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Abstract:  Basic questions about stealth QCDs are ad-

dressed in this study.  First, northern lowland stealth QCDs 
(diameters 7-100 km) are located and their surface reliefs 
evaluated.  It is determined whether or not their topography 
is consistent with that of buried impact craters, thus validat-
ing the use of QCDs in dating the buried lowland floor.  
Second, the nature of the materials in which sQCDs form is 
examined.  Stealth QCD location is compared to geologic 
units and the inferred materials [Tanaka et al., 2005] to de-
termine if sQCDs are in fact only located in those surface 
units where differential compaction is predicted.  Further-
more, particle size and composition can affect the amount of 
compaction that occurs, affecting sQCD surface relief and 
the corresponding relationship to diameter.  As a test, surface 
relief is compared to diameter only for stealth QCDs in the 
same material units. 

Introduction:  The Mars Orbiter Laser Altimeter 
(MOLA) has yielded a high-precision, topographic gridded 
data set.  These data reveal the presence of quasi-circular de-
pressions (QCDs) across Mars [1,2,3,4,5,6].  QCDs are de-
fined as any depression that appears in the gridded topographic 
dataset to be at least somewhat circular.  Some QCDs are ob-
vious impact craters, visible in images of Mars and covering 
the full spectrum of crater modification [7,8].  The circular 
graben found in the polygonal terrains of Utopia and Acidalia 
Planitia (Table 1) are another form of QCD.  These large visi-
ble circular fractures are theorized to cover buried impact cra-
ters [9,10] and were recently discovered to enclose depressions 
[11,12].  Another type of QCD is topographic depressions with 
no corresponding visible structural feature on the surface (Fig. 
1).  It has been proposed that these not-visible QCDs, hereafter 
referred to as “stealth QCDs” or sQCDs, are also the surface 
representations of completely buried impact craters [1,2,3,4].  

The northern lowlands surface is considerably younger 
than that of the southern highlands [13,14,15], and many 
have postulated that this implies that an older lowland base-
ment was buried under a younger cover material [eg. 
16,17,18,19,20,21,22,23].  There is little indication as to how 
thick this cover material is.  A lower limit was postulated for 
Utopia Planitia polygonal terrain by McGill and Hills [24] at 
600 m, the minimum amount of material needed to com-
pletely cover the 30 km impact craters inferred to exist un-
derneath the largest circular grabens.  Banerdt [25] and 
Searls and Phillips [26] both determined that the cover mate-
rial at the center of the Utopia Basin had to be ~20 km thick 
to account for the present day topography.   

Size-frequency distributions that assume all QCDs repre-
sent impact craters, either exposed or buried, suggest that the 
age of the buried surface of the northern lowlands is at least 
Early Noachian [4].  Indeed, it has been suggested that the 
Early Noachian is the upper limit of the age of the buried 
lowland floor, which may be even older than the exposed 
northern highlands [5,6].  A Noachian or pre-Noachian base-
ment is supported by the remnants of large craters and multi-
ring basins discovered in earlier research [16,17,18,19,20,21,  

 
Figure 1. a) Example of quasi-circular depressions found in gridded 
MOLA data from 47.5°–51.5°N, 33°-37°W compared to (b) Viking 
image of the same region.  Arrows point to stealth QCDs that have 
no visible representation in the Viking image.  Topography has been 
stretched to enhance appearance of QCDs (dark blue low, red high). 
 
22,23], but the QCDs provide evidence of the ancient age of 
surfaces underlying the deposits of the northern plains.  
However, while the counting of QCDs to determine the age 
of the lowland floor assumes that all QCDs represent impact 
craters there is no morphologic evidence, other than their 
circularity, to indicate that stealth QCDs are of an impact 
origin.  Further support for this interpretation in the form of a 
testable model for the formation of stealth QCDs over com-
pletely buried impact craters is desirable to validate the QCD 
age dating.   

Stealth QCD formation model: An impact crater can be 
buried incrementally, by several separate deposits of cover, 
or all at once in a single large-volume event.  Also, an im-
pact crater can be buried by a single material (eg. lava, pyro-
clastic flows, detrital sediments, etc.) or by many layers of 
differing types of material.  A partially buried crater should 
retain some of its internal topography, whether pronounced 
or subdued, and as its rim is not completely buried, the crater 
should still be visible.  However, once the impact crater is 
completely buried, by whichever combination of methods 
described above, the surface of the blanketing material 
should be smooth.  If stealth QCDs are the surface represen-
tation of completely buried impact craters, then something 
must occur to the cover material after burial for the depres-
sion to form. 

