29.3
28
22,5
26
23
13.3
15.3
18
13
16,3
13.3
13
5.3
23
23.5
21
19.3
23
19
18
2
2
22.3
18.3
17
20.3
20,5
17
27

14
15

16
14,3
13
13.3
10
10
12
11.3
12
13.3
12

10.3

9.3

18,3
17.3
20.3
2.5
2
2
2.3
18,3
19
18,5
13
16
14
14.3
16,3
10,3
13
10
14.3



Table 6.-- STERED PAIRS (cont'd)

61583 (47)
b15A64 (37)
b15A66 (39)
b13A6b (39)
b15A46 (39)
b1SAGB (41)
650A13 (32)
651A63 (17)
b51A67 (26)
651069 (36)
651R69 (36)
651069 (36)
65188 (11)

651A72 {46}
651A67 (33)
b15A68 (41)
b51A92 (24)
b51A69 (33)
b51A94 (36)
651472 (4b)
651490 (19)
65192 (24)
S79A44 (30}
S79A46 (54)
b51A9¢4 (36)
651090 (19)

HC26NE

08439 (43)
0B4A3T (43)
084A39 (43)
0B4A4L (40)
579A24 (63)
579426 (bb)
57941 (60)
S79A41 (60
379043 (61)
S79A43 (61)
57943 (61)
ST9RA3 (61)
ST9A43 (62)
b15A4] (A4)
650423 (67)
650A23 (67)
650423 (67)

650822 (43)
b15A61 (A4)
651A72 (46)
b13Ab1 (44)
379A26 {b6)
651A71 (&8)
S79A43 (1)
b51A72 (Ab)
57943 (62)
650823 (&7)
651A71 (b4)
b51A72 (44}
651472 (46)
650A22 (43)
579424 (63)
650A24 {39)
579426 (66)

29,3
25,5
2
22
4.5
23
29
18.3
2
27
27
26,3
13

31
30.5
3
30
34
32,5
3.3
32
3
32,5
31
3
30
3
34
)
34
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15.3
15.5
11
13.3
13
9.3
18
19
16
12,5
11.3
12
19

19.5
19
17,9
17,9
9.3

13.5
13
10,5
12
12
13.3

20
i
14

8.3
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ABSTRACT

Detailed mapping of the layered deposits in the Valles Marineris, Mars from high-
resolution Viking orbiter images revealed that they form plateaus of rhythmically layered
material whose bases are in the lowest elevations of the canyon floors, and whose tops are
within a few hundred meters in elevation of the surrounding plateau. The total volume
of the layered deposits in Coprates Quadrangle NW is ~ 1.28 x 105 kmS. The average
thickness of individual layers, as measured in two locations in Candor Chasma, ranges
between 75m and 260 m. The greatest lateral extent of one traceable layer is 50 km in

Melas Chasma.

A deep “moat” most commonly separates the plateaus of layered deposits from
the canyon walls. There are a few locations in Ophir and Candor chasmata where
layered deposits lap directly against the canyon walls. From these and other stratigraphic
relationships, it was determined that the layered deposits formed during roughly the same
time period as the enlargement of the canyons to their present configuration. Failure
of the canyon walls, which produced large landslide deposits at the base of the scarps,
occurred after the layered deposits formed and eroded to their present geometry. Valleys
that separate plateaus of layered deposits, such as in Candor Chamsa, may be a result

of fluvial processes.

Four hypotheses for the origin of the layered deposits were considered: (1) that
they are eolian deposits, (2) that they are remnants of the same material as the canyon
walls, (3) that they are explosive volcanic deposits, or (4) that they were deposited in
standing bodies of water. There are serious morphologic objections to each of the first
three. The deposition of the layered deposits in standing bodies of water best explains
their lateral continuity, horizontality, great thickness, rhythmic nature, and stratigraphic

relationships with other units within the canyons.
Our understanding of martian climatic history indicates that any ancient lakes on
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Mars would have been ice-covered. Three mechanisms to deposit sediment in an ice-
covered lake were considered. Material can be transported down through the ice, in
from the sides, or up from the bottom. All three methods appear to be theoretically

viable, but all have some limitations.

The study of sedimentation in ice-covered lakes on Earth could help to elucidate
processes that may have occurred on Mars. Ice-covered lakes in Antarctica were chosen
as possible analogs to ancient lakes on Mars. Textural and mineralogical similarity of
sediment at the bottom of Lake Hoare with sediment in the overlying ice indicates that
sediment at the lake bottom was derived from sediment in the ice cover. Although
it is not yet clearly understood how sediment migrates through the ice cover in Lake
Hoare, this result gives impetus for further investigation of processes that could have

transported sediment through the ice on martian lakes.

Two methods for transporting sediment through a cover of ice on a martian lake
appear to be theoretically feasible. A system where sediment is superposed on ice will
become unstable and founder when the mass of the sediment is greater than the mass
of the ice. The result would be to effectively dump sediment into the liquid-water part
of the system. Calculations show that a sedimentation rate between 0.4 and 1.5 mm/yr
is needed to create an unstable situation to repeatedly dump layers of the thickness
observed. The other method considered for transporting sediment through an ice cover
was a Rayleigh-Taylor instability. A layer of sediment deposited on the ice could create
an unstable situation where the relatively denser sediment would sink around diapirs of
less dense ice, resulting in the sediment penetrating the ice layer. An instability will
form in tens of years when the ice temperature is near freezing and the sediment layer
is 75 to 150 m thick. When the ice is at 210 K, the instability will grow on the order
of 1.4 x 10* years for a 75 m layer of sediment, and 6.5 x 10% years for a 150 m layer of
sediment. Although both these mechanisms appear to be geologically feasible, there are

severe limitations regarding the sediment source.

Volcanic material that originated beneath the lake might also be a source for the lay-

ered deposits. If volcanism were subaqueous rather than subaerial, many of the morpho-
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logic arguments against the volcanic hypothesis are weakened or eliminated. Although
there is no direct evidence for it, the process of subaqueous volcanism within the Valles

Marineris lakes is an attractive hypothesis.

Transporting sediment into lakes from the canyon walls might also be a source of
sediment for the layered deposits. If there were significant amounts of water present,
material removed from the walls would have been deposited in horizontal layers. There
are also problems with this process because the apparent geometry and volume of the
layered deposits are inconsistent with the volume of material that could have originated
from the canyon walls. Nevertheless, it seems unavoidable that sediment derived from

the canyon walls became incorporated into the layered deposits.

Ba.se& on the presently available data, along with the theoretical calculations pre-
sented in this study, it appears most likely that the layered deposits in the Valles
Marineris were laid down in standing bodies of water. Evidence concerning the size,
lifetime, evolution, and content of these ancient lakes lies in their preserved sediments.

They should be considered an important possible site for a future Mars Sample Return

mission.
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INTRODUCTION

Images of Mars received during the Mariner 9 and Viking missions revealed rhyth-
mically layered deposits within the canyons of the Valles Marineris (McCauley, 1978;
Lucchitta, 1981a; Lucchitta and Ferguson, 1983). They form thick sections of light and
dark, horizontally layered material that most commonly stand as isolated plateaus or
mesas on the canyon floors. Layered deposits are not found on the plains surrounding
the canyon system. From the time of their initial discovery, workers have speculated
on the origin of the layered deposits. Malin (1976) suggested that they are erosional
remnants of canyon wall materials. It has been suggested that they were formed by
eolian processes (Peterson, 1981) or explosive volcanic processes {Lucchitta, 1981a; Pe-
terson, 1981). The layered deposits have also been compared to terrestrial lake deposits
(McCauley, 1978; Lucchitta, 1982). The goals of this thesis are to describe the layered
deposits in the Valles Marineris in detail, and to understand the geologic processes that

could have led to their formation.

Geologic Setting

The Valles Marineris form a system of equatorial canyons on Mars. The system
consists of a number of large, interconnected canyons or “chasmata” (McCauley and
others, 1972) that trend east—west across the planet’s surface for about 3200 km between
longitudes 95° W and 40° W (figs. 1,2). Individual canyons typically are 2 to 4 km
deep and 50 to 100 km wide. They generally are interpreted to be erosionally modified
grabens (Carr, 1974; Sharp, 1973a; Wise and others, 1979). The surrounding plateau
surface and chasma floors are inclined about 0.10° to the east (U.S. Geological Survey,

1984).

The west end of the canyon system terminates near the summit of the Tharsis

bulge at Noctis Labyrinthus, which is a complex network of interconnected canyons. The
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Tharsis bulge is a topographic high, centered at approximately 10° S and 110° W, that
is 5000 km to 6000 km wide at its base and 10 km high at its center. The Tharsis
region is near the center of an array of radial fractures that affects the entire northern
hemisphere (Carr, 1974). The Valles Marineris appear to have been partly controlled by

these fractures.

The Valles Marineris system can be divided into three physiographic provinces
(Carr, 1981). The western portion includes two narrow, roughly parallel canyons, Titho-
nium and Ius chasmata (fig. 3). Tithonium Chasma narrows to the east and ends in a line
of closed depressions. Ius Chasma is composed of two troughs that merge eastward into
the broad Melas Chasma. The center section is the widest part of the Valles Marineris,
where Ophir, Melas, and Candor chasmata have coalesced to form a network about 700
km wide (fig. 4). Here, the canyons are 6 to 10 km deep and 100 to 150 km wide.
The three central canyons are separated by eroded ridges that appear to be remnants of
the surrounding plateau (McCauley, 1978). The southernmost canyon, Melas Chasma,
merges eastward with Coprates Chasma. This eastern section is similar to the western
section, in that it consists of narrow, parallel troughs (fig. 5). East of Coprates Chasma,
the linearity and east-west trend of the canyon system are less apparent. In this third
province, the canyons have irregular shapes and follow no consistent orientation. The
canyon floors also change in character. They are generally smooth to the west, but, in
the broad depressions to the east, the floors are very rough and blocky. The depression
to the north is Gangis Chasma, and the wider depression to the south includes Capri

and Eos chasmata (fig. 5).

The east end of the Valles Marineris system terminates in large areas of “chaotic
terrain”—a term for ground that has apparently collapsed, forming a disordered arrange-
ment of blocks that are at a lower elevation than their surroundings (Sharp, 1973b, fig.
5). Parts of the chaotic areas drain into large channels. To the north, Simud and Tiu

valles drain into Chryse basin. The chaos merges to the east into Margaritifer Sinus (fig.

1).

Three canyons that are completely separate from the main portion of the Valles
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Figure 3: Western portion of the Valles Marineris; includes Tithonium, Ius, Echus,

Hebes, and western Candor and Melas chasmata (picture no. 663A42).
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Figure 4: Central portion of the Valles Marineris; includes Hebes, Ophir, Candor, Melas,

and western Coprates chasmata (picture no. 663A44).
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Figure 5: Eastern portion of the Valles Marineris; includes eastern Candor, Juventae,

Gangis, eastern Coprates, Eos, and Capris chasmata (picture nos. 663A46, 663A48).
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Marineris lie to the north. The westernmost is Echus Chasma (fig. 3), which merges
north into a broad, poorly defined depression along the west edge of Lunae Planum.
Hebes Chasma lies directly to the east of Echus (figs. 3, 4). It has no inlet or outlet, and
is the only closed basin in the canyon system. Further to the east lies Juventae Chasma
(fig. 5), which is at the origin of another channel system that extends northward along

the eastern border of Lunae Planum.

Horizontal, rhythmically layered deposits form flat-topped mesas or plateaus in
the lower elevations of the canyons. The best exposures of the layering and the largest
plateaus lie in Ophir and Candor chasmata, but the layered deposits. exist in the other

canyons as well.

Previous Work

Malin (1976) recognized layered material in Gangis Chasma from Mariner 9 im-
ages. He described the deposit as being a mesa-like structure in a 2-km-deep chasm
where the summit is essentially level with the surrounding plains. Malin suggested that
the layered deposits were not made of the same material as the intercrater plains because
the walls of the canyon do not show the abundant layering that is seen on the mesa. He
speculated that the layered deposits may represent an inhomogenity within the plains
material, because it was difficult to imagine a process that would fill the canyon to the
brim with sediment, and then subsequently remove much material. He also noted that
the appearance of slope gullies on the mesa suggests that the mesa may be made of

loosely consolidated material that is rich in volatiles.

McCauley (1978) also speculated on the origin of the layered deposits using

 Mariner 9 images. He argued that no geologic process other than deposition in a low

energy water environment could readily explain the apparent horizontality, lateral conti-
nuity, and competence of the individual layers. He further speculated that lakes formed
from melted ground ice that collected in depressions created by tectonic subsidence, and

he suggested that the divides between Ophir and Candor chasmata, and between Candor
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and Melas chasmata once separated the canyons into three lakes. These divides could
have been eroded and breached catastrophically, allowing water to rush through the nar-
row canyons to the east. He argued that overflow of these putative lakes could explain

the fluvial scouring and channels that are seen in the Margaritifer Sinus and Oxia Palus

regions.

In June and August of 1976, Viking Orbiters 1 and 2 arrived at Mars and began
to transmit images of the Martian surface with much higher resolution that allowed
features as small as 10 m to be resolved. This information confirmed what was seen in
the Mariner 9 data: that plateaus of layered deposits have repeated light and dark layers
exposed on their steep sides, that individual layers are continuous over large areas, and

that these deposits exist throughout the Valles Marineris.

Lucchitta (1981a; 1982). studied the Valles Marineris using Viking 1 and 2 high-
resolution images. Her results supported McCauley’s work, in that she too concluded
that the layered materials in the canyons are not erosional remnants of the surrounding
plateau. She noted their fine, even bedding and suggested that their morphology was
consistent with sedimentary deposition in association with water. She also noted that
the canyon floor of Ophir Chasma is as much as 4,000 m above the floor of Candor
Chasma, which lies directly to the south, yet the layered deposits in both canyons reach
nearly the same elevation. This comparison led her to suggest that any water-related
deposition might have had a common base level. She also compared the morphology
of the layered deposits to sedimentary units in fault troughs of the Basin and Range
province in western North America to support the hypothesis that they were deposited

in lakes.

Lucchitta and Ferguson (1983) attempted to understand the origin of the outflow
channels that emerge from the Valles Marineris at the east end, and to explain some
of the erosional features found in the central canyons and Eos and Coprates chasmata.
Outflow channels are wide, flat-floored valleys that emerge fully developed from their
sources. It has been shown that they resemble large terrestrial flood features (Baker

and Milton, 1974). Lucchitta and Ferguson (1983) examined the gradients on the floors
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of outflow channels in Chryse Basin and Lunae Planum. The slopes were derived from
six Earth-based radar-elevation profiles. Whereas some channels show gradients of 1.1
m/km and 2.5 m/km, which are similar to those of the catastrophic flood channels in the
Channeled Scablands of eastern Washington State, others appear to be level. Lucchitta
and Ferguson (1983) proposed that ponding in the Valles Marineris grabens, in ancient
craters, and perhaps in regional lowlands took place before the outflow channels formed.
As lakes overflowed, dams were breached and eroded, causing catastrophic floods carrying
mixtures of water, sediment, and ice to flow through the canyon system. The floods
would have had sufficient fluid potential to move across nearly level channel gradients
to the east and north of the Valles Marineris. The technique of determining elevation
profiles from Earth-based radar data is less accurate when the topographic relief is low,
and distances are great (10-100 km). Because Lucchitta and Ferguson (1983) depended
heavily on radar data for their interpretation of the history of channel formation near the
Valles Marineris, their work only tentatively supports the hypothesis that ponded water
once existed in the Valles Marineris, and that the erosional valleys that are associated

with some of the plateaus of layered deposits may have a fluvial origin.

A study of the origin of the central plateau of layered deposits in Hebes Chasma
was presented by Peterson (1981). She proposed an eolian or volcanic origin for those
deposits, and by implication, the other layered deposits in the Valles Marineris. Global
dust storms would have been the source of sediment if they are eolian deposits. She
suggested that variations in layering could have been produced by different compositions
of the dust with successive storms if the deposits are eolian in origin. If the deposits are
volcanic, she suggested that they are made of dominantly ash-flow deposits, and that the
source of the magma may have been related to the Tharsis volcanism. She discounted
the theory that the deposits have a lacustrine origin on the basis that removal of water
and sediment that may have once been in contact with the canyon walls is difficult to

explain in the absence of any drainage leading out of Hebes Chasma.

A great deal of work has been done on water and ice on Mars. There is evi-

dence, such as fretted terrain, thermokarst, lobate debris aprons, rampart craters, and
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patterned ground, for large amounts of ground water or ground ice on the planet (e.g.
Squyres, 1984). Fretted terrain is found along the northern lowland/southern highland
boundary, and is characterized by “abrupt escarpments of complex planimetric config-
uration” (Sharp, 1973b). Sharp (1973b) and Soderblom and Wenner (1978) suggested
that ice may have contributed to the formation of the escarpments. Thermokarst is a ter-
restrial feature known to result from melting of ground ice. These features on Earth have
been estimated to be as much as 80-90 percent ground ice (Washburn, 1973). Similar
features are seen on Mars (Carr and Schaber, 1977). Lobate debris aprons are deposits
that are convex (in cross section), and are common at the bases of escarpments over
latitudes from 30° to 50° in both hemispheres (Squyres, 1979). They probably were
formed by gradual flow of interstitial ice, similar to terrestrial rock glaciers (Wahrhaftig
and Cox, 1959). Rampart craters have ejecta deposits consisting of overlapping lobes
of debris that have in some locations flowed around low-lying obstacles. Because flows
have not experienced much compaction, it is speculated that interstitial liquid, mostly
likely water, lubricated the flow. The source of water may have been ground ice that was
partly melted during impact (Carr and others, 1977). There are a number of features
on Mars that are similar to “patterned ground,” which are found in high latitudes on
Earth. Washburn (1973) described patterned ground as being a frost-related feature that
forms by repeated freezing and thawing of ice-rich soil. Squyres and Carr (1986) found
evidence for quasi-viscous relaxation of topography poleward of 30 degrees latitude in
both the northern and southern hemispheres. They suggested that this relaxation may
be due to creep deformation of ground ice. These features together form the geomorphic
evidence that there was and may presently still be substantial amounts of water and ice

in the regolith of Mars.

Carr (1979) proposed a source for the water that was responsible for creating the
outflow channels, which could also be the source for possible lakes in the Valles Marineris.
Carr suggested that the large volumes of water that carved the outflow channels may
have been stored in confined aquifers. The older, cratered terrain may have acted as
the reservoir for the liquid water. Water that flowed from the surface into the regolith

during a warmer climate would have become trapped under a thick layer of permafrost
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during subsequent global cooling. Water could have been released at high discharge rates
if pore pressures exceeded lithostatic pressures, or if an impact or fault broke through
the permafrost layer. Removal of subsurface water or ice can explain the presence of
chaotic terrain at the heads of many outflow channels. Water stored deep in the Martian

regolith could also account for a source of water in the Valles Marineris.

Scope of Investigation

The purpose of this thesis is to present a detailed geologic investigation of the
layered deposits in the Valles Marineris using principles of planetary geologic mapping
(e.g. Wilhelms 1972), and to study the origin of the layered deposits from possible

terrestrial analogs.

