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Viking orbital photographs of two regions of Martian fretted terrain have revealed a number 
of landforms which appear to possess distinct flow lineations. These range from valley floors 
with lineations which parallel the valley walls to debris aprons with distinctly lobate profiles 
and lineations which radiate outward from the source area. These features are attributed to 
the deformation and flow of a mass consisting of erosional particles and ice incorporated from 
the atmosphere. Such a flow should behave much like a terrestrial rock glacier. A plastic de- 
formation model is presented which is consistent with the known mechanical properties of rock 
glaciers and with the observed features of the landforms. The valley floor lineations are in- 
terpreted as being due to compressional forces resulting from debris flowing inward from the 
valley walls. Climatic implications of the features are discussed. 

INTRODUCTION 

Fret ted terrain was first recognized as a 
distinct set of landforms in Mariner 9 photo- 
graphs of the Mart ian surface. Sharp 
(1973) described it as being "characterized 
by smooth, fiat, lowland areas separated 
from a cr-~tered upland by abrupt  escarp- 
ments of complex planimetric configura- 
t ion." The intricate patterns traced by the 
escarpments create a wide variety of land- 
forms. These range from isolated buttes 
and mesas to large plateau regions divided 
by narrow, fiat-floored, intersecting valleys. 

Sharp suggests tha t  the material of the 
upland plateaus is a thick blanket of re- 
golith containing a substantial amount  of 
frozen water. This view has r(,ceived con- 
siderable support  due to the wide variety 
of Mart ian landforms which suggest a 
thick permafrost  layer (Malin, 1975; Cart  
et at., 1976; Carr and Schaber, 1977). 
Beginning at a break in the upland surface, 
such as a crater or a structural fracture, he 
proposes tha t  escarpment recession oc- 

curred, leaving behind a smooth lowland 
floor. He attributes the escarpment reces- 
sion to undermining by evaporation of ex- 
posed ground ice or emergence of ground- 
water. The debris may have been removed 
by either eolian or fluvial processes. The 
former process requires a weathering mecha- 
nism, such as the photostimulated oxidation 
of ferrosilicates suggested by Huguenin 
(1974), to reduce the particles to t ransport-  
able size. The latter requires a very different 
climatic regime, suggested by apparent ly 
fluvial features elsewhere on the planet. 
This issue is currently unresolved. 

The s tudy described here was intended 
to further investigate geomorphic processes 
operating in areas of fretted terrain, util- 
izing orbital photographs taken as part  
of the Viking nfission. These photographs 
provide high-resolution coverage of two 
limited areas of fretted terrain in the 
northern hemisphere of Mars. The locations 
of these regions, Nilosyrtis Mensae and 
Protonilus Mensae, are indicated in Fig. 1. 
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FIC,. 1. Location of the study areas. 

OBSERVATIONS 

The general surface morphology of 
Nilosyrt is  Mensae  is mapped  in Fig. 2. 
The  upland pla teau surfaces are at roughly 
the same elevation and appear  to be the 

remains of what  was once a continuous,  
fiat, modera te ly  cratered plain. These are 
separa ted  f rom the h)wlands by  ab rup t  
escarpments.  Calculations based on sun 
angle and shadow length indicate tha t  the 
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Fro. 2. Geomorphi(" map of Nilosyrtis Mensae. 
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FIG. 3. Nilosyrtis N[ensae valley floor lineations. Note lobate front. (Viking frame 84A73.) 

escarpments  are roughly 1 k m  high and 
range in slope f rom 10 to 40 ° . Craters  on 
these escarpments  are generally more de- 
graded than  craters  on fiat terrain.  The  
lowlands are also modera te ly  cratered and 
generally fiat, a l though port ions appear  to 
be slightly hummocky .  There  are a few 
fiat areas whose elevations lie between 
those of the upland p la teau  and the low- 
lands. These are designated on the map  as 
in termedia te  plateaus.  The  region does 
not  appear  to possess a significant debris 

mantle .  
The  most  no tewor thy  features of Nilo- 

syrtis Mensae  are the  distinct l ineations 

found on port ions of the lowlands (Fig. 3). 
They  occur pr imari ly  where a narrow 
valley is formed between two adjacent  
pla teau regions. The  lineations are re- 
str icted to the  fiat val ley floor and are 
roughly parallel to the two bounding escarp- 
ments .  They  appear  to consist of closely 
spaced linear ridges and depressions, al- 
though in one case the depressions are 
closed and relat ively deep, forming aligned, 
highly elongate pits. Some l ineated valleys 
have  a rounded closure at  one end re- 
sembling a glacial cirque, while others 
open out  onto the  lowland plain a t  both  
ends. The  m a x i m u m  extent  of any  set of 
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FIG. 4. Geomorphic map of Protonilus Mensae. 