Buczkowski and McGill [11] suggested that topographic 
depressions form over buried impact craters due to differen-
tial compaction of the covering material.  The percent com-
paction at any depth within a cover material of uniform com-
pressibility must be a function of the total overburden pres-
sure.  This means that percent compaction should increase 
with the depth of the cover deposit and thus that the average 
fractional compaction should be proportional to cover thick-
ness.  For any given regional cover thickness surface relief is 
a function of the relief of the buried basement floor, the av-
erage percent compaction and the total thickness of the cover 
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deposit.  Also, for a specific cover thickness, total cover 
thickness is greater over the centers of completely buried 
craters than over their rims; thus total compaction is greater 
over the center of craters than their rims and topographic 
depressions will form (see figure 2 in 27).  Fresh depressions 
should be bowl-shaped and more or less circular; the outside 
edge of the depression should have a consistent topography, 
assuming that the underlying impact crater rim was fresh and 
had a consistent altitude.  Since large craters are deeper than 
small craters the differential compaction models also predict 
that surface relief will be proportional to the diameter of the 
buried crater [11].   

Methods:  GRIDVIEW [28,29] is an interactive com-
puter graphics tool which is designed to reveal subtle topog-
raphic differences in MOLA data and can detect stealth 
QCDs in the 7 - 100 km diameter range.  Only stealth QCDs 
of this size range were included in their study because fresh 
complex impact craters can be described by a single set of 
empirical equations [30] and have a relatively consistent 
relationship between their depth and diameter, compared to 
the depth/diameter ratio of simple craters and crater basins 
(>100 km).  Used with GRIDVIEW are the 128 x 256 
pixel/degree gridded MOLA data sets produced by the Geo-
dynamics Branch of NASA's Goddard Space Flight Center.   

Previous research [27] only examined four of the avail-
able 24 grids that cover the northern lowlands for stealth 
QCDs.  For this study, each of the remaining high-resolution 
grids was examined and compared to Viking and Mars Or-
biter Camera (MOC) images.  Roughly circular, completely 
enclosed, bowl-shaped depressions between 7 and 100 km in 
diameter that were not visible impact craters were identified 
as potential buried impact craters.  Surface relief was deter-
mined using the GRIDVIEW tool.  As in previous studies of 
stealth QCDs [11,12,27], surface relief is defined as the dif-
ference between the lowest point within the depression and 
the average high point along its rim, disregarding any 
anomalous highs or lows such as smaller impact craters or 
visible peaks.   

Surface relief was then compared to diameter.  The co-
efficient of correlation R2 of the relationship was used as a 
measure of its strength.  A direct, one-to-one relationship 
would have a R2 equal to one while a R2 of zero would indi-
cate complete randomness.  Any R2 over 0.5 would imply 
that the surface relief is at least somewhat related to diame-
ter, but as the correlation becomes closer to one it indicates 
less scatter in the data and thus an increasingly strong rela-
tionship.  

The Geologic Map of the Northern Plains of Mars [31] 
includes interpretations of the origin and emplacement of the 
40 mapped northern lowland material units.  Each material 
unit is evaluated based on its interpretation by Tanaka et al. 
[31] and the likelihood of differential compaction of the 
material and stealth QCD formation is determined. Then, 
actual stealth QCD locations are compared to the geologic 
map and the material unit that each sQCD formed in is iden-
tified and compared to previous predictions of sQCD forma-
tion. 

Observations:  Four hundred forty-six sQCDs ranging 
from 7-115 km in diameter were observed in the northern 

lowlands (Fig. 2a).  Stealth QCDs are not located every-
where 

 
Figure 2.  MOLA topographic images of Mars created in 
GRIDVIEW and centered at 90° N.  a)  Distribution of the 446 
northern lowland stealth QCDs.  Large basins and regions are la-
beled.  b) Stealth QCDs larger than 40 km diameter are preferentially 
located in the Utopia and Borealis basins.   
 
in the lowlands; they are heavily favored in the areas around 
the Utopia and Borealis basins, especially those larger than 
40 km (Fig. 2b).  However stealth QCDs are also found in 
the Isidis Basin, north of Arabia Terra, north of Arcadia 
Planitia and in the Scandia region. 

Plotted as a total population over the entire lowlands, the 
surface reliefs of the northern lowland stealth QCDs are 
directly proportional to their diameters (Fig. 3) consistent 
with their being buried impact craters.  However, the coeffi-
cient of determination of the trend line for the total popula-
tion has a fair amount of scatter (R2=0.69).  This scatter is 
not unexpected.  A perfect relationship of sQCD surface 
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relief to diameter would require that all of the underlying 
impact craters be fresh at the time of burial, a highly unlikely 
scenario.  