Geologic mapping of the layered deposits includes establishing their geographic
distribution, the thickness of individual layers, and the total volume occupied by the
layered deposits. The time sequence in which these deposits were laid down is determined

by examining the stratigraphy of all the major units within the canyons.

Four hypotheses are considered for the origin of the layered deposits: (1) that they
are eolian deposits (Peterson, 1981), (2) that they are remnants of the same material that
makes up the canyon walls (Malin, 1976), (3) that they are explosive volcanic deposits
(Lucchitta, 1981a; Peterson, 1981), or (4) that they were deposited in standing bodies
of water (McCauley, 1978; Lucchitta, 1982). The hypothesis that they were formed
in ancient lakes is further considered by investigating sedimentation in perennially ice-
covered lakes on Earth. Based on our present understanding of Martian climatic history,
any lakes that existed on Mars would have had a permanent ice cover (e.g. Wallace and
Sagan, 1979; Carr, 1983). The Dry Valley Lakes in Antarctica provide an interesting
possible analog to lakes on Mars because they, too, are perenially ice-covered (McKay
and others, 1985). Sedimentation in ice-covered lakes on Mars also is investigated by

theoretically analyzing four mechanisms for transporting sediment through an ice cover.

In addition to the interesting geologic problem posed by these deposits, their
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formation could have important exobiological significance. Life on Earth is believed to
have originated in standing water. If precursors to life ever existed on Mars, a likely
location would be the putative lakes in the Valles Marineris. Any evidence concerning
the size, lifetime, evolution, and content of such lakes lies in their preserved sediment.
This investigation of the layered deposits in the Valles Marineris will provide a thorough
description of the deposits, in addition to a detailed exploration of their formation using

terrestrial analogs and theoretical considerations to constrain their origin.
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GEOLOGY OF THE LAYERED DEPOSITS IN THE VALLES
MARINERIS

Mapping

Detailed photogeologic mapping of the layered deposits was performed using 1400
Viking Orbiter 1 and 2 high resolution images acquired with orbital altitudes less than
5000 km and having surface resolutions ranging from 125 to 20 m per picture element.
The goals of the mapping were to establish the geographic distribution, thickness, and
morphology of the deposits, to establish the stratigraphy of all the major geologic units
within the canyons, and to choose among candidate hypotheses for the origin of the

layered deposits.

Materials within the Valles Marineris were divided into five units: (1) slope and
bedrock material, (2) layered chasma deposits, (3) possible layered chasma deposits
(deposits with characteristic weathering such as fluting and/or a mottled surface texture
like that of the layered chasma deposits), (4) landslide material, and (5) chasma floor
material. Units 1,2,4, and 5 are inferred to have formed by different geologic processes,
and therefore are genetically unique, rather than merely being different in appearance.
Units 2 and 3 probably are the same material, but they were mapped separately in order
to distinguish areas where the layering is exposed from areas where their identification

as layered deposits is less certain. The geologic map of the Valles Marineris is presented

in Plate 1.

Slope and Bedrock Material

The canyon walls show three major types of morphology: spurs and gullies, trib-
utary canyons with V-shaped profiles, and steep, curvilinear recesses in the chasma wall

formed by landslides (Lucchitta, 1978).
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The spur and gully morphology is the most common landform of the chasma walls.
One of the best examples is located on the northern wall of Ophir Chasma (fig. 6), where
the face is dissected by steep gullies and intervening spurs that branch downward at acute
angles (Sharp, 1973b). The average slope of this face is 18° (determined from the U.S.
Geological Survey (1984) topographic map of the area). Individual spurs have gradients
of 15° to 20° and intervening gullies are as steep as 30° at the south wall of Ius Chasma
(Wu and others, 1973). These slopes are therefore probably near the angle of repose of
for unconsolidated material. The spur and gully morphology is most likely a product of
the downward movement of material by gravity, which has occurred as a slow and steady

process, as opposed to a catastrophic event such as landsliding or rock fall (Lucchitta,

1978).

Tributary canyons generally are solitary canyons that dissect the surrounding
plateau (fig. 7). In some areas they occur in groups, such as on the south wall of Ius
Chasma. Single canyons are 30 to 130 km long, up to 10 km wide, and up to 2 km deep,
or similar in size to the Grand Canyon of Arizona. Their V-shaped cross-sections may
have been accentuated by additional infilling of talus (Lucchitta, 1978). Gradients of the
tributary canyon floors are at most a few degrees (U.S. Geological Survey, 1976), and

the tributaries slope gently toward the interior of the canyons.

Steep sections where the chasma walls are smooth and broadly curved or straight
are interpreted to be old landslide scars. At the base of these scarps are hummocky
piles of debris that are the landslide deposits (Lucchitta, 1978). An excellent example
of an ancient landslide scar lies in northern Ius Chasma directly adjacent to a section
with spur and gully topography (fig. 8). Landslide scars also expose a distinct dark,
horizontal band in the canyon wall that begins at the surface of the surrounding plateau
and extends downward for about one fifth of the total height of the canyon wall (fig. 8).
It is most likely a layer of flood lavas that cap the surface of the surrounding plateau
(McCauley, 1978). This band is prevalent in most parts of the Valles Marineris, but it
is distinct from the rhythmic, light and dark banding of the layered deposits.
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Figure 6: Northern wall of Ophir Chasma showing the spur-and-gully morphology of the
canyon wall. The plateau of layered deposits show eolian fluting that is distinct from
the canyon wall morphology. The “moat” that separates the layered deposits from the
canyon wall has a rough texture that may have been produced by material that was

sloughed off the nearby cliff faces (picture no. 914A10).
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Figure 7: The southern wall of Ius Chasma has V-shaped tributary canyons. To the north
is an outlier of the chasma wall material that shows the characteristic spur-and-gully

morphology (picture no. 066A08).
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Figure 8: Western Ius Chasma showing landslide scarps adjacent to canyon walls with
the spur-and-gully morphology. A dark band is exposed at the landslide scars which
may be a layer of flood lavas (picture no. 057A43).
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Layered Chasma Deposits

The layered deposits form plateaus rising as high as 5 km above the canyon floor.
The greatest total thicknesses are found in Hebes, Ophir, and Candor chasmata. In
these locations, the upper surface of the layered deposit plateaus are within 500 m of
the elevation of the surrounding plateau. Other occurrences are in are Melas Chasma,
where the plateaus are low-lying, and cover smaller areas. Two large plateaus (one each)
in Juventae and Gangis chasmata appear to be similar in size to the central plateau in
Hebes Chasma, based on medium resolution images. Rhythmic light and dark horizontal
layérs are exposed on the slopes of the plateaus that are as steep as 22 degrees. The
layers are best exposed on the cliffs of plateaus in Hebes Chasma, Candor Mensa (fig.
4) in Candor Chasma, and Juventae and Gangis chasmata (figs. 9 through 12). The
layers form light and dark couplets. Each couplet appears to be similar in thickness
when viewed at the highest resolutions (fig. 12). Areas were mapped as “layered chasma

deposits” only if the layering is clearly exposed.

The shape and sizes of the plateaus do not have any apparent systematic variation.
The plateaus are all irregularly shaped, and in most cases they have essentially flat tops
(fig. 10). The plateau in eastern Candor Chasma is an exception. The top of this mesa
has an irregular surface, with relief up to 500 m (fig. 13). In most places, such as in
Melas Chasma (fig. 14), the plateau borders facing the canyon walls are roughly parallel
to the canyon walls. The plateaus vary from north to south within the central portion of
the Valles Marineris. The thickest deposits are in the northern canyons (Hebes, Ophir,
and western Candor), they thin to the south where the height of the canyon walls also

diminishes.

Individual layers extend laterally for tens of kilometers. The most continuous
exposed layer was traced for a distance of 50 km on a plateau in southern Melas Chasma
(fig. 15). Layers may extend for much greater distances, but they either are obscured
or can not be detected because the necessary neighboring high resolution images do not
exist. Determination of the character of the individual beds also was limited because of

the lack of high enough resolution.
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Figure 9: Hebes Chasma with a central plateau of layered deposits surrounded by a
“moat”, which separates the plateau from the canyon wall. Landslide deposits from the

north abut against the central plateau (picture no. 645A60).
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Figure 10: Two plateaus of layered deposits in Candor Chasma showing flat upper
surfaces and a mottled pattern. Light and dark layers are exposed on the sides of
Candor Mensa. The v-shaped valley that divides the two plateaus was probably caused

by eolian and/or fluvial erosion (picture no. 066A25).
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Figure 11: Southwest Juventae Chasma showing a plateau of layered deposits (picture

no. 907A05).
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Figure 12: Gangis Chasma showing a plateau of layered deposits (picture no. 610A13).
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Figure 13: Plateaus of layered deposits in Candor Chasma. The upper surfaces have an
undulating topography. The v-shaped valleys separating the plateaus are evidence for

extensive erosion (picture nos. 608A74, 608A75).
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Figure 14: Layered deposits in Melas Chasma. The borders of the deposits roughly
parallel the canyon wall (picture ncs. 608A71, 608A72).
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Figure 15: Plateau of layered deposits in southern Melas Chasma. An individual layer
(arrows) was traced laterally for 50 km. The layer may be continuous for a greater
distance, but it is obscured in a valley. The upper surface shows the characteristic

mottled pattern (picture no. 915A20).
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A deep trough, here called a “moat,” commonly separates plateaus of layered
deposits from the canyon walls. In Hebes Chasma, the central mesa of layered deposits
is completely surrounded by a well-developed moat (fig. 9). In other areas, the layered
deposits are found in direct contact with the canyon wall. At the base of the northern
canyon wall of Candor Chasma, two plateaus of the layered deposits completely encom-
pass, and partially bury the canyon wall (fig. 16). The canyon walls can be identified
by the spur-and-gully topography. A remnant of layered deposits in contact with the
canyon wall also was found north of Candor Mensa. It appears that the layered deposits
lap directly against the base of the spur-and-gully topography of the canyon wall in an
undisturbed position. These two locations are the only ones where the layered chasma

deposits were found in this context.

In some areas the layered deposits have been deeply eroded. This is most evident
on a large scale in Ophir and Candor chasmata where large, V-shaped valleys divide
plateaus of layered deposits (fig. 13). The floors of these valleys are up to 2 km higher
than the elevation of the surrounding chasma floors and bases of the moats. The valley
surfaces have streaks that are reminiscent of fluvial or eolian erosional features. A
few of the plateaus such as Candor Mensa and the plateau directly to the east have a
streamlined shape that is indicative of fluvial erosion (fig. 3). On a smaller scale, cliff
faces in some locations have been etched in a way that makes the horizontal layering

pronounced (fig. 17).

Erosion and weathering of the layered deposits also has produced fine fluting
along the steeper faces of the plateaus and a light and dark mottled pattern on the
subhorizontal surfaces (figs. 15, 16). The mottling may be produced by differential
weathering of layers of differing albedo. This pattern has a unique appearance that
can be ident}iﬁed on a number of surfaces within the Valles Marineris. The fluting
is characterized by narrow, subparallel grooves that trend nearly perpendicular to the
slope of the plateau faces, and is inferred to result from wind erosion (fig. 18). The
orientation of the fluting implies that wind directions were locally up or down slope.

Lucchitta (1981a) compared these landforms to terrestrial yardangs. Yardangs have
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Figure 16: Spur of the canyon is partially buried by layered deposits in Candor Chasma.
The top surfaces of the layered deposits have the characteristic mottled pattern (picture

nos. 913A11, 913A13).
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Figure 17: Plateau of layered deposits in western Ophir Chasma. Layers have been

accentuated by etching (picture no. 915A10).

316




ORIGINAL FroE

OF PCOR CUALI

=
o B
£ U

Figure 18: Eolian flutes oriented sub-perpendicular to a steep face of layered deposits in
southern Candor Chasma (picture no. 914A52).
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been produced by eolian erosion elsewhere on Mars (Ward, 1979). Fluting is seen on
plateaus of layered deposits throughout the Valles Marineris. Some of the best localities
are in Candor Chasma, where the fluting has developed on faces where the layering is
clearly exposed (fig. 19). The spur-and-gully topography of the canyon walls is distinct
from the eolian fluting of the layered deposits (see fig. 6 for comparison). Fluting is

observed only on the layered deposits, and not on the canyon walls.

Possible Layered Chasma Deposits

The mottled, light and dark pattern on the top of the plateaus, and the presence
of fluting on the cliff faces were used to identify material that was classified as “possible
layered chasma deposits.” Because the relationship between rhythmic layering and the
mottled surface pattern was established in well-exposed remnants (fig. 10), it is inferred
that layered chasma deposits may exist in areas where there is distinct mottling, but
no exposed layers. For example, in Melas Chasma, only a few of the plateaus show
some distinct layering, but there are many locations where the surface is mottled (fig.
20). This relationship may be valid for the association of fluting and layering. Because
fluting has been observed on the layered deposits, and not on the canyon walls, landslide
deposits, or the canyon floors, tentative identification of the layered deposits also can
be made based on the presence of fluting. Layering may be obscured for a number of
reasons. Foremost, the resolution or the sun angle of the images may not be adequate
to detect layering. A surficial blanket of dust may be covering the layers, or portions of
the plateau face may have crumbled enough to obscure the layers. Alternatively, some
deposits may not have well-developed layering. This classification was created because it
was important to separate those areas where the layers are clearly exposed from locations

where only the characteristic mottling or fluting is detected.

A broad deposit that covers most of Eos and Capri Chasmata, which McCauley
(1978) identified as layered chasma deposits, was mapped as possible layered chasma
deposits in this report (fig. 21). The surface of this deposit has an unusual appearance.

It has a gently undulating surface of uniform albedo that is similar in texture to some
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Figure 19: Flutes superimpoised on layereing on a southwest-facing cliff of layered de-

posits in Candor Chasma (picture no. 915A14).
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Figure 20: Plateau of layered deposits in Melas Chasma. Layers are exposed on some of

the cliffs. The upper surface has the characteristic mottled pattern (picture nos. 915A19,
20, 21, 22).
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Figure 21: Material in Eos and Capri chasmata that have a surface texture similar to

that of the layered deposits. See Figure 10 for comparison. This sediment may have
originated as layered deposits in the western canyons and may have been redeposited in

this location (picture nos. 610A30, 31, 32).
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parts of the layered deposit plateaus, such as on the east side of Candor Mensa where the
layering is not clearly exposed. These sediment may have originated as layered chasma
deposits in the western canyons, and they may have been redeposited in Eos and Capri

chasmata.

Landslide Material

Hummocky material lying at the base of landslide scars was mapped as landslide
material (fig. 8). These deposits characteristically show vague alignment of ridges paral-
lel or perpendicular to the canyon walls and they bury the walls locally up to about half
their original heights. Slump blocks occur at the heads of most of the large landslides
(Lucchitta, 1979).

A landslide deposit that originated on the north wall of Ophir Chasma shows
curved grooves that trend away from a cliff of layered deposits to the west (fig. 22).
The flow was diverted by the plateau. Lucchitta (1979) favored the theory that Martian
landslides occurred as liquified debris flows or mudflows, rather than flows that moved
on a cushion of air as envisioned for the Sherman landslide in Alaska (Shreve, 1966). If
they were mudflows, Sharp (1973a) suggested that the water may have come from the

melting of ground ice.

Most of the landslides occurred in the materials showing spur-and-gully morphol-
ogy. Nowhere do landslide deposits emanate from plateaus of layered deposits. Lucchitta
(1981b) also recognized this fact in the context of supporting her assertion that land-
slides were wet. Because landsliding only occurred on the canyon walls, she argued that
the canyon walls had a higher water content than the plateaus of layered deposits, and

therefore were more susceptible to catastrophic failure.

Chasma Floor Material

All other materials lying on the canyon floors were mapped as chasma floor ma-

terial. This designation includes low-lying deposits between the plateaus of layered
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Figure 22: Deposit of a landslide that was diverted by a plateau of layered deposits,
indicating that the flow was highly mobile (picture nos. 913A10, 913A12).
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deposits, the floors of the moats, large stretches of the canyon floors that are virtually
flat, and blocky material at the base of the spur-and-gully topography of the canyon

walls.

The most common form taken by the chasma floor material is deposits with a
smooth surface and uniform albedo (fig. 23). In some locations, such as in western
Candor Chasma and southern Melas Chasma, the surface is smooth, but the tones range
from light to dark over broad expanses, suggesting that the surface is slightly undulatory,
exposing materials of differing albedos (figs. 24, 25). This pattern is distinct from the
mottled surface of the layered deposits in that it occurs in topographic lows, and the
spacing between the light and dark areas is wider (tens of kilometers spacing, versus 1
to 2 km spacing for the layered chasma deposits). It is possible that these areas appear
to be the canyon floor, yet they are really the top surface of layered deposits that lie
below. In areas close to the canyon wall, such as in western Ius Chasma, the chasma
floor material has a rough texture that may have been produced by material that was

sloughed off the nearby cliff faces (fig. 26).

Chasma floor material makes up the floors of most moats. The moat separat-
ing the plateau of layered deposits from the northern canyon wall in Candor Chasma
is typical of the moat morphology (fig. 27). Here, the moat is flat—floored and has no
discernible erosional features to suggest the manner in which it was formed. The canyon
wall overlooking the moat exhibits both the spur-and-gully and landslide scar morpholo-
gies. Generally, the floor of the moat has rubbly deposits or a rough texture that may
have formed by material that was sloughed off the nearby canyon wall (fig. 6).

Southeast of Candor Mensa, the canyon floor has a unique character (fig. 28).
Polygonal blocks that are hundreds of meters on a side are positioned slightly above
the surrounding area. The areas between the blocks are filled with rounded knobs that
appear to be remnants of former polygons. The appearance is similar to that of chaotic

terrain that is common elsewhere on Mars.

At the eastern extremity of the Valles Marineris, where the canyon walls taper into

the surrounding plateau, the chasma floor material becomes intermingled with remnants
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Figure 23: The chasma floor material typically has a smooth surface and uniform albedo
such as in this location in central Melas Chasma, where remnants of the canyon wall are

surrounded by chasma floor material (picture no. 914A21).
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Figure 24: The albedo of the chasma floor material in western Candor Chasma is light

and dark (picture no. 066A24).
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Figure 25: Chasma floor material in southern Melas Chasma has a light and dark albedo

(picture no. 914A24).
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Figure 27: The “moat” between Candor Mensa and the canyon wall to the north has a

flat floor, and no erosional features to suggest its mode of origin (picture no. 915A11).
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Figure 28: The chasma floor southest of Candor Mensa is made of polygonal blocks. This
texture may be related to “patterned ground” which is a frost-related feature described

by Washburn (1973) (picture no. 914A16).
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of the canyon wall (fig. 29). This chaotic terrain is the source for some outflow channels.
In this area, the chasma floor material is hard to distinguish from the canyon walls,

and therefore was mapped as an area where the canyon wall and the chasma floor are

intermixed.

There are a number of dark elongate patches in the central portion of the Valles
Marineris which Lucchitta (1986) identified and interpretated as mafic volcanic material.
She described the dark patches as locally having feathery edges that extend either radially
or in two directions from their centers. The dark patches occur along fault scarps and
occasionally on top of landslide deposits. Because the dark material penetrated the
slides, it is assumed to postdate them. Volumetrically, these deposits are minor, and
their morphology and position within the canyons are distinct from the layered chasma
deposits. In this study, the dark patches were mapped as part of the chasma floor

material or landslide material, depending on the location of the occurrence.