FIG. 5. Protonilus Mensae valley floor lineations. (Viking frame 58B65.) 
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lineations is about  50 kin, but  most are 
much shorter, often ending abrupt ly  where 
the valley widens. The overall appearance 
of the line~tions is very  suggestive of flow, 
either of a fluid through the valley or of the 
valley floor material itself. In one inst:mce 
there is a distinct lobate bulge where a 
valley which is closed at one end opens out 
onto the lowland plain, implying flow of 
the lineated material  (Fig. 3). However,  
this is the only case where t ransport  of 
debris through a valley is clearly indicated. 
There  are no other flow termini or debris 
deposits at the openings of v'dleys in the 
s tudy area. 

Figure 4 is a map of t)rotonilus Mens:;e. 

The upland plateau areas, escarpments,  and 
unlineated v;~lley floor are all very similar 
to those found in Nilosyrtis ~VIensae. Most  
of the valley floor lineations, however, are 
aligned, elongate pits ra ther  than parallel 
ridges and furrows (Fig. 5). Some areas of 
unlineated h)wland differ from Nilosyrtis 
N[;~nsae in tha t  they possess a high concen- 
trt;tion of irregular pits or depressions. 
These are generally elongate and roughly 
aligned, and frequently appear to possess 
raised rims. Although they superiicially 
resemble Solne secondary impt~ct craters, 
no primt~ry crater has been reliably identi- 
tied, and their origin remains uncertr~in. 
Much of the region is characterized by 

FJ,. 6 Lobate debris aprons. (Vikit,g f,'ame 58B51~) 
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FIG. 7. Lobate debris aprons. Note lineations and embayment of upland. (Viking frame 58B55.) 

par t ia l ly  buried and filled small craters,  
suggesting the presence of a thin debris 
mantle .  

Of all the features of Protonilus Mensae,  
the most  interesting are the str iking debris 
aprons which have developed at the bases of 
m a n y  of the escarpments.  These are often 
lobate  and dist inctly convex in profile, 
giving the impression of outward  flow of 
a viscous mass  (Figs. 6 and 7). M a n y  of the 
debris aprons possess r idge-and-furrow 
lineations in vary ing  p~tterns.  Most  of 
these lineations are perpendicular  to escarp- 
men t  f~ces, radiat ing outward  f rom the 
bases of mesas and but tes .  Where  the 
p la teau  surface is deeply embayed  by  the 

lowland plain, the lineations m a y  be sub- 
parallel to escarpments  along the sides of 
the embaymen t .  The  resul tant  landforms 
are in termedia te  in morphology between a 
l ineated debris apron and a l ineated valley 
floor, suggesting a similar origin for these 
features. There  are a few exceptions to the 
general radial pa t t e rn  of lineations, one of 
which is shown in Fig. 8. In  this case, there 
is a very  well-developed set of l ineations 
on the escarpment-facing side of a residual 
knob which lies in a debris apron, the 
lineations being adjacent  to the base of 
the knob and parallel to it. In  another  in- 
stance, a crater  on the lowland plain seems 
to have  been over topped  and par t ia l ly  
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FIG. 8. Lineations parallel to the base of an escarpment rather than perpendicular. (Viking frame 58B56.) 

buried by  a debris apron (Fig. 9). All of 
these features appear  to be the results of 
flow of a highly viscous material .  

CRATER DISTRIBUTION 

In  bo th  regions crater  counts were per- 
formed for each of the following morpho-  
logic units : upland plateau,  escarpment ,  un- 
l ineated lowland, and l ineated and un- 
l ineated debris. Graphs  of normalized 
crater  f requency versus crater  diamete.r 
are shown in Fig. 10. The  abundance  of 
fine relief in the flows made it necessary 
to exclude any  small depressions near  the 
resolution l imit  of the photographs.  