 
Figure 3.  Plot of surface relief vs. diameter for the 446 stealth QCDs 
in the northern lowlands. 
 
Also, ubiquitous dust storms would be likely to partially 
cover and/or fill stealth QCDs, altering their surface relief in 
a random manner.  Furthermore, the sQCDs are located in 
areas of variable cover material, both in terms of composi-
tion and thickness.  Differences in the cover material and its 
influence on stealth QCD surface relief will be discussed in 
more detail in the discussion section. 

Twenty-five of the forty northern lowland material units 
mapped by Tanaka et al. [31] are interpreted to be composed 
of fine-grained sedimentary materials capable of differential 
compaction.  However, stealth QCDs are not necessarily 
expected in all 25 units; several factors could inhibit sQCD 
formation.  Violent volatile release from a material could 
presumably erase or obscure any stealth QCDs that may 
have formed.  Stealth QCDs are unlikely to form over a cra-
ter if the differentially compacting material covering it is 
much thicker than the crater is deep.  Uneven deposition of 
cover material over a crater, such as thick deposition over 
one side and thin deposition on the other, will not necessarily 
yield an identifiable stealth QCD; recognizable stealth QCDs 
are more likely to form if the differentially compacting mate-
rial is deposited in a uniform layer.  It was determined that 
stealth QCDs could possibly form in 22 of the northern low-
land units, with three of these units having a particularly 
strong likelihood. 

Stealth QCDs were observed in nine of the 40 material 
units (Table 1).  All nine of these units were interpreted as 
fine-grained sedimentary units by Tanaka et al. [31] and 
stealth QCD formation was considered either likely or possi-
ble in all.  Three hundred and sixty-nine (83%) of the stealth 
QCDs identified in the northern lowlands were found in the 
Vastitas Borealis interior unit (unit ABvi).  The other eight 
units have a significantly smaller number of sQCDs (Table 
2).  No stealth QCDs are identified in the eleven lava units or 
the two volcaniclastic units.  

Discussion:  The many northern lowland material units 
are compositionally variable, undergo several types of depo-
sition and are most likely of diverse thicknesses.  Thus, the 
stealth QCDs found in the different units should be evaluated 
separately. Unfortunately, many of the units in which stealth 
QCDs are observed have fewer than twenty depressions 

each.  However, some interesting observations can be made 
from unit-specific analyses. 

 
Unit 

Symb. Name 
Interpretation Number  

sQCDs 
Correla-
tion (R2) 

HBu1 Utopia Plani-
tia 1 unit 

Clastic debris 
from highland 
rocks 

3 0.99 

HBu2 Utopia Plani-
tia 2 unit 

Colluvium 
from Utopia 
Planitia 1 unit 

4 0.88 

ABvi Vastitas 
Borealis 
interior unit 

Outflow chan-
nel sediments 

369 0.74 

ABvm Vastitas 
Borealis 
marginal unit 

Reworked 
ABvi  

13 0.02 

Arabia 4 0.55 
W. Arcadia 4 0.68 

 

E. Arcadia 

 

4 0.59 
ABs Scandia 

region unit 
Mud, sand, 
dust 

19 0.75 

ABa Astapus 
Colles unit 

Volatile-rich 
mantle 

11 0.67 

ABo Olympia 
Undae unit 

Silt and sand 
sea 

7 0.91 

AIi Isidis Plani-
tia unit 

Sedimentary 
deposit 

17 0.82 

AEtb  Tinjar Valles 
b unit 

Fluvial depos-
its 

1 - 

Table 1. Comparison of material units from [31] to stealth QCDs. 
 

1)  Stealth QCDs, as defined by this study, were only 
found in material units described as sedimentary by Tanaka 
et al. [31].  The lack of sQCDs in volcanic units is best ob-
served in Utopia Planitia.  There are 183 stealth QCDs 
around the Utopia Basin but no stealth QCDs within its 
south-east region (Fig. 2a).  The areas lacking stealth QCDs 
correspond to the Elysium lava flows (unit AHEe) and vol-
caniclastic flows formed by magma/ volatile interactions 
(unit AEta).    Both units AHEe and AEta are stratigraphically 
on top the interior member of the Vastitas Borealis Forma-
tion, and may be covering sQCDs that formed in the underly-
ing ABvi.  Indeed, the Utopia giant polygon terrain occurring 
in ABvi almost completely surrounds the Utopia Basin in a 
circle of radius 17º [24], except in the region covered by 
units AHEe and AEta, suggesting that the younger Elysium 
flows covered pre-existing polygons.  No new stealth QCDs 
are found in the younger flows over impact craters on top of 
the ABvi because the lava flows of unit AHEe would not be 
expected to differentially compact, precluding the formation 
of stealth QCDs.  And while volcaniclastics could differen-
tially compact, unit AEta is interpreted to have undergone 
modification by volatile escape subsequent to deposition 
[31], a process that would almost certainly have erased or 
subdued any stealth QCDs that had formed.  However, one 
stealth QCD is present in unit AEtb, which is interpreted as 
fluvial deposits and debris flows of reworked AEta and is 
found in long sinuous channels dissecting the AEta flows. 