Thickness, Topography, and Volume of the Layered Chasma Deposits

Thickness of Individual Layers

A study of the nature of the layering was performed using stereophotogrammetric
measurements derived by Sherman Wu and others at the U.S. Geological Survey, Branch
of Astrogeology. Candor Mensa, in Candor Chasma, and a south-facing cliff face in
southeast Candor Chasma were chosen for investigation because the layering is well
exposed and the images are of very high resolution (20-80 m/pixel; see fig. 30 for
locations). Data points were chosen on high-resolution images at the top, bottom, and
midpoints on the cliff faces. Figures 31 and 32 show the locations of all of the data points.

At each point, five elevation measurements (relative to the standard 6.1 mbar datum)
were taken in order to minimize inaccuracies in the measuring technique (Moore and
Wu, 1973). The mean and standard deviation were calculated for each set as outlined
by Moore and Wu (1973). Table 1 shows the means and standard deviations. The

thickness of a section between two data points was calculated by subtracting the mean
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Figure 29: At the eastern end of the Valles Marineris, in Eos and Capri Chasmata,

the chasma floor and remnants of the canyon wall produced chaotic terrain (picture no.

428A86).
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Figure 30: Locations where detailed studies of the layered deposits were performed. The

plateau to the west is Candor Mensa, the plateau to the east lies in southeast Candor

Chasma (picture nos. 608A72, 608A74).
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Figure 31: Locations of data points for stereophotogrammetry on a southern cliff face
in Candor Chasma. Values for the data points are reported in Table 1 (picture nos.

815A58, 815A60).
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Figure 32: Index map of locations used for stereophotogrammetric measurements on

Candor Mensa. The values are reported in Table 1 (picture no. 066A25).
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values of the elevations. The average thickness of an individual layer was determined
by counting the number of layers between two data points and dividing the thickness of
the section by that number. One layer was considered to be a light and dark couplet.
The error on each layer thickness measurement was calculated by averaging the standard
deviations of the two data point elevations, and dividing that number by the number of
layers detected between those two data points. The thickness measurements of individual
layers are more accurate for southeast Candor Chasma than for Candor Mensa because
the resolution of the images is higher. The resolution for southeast Candor Chasma is

approximately 20 m/ pixel, versus 80 m/pixel for Candor Mensa.

The cliff face in southeast Candor Chasma has two distinct layering styles that
are evident in the images. The upper, narrow portion of the section has a finer layering,
which was calculated to be 72+ 8 m per layer. Individual layers in the lower section (fig.

31, points 205 and 206) are 304 + 13 m.

The thickness of the layers on the southwest-facing cliff of Candor Mensa was
determined from data points 102 and 103 (fig. 32). The average thickness of the exposed
layers is 190 = 4 m per layer. As one can see, layers are not exposed immediately below
point 102. The elevation where the layers first appear on this cliff face was determined by
assuming the slope was constant, and interpolating between the two data points. This
calculated elevation was used to determine the average layer thickness in the manner

previously described.

Six layers on the upper portion of the cliff face on the north side of Candor Mensa
were calculated to be 106 + 17 m per layer (fig. 32, points 307 and 308). If one assumes
that layers on the north side of the mesa are continuous throughout the entire plateau,
the layers that are obscured on the southwest side of the mesa may also be ~ 100 m
thick. If this is the case, there are two distinct layer thicknesses for this plateau; thinner
beds above, and thicker beds below. Alternatively, the layers throughout the section
may thin to the north. It would follow from this hypothesis that a sedimentary source
would have been situated southwest of the plateau. However, there appears to be no

likely source southwest of Candor Mensa. Another large area of layered chasma deposits
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Table 1. Mean elevation measurements above Mars datum for locations in Candor

Chasma. Locations are given in figures 31 and 32.

Location | Mean Value (m) | Standard Deviation (m)
101 6429 75
102 7383 99
103 3226 39
104 1614 26
105 4929 53
106 2319 40
201 5621 63
202 5136 60
203 5275 64
204 5924 89
205 4319 106
206 2188 75
305 4340 25
306 3140 27
307 5714 116
308 5075 109
309 3488 41
310 1940 105
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is situated in that direction. If the source for Candor Mensa was canyon wall material,
a more likely area would be the canyon wall directly north of the plateau. Transport of
material from this direction would produce a thinning of layers to the south. Because
this is the sense opposite to what appears on the images, there is no good support for

the idea that the layers taper.

As postulated for Candor Mensa, and identified in southeast Candor Chasma, the
layering is coarse below and finer above. The two localities are separated by a distance
of 170 km, a plateau of layered deposits, andltwo erosional valleys. Hence, there is some
evidence for variations in deposition that affected much of the Valles Marineris region.
This statement is tentative because the images for Candor Mensa are not good enough
to see directly a change in the nature of the layering. If a canyon-wide depositional
pattern does exist, it would imply that formation of the layered chasma deposits was
controlled by an external process affecting the entire Valles Marineris region. In any
case, the data from southeast Candor Chasma suggest that there was a change in the

rate of accumulation of light and dark layers in that area.

The thickness of the layers in the layered chasma deposits can be compared with
those in the polar layered deposits. Dzurisin and Blasius (1975) determined that the
thicknesses of the layers in the polar regions range between 10 m and 50 m, and it is
possible that the layering continues below the resolution of the images (Carr, 1981). The
layering in the Valles Marineris deposits may also be finer than the resolution that the
existing images reveal. The differences in layer thicknesses are consistent with the idea
that the layered chasma deposits were formed by a different mechanism than the polar

layered deposits.

Regional Slopes

Additional information was derived from the elevation measurements. The av-
erage slope angle between data points was calculated from trigonometric relationships.

The errors on slope measurements were determined by calculating the slope angles using
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data point elevations without the standard deviation, with the addition of two standard
deviations, and then minus two standard deviations. The maximum and minimum slope
angles then became the standard deviations on the slope measurements. It was found
that the slopes of the plateau faces vary. In southeast Candor Chasma, the cliff has
two distinct gradients. The upper part of the section where the layers are thinner has
a mean slope angle of 21° + 4°. The lower section has a gentler mean slope angle of
12° £ 1°. This change in slope angle may reveal information on the nature of the upper
layers versus the lower layers. A gently dipping slope above a steeper one could be due to
compaction from the weight of overlying sediment. The lower portion of the cliff would
form a steeper face because it would be stronger. But the cliff face in southeast Candor
Chasma changes from a steep to a more gentle slope, suggesting that another mechanism
is responsible, such as a decrease in the competence of the deposits from the upper to

the lower portion of the plateau.

The slope angles on Candor Mensa appear to change from one face of the plateau
to the other, rather than with vertical position on one face. The southeast side has a
mean average slope of 23°+1°, the northern face ranges between 12°+1° and 16°+1°. No

obvious change in slope similar to the location in southeast Candor Chasma is detectable.

It is important to note that in both locations the cliff faces of the plateaus have
gradients similar to those of the canyon walls, yet there are no landslide scars or landslide
deposits associated with the layered plateaus. This observation suggests that the layered

deposits are of a different and more competent material than the canyon walls. .

Interpretations of the layered deposits from Mariner 9 and early Viking data
considered the layers to be horizontal. Although no angular unconformities or discon-
formities can be detected in the high resolution images, the elevation data reveal that
some sequences may not be horizontal. The upper surface of Candor Mensa, between
data points 101 and 102 (fig. 32), slopes gently to the east at 2.6° £ 0.5°. The section
between points 307 and 305 (fig. 31) also slopes to the east, but at an angle of 4.4°+0.4°.
The slope between points 101 and 305 is 8.8° £ 0.5°, and between points 102 and 307
is 10.8° £+ 1.3°. Because these data points lie on the upper surface of the plateau that
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is exposed to the wind, one can not be certain whether this surface represents a recent
erosional surface, the original depositional slope, or the upper surface of a tilted fault

block. Each of these hypotheses are considered.

An erosional surface would produce light and dark banding. The difference in
elevation between the highest and lowest points on the plateau surface is 5- to 10-times
greater than the average thickness of a layer. If the layers were flat lying, an angular
erosion of the plateau would cut across the light and dark layers. Because no layers are
exposed on the upper surface of Candor Mensa, the origin of the slope was probably not

due to erosion.

If this upper surface is parallel to the layers below, one possible explanation for
the slope would be that it is the original depositional surface. Although a slope of 8° to
10° is geologically feasible, at this image resolution one would expect to see a “grain”
on the surface indicating the transport direction. Because no directional indicator can
be detected, and because there is no obvious sediment source immediately to the south,

the hypothesis that the upper surface is the original depositional slope is not favored.

A final possible explanation for the apparent dip of the surface of Candor Mensa
is that it is a fault block that is tilted to the north. If this hypothesis were correct, the
previous speculation that thinner layers overlie thicker layers in Candor Mensa would
also be favored. Because there is other evidence for faulting within and around the
Valles Marineris, this hypothesis is favored. A tilted fault block is also consistent with

the tectonic origin of the Valles Marineris.

An apparent dip to the layered deposits is supported by data from southeast
Candor Chasma. Two data points that are located on one continuous layer also indicate
that the layering may not be strictly horizontal. Points 203 and 202 (fig. 31) mark the
separation between the upper, finely layered section and the lower, more coarsely layered
section. The apparent dip of the layer between these two points is 2° & 2° to the east.
Without a third point there is no way of calculating whether the true dip is greater or

not. Nevertheless, the slope angle indicates that these layers may not be flat-lying.
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Total Thickness and Volume of Deposits

Mapping of the thicknesses of the plateaus was restricted to Coprates NW quad-
rangle because a sufficiently detailed topographic map presently exists only for that
area (U.S. Geological Survey, 1984). The quadrangle encompasses Hebes, Ophir, Can-
dor, Melas, and Tithonium chasmata. An estimated 75 percent of the mapped layered
chasma deposits occur within this area. To determine the thickness of an individual
plateau, the level of the canyon floor was assumed to be the base of layered deposits.
This assumption is fairly reasonable because the canyon floor has a relatively smooth to-
pography, and in most areas does not show textures that are characteristic of the layered
deposits. Where the layered deposits lap against the canyon wall, the three-dimensional
shape of that plateau was approximated by assuming that the slope of the exposed part

of the canyon wall has the same gradient as where it is buried by the layered deposits.

An isopach map of the deposits is shown in figure 33. The greatest thicknesses of
layered deposits occur in Hebes, Ophir, and Candor Chasmata. The deposits in Hebes
Chasma are ~ 5000 m thick. Layered deposits in Ophir Chasma are between 5300 m and
5500 m thick. Candor Mensa in Candor Chasma is ~ 4300 m thick, and the thickness of
other deposits in Candor Chasma range between 2400 m and 4200 m. In contrast, the
deposits in Melas Chasma range between 2000 m and 3200 m. The relief on the chasma
walls is not as great in Melas Chasma (~ 5000 m), as in the canyons to the north (~ 6000

m in Hebes, ~ 7000 m in Ophir, and 6000 m to 7000 m in Ophir).

The total volume of the layered chasma deposits in Coprates NW Quﬁdrangle
was derived from the isopach map, using a planimeter to determine the area within each
contour interval and linear interpolation to estimate elevations between contours. The
volume of each plateau of layered deposits is presented in Table 2. The total volume of the
layered deposits in Coprates NW is ~ 1.29 x 10° km3. If these deposits are composed
of sediment that once was spread uniformly over the surface of Mars, it would have
covered the planet with a layer 90 cm thick. For comparison, ancient terrestrial Lake
Gosuite (situated in the southwest corner of Wyoming during Eocene time) accumulated

an estimated 2.0 x 10* km?® of deposits over a period of 4 million years (Bradley, 1963). It
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Figure 33: Isopach map of the layered deposits in Coprates NW Quadrangle. Derived
from the U.S. Geological Survey (1984) topographic map. Letters correspond to calcu-
lated volumes reported in Table 2. Contour interval is irregular; thickness is shown in

meters.
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Table 2. Volume of individual plateaus of layered deposits. Lettered locations

correspond with Figure 33.

Location | Volume (km?)
A 13,400
B 26,300
C 12,200
D 27,500
E 32,500
F 12,300
G 200
H 4,000
I 200
TOTAL 128,600
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is estimated that Mt. Vesuvius in Italy has erupted approximately 1.37 x 10% km? of lava
since 79 A.D. (Simkin and others, 1981). The Yellowstone Volcanic Field in northwest
Wyoming has erupted roughly 6.5 X 10% km® of rhyolitic magma in the past 2.25 million
years (Christiansen, 1984).

It also is useful to compare the volume of the layered deposits to that of other
large deposits on Mars to understand the magnitude of the events that produced this
unit. The volume of the north polar layered deposits is roughly 4 x 107 km3. This figure
was arrived at by assuming that the deposits are on the average 2.5 km thick. The
volume of Olympus Mons was calculated to be approximately 1.12 X 10® km® (Blasius,
1976). In keeping with the fact that volcanic deposits commonly are larger on Mars than
on the Earth, the volume of the deposits is not inconsistent with a volcanic origin. In
fact, the volume of the layered deposits is an order of magnitude less than the volume

of Olympus Mons.

Stratigraphic Relationships and History of the Valles Marineris

Stratigraphic relationships between units were used to construct the sequence of
events within the Valles Marineris. Locations that show key stratigraphic information

permit the history to be inferred.

The history of the Valles Marineris apparently began with the formation of tec-
tonic fractures or grabens radial to the Tharsis bulge. The graben system was a result
of extensional stresses at shallow depths produced by the formation of the Tharsis bulge
(Sharp, 1973a; Carr, 1974; McCauley, 1978; Wise and others, 1979). The construction of
the main volcanic cones that cap Tharsis occurred after the major portion of the fracture

system formed.

Several workers have suggested that the present geometry of the Valles Marineris
was largely due to faulting and tectonic subsidence caused by southward movement of
the Syria-Solis Planum block, which lies to the south of the Valles Marineris (Allegre and
others, 1974; Sengor and Jones, 1975; Courtillot and others, 1975; Masson, 1977). This
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hypothesis would imply that opposing canyon walls were once in contact, a situation that
seems implausible. Geometric arguments alone allow the possibility that Tithonium, Ius
and Coprates chasmata were formed largely by tectonic movement, but the wide and
irregularly shaped Hebes, Ophir, Candor, Melas, Juventae, Gangis, Capris, and Eos
cannot be explained by tectonic activity alone. To accomodate such a large amount
of extension, transform faults, for which there is no evidence, would be required at
the east and west ends of the troughs. The irregular geometry also argues strongly
that most canyons are not essentially unmodified grabens. Further, if the canyons were
purely downfaulted blocks, there would be normal faults at the ends of the canyons, for
which there is no evidence. A much more likely hypothesis is that relatively modest
extensional faulting provided relief to allow processes such as landsliding, gullying and
undermining to enlarge the canyons to their present geometry (Sharp, 1973a; Lucchitta,
1978; Lucchitta, 1981a; Patton, 1981). The spur-and-gully morphology was the dominant

wall type to form as a result of the enlargement of the canyons.

The vast quantity of material that was eroded from the walls of the canyons does
not coincide with the limited extent of the interior deposits and the enormous size of
the present-day canyons. More material than is observed today must have been eroded
from the canyon walls. Where is this “missing” material? Because completely enclosed
basins like Hebes Chasma exist, the debris could not have simply been carried away.
The wall material probably was volatile-rich, and therefore much of the original volume

could have been removed by sublimation or carried away as liquid water.

The deep “moat” that commonly separates the layered chasma deposits from
the canyon wall probably was not formed by eolian erosion because of its great depth
(over 5 km in Ophir and Hebes chasmata) and the difficulty of producing deep erosion
along canyon walls while leaving the sediment farther from the walls virtually untouched.
Rapid release of ponded water by overtopping divides in the canyon has been suggested
by Lucchitta (1982) as a mechanism of forming the outflow channels associated with the
Valles Marineris. There are some areas within the canyons that may have been affected

by fluvial erosion, such as the valley east of Candor Mensa (fig. 10), and the valley
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that connects Ophir and Candor chasmata (fig. 13). However, the draining of lakes
accompanied by deep fluvial erosion is not a viable candidate for all moat formation.
Hebes Chasma is a completely enclosed basin, but it has a well-developed moat that
must have been formed without rapid drainage. The deep moats in cases like Hebes
most probably formed subsequent to deposition of the adjacent layers, primarily by
collapse and recession of the canyon walls due to removal of large amounts of ground ice.
Many workers have stressed the importance of groundwater sapping and sublimation or
melting of ground ice in forming the present canyon wall morphology (Sharp, 1973a; Carr,
1981; Lucchitta, 1978, 1982). There also is strong evidence elsewhere in the canyons (for
example Noctis Labyrinthus) for substantial enlargement of the canyons by sapping and
wall collapse. This collapse and subsequent mass wasting also formed the spur-and-gully

topography of the canyon wall.

At the divide between Ophir and Candor chasmata, the layered deposits lap di-
rectly against and partially bury canyon walls with spur-and-gully morphology (fig. 16).
In this location, the deposition of the layered deposits clearly postdated the enlargement
of the canyon walls. Because the spur-and-gully morphology of the canyon walls formed
in some places before and in other place after layer deposition, it is inferred that depo-
sition of the layered chasma deposits and canyon enlargement by wall collapse and mass

wasting took place during roughly the same period of Martian history.

Continued movement on the faults that initiated the Valles Marineris caused
tilting of the layered deposits. The orientation of the layers in Candor Mensa and

southeast Candor Chasma is evidence for this post-depostional movement.

Following the formation of the layered deposits and collapse of the canyon wall,
the layered chasma deposits were deeply eroded by a mechanism apparently separate
from the processes that created many of the moats. The outflow channels associated
with the Valles Marineris may date from this epoch of erosion (Lucchitta, 1982). There
are two locations in Candor Chasma where the layered deposits are deeply eroded. To
the east of Candor Mensa, a V-shaped trough separates the mesa from another plateau

of layered deposits to the east (fig. 10). The surface of the narrow valley has streaks
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that may be a result of wind or fluvial erosion. The divide between Ophir and Candor
chasmata is another location that shows substantial erosion. Two mesas are separated
by an erosional valley that connects Ophir Chasma to the north with Candor Chasma to
the south (fig. 13). McCauley (1978) and Lucchitta and Ferguson (1983) suggested that
ponded water in Ophir Chasma breached the divide to the south, causing catastrophic
flooding that eroded the surrounding countryside. Sediment has been identified in Eos
Chasma with no layering and a gently undulating surface (fig. 21). These deposits may
be products of erosion of the layered chasma deposits. This hypothesis would imply, that
when water was flowing through the narrow Coprates Chasma, it lost the capacity to
carry much of its load as the canyons widened into Eos and Capri, and it consequently

redeposited much of its load.

Landsliding of the canyon walls postdates the erosion of the layered chasma de-
posits as evidenced by two clear cases. In Ophir Chasma, a landslide was diverted by
a plateau of layered deposits (fig. 22). Landslide deposits on the north side of Hebes
Chasma abut against the central plateau of layered deposits (fig. 9).

