
THE SPIRAL TROUGHS OF MARS: FORMATION AND EVOLUTION I. B. Smith 1,2, J. W. Holt3,  A. Spiga1. 
1Laboratoire de Météorologie Dynamique, Paris, France; 2Southwest Research Institute, Boulder, CO; 3University of 
Texas Institute for Geophysics, Austin, TX. isaac.smith@lmd.jussieu.fr
 

Introduction: Mars’  Polar Layered Deposits 
(PLD) contain rich, detailed stratigraphic re-
cords of surface processes in recent polar his-
tory. This record is in part created by the spiral 
troughs, which dominate the uppermost ~1000 
m of each PLD [1-4].  On both PLDs, patterns of 
ice accumulation that creates the layers are 
heavily influenced both by existing topography, 
in relation to troughs [1], and wind patterns [2].

The SHARAD instrument on Mars Recon-
naissance Orbiter has provided excellent cover-
age of spiral troughs,  leading to full surveys of 
trough development [2,4].  These surveys re-
vealed that the spiral troughs of the northern 
and southern PLDs (NPLD and SPLD) are both 
examples of cyclic steps - or repeating, up-
stream migrating bedforms that are bounded by 
katabatic jumps [1,2,5]. However, while the 
processes creating the troughs may be similar 
on the NPLD and SPLD, their stratigraphic 
signatures are different (Figs. 1 and 2).

Formation: Northern spiral troughs devel-
oped after approximately half of the NPLD had 
accumulated: layers in the lowermost ~1000 m 
are continuous, with no evidence of trough stra-
tigraphy; but the uppermost ~1000 m display 
stratigraphy of trough migration, including discontinui-
ties (Figs. 1a, 2a) [3]. This tells of a changing system 
that was initially unfavorable for spiral troughs. After 
initiation of the majority of troughs, atmospheric con-
ditions varied [3]. Eventually a second generation of 
troughs formed, resulting in the current pattern [3,4].

SHARAD detects no evidence for trough initiation 
on the SPLD until nearly all of the layers were depos-
ited (Fig. 1b left). The troughs were eroded into exist-
ing deposits, and only recently has ice accumulated 
within the troughs (Figs. 1b right and 2b) [2].

A process model called cyclic steps is able to ac-
count for these differences. The cyclic step model de-
scribes a pattern of asymmetric accumulation that pro-
duces repeated depressions. Katabatic winds driven by 
gravity and Coriolis forcing spiral outward towards the 
margin of the PLD. As the winds descend they increase 
velocity,  and the flow depth decreases. Eventually the 
flow becomes Froude supercritical (Froude number 
>1) and undergoes rapid deceleration and flow depth 
increase at a katabatic jump [5]. This pattern of accel-
eration and rapid deceleration repeats at each step with 
wavelengths corresponding to the length required to 
attain supercritical state, dependent on initial slope.
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Figure 1: Depiction of trough stratigraphy with katabatic flow. 
a) NPLD cyclic steps with alternating pattern of low side deposi-
tion (blue) and high side erosion (red), causing migration (or-
ange is trough migration path). Erosion occurs where fast, 
downhill katabatic winds enhance sublimation on trough high 
sides, while accumulation occurs on trough low sides, where 
trough clouds are found (Fig. 3) [1]. b) SPLD erosional cyclic 
steps (as in Australe Lingula). Stratigraphy revealed by SHARAD 
(Fig. 2b) demonstrates that the troughs initially formed during a 
period of erosion (left) but have subsequently accumulated mate-
rial on the low sides (right), beneath clouds (Fig. 3) [2].
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Figure 2: Radar observations of trough stratigraphy.  
a) NPLD troughs exhibiting onset and migration.
b) SPLD trough erosion and subsequent accumulation.
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As with more common bedforms 
(dunes and ripples),  cyclic steps involve 
alternating patterns of ablation and depo-
sition. Ablation is found where flows 
accelerate, and deposition where flows 
decelerate.  The principle difference is the 
site of deceleration. For troughs and other 
cyclic steps, erosion occurs on the lee or 
downstream facing slope,  contrary to 
stoss erosion on dunes [5]. This is a result 
of rapid deceleration at a katabatic jump, 
only occurring when the flow is thin and 
fast enough to reach supercritical state.

Evolution: Cyclic steps are generally 
stable bedforms that migrate upstream.  
The most significant contributions to 
trough evolution are sublimation, deposi-
tion (as snow or frost), and transport. As 
these three factors vary, spatially or tem-
porally, so does trough evolution. 

Trough migration rate is strongly de-
pendent on flow conditions. SHARAD 
detects periods of erosion on the NPLD 
after the first troughs formed [3,4], along 
with strong variations in migration rate 
relative to accumulation (Fig. 2a). These 
effects combine to give strong regional  
and local variability [4].

The contrasting behavior of northern and southern 
PLD troughs arises from the sediment supply. Kata-
batic flows that have abundant sediment (water vapor 
sublimed from upstream) deposit their sediment be-
neath trough clouds, expressed at katabatic jumps (Fig. 
3 and Fig.  1a), leaving a stratigraphic record. Clouds 
will not form when insufficient water vapor is avail-
able. Here, no ice accumulates,  and exposures of layers 
are left on either side of a trough (Fig. 1b left) [1].

This is seen best near Promethia Lingula on the 
SPLD. troughs here have received no post-formation 
deposition (Fig. 1b left),  nor have clouds been detected 
there [2]. In Australe Lingula (Fig. 2b) and Australe 
Mensa, significant recent deposits (post trough inci-
sion) are measured by SHARAD (Fig. 1b right) [2]. 
Abundant clouds are also found in these regions.  This 
correlation suggests that clouds are important, observ-
able indicators of where accumulation occurs.

Clouds play an important role in determining where 
deposition will occur. The rapid increase in flow depth 
within a katabatic jump is associated with a tempera-
ture decrease of ~7K. Supersaturated water vapor then 
forms ice crystals near the surface (Fig. 3a).

Recent high resolution atmospheric modeling at the 
Laboratoire de Météorologie Dynamique (LMD) [6] 
has been able to resolve katabatic jumps and predict 

the locations of clouds, matching closely with ob-
served locations (Fig. 3). Work is underway to address 
water vapor content and cloud formation.

Simulations also show that the locations and timing 
of fastest winds correspond to cloud detections, sug-
gesting a causal link [2]. The fastest winds are found 
near the retreating seasonal CO2 ice cap.  Strong ther-
mal gradients near the boundary of the retreating cap 
enhance the already fast katabatic winds, setting up 
excellent conditions for katabatic jumps to form [2]. 

The large role played by CO2 in present day trough 
evolution may indicate that trough formation hinged on 
the presence of a seasonal CO2 cap. Periods with per-
manent or absent caps would not permit wind-surface 
interactions or katabatic jumps, respectively.
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Figure 3: Trough clouds and simulation of katabatic jumps at ~87°N, 
85°E. a) Image V12295001.  NPLD Trough cloud provides evidence for 
katabatic jump and site of ice accumulation at the surface. b) and c) 
LMD high resolution atmospheric simulation. b) Cross section of at-
mospheric potential temperature within katabatic flow demonstrate 
flow thickness increase associated with a katabatic jump (potential 
temperature lines follow flow lines).  Approximate ground track in c). c) 
Map view of wind velocity enter a trough (blue) and upward velocity 
(red) from katabatic jump. Red is where clouds form.
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