The  crater  frequency curves make  it  
possible to determine the relat ive ages of 
the units. Nilosyrtis  Mensae as a whole 
appears  to be older than  Protonilus Mensae,  
but  this m a y  be due s imply to the thin 
debris mant le  found in the la t ter  region 
covering some of the more degraded craters.  
In  bo th  areas the upland pla teau regions are 
older than  the  unlineated lowlands. This is 
consistent with the escarpment  recession 
model suggested by  Sharp. In  both  areas 
also there is a sharp break in the curve for 
craters lying on escarpments.  This un- 
expectedly low concentrat ion of small  
craters,  as well as the highly degraded 
nature  of those craters  which are visible, 
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FIG. 9. Crater partially buried by a debris apron. (Viking frame 58B61.) 

indicates tha t  some process has eroded 
escarpment  surfaces. Because pronounced 
crater  degradat ion seems to be prevalent  
only in sloping regions, and because debris 
is observed at the bases of many  escarp- 
ments,  it is clear tha t  debris has been 
t ranspor ted downslope. The  lineated valley 
floors and debris aprons are essentially un- 
eratered and are thus very  young features, 
having either been deposited recently,  or 
eroded recently,  or, considering their  mor- 
phology, flowed recently.  In  summary  then, 
it  seems tha t  material  has been loosened 
from the escarpments,  t ranspor ted down- 
slope, accumulated on the lowlands, and 
undergone some type  of fur ther  movement  

or flow. These processes have operated 
recently in Mar t ian  history and perhaps 
may  be current ly  active. I t  is part icularly 
impor tan t  to note  tha t  they  are quite 
distinct from the processes which originally 
formed the fret ted terrain and tha t  this 
fact  may  imply a significant environmental  
change. 

NATURE OF THE FLOWS 

These flows have been ten ta t ive ly  de- 
scribed by  Carr and Schaber (1977) as 
frost creep or gelifluction features. Two 
impor tan t  points suggest t ha t  this may  
not  be the case. First, the thick lobate 
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FIG. 10. Crater distribution. (Numbers next to data points indicate number of craters.) 

nature  of the flows implies tha t  movement  
has occurred throughout  a substanti-d 
thickness of the body ra ther  than  being 
limited to a thin surfaee layer. Second, 
there is no evidence to support  the idea tha t  
thawing has occurred to any signifieant 
depth. The features seem to be relatively 
recent, and thawing of no more than a 
superficial outer layer could be expected 
under the current  elimatie regime. While 
geothermal warming is a possibility, no 
volcanic landforms are seen in the area. 
These considerations indicate tha t  near- 
surface, thaw-dependent  processes are prob- 
ably not responsible for the movement .  

An interpreta t ion tha t  is eonsistent with 
the requirement  tha t  movement  occurs at  
depth but  is not the result of thawing is tha t  
the flows behave in a manner  similar to 
tha t  of roek glaciers. Rock glaciers are 
found in many  terrestrial  aretie and alpine 
environments and consist of erosional 
partieles ranging from angular blocks to 
sand and silt-sized grains cemented by in- 
terstit ial  iee. I t  is now agreed by most  
authors tha t  roek glaeiers deform and 
flow due to creep of the ice, and tha t  

thawing is not involved in the motion 
(Ives, 1940; Wahrhaft ig and Cox, 1959; 
Thompson,  1962; White, 1976). 

The source of the ice in terrestrial rock 
glaciers is snowfall. Clearly, another  means 
of ice formation is necessary for similar 
features to have been reeently aetive on 
Mars. The most reasonable possibilities 
are direct condensation of ice from the 
atmosphere or outgassing and freezing. 
While it is difficult to make quant i ta t ive  
estimates of the amounts  of near surface 
ice these two processes could produce, it is 
reasonable to assume tha t  the former would 
be predominant  on a regional scale. 