Eolian erosion responsible for fluting along the slopes of the layered deposit
plateaus probably has been volumetrically minor. It can not be determined when the

eolian erosion began, but it could be continuing up to the present.

Figure 34 summarizes the history of the Valles Marineris. Faulting and graben
formation resulted in response to the Tharsis uplift. The troughs were enlarged by
collapse, sapping, and weathering of the walls to form the spur-and-gully morphology
of the canyon walls. During roughly the same period, the layered chasma deposits were
emplaced. Further local canyon wall collapse, and perhaps deep erosion of the deposits
in some areas followed, producing the present plateau and canyon-wall geometry. The
outflow channels associated with the Valles Marineris may date from this period of
erosion. Landsliding postdates the formation and deep erosion of the layered deposits.
A minor episode of mafic explosive volcanism occurred after the emplacement of the
landslide deposits. Eolian erosion responsible for the fluting could be continuing up to

the present.
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Figure 34: Simplified geologic history of the Valles Marineris. Stage I: graben formation
in response to the Tharsis bulge. Stage IIA: Canyon wall enlargement with contempo-
raneous deposition of the layered deposits. Stage IIB: Further canyon wall collapse in
some locations forming “moats”. Stage III: Erosion of the layered deposits. Stage IV:

Landsliding of the canyon walls.
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Origin of the Layered Deposits

Four hypotheses for the origin of the layered deposits seem to be worthy of con-
sideration: that they are eolian deposits; that they are the same material as the canyon
walls; that they are deposits from explosive volcanic eruptions; or that they were de-

posited in standing bodies of water.

Eolian Hypothesis

Peterson (1981) suggested that the central plateau in Hebes Chasma may have
formed by eolian processes. Although present eolian activity in the canyons apparently
involves only minor erosion and redistribution, Peterson suggested that the layered de-
posits ﬁay have been produced by global dust storms during a period when the Martian
atmosphere was denser. However, the distribution of the layered deposits appears incon-
sistent with formation by eolian processes. Layered deposits are found only in the lower
elevations of the canyons. The higher elevations of the canyon walls and surrounding

uplands are completely free of any similar deposits, a situation which would be extremely

difficult to produce if layered deposits once covered the entire area.

Canyon Wall Hypothesis

There are a number of indications that the layered chasma deposits are not rem-
nants of the canyon walls. The clear differences in weathering style between the layered
deposits and the canyon walls show that the two materials are quite different. The
canyon walls commonly have spur-and-gully topography, whereas the slopes of the lay-
ered deposits have weathered to a relatively smooth surface characterized in some places
by eolian fluting. Although the slopes of the canyon walls and plateaus of layered deposit
have similar gradients, the canyon walls have commonly undergone catastrophic failure,
producing landslides in many locations. The layered deposit plateaus do not show any

evidence for landsliding. The canyon walls do not show the fine, rhythmic layering that
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is a prominent characteristic of the layered deposits. The layered deposits also have been
found to lap against the canyon wall, showing by their stratigraphic relationship that

the two units did not form at the same time.

Volcanic Hypothesis

There is evidence for explosive volcanism on Mars. Morris (1980) proposed that
the aureole deposits on Olympus Mons are pyroclastic material. Mouginis-Mark and
others (1982) identified deposits west of the summit caldera of Hecates Tholus in the
El}sium Planitia region that may have been generated by explosive volcanism. Scott
and Tanaka (1982) identified possible ignimbrites southwest of Olympus Mons in the
Amazonis Planitia region. Wilson and Head (1983) pointed out that the low atmospheric
pressure of Mars would make pyroclastic eruptions more likely than on Earth, other
factors being equal. Eruption velocities also will be greater by a factor of about 1.5 for

the same volatile content.

The origin of the layered deposits by air-fall volcanic debris is argued against
by the same reasoning as for an eolian origin. Because the atmospheric pressure and
gravity are low, Martian eruption clouds will rise to heights about 5 times greater than
on Earth (Wilson and Head, 1983). One would expect that pyroclastic debris would be
widespread. Even if the source of the volcanism was from within the canyons, the clouds
would be expected to rise and deposit ash on the surrounding plains. If the source for
the material was Olympus Mons, as Peterson (1981) suggested, one would certainly see

some evidence of layered deposits on the surrounding plains, and /or in other depressions.

It has been suggested that the layered chasma deposits have an ash-flow origin
(Lucchitta, 1981a). Scott and Tanaka (1982) found deposits that they postulated are
ignimbrites, or ash-flow tuffs, in the Amazonis, Memnonia, and Aeolis quadrangles.
They described them as being flat sheets up to 100 m thick with upper surfaces that
are smooth or gently undulating. The deposits cover an area of ~ 2.2 x 10 km?. When

viewed at high resolutions, the putative ignimbrites are massive deposits without visible
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bedding. Unlike air-fall tuffs, they do not blanket topography, instead they tend to
even out the underlying topography by filling in lows with more material. The greatest
thickness of the unit occurs where there are topographic barriers. Scott and Tanaka
suggested that, where the flow was unconfined, it spread laterally for large distances
in thin sheets. The deposits have several detailed morphologic features in common
with terrestrial ignimbrites, including possible welded layers that show joint sets in high-
resolution images, and nonwelded ash-flow tuffs that are eroded into conical pinnacles. It
was suggested that the source areas of the pyroclastic flows were large collapse structures,
such as faults, fissures, and cauldrons, that developed over shallow magma chambers (fig.
35). Possible vents, however, have been identified in only a few places. Perhaps most of

them were buried by eruptive material.

‘The proposed Amazonis Planitia ignimbrites have a morphology most similar to
what are classified as large-volume ash-fiow deposits on Earth. Fisher and Schmincke
(1984) reported that terrestrial deposits in this category have typical volumes between
100 and 1000 km3. The estimated volume of the Amazonis ignimbrite is ~ 3.85 x 108
km3® (Scott and Tanaka, 1982). The total volume of the layered deposits in Coprates
quadrangle is ~ 1.29 x 10° km3. If the layered chasma deposits are volcanic in origin,

their volume is consistent with the large magnitude of other proposed volcanic events on

Mars.

The thickness of the layered chasma deposits ranges from 2000 m in the southern
canyons to 5500 m in the north. These values are greater than the average thickness
of the proposed Amazonis ignimbrite, which is approximately 1750 m. Large terrestrial
ash-flows typically spread out in aprons from central vents on slopes of a few degrees
(Sheridan, 1979). Their thickness is greatest near the source and decreases laterally.
Scott and Tanaka (1982) also recognized that the Amazonis ignimbrite was thickest near

their proposed volcanic vents.

It could be proposed that the layered chasma deposits are ash-flow sheets with
their sources in Ophir and Candor chasmata where the deposits are thickest, but there

are severe problems with this hypothesis. First, there are no identifiable volcanic calderas
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Figure 35: The depressions (arrows) were proposed to be the sources for pyroclastic flows
in the Amazonis Planitia region as described by Scott and Tanaka (1982) (picture no.
637A76).
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in Ophir and Candor chasmata. No depressions were detected similar to ones that Scott
and Tanaka (1982) suggested were sources for volcanic material in Amazonis Planitia
(fig. 34). Even if there were major sources there, the chasma wall that separates Candor
Chasma from Melas Chasma would have prevented volcanic avalanches from spreading
into Melas Chasma. In fact, flows that spread southward would have piled up against
the canyon wall, producing thicker deposits. On the contrary, the plateaus of layered
deposits are characterized by a fairly uniform thickness. There presently is an opening in
the wall, but no evidence of layered deposits can be seen near this entrance. In addition,
although the thickness of layered deposits decreases from north to south, there was no
systematic thinning of individual layers detected in the highest resolution Viking images.
Over a distance of hundreds of kilometers, one would expect to see beds tapering out
if they originated from a central source. It is therefore unlikely that there was a major

source for voicanism centered in the northern canyons.

Perhaps the plateaus of layered deposits were formed by many smaller, localized
eruptions scattered throughout the canyons. One would envision a series of episodes in
which each event produced a layer of tuff and ash that subsequently covered the vent.
The magma conduits of subsequent events would have had to penetrate the previous
layers to erupt another continuous sheet. This might be expected to cause considerable
disruption of previous layers. The locations of succesive vents probably would have had
to have been constantly changing, or else noticable volcanic edifices would have been
built. Small explosive events on Earth tend to form central cones similar to Mount St.
Helens, Washington, or Mount Mazama at the site of Crater Lake, Oregon (Fisher and
Schmincke, 1984). The flows of these smaller-scale pyroclastic eruptions tend to erode
channels in the flanks of the volcano (Sheridan, 1979), producing stacks of elongate
deposits, instead of the more sheet-like layers of larger flows. Individual layers in the
plateaus of layered chasma deposits do not show noticeable variations in thickness. It
seems improbable that a continuous series of small eruptions could produce such uniform,

rhythmic layering on the scale that is seen in layered chasma deposits.

Subaerial pyroclastic volcanism does not seem to be a viable mechanism for the
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deposition of the layered chasma deposits. It has been eliminated for further considera-
tion because there are no identifiable volcanic vents, and because rhythmic, continuous
layering in many separated canyons would not likely be produced by a series of small,
localized eruptions. Another form of pyroclastic volcanism that has not been previously
suggested is subaqueous volcanism. This process will be considered after discussion of

the lacustrine hypothesis.

Lacustrine Hypothesis

There have been speculations that the layered chasma deposits may have formed
in a low-energy, liquid-water environment (McCauley, 1978; Lucchitta, 1981a; Carr,
1981). The deposition of the layered deposits in standing bodies of water can readily
explain the location, horizontality, lateral continuity, great thickness, and stratigraphic

relationships with other units within the canyons.

Troughs located in active tectonic settings on earth have producea great thick-
nesses of water-lain deposits. The east African and the Baikal rifts produced long-lasting
lakes with sedimentary deposits 2 to 5 km thick (King, 1976). The great depths of the
Valles Marineris canyons and the large thicknesses of the layered deposits, together with
the history of tectonism of that area, suggest that lakes on Mars could have had histories

similar to those of rift-valley lakes on earth.

As with any planetary photogeologic investigation, the complexity of geologic
processes and the limitations of the data available preclude absolute confidence in de-
termining the origin of the layered deposits. Of the four hypotheses considered, it is
concluded that only deposition in a lacustrine environment or explosive volcanism merit
further consideration. However, because of the problems that exist with subaerial explo-
sive volcanism, it is concluded that the layered chasma deposits probably were formed
in standing bodies of liquid water. If the source of the deposits was volcanic, the vol-
canism was most likely sublacustrine. Alternatively, the sediment that was deposited in

the lakes may have come from the atmosphere or the canyon walls. The layered chasma
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deposits provide the most convincing evidence for the former existence of standing water
bodies on a planet other than the Earth. A decisive determination of their origin will

only be reached once they are sampled directly.

Based on our present understanding of the evolution of the Martian atmosphere,
lakes on Mars would have been ice-covered (Wallace and Sagan, 1979; Carr, 1983; McKay
and others, 1985). The lacustrine hypothesis therefore presents a problem of how to
produce thick sedimentary deposits in ice-covered lakes. Three mechanisms will be con-
sidered in detail for the emplacement of sediment in the putative lakes: sedimentation
through the ice from above, infilling from the lake sides, and volcanic eruption from the
lake floor. However, it is difficult to constrain adequately all of the possibilities that
may have ocurred on Mars with the amount of data we have at this time. It is therefore
instructive to gather additional information from possible terrestrial analogs, in the hope
of being better able to understand sedimentation in martian lakes. The antarctic Dry
Valley Lakes were chosen for study, because they, too, have a perennially frozen ice cover,
and it is possible to obtain sediments and other pertinent data from this area. The next
section of this thesis will present the information and interpretation of sedimentation in

the ice-covered Dry Valley Lakes, and how it can be related to possible lakes on Mars.
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ANTARCTIC DRY VALLEY LAKES

Purpose of Investigation

Sedimentation in ice-covered lakes involves processes that are not understood
because, unlike temperate lakes, inflow streams are active during only a few months of
the year at most, and the permanent ice cover prevents windblown sediment from freely
entering the lake. The goals of this investigation are: to determine if sediment on the
ice surface can migrate downward through the ice and enter the liquid water system; to
resolve the mechanism(s) by which the sediment travels through the ice; and to determine
the relative proporticns that the inflow streams, lake margins, and sediment in the ice-
cover contribute to the deposits on the lake bottom. The answers to these questions may
help to constrain processes of sedimentation in ice-covered lakes that may have existed

on Mars.

Location and General Geography

The Dry Valleys are in one of the largest ice-free regions within a vast polar
desert situated in southern Victoria Land, at the southern extent of the Transantarctic
Mountains, which stretch from the Ross Sea northward to the Weddell Sea. The valleys
cover an area of ~ 4000 km? (Cartwright and Harris, 1981) between latitudes 160° and
164° east, and longitudes 76°30' and 78°30' south. Ice-covered lakes that are discussed
in this study lie west of McMurdo Sound, in Wright and Taylor valleys (fig. 36). Lake
Vanda lies in Wright Valley. The Onyx River, the main inflow stream, enters Lake
Vanda at its eastern end. There are no streams flowing out of Lake Vanda. Lakes
Bonney, Hoare, and Fryxell lie in Taylor Valley. Taylor Glacier dams Lake Bonney at its
western end. The Canada Glacier separates Lake Hoare to the west from Lake Fryxell to

the east. Although there are numerous inflow streams entering these lakes, the system is
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Figure 36: Index map of the Dry Valley area showing lakes within Wright and Taylor
Valleys.
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separated from the Ross Sea to the east by a low set of hills at the easternmost portion

of the valley.

Climate

The Dry Valleys are free of ice chiefly because they are cut off from the main ice-
sheet in East Antarctica by the Transantarctic Mountains. Other factors also contribute
to their desert environment. Precipitation is low and local ablation rates are high.
Snowfall averages 5-10 cm/yr (Thompson and others 1971a}, and the sublimation rate for
snow is estimated to be ~ 50 cm/yr (Harris, 1981). The lower albedo of rock compared
to snow and ice, together with the low proportion of cloud cover, produce an annual
net radiation gain in the Dry Valleys (Thompson and others, 1971a). Katabatic winds,
which are most common in the winter months, travel down valley from the west. They

are warmed by adiabatic compression, producing relative humidities that are typically

10 to 30% (G.D. Clow, 1985, pers. commun.).

Mean wind speeds are 10-15 km/hr, although gale force winds do occur (Bull,
1966). Easterly winds that blow up-valley during the summer months bring most of
the precipitation (Bull, 1966; Thompson and others, 1971a). Air temperatures in the
Dry Valleys range from —55° C in winter to +10° C in midsummer; the annual mean is

~ —20° C (Thompson and others, 1971b).

Paleoclimates are considered to have been as severe as the present one. Asa résult,
the permafrost layer is irregular and deep (Cartwright and Harris, 1981). Decker and
Bucher (1982) estimated that the permafrost is between 250 and 1000 m thick. During
summer months when there are 24 hours of daylight, the soil surface can warm to high
enough temperatures (20°C in some areas), to allow for surface water flow (Cartwright
and Harris, 1981). During this same period, the lakes also experience the effects of solar
radiation. The ice-cover frequently melts at the lake margins, forming a zone of open

water up to 3 m wide.
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General Geology

The Dry Valleys are located at the southeastern end of the Transantarctic Moun-
tains, which border the Precambrian shield of East Antarctica. The region’s geology is
typical of the Transantarctic Mountains. The basement consists of upper Precambrian to
lower Cambrian medium- to high-grade metasedimentary hornfelses, schists, and mar-
bles that make up the Skelton Group. The original greywackes and limestones were
complexly folded during the Ross Orogeny along predominantly north-south axes. The
youngest basement rocks are massive dikes of granite and lamprophyre. They crosscut
all other basement rocks, and together form the Granite Harbor Intrusives (Gunn and

Warren, 1962; Gibson and others, 1983).

Flat-lying Devonian to Triassic sedimentary rocks of the Beacon Supergroup lie
uncomformably over the basement rocks (Gunn and Warren, 1962). The Beacon rocks
are thick sequences of non-marine, fossil-poor sandstones (arkose, subgreywacke, and or-
thoquartzite), which were deposited in fluvial, lacustrine and eolian environments (Gib-
son and others, 1983). The basement complex provided the source rock for the sediment
of the Beacon Supergroup. A brief period of glaciation during the Jurassic followed
the formation of the Beacon sandstones, and glaciers eroded the formation to varying
depths. A great thickness of till, named the Mawson Tillite, was deposited on the irregu-
lar surface. During the same period, the basement complex and Beacon Supergroup were

intruded by the Ferrar Group, a massive formation of thick sills and sheets of dolerite.

A period of volcanic and tectonic quiescence followed the emplacement of the
Ferrar Group in the Dry Valleys, during which the only activities were erosive processes
(Harris, 1981). This state continued until the Pliocene (4 Ma), when basaltic volcanism
began. McMurdo volcanism was minor in the Dry Valley region, and lasted until a few
hundred thousand years ago (Gibson and others, 1983). Only a few small cinder cones
and scoria patches were produced. In other regions such as Ross Island, volcanism was
more extensive, and it has continued up to the present. Continental glaciation was fully
developed by the late Miocene (10 Ma). The Dry Valleys are believed to have been

eroded by glacial ice from the polar plateau during this period of glaciation (Bockheim,
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1979; Harris, 1981). More recent silty till and gravel, which overlie the glacial deposits,
may be marine sediment that was deposited in fjords (Vucetich and Topping, 1972).
After the marine waters retreated, additional episodes of glaciation affected the valleys
(Bockheim, 1979). The present lakes were formed less than 22,000 yr ago, after the most
recent retreat of the Ross Ice Shelf (Denton and others, 1970).

Description of Lakes

During the summer field season in 1984/85 (December through January) S. W.
Squyres performed field studies and took sediment samples of the areas in and around
lakes Vanda and Hoare. All the lake margin, inflow stream, and ice surface samples
used for analysis in the following sections were collected by him. Additional data and
observations were collected by the author at Lake Hoare during summer 1985 (November

and early December).

Wright Valley: Lake Vanda

Lake Vanda is located in Wright Valley, approximately 29 km west of Lower
Wright Glacier, and 18 km east of Upper Wright Glacier (fig. 36). It lies in the lowest
portion of Wright Valley in an undrained bedrock depression. The lake is approximately
5.5 km wide and 1.5 km long, covering an area of 8.2 km?. It is deepest near the center of
the western portion, where water depths reach 68 m (Nelson and Wilson, 1972) (fig. 37).
The major stream that flows into Lake Vanda is the Onyx River (fig. 38). It orlgmates
at the western terminus of the Lower Wright Glacier and flows 25 km westward, away
from the Ross Sea, down-valley into Lake Vanda. This reversal of drainage resulted
from there having been more glacial erosion in the region of the lake, and less erosion
and more deposition near the terminus of Lower Wright Glacier (Nichols, 1962). When
measurements were taken during the 1984/85 summer, the Onyx River was flowing at

the rate of 7.2 m®/sec, which is near its peak discharge.