There is also a noticeable lack of stealth QCDs in the 
lowland areas south of 40°N from 150° to 210°W (Fig. 2a).  
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These regions directly correspond to the lava units of Ely-
sium, Amazonis and Arcadia Planitiae. 

2) The majority of stealth QCDs in the northern lowlands 
are found in the ABvi unit.  The comparison of sQCD sur-
face relief to diameter improves (R2 closer to 1) when only 
the 369 ABvi sQCDs are analyzed, as opposed to all 446 
northern lowland sQCDs.     

3) The Scandia region unit ABs is found both at the base 
of the Planum Boreum and to the north of Alba Patera [31].  
The 19 Scandia sQCDs are all located on the Vastitas Bore-
alis plains part of the unit.  The relatively low correlation 
coefficient R2 may indicate that unit ABs is covering a bur-
ied surface that is not flat and/or smooth and has some varia-
tion in topography that caused changes in cover material 
thickness in the region.   

 4) Seventeen stealth QCDs were identified in the Isidis 
basin and all Isidis region sQCDs are in unit AIi. The Isidis 
stealth QCDs have a correlation coefficient (R2) close to one.  

5) The stealth QCDs located in unit ABvm are not well 
correlated, as the R2 of the surface relief vs. diameter rela-
tionship is close to zero.  The unit has several outcrops in the 
northern lowlands and in four separate ABvm locations at 
least one sQCD is found.  The surface relief vs. diameter 
relationship becomes closer to one in all cases when the 
sQCDs are compared only to others in the same outcrop.  
However, even the improved correlation is not as high as for 
other regions and units.  This lack of correlation is expected 
and easily understood.  Unit ABvm was interpreted by Ta-
naka et al. [31] to be reworked ABvi outflow channel mate-
rials, modified by both brittle and viscous deformation due to 
near-surface volatiles.  Despite the likelihood of differential 
compaction in the material this surface modification could 
feasibly erase or subdue the topography of any stealth QCDs 
that may have formed prior to the reworking of the material.  
Although a few stealth QCDs were observable in unit ABvm 
it is likely that the surface relief of the depressions is altered 
from their original post-compaction topography, thus ran-
domizing the correlation of surface relief to diameter. 

6) There is also a poor correlation of surface relief to di-
ameter of the stealth QCDs in the Astapus Colles (unit ABa).  
This unit is described as a volatile rich flow or mantle mate-
rial [31].  While the material of the unit itself is perhaps ca-
pable of differential compaction, depending on the grain size 
of the constituent particles, it is probable that the sQCDs 
observed in this unit actually formed in the underlying unit, 
possibly unit ABvi (Fig. 4f).  Tanaka et al. [31] noted that 
unit ABa subdued but did not obscure wrinkle ridges, imply-
ing that the unit is thin as Martian wrinkle ridges are gener-
ally only 100-300 m high [32].  An ABa mantle thin enough 
to not obscure wrinkle ridges could not completely bury 
impact craters greater than 7 km in diameter [30].  However, 
a thin ABa mantle over underlying stealth QCDs would alter 
the surface relief of the depressions.  Differences in the 
deposition style between the mantle ABa and the underlying 
sQCD-forming material, or variations in the mantle thick-
ness, could randomize the changes in sQCD surface relief, 
thus reducing the correlation of stealth relief to diameter. 

7) The stealth QCDs in units ABo, HBu1 and HBu2 have 
a surface relief to diameter relationship that is well corre-

lated (R2 close to one) but these units have fewer than 10 
sQCDs each.      

Conclusions:  Four hundred and forty-six stealth QCDs 
were identified in the northern plains and their topography is 
consistent with that of buried impact craters, validating the 
QCD dating of the buried lowland floor [4,6].  Stealth QCD 
locations were compared to the geologic map of the northern 
lowlands and it was observed that the depressions are only 
found in units whose materials were interpreted as fine-
grained clastic units.  This is consistent with differential 
compaction model of stealth QCD formation.   
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