Earth-based speetrographie analysis has 
shown strong seasonal variations in atmo- 
spheric water content,  implying a sink in 
the winter hemisphere (Barker, 1976). 
While the polar eaps could perhaps provide 
such a sink, there is a pronounced phase 
lag between observable cap recession and 
growth of atmospherie water vapor  in 
each hemisphere (see, for example, Farmer,  
1976). This is interpreted by Leovy (1973) 
as evidenee tha t  the seasonal water vapor  
fluetuation is due instead to exehange 
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between the a tmosphere  and subtropical  
permafrost ,  since he shows tha t  any  
seasonal ice which forms at  a polar cap 
should be highly concentra ted around the 
outer edge of the cap. This possibility of a 
seasonal water  sink in the middle lat i tudes 
was recognized earlier by  Barker  et al. 
(1970). I t  is likely, then, tha t  a small bu t  
significant quan t i ty  of near  surface ice 
condenses during the winter at the la t i tude 
of the s tudy  areas. 

In  order for ice to survive the summer,  
it mus t  be buried by  debris which has 
moved  downslope. The  occurrence of down- 
slope t r anspor t  is indicated by the crater  
count  data,  the degraded na ture  of escarp- 
men t  craters, and the accumulat ion of 
debris at the bo t t om  of slopes. The  t rans-  
por t  mechanism,  howew~r, is difficult to 
establish with any  certainty.  Thaw-de-  
pendent  processes such as frost creep and 
gelifluction are very unlikely for climatic 
reasons. While thawing of a thin surface 
layer  m a y  be possible on south-facing 
slopes during the summer,  there is no 
evidence of preferential  debris accumulat ion 
at the bases of such slopes. Fur ther ,  tr2ms- 
por t  mus t  occur in the winter as well to 

bury  ice formed then. 
Because the escarpments  are often steep 

and prob~bly composed of loose debris, it is 
possible tha t  they  lie ne2~r ~m angle of 
repose. Downslope t ranspor t  could then be 
accomplished by  any process which dis- 
turbs  the surface mater ia l  or removes  
debris f rom the b o t t o m  of the slope. I t  
appears  t ha t  mater ia l  is in fact  removed 
from the bo t tom of the slope by  flow. If  
it is assumed tha t  a significant par t  of 
the debris is fine-grained, wind could 
loosen and redistr ibute slope material ,  
with the steepness of the escarpment  
causing a net  downslope t ransport .  The  only 
thing which m a y  be postula ted  with any 
real confidence concerning downslope trans-  
port ,  however,  is tha t  it does occur. 

FIG. 11. Schematic cross section of a lobate 
debris apron. 

A MECHANICAL MODEL 

Fur ther  insight into the nature  of these 
flows m a y  be gained by  considering their  
mechanical  properties.  Studies of the flow 
of active terrestrial  rock glaciers have  indi- 
cated tha t  their  behavior  is similar to t ha t  
of a very  high viscosity fluid. Representa-  
t ive calculations of their apparen t  viscosi- 
ties are 2 to 9 X 1014 P (Wahrhaf t ig  and 
Cox, 1959) and 5 to 9 X 1015 P (White,  
1971). Wahrhaf t ig  and Cox also noted tha t  
the min imum basal shear stress for act ive 
rock glaciers is approximate ly  1 bar. Those 
with basal shear stresses below this value 
are not observed to flow. Thus  the me-  
chanical behavior  of a mixture  of debris 
and ice m a y  be roughly tha t  of a plastic 
with a yield stress of 1 bar  and a viscosity 
above yield stress in the range 1014 to 
1016 P. This is not  mean t  to imply  tha t  the 
s i tuat ion is t ru ly  this simple, bu t  merely  
tha t  the crudi ty  of the existing measure-  
ments  does not just ify a more e laborate  
model. 

The  p r imary  reason for this behavior  
is tha t  the interst i t ial  ice has an extremely 
low strain ra te  for stresses below abou t  1 
bar,  and tha t  this figure is thus effectively 
the yield stress of the rock glacier mater ia l  
as a whole. Glen (1953, 1975) has more 
precisely described the deformational  be- 
havior of polycrystal l ine ice as 

= Ao -n, (1) 

where ~ is s train rate,  a is stress, and A 
and n are constants.  He  suggests tha t  for 
low values of a, n is roughly 3.5, but  t ha t  
it decre:;ses toward uni ty  for stresses above 
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TABLE I 