The surface of Lake Vanda is perennially frozen, as are the other lakes described
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Figure 37: Bathymetric map of Lake Vanda from Nelson and Wilson (1972).
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in this study. The ice cover is between 2.5 and 3.5 m thick (Jones and others, 1971;
F.G. Love, 1984, pers. commun.). The character of Lake Vanda’s ice cover is unique
among lakes Vanda, Bonney, Hoare, and Fryxell. There is sediment within the ice cover
of all the lakes, but the quantity is much less at Lake Vanda than at the other lakes
(fig. 39). In addition, at the other lakes most of the sediment accumulates in discrete
horizons within the ice cover, with few or no grains in between the layers, whereas at
Lake Vanda grains are scattered throughout the portions of ice between sediment layers
(R.A. Wharton, 1985, pers. commun.). The ice also is very porous. Air bubbles released
by divers are briefly trapped against the bottom of the ice cover, and then gradually
disappear (G.M. Simmons, 1985, pers. commun.). Air channels at the base are up to
10 cm long, and may contribute to a permeable ice structure that allows sediment to
work their way through the channel network (F.G. Love, 1984, pers. commun.). The
surface of the ice is gently hummocky, has fractures 10-20 cm wide and 20-30 cm deep,
and generally is free of sediment except where small amounts of wind-blown sediment
have been trapped in the fractures (fig. 40). The fractures are best developed along the

lake margins.

During the summer the ice cover melts away from the lake margin exposing 2-3
m of water. At the eastern end where the Onyx River enters the lake, the open area is
wider. The temperature of the lake water is close to 0° C directly below the ice, and
warms to 25° C at the bottom of the lake (Nichols, 1962; Wilson and Wellman, 1962).
It was proposed by Ragotzkie and Likens (1964) that the heating was solely due to solar
heating of the water column; subsurface advection from thermal springs was rejected on
the basis that water was migrating from the lake into the ground. Because there are
no outlet streams, the greatest water loss from Lake Vanda is by evaporation. During
this process, salts are left behind, making the water saline. The lake is stratified by
density resulting partly from differences in chemical composition. The water just below
the ice is very low in dissolved salts, while the bottom water is a saline brine (Wilson
and Wellman, 1962). The high bottom temperatures are in part maintained by the lack
of mixing in the water column. Very little light penetrates down into the deep region of

the lake, but due to the very high stability of the salt-rich layers, the thermal transport
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Figure 39: The ice on Lake Vanda is virtually sediment-free.
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is very efficient and high témperatures result (C.P. McKay, 1986, person. commun.).

An interesting ecosystem exits on the bottom of Lake Vanda, and other lakes in
Wright and Taylor valleys. Algal mat communities have been found to be thriving in
this very harsh environment of low light levels, low temperatures (as well as the higher
temperatures in Lake Vanda), high salinities, and low to nonexistent water flow. Parker
and others (1982) reported that the organisms leave the lake system by first lifting
off from the bottom of the lake buoyed with bubbles of photosynthetically produced
oxygen. The clumps of algal mat then float upward toward the bottom of the ice cover
and become frozen into the ice that forms when the colder season sets in. They migrate
upward through the ice as ice is ablated from the upper surface, and new ice is formed
on the lower surface. When the algal mat pieces reach the upper surface in 5-10 years,

they are freeze-dryed and dispersed by winds.

Analysis of sediment from Lake Vanda has been performed by Cartwright and
others (1974) and Nelson and Wilson (1972) through the use of cores. Cartwright and
others (1974) presented a tentative geologic history of Lake Vanda in which they sug-
gested that there was a marine incursion during which 6.7 m of sediment was deposited
over the granitic basement. A period of glaciation followed, and 2.2 m of till was de-
posited. The till is overlain by 3.5 m of lacustrine sediment. Nelson and Wilson (1972)
reported on the character of the lacustrine deposits. They noted that sediment in water
shallower than 60 m was deposited in an aerobic environment. The sediment is massive,
medium- to coarse-grained, quartzofeldspathic sand (0.24-1.0 mm grain size), overlain by
a layer of lighter-colored, biogenic detritus up to 13 cm thick. Below a water depth of 60
m, the environment is anaeorbic. The sediment emits a strong H3S odor and consists of
grey to green sandy mud (mean grain size < 0.06 mm) and muddy fine and medium sand
(mean grain size 0.125-0.5 mm) with a 6% content (by weight) of fine organic matter,
and significant quantities of apparently authigenic calcite. The cores from the deeper
portions are also broadly stratified. A white calcite and gypsum crust, found 4 to 10
cm below the surface, commonly separates sediment that consists of poorly laminated

organic material and fine- to medium-grained sand above, from thick sandy mud and
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muddy sand rich in organic material and calcite below. Locations nearer to the margin
of the lake were more difficult to core because they became increasingly gravelly, resem-
bling the sand above the present shore of Lake Vanda. Near the lake margin where the
summer melt zone forms, an interesting feature was observed during summer 1984/85.
In some locations, a ridge of poorly sorted sediment that is typically 2 m wide and 30-50
cm high formed on the lake bottom close to the edge of the ice and roughly parallel to

the shoreline.

Former lake levels were recognized by Jones and others (1971) and Smith and
Friedman (1974). Old shorelines produce a stairstep-like pattern on the surrounding
moraine. The “risers” have a slope of ~ 20°, the “steps” are nearly level. The deposits
have no internal stratification. Jones and others (1971) described the ancient beaches as
being poorly sorted to very poorly sorted sand with sediment ranging in size from > 4
mm to clay. They concluded that the conditions during the deposition of these higher
shorelines were similar to those that exist today. If there was more open water, wave
action would have sorted the high-level beach sediment better than the poorly sorted
sediment of the present lake shore. Smith and Friedman (1974) described not only
former beaches, but also former lacustrine deposits that are perched up to 60 m above
the present lake level. They suggested that the ancient shorelines are erosional features
that date back to the time of initial lake expansion, when wind-generated waves along the
ice-free margins cut into the older colluvium. The lacustrine deposits are mostly poorly
sorted, fine to coarse sand with a thin veneer of lag gravel. Bedding is rare, but where it
does occur it dips ~ 5° lakeward. No presence of organic matter was mentioned. Smith
and Friedman concluded that Lake Vanda, and perhaps other lakes in the Dry Valleys,

experienced only one main cycle of lake expansion in response a regional climatic event.

Taylor Valley Lakes

Lake Bonney. Lake Bonney is the westernmost lake in Taylor Valley (fig. 36).
Its western shore abuts against Taylor Glacier, and it is within a few hundred meters

of the Rhone Glacier terminus to the northwest. The lake covers an area of ~ 3.2
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km?, and has a mean depth of 18.7 m. The highest water temperature, +2° C, occurs
at approximately 15 m below the surface, the temperature then decreases to —4° C
towards the lake bottom (Shirtcliffe and Banseman, 1964) . The ice cover is ~ 3.7 m
thick, and sand lenses occur at ~ 1.3 m below the ice surface (F.G. Love, 1984, pers.
commun.). This lake was not investigated in this study, but it is mentioned here to
illustrate its similarities, such as the sediment-filled ice cover, and its differences, such

as the temperature regime, compared to other lakes in the Dry Valleys.

Lake Hoare. Lake Hoare is situated west of the Canada Glacier and east of the
Suess Glacier and Lake Chad, in Taylor Valley (fig. 36). It is approximately 3200 m
long and 550 m wide, covering an area of ~ 1.8 x 10% m?. The lake is divided into
two basins. The deepest area in the eastern portion of the lake is ~ 1.5 km west of
the Canada Glacier, and is 30 m deep. In the western portion of the lake, the deepest
location is about midway along the length of the lake, and is also 30 m deep (fig. 41,
F.G. Love, 1984, pers. commun.). Lake Hoare has at least five inflow streams during the
summer season. The major one enters the lake at its northeastern margin. No streams
drain Lake Hoare, because the Canada Glacier blocks the down-valley end of the lake.
The water temperature is 0° to 1° C (Wharton others, 1983), which is cooler than the
temperatures recorded in the other lakes discussed in this study. As in lakes Vanda,

Bonney, and Fryxell, algal mats thrive on the lake bottom.

During the summer months, the surface of the ice cover is extremely irregular.
Troughs up to 1 m deep cover the surface (fig. 42). In one location (fig. 42), the ice
structure consists of two layers of icicles, each ~ 30 cm thick, separated by a thin layer
of solid ice. The top icicle layer also is capped by a thin layer of solid ice. Sand layers
with pieces of algal mat mixed in lie on the floors of the troughs. Under overhangs where
there are wind shadows, pieces of algal mat tend to concentrate in greater quantities.
Depressions in the ice surface in between the troughs also contain sand in layers up to
1 cm thick. Also scattered on the surface are boulders up to 2 m in diameter. An aerial
view from 900 m above the lake shows that 40-50% of the ice surface is covered with

sediment (fig. 43). The sand was most likely transported onto the ice by wind, and the
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Figure 41: Bathymetric map of Lake Hoare (from F.G. Love, written pers. commun.)

showing sample locations and their description.
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Figure 42: Sediment-filled troughs up to 1 m deep pervade the surface of Lake Hoare.

Scale is 1 m.
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Figure 43: An aerial view of Lake Hoare looking eastward toward the Canada Glacier,

900 m above the surface. 40-50% of the ice is covered with sediment.
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irregularities in the surface provide traps in which the sediment is deposited.

The average thickness of the ice covering Lake Hoare is 4.7 m (F.G. Love, 1984,
pers. commun.). Sand and pieces of algal mat occur as ~ 20 cm thick, discontinuous
lenses 1-2 m below the ice surface that may extend laterally for meters. Sand also occurs
in small, centimeter-sized pockets in the top 1 m of the ice cover. By comparing the
stratigraphy of three holes melted in the ice cover, it has been shown that the tabular
sand lenses do not correlate from one hole to the next. Above the tabular sand lenses
the ice is porous, containing irregular and frothy air bubbles (F.G. Love, 1984, pers.
commun.). Below the sand lenses, extended air bubbles form narrow vertical channels
up to 1.5 m long (fig. 44) (R.A. Wharton, 1985, pers. commun.). Groups of parallel
air channels start and end at the same depths below the surface. These groups may be
repeated two to three times in a vertical column of ice. At the top of any one group of

air channels, pieces of algal mat are frequently found.

Unlike Lake Vanda, Lake Hoare does not appear to have any remnants of old
shorelines. The material at the present shoreline is coarse and poorly sorted, with
boulders up to 0.5 m in size (fig. 45). The bank is steeper above the present water level
and flattens out to a gentle slope below, as in Lake Vanda, although no ridge near the

lake margin where the lake is ice-free was observed.

A sand bank inferred to be of eolian origin lies at the east end of the lake against
the Canada Glacier. It is approximately 10-15 m wide and 50 m long and is oriented with
its long axis paralled to the glacier. A minor amount of cobbles, which were sloughed
off the face of the glacier, are intermixed with the sand. During the summer, several
small melt streams flow from the steep, 15 to 20 m high terminus of the glacier onto
the sand bank. As the streams flow over the sand bank, they cut channels that expose
internal layering and form deltas as they enter the lake. The largest inflow stream flows
along the western margin of the glacier (fig. 46). At the location and time when stream
gauging data were obtained, it was an approximately 3-m-wide braided stream with a
depth < 10 cm. The stream travels more than 100 m from the location where it leaves

the glacier to where it enters the lake. On one warm day during the summer 1984/85
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when data were obatained, the discharge was 0.06 m3/sec. Smaller streams to the west
flowed during daytime hours, but ceased at night when glaciers or snowfields at their

sources no longer were melting.

Sediment samples were collected from locations shown on Figure 41. Samples
were collected from the ice cover (LHDH1, LHDH2, LHDH3) and lake bottom (100, 102,
103, 105, and 106) during the summer of 1980/81 by F.G. Love, and from the ice surface
(13A and B), inflow stream (12), lake margin (14A and B), and sand bank at the east
end of the lake (11A, B, and C) during the summer 1984/85.

Lake Fryxell. Lake Fryxell lies east of Lake Hoare in Taylor Valley, between the
Canada Glacier to the west, and the Commonwealth Glacier to the east. The lake is
approximately 5 km by 1.5 km, covering an area of ~ 7.5 km?, and is 11-18 m deep. The
temperature of the lake varies from +0.01°C directly below the ice cover, to 2.2°C at a
depth of 10 m (Hoare and others, 1965). Small, intermittent streams flow into both the
north and south sides of the lake during the summer months. A larger, unnamed stream
that originates at the Commonwealth Glacier flows into the lake at its eastern end. No

information presently exists on its seasonal discharge rate.

The thickness of the ice cover on Lake Fryxell is 4.5 m (Hoare and others, 1965;
R.A. Wharton, 1985, pers. commun.). Tabular sand lenses ~ 5 cm thick are located
~ 1.0 m below the surface. During the summer months, a well-developed melt zone
forms at the lake margins. Cores from the bottom sediment reveal coarse sediment (1
cm to 2 mm) that includes pyroclastic material derived from Mt. Erebus, which is on
the eastern border of the Ross Sea, calcite grains concentrated in the stromatolites, and
Fe-Mg minerals concentrated in between the algal layers. A preliminary radiocarbon age
for sediment taken ~ 70 cm below the surface of the lake bottom is 10,300 +400 years

(F.G. Love, 1984, pers. commun.). The character of Lake Fryxell’s ice cover is similar

to that at Lake Hoare.
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Grain Size Analysis

Purpose and Procedure

The purpose of comparing grain size distributions of samples taken from different
localities within and around Lake Hoare was to determine the dominant mechanism re-
sponsible for deposition of lake-bottom sediment. The three possibilities are: downward
transport through the ice cover, transport into the lake from the inflowing streams, and

slumping of material from the lake margin.

Lake Hoare was chosen for this study because a fairly complete data set was
acquired for this lake only. Small cores of sediment from the lake bottom (6-10 cm
long and 2 cm in diameter) where obtained from G.M. Simmons at Virginia Polytechnic
Institute and State University. Samples of sediment from within the ice cover, which
were retrieved in the process of melting dive holes, were provided by F.G. Love, formerly
at Virginia Polytechnic Institute. Sediment samples from the surface of the ice, the
lake margins, and an inflowing stream were supplied by S.W. Squyres at NASA Ames

Research Center. Figure 41 shows the sample locations with brief descriptions.

The samples required only minor preparation for analysis. Suspended sediment
was removed by washing each sample in distilled water and pouring off the liquid con-
taining the clay-sized particles into a separate beaker. The wet sample and the beaker
containing the suspended sediment were then dried in an oven. The sample was gently
mixed in a ceramic mortar with a rubber pestle to break up any clumps that may have
formed, and then split and weighed a number of times, depending on how large the
original sample was. The suspended sediment was weighed separately, and the weight
was added to the weight of the portion of sediment finer than the smallest sieve (4.0¢
in this study). This procedure was followed for the wet samples, which were in the ma-
jority. The few dry samples were merely split and weighed. Each sample was sieved at
whole phi intervals, the largest mesh used was —1.99¢ (3.962 mm), and the smallest 4.0¢
(0.063 mm). The stack of sieves was placed in a Derrick sieving machine that vibrated

the sample for fifteen minutes. Each phi interval was weighed to the nearest 0.01 gm.
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The results of the sieving analyses are presented in Table 3 in their raw form, and

in Figure 47 as cumulative size-frequency curves (using cumulative-probability plots).

Histograms or cumulative size-frequencey graphs using a normal scale were not used

for analysis because Folk (1980) argued that the greatest amount of information can be

extracted from cumulative log-probability size-frequency graphs. A number of statistical

parameters of grain size distribution were then produced from each curve. Graphic mean

(M), median (Md), inclusive graphic standard deviation (1), inclusive graphic skewness

(Skr), and kurtosis (K), presented in Table 4, were calculated according to the formulas

of Folk (1980):

M, — $16+ 850+ g84
3
Md = ¢50

_ ¢84— 16 $95 — 5
=t 66

Gky — P16 16842650 = 45 + ¢95 — 2¢50
T T 2(g84 - 416) 2(495 — ¢5)

_ $95 — ¢5
€ ™ 2.44(475 — $25).
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Figure 47: Cumulative size-frequency curves of the grain-size distributions of sample

from Lake Hoare.
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Figure 47: continued.
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Table 3: Results of sieve analyses for sediment samples from in and around Lake Hoare,

Antarctica. Sample locations are shown in Figure 41. Cumulative frequency plots are

presented in Figure 47.
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Table 4. Statistical analyses of grain-size distributions from samples in and around
Lake Hoare. Formulas for statistics are from Folk (1980). Sample locations are presented

in Figure 41.

Sample | Mean (¢) | Median (¢) | Std. Deviation (¢) | Skewness | Kurtosis
LHDH1 0.66 0.67 1.21 -0.063 0.97
LHDH2 1.41 1.45 0.85 -0.07 1.06
LHDH3 1.37 14 0.82 -0.10 1.29
100 1.17 1.2 0.81 -0.013 1.07
102 1.23 1.25 1.05 -0.01 1.08
103 1.34 1.35 0.94 -0.004 1.13
105 1.02 1.35 0.98 0.03 1.06
106 1.30 1.30 0.88 0.01 0.63
11A 1.32 1.35 0.80 -0.10 1.04
11B 1.43 1.45 0.78 -0.002 1.08
11C 0.32 1.0 1.44 -0.32 1.01
12 1.03 1.2 1.34 -0.17 1.03
13A 1.39 1.35 1.09 0.03 1.02
13B 1.27 1.30 1.02 0.01 0.93
14A -1.09 -1.99 1.28 0.5 0.89
14B -041 -0.75 1.57 0.23 0.63
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Results and Discussion

Visher (1969) proposed that straight line segments separated by discrete points,
which mark a change in slope within individual cumulative probablity curves of grain-
size distribution, can be interpreted as sub-populations. The modes of transportation
represented by these characteristic slope changes are inferred to reflect suspension, salta-
tion, and surface creep or rolling processes (Visher, 1969). This explanation has been
criticized. Walton and others (1980) showed that cumulative frequency curves with sim-
ilarly sloped segments can be reproduced by a variety of mixing and truncation models.
Nevertheless, Visher (1969) has observed that combinations of characteristic slopes do
occur repeatedly in many sedimentary depositional environments, and it is helpful to
apply Visher’s method of grain-size distribution analysis to the curves from Lake Hoare

sediment.

A first look at the curves reveals them to be much simpler than those of shoreline
and dune environments (Visher, 1969). Except for samples 11B, 11C, 14A, and 14B,
there are no obvious breaks in the slopes of the curves. The length and slope of the
simpler curves may be compared to the central portion of common curves, the asaltation
population.” The curves for Lake Hoare sediment from the ice cover, lake bottom, and
sand bank, are most similar to the grain-size curve typical of dunes reported by Visher
(1969), although the median grain size is greater by 1-2¢4, and the sediment more poorly
sorted than the sediment reported by Visher (1969). The coarse size is a result of the
strong winds that are constantly blowing up or down the Dry Valleys. A stronger wind is
capable of moving larger grains than are typically moved in an eolian environment, and
it can also transport a larger range of grain sizes. The poor sorting is a resut of trapping
and mixing of sediment. The resulting grain-size population is not from a single event,

but rather it represents a range of wind conditions.