APPROXIMATE DIMENSIONS OF THREE REPRE- 
SENTATIVE LOBATE DEBRIS APRONS 

T (km) W (km) 

0.8 18 
0.9 25 
O.5 15 

1 bar. The  value of A is also not  t ru ly  con- 
stant ,  bu t  decreases with decreasing abso- 
lute temperature .  Although the effects of 
inclusion of a large amount  of erosional 
debris are not  at all clear, this relationship 
nevertheless has an impor tan t  implication 
for the flow model used here. Because the 
linear factor (A) is tempera ture  dependent  
and the exponential  (n) is not, the apparent  
viscosity of such a mass under  colder 
Mar t ian  conditions should be somewhat  
higher than  tha t  observed for most  terres- 
trial rock glaciers, bu t  the effective yield 
stress should be significantly affected. 

Of the features studied, the lobate 
debris aprons are the simplest from a 
mechanical s tandpoint .  I t  is assumed here 
tha t  they are composed of a mixture of 
rock and ice which behaves as a plastic 
and tha t  they lie on a fiat base, deforming 
under  their own weight and flowing out- 
ward. A schematic cross section of one of 
these features is shown in Fig. 11. Because 
of the low sun angle in the photographs 
i t  is possible to make fairly accurate esti- 
mates of their  dimensions. Figures for 
three representat ive debris aprons are 
given in Table I. 

Using a reasonable estimate of the 
viscosity, it is easy to demonstra te  tha t  the 
basal shear stress of these forms does not  
exceed the yield stress of the material,  
tha t  is, tha t  viscous flow is not  occurring. 
The  shear stress due to overlying load for 
any point  at  the base of such a mass is 
given by 

r = - - p g t ( d t / d w ) ,  (2 )  

where r is basal shear stress, p is the density 
of the material,  g is the gravitat ional  accel- 
eration, t is the thickness of the material  
perpendicular to the base, and w is the 
horizontal distance from a hypothet ical  
vertical escarpment (Paterson, 1969) (see 
Fig. 12). If the basal shear stress is greater  
than  the yield stress viscous flow occurs 
at  the base with rate  of shear "~ given by 

= r / ~  = - -  p g t ( d t / d w ) / ~ ,  

where v is the viscosity. The  rate of advance 
of the flow terminus is thus 

- [ p g t ( d t / d w ) / n ] d w  = p g T ~ / 2 n .  (3) 

Using the terrestrial  upper limit of 1016 P 
for 7, 0.7 km for T, and 2.0 g c m  -3 for p 
yields a rate of advance of 60 m per year,  
clearly an unreasonable figure. If the sur- 
face at  the base of the debris apron were 
sloping outward rather  than  flat as assumed 
here, basal shear stress would be increased, 
and this viscous flow rate would be still 
higher. Even  if the value used for v here 
is several orders of magni tude too low, 
there is no conceivable method of down- 
slope t ranspor t  tha t  could produce the 
amount  of material  needed to maintain 
viscous flow. I t  must  be assumed then tha t  
the debris is in equilibrium, with the basal 
shear stress equal to the yield stress. Addi- 
tion of debris at  the head of the apron 
causes a gradual advance of the terminus,  
with the profile of the mass shifting to 
maintain internal equilibrium. 

C 
x 

Fro. 12. Dimensions discussed in the text. 
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I t  is possible to determine the yield 
stress of such a mass of material if the 
parameters T and W are known. For a 
lobate debris apron at the base of a long 
escarpment, the outward force on the plane 
A B  per unit of length normal to the paper is 

o T p g ( T  --  z )dz  = pgT2/2 .  

The inward force due to the shear stress 
along the base A C  is just rW. At equilib- 
rium these forces are of equal magnitude, 
and the basal shear stress is equal to the 
yield stress of the material r0. Thus 
(Orowan, 1949), 

vo = p g T 2 / 2 W .  (4) 

Using the data from Table I, equation (4) 
yields values for ro of 1.3, 1.2, and 0.6 bars. 
These are in good agreement with the 
1.0-bar yield stress figure found by Wahr- 
haftig and Cox. 

By a similar argument, the equation 
which describes the profile of the debris 
apron is the parabola (Paterson, 1969) 

( t / T )  2 =  1 -  ( w / W ) .  (5) 

Allowing for an ice content of 30%, the 
volumes calculated for typical debris aprons 
indicate that  up to 5 km of escarpment 
recession has been accomplished by the 
downslope transport and flow of debris. 

ORIGIN OF LINEATIONS 

The surface lineations may also be 
helpful in determining the formation and 
behavior of these features. Wahrhaftig and 
Cox found two types of lineations on ter- 
restrial rock glaciers, both consisting of 
parallel ridges and furrows. Longitudinal 
lineations are formed parallel to flow direc- 
tion and are believed to be due to inhomo- 
geneities in the supply of debris. They may 
also be formed by uneven distribution of 
ice throughout the mass, causing unequal 
rates of flow and producing internal shear. 

Transverse lineations are perpendicular to 
flow direction and are caused by compres- 
sional forces generated by a decrease in 
flow velocity "downstream" from the 
lineations. 

Most of the lineations on the debris 
aprons are longitudinal and are probably 
accurate indicators of flow direction. One 
case where lineations have formed trans- 
verse to flow direction is the small set of 
ridges and furrows indicated in Fig. 8. The 
obstruction has apparently blocked advance 
of the flow at this point, causing compres- 
sion and formation of transverse lineations 
perpendicular to the compressional force. 

Lineations on the floors of narrow valleys 
present a more complicated situation. If the 
lineations are assumed to be aligned with 
the principal flow direction, immediate 
problems arise. While they often extend 
for considerable distances, there is rarely 
any evidence that  material has been trans- 
ported a substantial distance--there are no 
large accumulations of debris at one open 
end of any valley except for the one small 
flow terminus already mentioned. Another 
important point is that  longitudinal linea- 
tions must arise from the base of the escarp- 
ment which is the debris source. In valleys 
which open at both ends this condition is 
not met. Many sets of lineations do not 
have a source area at either end. I t  can 
only be assumed that  the primary sources 
of the debris are the escarpments which 
form the sides of the valley rather than 
material at one end of the valley. The 
valley floor lineations are then simply ex- 
plained as compressional features. The 
hypothetical formation of such a set of 
lineations is illustrated in Fig. 13. After 
the valley floor has filled with debris, flow 
would be diverted toward the open end or 
ends of the valley (Fig. 13C). In this sense 
the lineations are aligned with the flow 
of the material, although they probably 
originally formed by compression. The 
origin of the elongate pits found in some 
lineated valley floor debris is uncertain but 
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FIG. 13. Formation of valley floor lineations. 

may  involve collapse due to evaporation 
of ice, perhaps accompanied by eolian 
deflation of fine debris. 

CONCLUSIONS 

The process by which debris is thought  
to flow in Nilosyrtis Mensae and Protonilus 
Mensae may  be summarized as follows: 
Material is loosened from escarpment sur- 
faces and transported slowly downslope 
by some type of mass-wasting process. 
Upon reaching the base of the escarpment 
it incorporates seasonal ice from the a tmo- 
sphere. The resultant mixture of debris 
and ice behaves in a manner similar to 
tha t  of a terrestrial rock glacier. The mass 
deforms in response to continual loading 
of fresh debris, flowing away from the 
escarpment in order to maintain equilib- 
rium between basal shear stress and the 
yield stress of the material. Where a flow 
encounters an obstruction or another flow, 
lineations form which are perpendicular to 
the compressional forces generated. Other 
lineations may  form which parallel the 
direction of flow. The process is an ex- 
tremely gradual one, owing to the lack 
of an efficient downslope transport  meeha- 

nism. I t  has operated recently in Mart ian  
history, and may be currently active. 

If  this interpretation and Sharp's hypoth-  
esis of fretted terrain formation are cor- 
rect, there are impor tant  climatic implica- 
tions. In the climatic regime existing during 
the origin-d formation of fretted terrain, 
debris which moved downslope was carried 
away by either water or wind. The climate 
existing during the formation of the fea- 
tures studied here allowed the accumulation 
of considerable thicknesses of debris and 
the incorporation of ice into this debris. 
This marked change in processes suggests 
either a general cooling of climate or a 
major decrease in eolian activity. The ap- 
pearance of massive fluvial features in 
many other regions of the planet provides 
strong evidence for the first view. 
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