The samples that depart from the dune sand curve are the stream and lake margin
deposits, and the delta and lag deposits from the sand bank (sample numbers 12, and
14A and B, 11B and C respectively). The break in slope of the curves from samples

11B and 11C is located in the largest grain sizes. Sample 11B was taken from a small
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delta on the sand bank and may represent the concentration of coarser particles in the
topset or upper forset beds. Sample 11C is from an eolian lag deposit. The coarse
grains presumably fell off the face of the glacier and were later concentrated by the
wind. Samples 14A and 14B are from the lake margin. Sample 14A was taken from the
surface where it seemed that the smaller grain sizes had been winnowed away by eolian
processes. Sample 14B is from ~ 40 cm below the surface. Both samples show evidence

of eolian winnowing of fine grains.

The grain-size distributions for lake bottom samples 103, 105, and 106 all show a
change in slope at the 3.0¢ size. The fine-grained sediment population may have been
transported into the lake by the inflowing streams, and its abundance may reflect sorting

processes within the lake.

The statistical parameters derived from each cumulative-probability curve pro-
duce a quantitative method for comparing grain-size distributions. It is important to
understand the significance of each parameter. The equation used for determining mean
grain size is based upon three points on the curve, and it takes into consideration any
deviations from a normal distribution. Differences between mean and median result from
these deviations. Standard deviation is a measure of the sorting of the sample. Skewness
is a measure of the asymmetry of the grain size distribution. A symmetrical curve has
a skewness value of 0.00, and the theoretical extremes have values of +1.00 and —1.00.
A positively skewed sample has a tail or excess of fine grains, and a negatively skewed
sample has a tail of coarse grains. Kurtosis is a measure of the peakedness of a curve.
A normal curve has a kurtosis value of 1.00. Values less than 1.00 are platykurtic, hav-
ing tails that are better sorted than the central portion. Values greater than 1.00 are
leptokurtic; the central protion of the curve is better sorted than the tails. Although
skewness is believed to be environment-sensitive, it seems that kurtosis is not (Friedman,
1961). Mason and Folk (1958), on the other hand, found that kurtosis values provided
a way to separate eolian flat sediment from dune and beach sediment. It is controver-
sial whether kurtosis values add anything to statistical grain size analysis but confusion

(Sedimentation Seminar, 1981).
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The statistical parameters in Table 4 reveal the important relationships between
the various groups of samples. The lake margin sediment samples (14A and 14B) are
coarser and more poorly sorted than the lake bottom sediment samples (100, 102, 103,
105, and 106). Sediment in the inflow stream (12) have a similar grain size, but the
sorting (standard deviation) is much poorer than the lake bottom sediment. Sediment
from within the ice cover (LHDH2 and LHDH3, excluding LHDH1) and the surface of
the ice (13A and 13B) have mean grain size and standard deviation values in the same
range as the lake bottom sediment. The representative sample from the sand bank (11A)
has a mean grain size also in the same range as the lake bottom sediment, and a standard
deviation that is slightly lower. The skewness and sorting values of the sand bank are not
typical of eolian sands. In eolian sand skewness values are ususally positive, and sorting
is usually excellent (McKee, 1979), whereas this sample is slightly negatively skewed,
and moderately sorted. Although the sand bank would appear to be a product of eolian
processes, the atypical skewness and sorting values may be a result of unusually strong

winds.

The grain size analyses are consistent with the hypothesis that transport through
the ice is the dominant sedimentation mechanism in Lake Hoare. The sediment on the
lake bottom are similar in their size distribution to sediment on the surface and within
the ice cover, and less similar to sediment from the lake margins and inflow stream.
Because the mean grain size and distribution of the sediment from the ice cover and
lake bottom are similar to the sand bank at the east of the lake, it is probable that the
dominant mode of transportation and deposition of the grains was eolian with perhaps

some fluvial reworking.

Mineralogy
Procedure

The samples from Lake Hoare were analyzed for their mineralogy to test further

the hypothesis that the sediment in the ice cover is most similar to that in the lake
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bottom. To cut the sediment into thin sections, the disaggregated samples were cast
in petro-poxy. The thin sections were each examined for general mineralogical content,
and then reexamined in a point-count analysis. From 160 to 200 grains were counted in
each sample. Points were grouped into quartz, feldspar, and rock fragments according
to the scheme of Folk (1980), in which “quartz” includes all types of monocrystalline
and polycrystalline, coarse quartz, but not chert. Monocrystalline “accessory” minerals,

including micas and pyroxenes, are listed as “other” grains. The results are presented

in Table 5.

Results and Discussion

The entire group of sediment has a very limited range in composition. Using Folk’s
classification (1980), the samples are considered submature lithic arkosic to feldspathic
lithic sand. The feldspar content is between 30-45%, rock fragments 17-41%, and quartz
28-44%. The high feldspar content in these sediment can be attributed to the cold,
dry climate of the Dry Valleys, which inhibits feldspar decomposition. Under these
conditions, feldspars are eliminated mostly by abrasion. In these samples, the majority of
feldspars are plagioclase and orthoclase. The lithic constituent is made of felsic plutonic
fragments with subordinate amounts of mafic volcanics, and marble. The majority of
quartz is undulatory. The minerals that are grouped under the heading “other” include

orthopyroxene and clinopyroxene with lesser, varying amounts of biotite, chlorite, olivine,

and hornblende.

There is very little variability in the percentages of quartz, feldspar, rock frag-
ments and “other” grains. A ternary diagram comparing the three essential constituents,
quartz, feldspar and rock fragments is presented in figure 48. The most obvious separa-
tion among the samples is in their rock fragment percentages. Samples from the inflow
stream and lake margin contain more rock fragments than the other samples. In gen-
eral, the coarser-grained samples also contain more rock fragments. Samples from on and
within the ice cover, the lake bottom, and sand bank are mineralogically homogenous,

in that the ternary diagram does not separate out any one of these groups.
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Table 5. Mineralogical point count data of samples from Lake Hoare. Values are

given in percentages.

Sample | Quartz (%) | Feldspar (%) | Rock Frags. (%) | Other (%)
LHDH1 23 26 24 27
LHDH2 33 30 14 23
LHDH3 22 29 20 29
102 23 30 25 22
103 29 26 15 30
105 19 25 20 36
106 23 30 20 27
11A 24 24 17 35
11B 23 28 20 29
11C 21 28 17 34
12 21 23 25 31
13A 29 33 14 24
13B 24 31 17 28
14A 19 20 27 34
14B 24 24 23 29
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Figure 48: Ternary diagram showing mineralogical relationships among the samples from

Lake Hoare.
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The mineralogical data alone do not unequivocally show that the lake bottom
sediment are most similar to the sediment from the ice cover. They do, however, provide
weak support for the hypothesis because the samples from the lake margin and inflow

stream differ the most from the lake bottom samples.

Microscopic Analysis of Quartz Grain Textures

Purpose and Procedure

The study of quartz grain surface textures by scanning electron microscopy (SEM)
has become a useful method for relating surface features to specific environments of
transportation and deposition (Margolis and Krinsley, 1974; Hill and Nadeau, 1984). By
recognizing various mechanical and chemical surface markings on a number of grains
from the same sample, it is possible to make an environmental interpretation. The
major limitation in this method of analysis is that there is no single mechanical feature
diagnostic of an environment or of an abrasion process (Krinsley and Doornkamp, 1973).
Nevertheless, by producing a semi-quantative analysis of the features on a number of
grains, it is usually possible to make conclusions on the origin and transport history
of the grains. In this study, it was most important to determine if there is a strong
similarity between sediment from the lake bottom, and sediment from the ice cover, lake

margin, or inflowing stream.

Samples LHDH2 (ice cover), 12 (inflow stream), 14B (lake margin), and 102 (lake
bottom) were chosen for analysis. Preparation of the samples followed the methods de-
scribed in Krinsley and Doornkamp (1973). Grains from the 0.25-0.50mm (2 — 14) size
range were selected because that interval includes to the mean of most of the samples.
The samples were boiled in a 50% solution of HCI for ten minutes, and then washed in
distilled water. Twenty-five grains were randomly chosen from each sample and mounted
on metal specimen stubs using double sided tape. The stubs were then coated with a
gold-palladium alloy. A Cambridge Stereoscan 250 Mk2 scanning electron microscope

was used to examine all the samples. First, each grain was inspected with an X-ray
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analyzer to determine that the grain was indeed quartz, and then the entire grain was
photographed at a low resolution. Further examination was performed at magnifica-
tions up to 8,000X, in order to identify smaller features. Ten grains from each sample

were photographed and studied in order to provide enough data for a semi-quantitative

analysis of the textures.

Results

The grains were analyzed for three main types of surface features: grain outline
and degree of rounding, evidence of mechanical abrasion, and chemical alteration. Be-
cause each grain has various degrees and combinations of these features, it was necessary
to create five categories to which each grain could be assigned. Examples of the five grain

types are presented in Figure 49. The descriptions of the grain types are as follows:

Type A. Grain outline highly angular; fresh conchoidal fractures; high relief;

smooth fracture surfaces; features may be slightly rounded by precipitation and solution.

Type B. Grain outline subangular; medium relief; relict conchoidal fractures may
appear somewhat abraded; chemical precipitation and solution particularly on faces;

some edges show abrasion in the form of large breakage blocks.

Type C. Grain outline subrounded; no angular protrusions; medium to low re-
lief; relict fractures subdued by much abrasion and chemical precipitation and solution;

heavily abraded edges show large breakage blocks and some small breakage blocks.

Type D. Grain outline well to very well rounded; low relief; no relect fractures;
dish-shaped concavities; grain surface mostly small blocks and upturned cleavage plates

that may be smoothed or accentuated by chemical activity.

Type E. Grain with fresh fracture surface making up more than 10% of grain;

original surface may be like C or D.

A histogram for each sample is presented in figure 50, which shows the number of

grains assigned to each grain type (A-E). These results indicate that all of the samples
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have the same range of grain textures, but no samples have obvious, striking similarities.
The most common type of abrasion throughout these samples is small breakage blocks
and upturned cleavage plates (fig. 49). The arrangement of these features is indicative
of an eolian environment, which suggests that eolian transport plays an important role
in continually redistributing the sediment in all of the subenvironments studied. This
part of the study supports the mineralogical results that the sediment seems to represent

a single population.

Estimation of Sediment Flux

An estimate of the sedimentation rates from the inflow streams was calculated
from discharge rates and the quantity of suspended sediment in the streams. Data were
obtained for both lakes Hoare and Vanda during the summer season of 1984/85. It was
determined that, at the time of data acquisition, the streams were very near their peak

discharge rates for the season (S.W. Squyres, 1985, pers. commun.).

The stream discharge rate for the inflowing stream into Lake Hoare was 0.06
m3/sec during the peak of the summer and there was 2.41 x 10~2gm/1 of suspended
sediment in the stream water. The Onyx River at Lake Vanda was discharging at a rate
of 7.24 m3/sec, and the quantity of suspended sediment was 5.42 x 102 gm/l. If one
assumes that the bulk density of the sediment is 2.5 gm/cm®, the volume of sediment
in the water for Lake Hoare is 9.6 x 107 m® sediment/m3 H;0, and 2.2 x 10~% m3

sediment/m® H20 for Lake Vanda.

Chinn (1982) reported that the average annual discharge for the Onyx River over
a ten year period (1969/70 to 1979/80) was 2 x 10 m3. There are no similar results
reported in the literature for the inflow stream into Lake Hoare. In order to arrive at
a similar figure for Lake Hoare, it was assumed that the discharge rate recorded during
the summer 1984/85 at Lake Hoare was also at its peak. The ratio of the peak discharge
of the Onyx River to its average annual discharge is thus inferred to be equal to the

ratio of the peak discharge of the inflow stream into Lake Hoare to its average annual
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discharge rate (which is unknown). Using the equality of these two ratios, the average

annual discharge of the inflow stream at Lake Hoare was calculated to be 1.6 x 104 m3.

The sedimentation rate due to the inflow stream is the product of the average
discharge and the volume of suspended sediment. For Lake Hoare, the sedimentation
rate is 0.15 m3/yr, and for Lake Vanda it is 43.4 m3/yr. It is evident from these results
that there is a great variability between the sedimentation rate of the Onyx River (Lake
Vanda), and the inflow stream into Lake Hoare. Not only is there more than twice
as much suspended sediment in the Onyx River water, but the discharge rate is also
more than one hundred times greater. The two lakes also differ in the basins where the
sediment eventually settle. The inflowing stream at Lake Hoare enters near the deepest
portion of the lake, the Onyx River enters Lake Vanda at the eastern end in the shallowest
part, which is cut off from the main body by a peninsula jutting out from the southern
margin. Most of the sediment entering by the Onyx River are prevented from migrating
into the deeper portions of Lake Vanda by the land barrier. Contribution of sediment
from the ice cover on Lake Vanda also is minimal, because the ice contains very little
sediment. Divers investigating west of the peninsula reported that only a thin veneer of

sediment covers the bedrock at the lake bottom (F.G. Love, 1984, pers. commun.).

The maximum age of the lakes as determined from the history of recent glaciation
in the valleys also constrains the sedimentation mechanisms of the lakes. The Ross Ice
Shelf most recently expanded ~ 22,000 yr ago, blocking off Taylor Valley to form glacial
Lake Washburn (Denton and others, 1970). If one considers Lake Hoare to be no older
than 22,000 yr, and the amount of suspended sediment in the inflow stream to be ~ 10%
of the total amount of sediment (bed load and suspended load), an average thickness of
only ~ 19 mm of sediment would have accumulated at the bottom of Lake Hoare, if the
only sediment input was from the stream. Because sediment cores over 50 cm in length
have been retrieved from the lake bottom, it appears that most of the sediment in Lake

Hoare was transported into the system by another mechanism.

Lake Vanda, however, does not require another mechanism to produce the thick-

ness of sediment recorded east of the peninsula. Using the same assumptions as for Lake
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Hoare (above), an average thickness of 4.8 m of sediment would have been deposited east
of the peninsula by the Onyx River. Cartwright and others (1974) drilled through ~ 4
m of lacustrine sediment before reaching glacial deposits. Little sediment is evidently
brought into the system from the ice cover on Lake Vanda, because at present the ice is
virtually free of debris and there is little sediment at the bottom of the main portion of

the lake.

Interpretation

The results from the analyses of grain size distribution, mineralogy, quartz grain
textures, and estimation of sediment flux best support the hypothesis that the dominant
mode of sedimentation in Lake Hoare is through the ice cover. The mean grain size and
sorting of the samples from the lake bottom are most similar to the samples from the
ice cover. The point count analyses showed that the mineralogical content varies very
little throughout the subenvironments, although the samples from the lake margin and
inflow stream differ the most from the other samples, which supports the results from
the grain size distributions. The distribution of quartz grain textures does not, however,
show any particular differences between the samples. The various subenvironments seem

to represent a single, fairly homogeneous population.

The mechanism of sedimentation was further tested by estimating the sediment
flux via the inflowing stream throughout the history of Lake Hoare. These results show
that the stream contributed only a fraction of the sediment that has been recovered from
the lake bottom. Together with the previous results, one can conclude that the majority
of sediment presently on the bottom of Lake Hoare most likely entered into the lake

system by migrating through the ice cover.

Processes of Sedimentation Through Ice

Two methods were considered for transport of sediment through the ice cover:

(1) grains melt their way through the ice by absorbing solar energy, and (2) individual
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grains work their way through vertical channels and/or cracks in the ice that form during
the summer season. The first method was theoretically analyzed by G.D. Clow and C.P.

McKay (person. commun.), and the second method is based on the observational data.

Grains Melting Through Ice

C.P. McKay and G.D. Clow (1985, pers. commun.) theorized whether particles
could melt through a 5 m thick ice cover in a Dry Valley lake. They calculated the
particle size required to melt the surrounding ice at a various depths within an ice cover,
assuming that energy is absorbed by the particle and is conducted away by the ice. The
problem was simplified by treating the ice as an infinite slab and the particle a spherically
symmetrical heat source. This assumption is reasonable because a grain is much smaller
than the thickness of the ice cover. The amount of energy absorbed by the particle on

the surface of the ice (including absorption of the reflected upwelling light) is given as
g=F,(1- w)1rr2 (6)

where F, is the energy flux incident on the top of the ice cover, t is the albedo of the
particle, and r is the radius of the particle. With depth the flux is approximately reduced
by the factor e where z is the depth and h is the extinction path length. The condition

for melting is given by the equation

273°K ~ T(2) = Jrk (1)

where T'(2) is the temperature of the ice; and k is the thermal conductivity. Substituting
equation (6) into this equation, and solving for r gives

4kATeh
= Fl-w) ()

where AT is the temperature increase required to raise the local ice temperature to

r

melting.

During the summer, the temperature of the ice surface warms to near melting
temperatures, and AT is ~ 1°C; deeper in the ice cover the temperature remains ap-

proximately constant throughout the entire year, and AT is 10 — 20°C. At the bottom
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of the ice cover near the ice/water interface, AT is also of order 1°C because the wa-
ter keeps the ice temperature near melting. McKay and Clow calculated the minimum
particle size that will cause melting of the surrounding ice under optimum conditions in
summer. In their calculations, h = 1.5 m, F, = 600 W m32 @w=02adk=21W
K—!m™!. Their results show that at the ice surface, a particle must have a radius of ~ 2
cm to cause melting; at 2 m below the surface, the particle radius must be between 60
and 130 cm; and at the bottom of the cover near the ice/water interface, the particle

radius must be between 25 and 50 cm.

Although pebble-sized rocks may be able to melt into the upper surface of the
ice cover, only large boulders would be able to melt through the coldest part of the ice
cover, ~ 2 m below the surface. McKay and Clow’s work shows that sand-sized particles
will not heat up the ice enough to melt through, even if the ice is within 1°C of melting,

and all other variables are optimal.

Percolation Through Vertical Channels or Cracks

During the summer months at Lake Hoare, the ice surface becomes extremely
irregular, and sometimes may even melt to form local pockets of ponded water. A cross-
section of the ice cover (fig. 44) reveals that, above the sand layer (which is ~ 1 — 2
m below the surface), the ice is very porous and frothy, while below the sand layer it is
compact and dense. Clumps of sediment and water have been found coexisting in the
upper section of the ice cover. It is suggested here that sediment may work its way down
to the sand lens in water-filled air channels during the warmest months. The sand lens
would continue to collect sediment slowly until a period of climatic warming when the
ice becomes thin enough for the sediment layer to fall out of the bottom, or perhaps
the ice cover would completely melt, and all the sediment within the ice cover would be
released into the lake. There is evidence that the ice thickness undergoes fluctuations.

During the 1985/86 field season, the ice cover was thinner by 1 to 2 m than in previous

seasons.
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Near-vertical cracks in the ice cover were observed during the 1985/86 field season
at Lake Hoare. One crack in particular was investigated because it was close to a
dive hole. In this instance, sediment was found below the horizontal sand layer. The
sediment-filled crack extended laterally for a few meters and probably farther (the lack of
visibility within the ice prevented a more accurate estimation). The crack may penetrate
the entire ice cover or perhaps will by the end of the summer season, although there is
no direct evidence. The creaking and groaning of the ice cover illustrated that cracks
are continually forming during the summer months at Lake Hoare. If it could be shown
that grains worked their way down to the ice/water interface, the abundance of cracks
would provide an efficient and widespread mechanism for getting sediment through the
ice cover. This process is attractive because it does not require a major seasonal or

regional climatic change.

Remaining Questions

Although the results from this investigation suggest that sediment in the ice cover
of Lake Hoare contribute the most to the lake bottom deposits, the limited distribution
of the sample localities leaves many questions unanswered. It would be important to
determine the compositional and textural variations of the deposits at other locations
around the ice cover and bottom of the lake, and how they relate to the surrounding
geology. From this information, one may be able to better understand the role of the
wind in controlling distribution of sediment. The age of Lake Hoare is also poorly
constrained. A sediment core from within the lake that reached bedrock may reveal
cyclic sedimentation from which an age estimate could be made. This estimate would
greatly improve evaluation of the sedimentation rate and would further indicate whether
the ice cover is a major source for the lake bottom sediment. It is not yet understood
whether sediment is deposited on the lake bottom in small, steady quantities or in large
batches. Widely separated samples from the entire lake bottom would also lead to a
better understanding the variation in sediment distribution, which would in turn be a

clue to the sedimentation processes. A more comprehensive investigation of Lake Hoare
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would clarify processes of sedimentation in perennially ice-covered lakes in general.
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SEDIMENTATION PROCESSES ON MARS

Working from the hypothesis that the layered deposits in the Valles Marineris were
deposited in ice-covered lakes that existed early in Martian history, one must consider
how sediment would enter the liquid part of the system. There are three ways that
sediment could have entered the lake: down through the ice cover, up from lake bottom
by volcanic eruptions, and in from the sides of the lakes. These mechanisms will be
considered, as well as the subject of global dust storms, which would have influenced the

amount of sediment available to be deposited in the lake through the ice cover.

Transport of Sediment Through Ice Cover

Four processes for transporting sediment through the ice cover will be considered:
(1) that solar energy warmed individual particles, allowing them to melt through the
ice; (2) that sediment worked its way down through water-filled channels; (3) that a
layer of sediment deposited on the ice was thick enough to form an unstable system
that foundered and dumped the load of sediment into the lake; and (4) that a layer of
sediment deposited over the ice created a Rayleigh-Taylor instability forming sediment

diapirs that penetrated downward through the ice layer.

Solar Warming

The process of melting individual grains through the ice by absorbing solar radi-
ation was found to be unlikely in the Antarctic lakes, and can be considered still more
unlikely for the Martian case where the solar flux is less than on Earth, and the ice

thickness greater.
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Vertical Melt-Channels in Ice

It was suggested above that particles migrate through the ice cover in Antarctic
Lake Hoare by the process of individual grains working their way downward through
water-filled channels created by air bubbles that form during the summer season when
air temperatures rise above freezing. The grains would migrate 1-2 m down to a sand
layer, where they may remain until a climatic warming allows the ice to become thin
enough that the sand layer drops out, or perhaps the ice cover is completely removed

and the entire load of sand in the ice cover is dumped into the lake.

In order for this process to have worked on Mars, at least two conditions must
have been met. First, surface temperatures and ablation rates must have been high
enough to thin the ice to a thickness of only a few meters. Second, liquid water must
have been stable at the surface for periods during the summer, in order to permit short-
lived vertical melt channels to form. Neither condition is likely to have been met. There
is no evidence that the Martian climate at the time of layered deposit formation was
substantially warmer than it is at the present. The primary geologic evidence for a former
warmer climate on Mars comes from the valley systems (e.g. Pieri, 1980). These appear
to require atmospheric temperatures and pressures high enough to allow liquid water to
be stable, or nearly so, at the Martian surface. However, valley systems are found only
in ancient cratered terrain, and date from the earliest recorded epoch of Martian history.
No valley systems postdate the formation of the Valles Marineris. Outflow channels,
which formed during roughly the same epoch as the layered deposits, could form under
the current climatic conditions (Carr, 1979, 1983). Any explanation of sedimentation
in the Valles Marineris must therefore be applicable to a climate not grossly dissimilar

from the present one.

McKay and others (1985) calculated the thickness of ice on Martian lakes under
the current climate. In their model, steady-state ice thickness was controlled by ablation
at the upper surface of the ice layer, balanced by freezing at the lower surface. Release
of latent heat at the lower surface was shown to be an important term in the overall

energy budget of the ice. The model required slow inflow of water to replace that lost to
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the ice cover by freezing, a condition that is plausible given the widespread evidence for
an extensive aquifer system on Mars. It accurately predicted ice thicknesses for the Dry
Valley Lakes. Ablation rates on Mars are unknown, but for the plausible but high value
of 10 cm/yr, they found an equilibiurm ice thickness of 65 m. A fairly low ablation rate
of 1 cm/yr would yield an ice thickness of 650 m. Ice thicknesses of a few meters would
require ablation rates of over 2 m/yr, which would seem very difficult to achieve. It is
unlikely, then, that the ice cover was thin enough, other than for very brief periods, for

sediment to percolate downward.

Moreover, even though surface temperatures in the Valles Marineris may briefly
exceed 273 K at midday, liquid water cannot exist in equilibrium with the atmosphere.
In order for liquid water at a given temperature to be stable, the partial pressure of
atmospheric H20 must exceed the saturation vapor pressure above the liquid at that
temperature. The present annual mean H,O vapor content of the Martian atmosphere
is only about 12 precipitable microns, yielding a frost point of about 200 K. Above
this temperature, neither liquid water nor ice is stable at the surface. Even short term
stability of liquid water at the surface would require a substantial increase in atmospheric
H20 content. Because a major perturbation to the present Martian climate would be
required both to thin the ice to a few meters and to allow transient vertical melt channels
to form, this mechanism does not appear to be a viable means of getting sediment into

former lakes in the Valles Marineris.

Foundering

Another method for sediment to penetrate the ice cover is by foundering. If
enough debris is loaded onto the ice surface, the overall density of the ice-sediment layer
will become greater than that of the liquid below, causing the ice layer to founder and
dump the sediment into the liquid water. In a steady-state condition, the thickness of
the ice cover is balanced by the removal of ice by ablation off the upper surface, and
growth of the slab at the bottom (McKay and others, 1985). When the surface is covered

with a thick layer of sediment, the ice layer will continually thicken because ice can no
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longer readily ablate off the top. One must then calculate, for a given ice thickness, how
rapidly sediment must be piled onto the ice surface in order to create a condition for

foundering.

The first step of this problem is to calculate the maximum thickness (z;) that the
ice must be to create an unstable situation, given a value for the sediment thickness (z,).
The two values used for the thickness of the sediment were z, = 150 m and z, = 75 m.
These values are the average thicknesses of the light/dark layer couplet and light layer
of the layered deposits in Candor Chasma. The geometry of the problem is given in
figure 51. The sediment/ice slab will be in bouyant equilibrium with the water under

the following conditions
pizi + pazs = pu(2i + 2) (9)

where p; = 0.92 gm/cm3, p, = 2.50 gm/cm3, and p,, = 1.0 gm/cm®. Solving equation
(9) shows that a sediment layer (z,) 150 m thick will be in equilibrium with an ice slab
(2) 2.8 km thick. A sediment layer 75 m thick is in equilibrium with a 1.4-km-thick ice

layer.

The problem is treated by performing an analytic solution of the one dimensional
heat conduction equation. The boundary conditions are such that the upper surface of
the ice is held at a fixed temperature (T, < 273 K), and the ice layer is initially at T = T,
throughout. The lower surface migrates downward as freezing takes place. Latent heat

effects are included. Following Neumann’s solution of this problem (Carslaw and Jaeger,

1959), it is found that:

z = 2A(Kt)3 (10)
where
e erfA = ___iﬂ'lT— (11)

In these expressions, ¢ is time, K is the thermal diffusivity of ice (~ 1072 cm?/sec), ¢ is
the specific heat of ice (3 x 107 erg/g/K), L is the latent heat of fusion (3.3 x 10° erg/g),

and ) is a constant whose value is given by equation (11).

Equation (10) was solved for two temperatures; T, = 240 K and 210 K (which is
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Figure 51: Geometry of the ice cover for the foundering calculation.

407



reflected in the the value of A). When the ice slab is at 240 K, it will take 3.8 x 10° yr
for the ice cover to grow to 2.8 km thick. In order to create an unstable situation, 150 m
of sediment must also accumulate on the surface during the same period of time, which
gives a sedimentation rate of 0.39 mm/yr. When the ice slab is 210 K, it -will grow to

2.8 km thick in 2 x 10°% yr, which gives a sedimentation rate of 0.77 mm/yr.

This series of calculations was also performed for a sediment layer 75 m thick. In
this case, when the ice slab is at 240 K, it will take 9.6 x 10* yr for the ice to grow 1.4 km
thick. A sedimentation rate of 0.78 mm/yr is required to deposit a 75 m thick sediment
layer during the same period of time. When the ice temperature is 210 K, it will take
4.9 x 10* yr to grow to a thickness of 1.4 km. The corresponding sedimentation rate is

1.5 mm/yr.

If a bulk density value of 1.5 gm/cm3 for the sediment is used instead of the
higher 2.5 gm/cm?® value in equation (9), the relative ice thickness required to produce
an unstable geometry is reduced. As a result, the sedimentation rate for each of the
calculations increases by a factor of ten. Because the density of the layered deposit
material is not well constrained, these values provide upper and lower limits to the

sedimentation rates.

The rhythmic nature of the layered deposits suggests that if this mechanism were
in operation it must have been repeated a number of times. Although the sedimentation
rates derived from these calculations are geologically feasible, the major obstacle to the
foundering mechanism would have been to somehow trap a thick pile of sediment on the

ice surface.

Rayleigh-Taylor Instability

Even if foundering cannot take place, it is likely that a thick layer of sediment
overlying the ice layer would rapidly find its way through the ice. Assuming that there
was a mechanism to continually accumulate sediment on top of an ice cover, a situation

would have arisen such that relatively dense sediment was superposed on less dense ice,
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thus creating favorable conditions for diapiric upwelling of the ice, and in turn, sinking
of sediment around the domes of ice. This gravitational instability of a heavy fluid

overlying a lighter fluid is called a Rayleigh-Taylor instability.

The assumption is made that the problem can be adequately represented by treat-
ing both the soil layer and the ice layer as incompressible viscous fluid. For an incom-
pressible viscous fluid in which pressure p and density p vary in the vertical coordinate

only, the equation of motion is given by:
D { [p - -’5(1)2 - k’)] Dw — -'1;(1),;)(D2 +- kz)w} =
k? {-i(up)w + [p _ B k’)] w - E(Dy)Dw} (12)
n? n n

where g is the acceleration due to gravity, s is dynamic viscosity, D represents d/dz,
D? represents d?/dz%, and w describes the boundary conditions which vanish when the
thickness z — oo at the bounding surfaces, and it is assumed that the fluid is confined
between two rigid plates (Chandrasekhar, 1961). The constants n and k have values
such that the solution of (12) is of the form ezp(ik,z + ik y+ nt). Motions will therefore
be periodic in z with a length scale 1/k, and will grow exponentially with characteristic

time 1/n.

The geometry of the problem is shown schematically in figure 52. In order to
simplify the problem, it was assumed that both layers have a kinematic viscosity equal
to that of the coldest part of the ice layer. This is a conservative assumption, and simply
means that the problem is considered to be dominated by the highest viscosity material
present. The coldest temperatures lie at the top of the ice layer. The boundary condition
used is that w and Dw vanish at the upper surface of the sediment and the lower surface
of the ice. Modes larger than the thickness of the sediment layer are therefore not

considered.

The solution of equation (12) is:

- [g;,;(ax — o)+ l] (g -k - 4’iy(°‘1 ~ a2)*(g~ k)
Y (01— 0a)?(q - K)? — 4oy =0 (13)
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Figure 52: Geometry of the Rayleigh-Taylor instability calculation.
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where:

P11+ p2
a = P
P11+ p2

n
q—k”(l-}-m

and kinematic viscosity v = u1/p; = pa/p;. Letting

oo
kv
so that
g=ky/(1+¢)
and further substituting
y=%=¢ﬂ3
so that
c= y2 -1
and defining Q as
Q=g

(14)

(15)

(16)

a7

(18)

(19)

(20)

If k and n are measured in the “units” (¢/22)/3cm™! and (g2/ v) /3sec™1 respectively,

then equations (17) through (20) become:

iy )
8

k=Q

and
n=(' -1Q ¢

Rewriting (13) with these substitutions:

-1
Q= y [ys +(1+ 4011012)1/2 + (3 — 8ayas)y — (1- 4a1a2)]

az — o

(21)

(22)

(23)

Equation (23) has only one root when the upper fluid is more dense (i.e., when

az > a1). In this case, the root is real, y > 1, and n is real and positive (from equation
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(22)). The amplitude of the instability will therefore grow exponentially with a charac-
teristic time 1/n. The asymptotic behavior of n is such that n — 0 both when k — 0
and k — oo. There exists a value of k for which n is maximized; this is the most unstable

mode. The length scale (1/k) is measured by:
1
L=k™1(v?/g)? (24)

For sediment overlying ice on Mars, the values for p; = 0.92 gm/cm®, pz ~ 2.5 gm/ cm?,
a; = 0.27, az = 0.73, and g =~ 370 cm/sec?. The effective viscosity of the ice is given

approximately by (Weerman, 1970):
273
p = 10Mezp [26(—T— - 1)] (25)

where T is temperature in Kelvins. Taking T = 240 K, v = 3.9 x 10'° poise-cm3gm™1
from equation (25). From equation (24), it is apparent that the most unstable mode
operates on a scale that is much larger than the sizes of the lakes. Assuming that the

largest mode that can grow is equal in size to the thickness of the sediment layer.
-17,,2/\%
k=h""(v"/g)® (26)

where h is the thickness of the sediment layer. Solving for n(k) where is k the mode
determined from equation (26), and n is calculated from equation (22), the growth time
T is:

r=n"(g?/v)"3 (27)

This problem was solved using two different thicknesses for the sediment layer:
h = 1.5x 10* cm, and h = 7.5 x 10% cm. These values were chosen because they are
the average thicknesses of a light/dark couplet and light layer, respectively, in Candor
Chasma of the Valles Marineris. A range of temperatures from 270 to 210 K was used

to determine the viscosity of the ice from equation (25).

The growth time r was calculated for the various temperatures and values of h.
The results are presented in figure 53. This model predicts that an instability will develop

in tens of years when the ice temperature is near freezing and the sediment layer is 75 m
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or 150 m thick. With less favorable conditions, when the ice is at 210 K and the thickness
of the sediment layer is 75 m, the instability will grow on the order of 1.4 x 10* yrs. These
results indicate that migration of sediment through an ice cover by diapiric instabilities
may be possible in very short geologic time periods. The limiting factors are not the
thickness nor temperature of the ice, but rather the necessity to accumulate substantial
amounts of sediment on the ice surface. If a thin veneer of sediment remained on the
ice surface at any one time, the thickness of the sediment would not be great enough
to form an instability with respect to the ice. If a sediment layer thick enough to form
one of the sediment layers in the canyons formed on top of the ice, it would penetrate it

rapidly.

— h=75m
=== h=I150m

270

TEMPERATURE (K)

230
220

S
9
240
3
210p

10° 101 102 103 104 105
TIME (YEARS)

Figure 53: Growth times for Rayleigh-Taylor instabilities where the thickness of the

overlying sediment is 75 m and 150 m.

Eolian Deposition onto the Ice Surface

Rayleigh-Taylor instability, and perhaps foundering, may be viable means of al-
lowing a sediment layer that had accumulated on top of an ice cover to be transported
to the bottom of a lake. However, in order to produce the thick layered deposits, such

accumulation must have taken place repeatedly. The most simple mechanism would be

413



to build up a layer of sediment on the ice surface until an instability develops and the
sediment is transported to the lake bottom. Dust in the atmosphere is the logical source
for the sediment. Global dust storms occur annually on Mars when the planet is close
to perihelion (Carr, 1981). The intensities of the storms are modulated by variations in

atmospheric pressure that occur in response to oscillations in Mars’ orbital elements.

The variations in the orbital motions and axial orientation on Mars are caused by
gravitational interactions with the other planets and the sun (Ward, 1973; 1974). Pre-
cession of the equinoxes occurs on a 5.1 X 10* yr. cycle, and it influences which pole points
toward the sun at perihelion. The eccentricity of Mars’ orbit modulates the amplitude
of the hemispheric differences in climate caused by precession. The orbital eccentricity
variations occur with two different periodicities. The cycle with larger eccentricities (be-
tween 0.14 and 0.01) oscillates with a period of 2 X 10% yr. The superimposed cycle with
smaller eccentricities (< 0.06) oscillates with a 9.5 X 10% yr period. During period of low
eccentricities, the hemispheric differences in climate are minimized. The obliquity cycle
(variations in the angle between the planes of the equator and orbit) has the greatest
effect on the Martian climate. The obliquity varies between 15° and 35°, and oscillates
with a period of 1.2 x 10° yr modulated by a period of 1.2 X 10% yr. At maximum
obliquity, there is much greater insolation at the poles than during low obliquity (Ward,
1974). These variations in the degree of polar insolation are believed to affect the atmo-
spheric CO; pressure, and hence the ability to initiate dust storms (Toon and others,
1980; Ward, 1974). The lowest atmospheric pressures may be below the threshold to
initiate global dust storms. High atmospheric pressures may cause global dust storms

that last for many months, or perhaps years.

The formation of the polar layered deposits may have been controlled by these
fluctuations (Murray and others, 1972). The basins of the Valles Marineris may also have
received sediment in cycles. Although the eccentricity and obliquity variations of Mars
produce climatic changes in an intricate manner whose results are not fully understood, it
seems possible that their influence on the magnitude and duration of global dust storms

may be reflected in the layered chasma deposits. In the polar regions, it is generally
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believed that individual layers correspond to individual periods of deposition from the
atmosphere, separated by periods of non-deposition. Because deposition in lakes would
be modulated by transport through the ice cover, however, there would not necessarily
be a one-to-one correspondence between a period of deposition at the ice surface and an
eventual layer on the lake bottom. Recall that the polar layers are substantially thinner
than the layers in the Valles Marineris. If this mechanism is viable, it may require a
number of periods of deposition to accumulate a sediment layer thick enough to produce

an instability and overturn the ice cover.

Pollack and others (1979) estimated the present rate of dust deposition at the
polar regions based on the amount of dust in the atmosphere during the 1977 storm.
They calculated that there was 4 x 10~% g/cm? of dust in the atmosphere. If storms
occur ‘every other Earth year, and the bulk density of the sediment is 1.5 g/cm®, the
annual global redistribution rate would be 1.3 x 103 cm of sediment. If there were some
way to trap dust on the ice covers of the equatorial lakes, it would take 5.8 x 108 yr to
accumlate a 75 m thick layer, which is the thinnest layer detected in the layered chasma
deposits. Ten of these layers would take about 60 million years to accumulate. If the
highest plateau, which is 6 km, represents the total thickness, it would take roughly 450

million years to form the layered deposits with this sedimentation rate.

Although periodic global dust storms might be a logical source of sediment for the
layered chasma deposits, there are major problems with this mechanism. The current
Martian climate apparently produces net deposition at the poles. If somehow this process
were reversed in the past and there was net deposition at the equator, sediment would
have also accumulated on the plateaus surrounding the Valles .Marineris. Presently,
there is no eolian debris built up on the surrounding uplands. There may be a way to
get around these difficulties if there were repeated periods of deposition and erosion near
the equator. Sediment built up on the plateaus surrounding the canyons would be swept
away during the erosional episodes, while the debris on the lake ice would have been
“trapped” by Rayleigh-Taylor instabilities, and thus preserved. This procedure may be

theoretically feasible, but a comprehensive model of the deposition/erosion mechanism
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is still lacking.

Subaqueous Volcanism

Volcanic debris makes an important contribution to the sediment in rift-valley
lakes such‘ as Lake Baikal, and the lakes within the East African Rift (Reading, 1978).
The huge volcanic constructs on the Tharsis Bulge, and possible evidence of ash-flow vol-
canism in Amazonis Planitia suggest that volcanism within the Valles Marineris should

not be ruled out, even though no obvious volcanic vents have beeen detected.

Subaqueous explosive volcanic eruptions are believed to be limited by water depth
(Fiske, 1963; Moore and Shilling, 1973; Allen, 1980; Sigurdsson, 1982). The eruption
of magma with a finite amount of gas is dependent on the exsolution and expansion
of the gas as pressure decreases (Wilson and Head, 1983). Both basaltic and rhyolitic
magma dissolve more H,O with depth, and the efficiency of vesiculation decreases also
with depth (Sigurdsson, 1982). Allen (1980) calculated that subglacial basaltic erup-
tions should change from effusive to explosive activity, due to magma vesiculation, at
ice depths between 100 and 200 m. Based on empirical evidence, Sigurdsson (1982)
reported that basaltic phreatomagmatic explosions are restricted to water depths less
than 300 m. Silicic explosive eruptions may occur in water depths of 500 m (Moore
and Schilling, 1973). At shallower water depths, floating pumice, ejecta, and steam that
rises considerably higher than the water surface may be produced (Moore and Schilling,
1973). Because the gravity of Mars is less than half that of the Earth, the corresponding
water depths for the explosive eruption are about 1300 m for silicic magma and 250 to
500 m for basaltic magma. This value limits the water depth of the putative lakes on

Mars if the dominant source of sediment is from pyroclastic sources.

If volcanism were subaqueous rather than subaerial, many of the morphologic ar-
guments against the volcanic hypothesis are weakened or eliminated. Volcanic constructs
may have been destroyed by slumping of material off cones as they began to form. Fiske

(1963) reported that most of the Ohanapecosh volcaniclastic flows in the eastern part
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of Mount Rainier National Park, Washington, probably were caused by large volumes
of debris that suddenly slumped into deeper water from the flanks of underwater volca-
noes. The flows may have been contemporaneous with large eruptions, or debris from
small subaqueous eruptions may have accumulated on slopes, until larger eruptions or
earthquake shocks disrupted the deposits, causing them to be redistributed in the deeper
water. Floating pumice that eventually becomes water-logged and sinks to the lake floor
may also mask volcanic vents or fissures. Eruptions in water would also help to more

evenly distribute the effusive material.

Although there is no direct evidence for it, the process of subaqueous volcanism
within Valles Marineris lakes is an attractive hypothesis for a number of reasons: it
provides additional material to an ice-covered lake system without needing to penetrate
or remove the ice cover; the process of sedimentation would still be controlled by a
low-energy liquid water environment; the absence of unequivocal volcanic vents can be
more easily envisioned, because a subaqueous environment can more efficiently distribute
material than a subaerial one; and material from volcanic eruptions is more consistent

with the lack of deposition on the surrounding uplands.

Transport of Sediment from Canyon Walls

An obvious source of sediment for the layered chasma deposits could have been the
nearby canyon walls. The formerly shallow, narrow tectonic grabens are believed to have
been enlarged by removal of interstitial ground ice and subsequent collapse of the canyon
walls. Debris from the canyon walls would have been deposited in the interior of the
canyons. In a dry environment, the sediment would have formed alluvial fans in close
proximity to the canyon walls. With a limited source of water, canyon wall material
would have been transported farther into the interior of the canyons by a network of
streams. If there was an abundant source of water, such as the confined aquifers that
Carr (1979) proposed, lakes may have formed. Sediment could have been transported
from the canyon walls into the basins by gravity flows. It seems almost unavoidable that

much of the material removed from the canyon walls would have wound up on the deep
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parts of the canyon floors, and that it would have been deposited in horizontal layers if

significant water were present.

A closer look at this source of sediment for the layered chasma deposits reveals
a difficulty, however. The geometry and volume of the layered deposit plateaus are
inconsistent with the volume of material that could have originated from the canyon
walls. Preéently, the top of the major plateaus in Hebes, Ophir, and Candor chasmata
are within hundreds of meters of the elevations of the surrounding uplands, and in
addition there commonly is a “moat” sorrounding the plateaus (fig. 54A). If one could
make the ice within a 5 km high and 5 km wide section of canyon wall material instantly
melt, the sediment would sink to the bottom and only partially fill the basin (fig. 54B,
C). In this scenario there would seem to be no way to extract enough sediment from
the canyon walls to fill up the basin to within a few hundred meters of the top. An
additional problem would be to form a moat after the water was removed, and the major
destruction of the canyon walls was over. Consequently, if the source of material for the
layered deposits was the canyon walls, there must have been a mechanism for the present

geometry of the plateaus to form as the canyons were enlarging.

If there were some way to preserve cores of canyon wall material within the
plateaus of layered deposits, a geometry similar to the present one could have been
produced. Figure 55 schematically illustrates the process that may have occurred. In
this diagram, the process is illustrated for simplicity as having taken place in a few dis-
crete steps, although in reality it probably would have been more continuous. In the
first step, a shallow tectonic depression is filled with water and a small amount of sedi-
ment. In each successive step, a volume of material composed partly of soil and partly
of water is mobilized. This material is derived from the area adjacent to the existing
depression. The solid component sinks to the lowest level present, and the process re-
peats. The resulting deposit would be mound-shaped, very near the elevation of the
surrounding uplands, and separated from the canyon walls by a “moat.” The move-
ment of groundwater presumably was the cause for collapse of the canyon wall. Perhaps

when the central mound of canyon wall material became isolated from the surrounding
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Figure 54: A. Cross-section of the present relationship between the canyon wall and the
plateau of layered deposits. B. Material that was the precursor of the canyons consisted
of sediment and ice. C. Ice within the dashed area of (B) melted, the sediment sunk to

the bottom of the canyon, and the water removed. The process from (B) to (C) does

not produce (A).
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Figure 55: Formation of the layered deposits: t;: a depression is made by melting the
sediment/ice mixture; the sediment sank to the bottom, and the water rises to the top;
t2: more material is melted to a greater depth; t3: the sediment from the previous melt
is deposited in a larger lake, and the process is again repeated; t4: in the final step most
of the material was removed to form the “moat”; ts: the entire process done smoothly

instead of step-wise results in a geometry similar to Figure 54A.
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uplands after formation of the initial depression, the groundwater system ceased to be
replenished in that area. If isolation of the plateau from the canyon wall could somehow
have prevented further collapse of the plateau, the core of canyon wall material could
have remained essentially intact, while the surrounding material continued to collapse in
the presence of groundwater movement. It seems that, without a mechanism for preserv-
ing some of the initial volume while forming the canyons, additional sources of material
would have been required. Although there are problems with forming the layered chasma
deposits entirely by material from the canyon walls, it seems almost unavoidable that

sediment derived from the canyon walls has been incorporated into the layered deposits.
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DISCUSSION AND SUMMARY

Formation of the Layered Deposits in the Valles Marineris

Four possible origins have been examined for formation of the layered deposits: eo-
lian deposition, erosional isolation of plateaus of canyon wall material, subaerial explosive
volcanism within the canyons, and deposition of sediment in standing bodies of water.
The first three processes appear inconsistent with geologic evidence in the Viking orbiter
images. If the layered deposits were formed by simple deposition of wind-transported
sediment, one would expect to see evidence of layered deposits on the surrounding high-
lands. The uplands are free of any similar deposits. The great differences in weathering
styles between the layered deposits and the canyon walls rules out the possibility that
the layered deposits are remnants of the canyon walls. In addition, there are locations
within the canyons where layered deposits are in contact with the canyon wall, and there
is a well-defined difference between their morphologies. A volcanic origin for the layered
deposits is not as easily eliminated. Ash fall is argued against by the same reasoning as
the eolian hypothesis, and it would be difficult to produce such rhythmic layering with an
ash-flow origin. A recurring problem with all forms of volcanism is the lack of evidence
for any vents or calderas. The process of subaqueous volcanism has the flexibility that
water would play an important role in redistribution of sediment so that the absence of

preserved vents would not be as critical an issue.

The lacustrine hypothesis appears to be the most viable mechanism for forming
the layered chasma deposits. It has been suggested that water played an important role
in Mars’ history by other workers. Squyres and others (1986) have found evidence of
substantial subsurface flow in an area northeast of Hellas basin. Confined aquifers have
been suggested to be the source of water for outflow channels (Carr, 1979). Groundwater
probably would have been the source for ancient lakes in the Valles Marineris. As the

initial tectonic depressions were enlarged by canyon wall collapse, water derived from
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the surrounding area could have filled up the forming basins. A possible source for water
may have been seepage from deep aquifers along major faults. Since Mars apparently
does not have a hydrologic cycle like Earth’s, there would have been no process to
replenish the supply of water in the aquifers once it was released onto the surface,
and subsequently lost to the atmosphere. In areas such as Hebes Chamsa where the
basin is completely enclosed, the lakes would have gradually diminished by sublimation.
In other chasmata, such as Ophir and Candor, there is evidence that lakes may have
drained rapidly. The lake in Ophir Chasma may have breached the dam separating it
from Candor Chasma, causing a catastrophic flood to flow eastward through the canyon
system. If the layered deposits once filled the canyons, considerable erosion may have
occurred to form the present-day remnants. Alternatively, if the present geometry of the
plateaus reflects the orginal size of the lakes, comparatively minor changes in the Valles
Marineris occurred after the lakes were removed. Landsliding of the canyon walls, eolian
erosion, small movements on ancient faults, and perhaps localized volcanic eruptions did
not significantly alter the geometry of the canyons and the layered deposits. It seems
that the particular set of circumstances that formed the layered chasma deposits and

the Valles Marineris are unique to that particular location and time period on Mars.

There are only three ways in which material could enter lakes in the canyons:
down through the ice cover, in from the canyon walls, or up from the lake floor. Each
mechanism has a large degree of uncertainty, and none can be unequivocally considered

the best hypothesis for formation of the layered deposits.

Although the mechanisms to transport dust through the ice by foundering or
Rayleigh-Taylor instabilities seem physically feasible, it is doubtful whether the geologic
circumstances to support these processes would have occurred. It would be most unlikely
that 75 m to 150 m of dust from the atmosphere would settle on the ice surface only,
and not on the surrounding plateau, but there is no trace of once thick eolian deposits
on the highlands surrounding the Valles Marineris. If there was continuous deposition
of dust from the atmosphere on the lake ice causing successive instabilities, an enormous

amount of debris must have been removed from the surrounding uplands. Alternatively,
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periodic deposition over the entire region, followed by erosion would clear the plateaus
of debris, but would necessitate an efficient means of “trapping” dust on the ice surface
that would lead to an instability. If this process could have happened for one foundering
or Rayleigh-Taylor instability event, it must have repeated in the same manner over and
over again, in order to build up the successive layers that are now recorded in the layered

deposits.

Depositing sediment from the canyon walls presents some geometric complica-
tions. Once water was removed from the collapsing canyon wall material, the volume of
the remaining sediment would only partially fill the depressions that were forming. Yet,
presently the plateaus of layered deposits rise to within a few hundred meters of the top
of the canyon walls. The lack of canyon wall-derived sediment would be compensated
for if the plateaus of layered deposits had cores of undisturbed canyon wall material, or
if volcanic material derived from beneath the base of the canyons were added. Both of

these solutions are speculative.

The source of debris could be entirely volcanic. Because there are no obvious
volcanic vents within the canyon system, there is no direct evidence to support this hy-
pothesis. Because subaqueous volcanism can produce a variety of sedimentary features,
it is possible that vents could have been obscured. Nevertheless, the absence of any

compelling volcanic evidence makes this hypothesis also speculative.

Discussions of sedimentation processes in ice-covered lakes on Mars are by nature
compartmentalized into distinct mechanisms and do not truly reflect the manner in which
geologic processes happen. In reality, the formation of the layered chasma deposits may
have involved aspects of all of these hypotheses, which in turn created interactions that

we are unaware of at this time, and with these data.

Analogy to the Antarctic Dry Valley Lakes

Investigation of Antarctic lakes provided an opportunity to closely examine sed-

imentation processes in ice-covered lakes on Earth. At the outset of this study, it was
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hoped that an understanding of a terrestrial system would point to processes that may
have occurred on Mars. Although specific questions were answered, the results have only

a limited application to sedimentation processes in possible Martian lakes.

The Antarctic Dry Valley lakes differ from lakes that may have existed on Mars in
a number of ways. Most notably, the Dry Valley lakes are smaller and shallower than the
canyons of the Valles Marineris by a factor of a few hundred, they have been in existence
for a fraction of the time that any Martian lakes might have existed, the basins they
occupy were formed by glaciers rather than enlargement by collapse of the surrounding
terrain, and the thicknesses of their ice covers probably are some 10 to 100 times thinner

than ice covers on Mars would have been.

Comparison of sediment from various subenvironments in and around Lake Hoare
indicated that the sediment at the lake bottom came from the ice cover. Although details
how grains are transported through the ice are not yet fully understood, from theoretical
studies done in this investigation, it seems that the ways in which sediment may migrate
through the ice cover in Martian lakes are quite different from the mechanisms that may

occur in ice-covered lakes on Earth.

Recommendations for Future Work

Future work on the layered deposits in the Valles Marineris can be divided into
two types of data retrieval: remote sensing and direct sampling. An enormous amount

of investigation could be done in both areas.

In the area of remote sensing, many questions could be answered by use of higher
resolution images and more precise topographic data. A more detailed stratigraphy, as
well as knowledge of the orientation of individual layers, could answer many questions
about their formation. Was there any contemporaneous tectonic activity while the layers
were being deposited? Is there evidence of folding or faulting? Do layers pinch out or
vary in thickness from the centers of the plateaus to the margins? Is there a consistent

orientation to the layers that would indicate a canyon-wide depositional pattern? What
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are the thicknesses of individual layers in the canyons where the present resolution is too
low to allow measurement? Answers to questions such as these would greatly enhance
not only the general description of the layered deposits, but would also more tightly

constrain the mechanisms of their origin.

The next planned mission to Mars by a U.S. spacecraft will be the Mars Observer.
This spacecraft has the potential to send back to Earth vital information on the geology
and geochemistry of the layered deposits in the Valles Marineris that will greatly enhance
our understanding of their origin. Four instuments that are scheduled to be aboard the
spacecraft have particular applications to this study. They are: the imaging camera, the

visual and infrared mapping spectrometer, the gamma-ray spectrometer, and the radar

altimeter.

The camera will have an imaging resolution of approximately 1 m/pixel, which
is 20 times greater than the highest resolution images used in this study. Possible tar-
gets for this greatly enhanced imaging would be the layered deposits in Candor chasma,
specifically, the areas where detailed studies of the layers were performed in this investi-
gation. The information we have recovered from the Viking images have shown the layer
thicknesses to be on the scale of 100 m, but with the present data there is no way to tell
if there is layering on a finer scale. If finer layering does exist, its physical characteristics
might reveal the processes of formation. One would look for the lateral extent of the
layers, whether they are uniform in thickness, thin and thicken, or are wedge-shaped.
Do successive layers have similar thicknesses? Are there variations in texture or slope
within each layer? Comparison of two or more plateaus of layered deposits would clarify
whether there is a canyon-wide depositional pattern. These characteristics were consid-
ered while studying the layered deposits from Viking images, but the resolution was not

sufficient to accurately answer these questions.

The visual and infrared mapping spectrometer will retrieve information on the
mineralogy of the surface, with high spatial and spectral resolution. Because the ex-
posures of layered deposits are hundreds of kilometers in extent, this instrument would

allow comparison of the mineralogy of the layered deposits, not only from one plateau to
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the next, but also within one plateau. Comparison of the mineralogy of the layered de-
posits with that of the canyon walls, floors, and surrounding uplands may reveal that one
of these subenvironments was a predominant source of material for the layered deposits.
Determining the type of clay minerals, the presence or absence of carbonates, sulfates,
etc., may clarify the diagenetic history of the layered deposits, and provide evidence as

to whether water played an important role in their formation.

The gamma-ray spectrometer will map the elemental composition of the surface
of Mars to a depth of tens of centimeters, and will have a spatial resolution of about
300 km. This instrument would provide an effective way of comparing the surface com-
position from various sub-environments throughout Mars. In this way, possible source
areas for the layered deposits could be directly tested. For instance, the elemental com-
position of the layered deposits could be compared with various volcanic provinces, such
as the Tharsis region or the possible pyroclastic material in Amazonis Planitia, and
with the dust that is trapped in the polar layered deposits. Each hypothesis could be

systematically considered, thereby further constraining the origin of the layered deposits.

The radar altimeter will give surface elevations to an accuracy on the 6rder of
10 m. The regional slope of the canyon floors could be detected using this instrument.
The results may be used to investigate the hypothesis that water once flowed from the
central canyons to the east. Data from the altimeter would also be useful to map the
surface elevations of the plateaus of layered deposits in greater detail. This information,
together with the high-resolution images would clarify whether the layered deposits are

flat-lying or tilted.

Direct sampling of the layered chasma deposits would immediately answer many
of the questions that will be addressed by the Mars Observer. The composition of the
deposits would be verified, as well as their relationship to other materials that were
sampled. It would be important to test for any evidence of pre-biotic chemistry in the
sediment, as well as for primitive life forms such as those that thrive in the Antarctic
lakes. Sedimentological data could be gathered on a smaller scale. One would look

for even finer layering. If the sediment is consolidated, what is binding it together?
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Grain size analyses performed in a manner similar to that for the sediment from Lake
Hoare would increase our knowledge of the transport mechanisms. Sediment cores that
were taken at the base of the moats would reveal if layered deposits continue to a greater
depth than presently is detected. Seismic studies would also help to constrain the overall

geometry of the layered deposits.

There seems to be an endless supply of questions at this time about the layered
deposits. As geologic investigations go, our understanding of the formation of the layered
chasma deposits is in its infancy. Because the Valles Marineris may be a unique location
in the solar system (other than Earth) where standing bodies of water may have existed
for large time periods, these deposits warrant much more comprehensive data coverage
and ccﬁtinued investigation. They should be considered an important possible target

site for a future Mars Sample Return mission.
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Plate 1C: Geologic map, con’t.
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