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CONDITIONS ON EARLY MARS: CONSTRAINTS FROM THE 
CRATERING RECORD. N. G. Barlow, Lunar and Planetary Institute, 
3303 NASA Road One, Houston, TX 77058. 

Crater size-frequency distribution data provide important 
information about the relative ages of different geologic units. 
The shapes and vertical positions of size-frequency distribution 
curves give identifing information about the population of 
impactors responsible for the crater record retained within a 
particular unit. The relative plotting technique is a 
normalization method which clearly shows the slope variations 
associated with differences among the impacting populations (1). 
Within the inner solar system, two populations of impactors have 
been determined from the shapes and crater densities of the 
distribution curves: an old population displaying a multi-sloped 
distribution curve emplaced during the period of heavy 
bombardment and seen in the heavily cratered regions of the 
moon, Mercury, and Mars, and a younger population whose 
distribution curve follows a power law function and which has 
dominated the cratering record since the end of heavy 
bombardment. This latter population is primarily recorded 
within the lightly cratered regions of the Moon and Mars ( 2) . 
On Mars approximately 60% of the terrain units display 
distribution curves indicative of formation during the period of 
heavy bombardment. These units consist of the heavily cratered 
southern highlands, the equatorial ridged plains, and many of 
the small volcanic constructs within the northern hemisphere 
( 3) • 

Size-frequency distribution curves of craters superposed on 
small volcanoes in the Tharsis and Elysium regions reveal that 
most of these constructs formed during the period of heavy 
bombardment. Crater densities indicate that most formed 
contemporaneously with the major episode of intercrater plains 
formation in the southern highlands, one of the oldest terrain 
units seen on Mars (Fig. 1). The process(es) which formed the 
hemispheric dichotomy therefore must have occurred extremely 
early in martian history, prior to formation of most if not all 
terrain units presently existing on the planet's surface. In 
particular, the fretted and dissected terrain located along the 
plain-highlands boundary scarp cannot date from the dichotomy-
forming event since this region exhibits a relative age younger 
than that of the small volcanoes north of the boundary. In 
addition, the relative age of knobby terrain within the northern 
plains (regions interpreted as buried cratered upland material 
(4)) is statistically identical to that of the boundary scarp 
material (Fig. 2) , further supporting the assertion that the 
process causing the global dichotomy, whether internal ( 5) or 
external ( 6, 7) , predated the formation of many younger or 
intermediate heavy bombardment-aged units. 

The heavily fractured terrain surrounding Tharsis has been 
linked to the formation of the bulge itself. Multiple episodes 
of fracturing are known to exist throughout this region, but 
among the oldest fractures are those located south of the bulge 
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within the heavily cratered southern uplands (5). Crater size-
frequency distribution plots of the terrain indicate that this 
region has an age similar to that of the fretted terrain along 
the boundary scarp, dating from near the latter part of heavy 
bombardment. The fractures must post-date the terrain which 
they cut and they must be younger than the old post heavy 
bombardment-aged flows in Solis Planum which cover them. 
Superposition and cross-cutting relationships, together with 
crater statistical-derived age data for this area, thus suggest 
that the Tharsis Bulge began leaving a tectonic signature on its 
surroundings near the end of the heavy bombardment period. 

Tectonism and volcanism as well as cratering were important 
processes shaping the martian surface during the period of heavy 
bombardment. The cratering record provides important 
information about the ages of martian terrain units which in 
turn can be used to constrain the timing of events such as 
formation of the global dichotomy and fracturing caused by the 
uplift of the Tharsis Bulge. 

REFERENCES: (1) Crater Analysis Techniques Working Group (1978) 
NASA TM 79730. {2) Woronow A., et al. {1980) In Satellites of 
Jupiter (D. Morrison, ed.) , p. 237-276. (3) Barlow N. G. ( 1988) 
Icarus, in press. (4) Maxwell T.A. and McGill G.E. (1988) Proc. 
Lunar Planet. Sci. Conf. 18th., p. 701-711. (5) Wise D.U., et 
al. (1979} Icarus, 38, p. 456-472. (6) Wilhelms D.E. and 
Squyres s.w. (1984) Nature, 309, p. 138-140. (7) Frey H.V., et 
al. (1986) LPS XVII (abstract), p. 241-242. 
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ORIGIN OF FLUVIAL VALLEYS AND EARLY GEOLOGICAL HISTORY, AEOLIS 
QUADRANGLE 
G. R. Brakenridge, Department of Geography, Dartmouth College, Hanover, NH 
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In southern Aeolis Quadrangle in eastern Mars, parallel slope, valleys, 
flat-floored branching valleys, v-shaped branching valleys, and fiat-floored 
straight canyons dissect the ancient (pre-3.2 Ga) cratered landscape (Fig. A). 
Associated knife-like ridges are interpreted as fissure eruptions, conical 
hills as cinder cones, and thin, dark, stratiform outcrops as exhumed igneous 
sills or lava flows. Extensive ridged lava plains are also common, but are 
not modified by fluvial processes. I mapped 56 thrust faults in Aeolis (Fig. 
B). These faults exhibit an orientation vector mean of N63W ± 11 (95% 
confidence interval), and they transect the lava plains, the older units, and 
some of the valleys. By comparison, the vector mean for the 264 valleys 
mapped is N48W ± 12, with a larger dispersion about the mean. The similar 
orientations displayed by thrust faults and valleys suggests that many valley 
locations were controlled by pre-existing thrust faults. Other fault or 
fracture orientations have modes at ca. N10W and N65E; very few valleys, 
faults, or fractures exhibit orientations between N10E and NSOE. Detailed 
mapping also corroborates structural control over some valley locations, and 
it indicates that development of valley drainage systems occurred over 
relatively long periods of time, while faulting was still underway (e.g., Fig. 
C). 

The dissected deposits in Aeolis may include interstitial or interbedded 
water ice, and their Late Heavy Bombardment age agrees with atmospheric models 
showing stability of ice accumulations in non-polar latitudes at this time. 
Freshly outgassed and crystallized water became entombed as frost or snow 
within the cratered terrains during accumulation of impact ejecta, volcanic 
ash, and recycled eolian debris. Volcanism then caused geothermally heated 
groundwater to be generated within overlying or adjacent ice-rich strata, and 
faults and fractures provided thin zones of increased permeability for water 
transport to the surface. Hot springs were common on Late Heavy Bombardment 
Mars, and they facilitated valley development by headward sapping and by the 
generation of episodic, topography-following fluid flows. 

DATA SUMMARY FOR TECTONIC AND FLUVIAL LANDFORM ORIENTATIONS 

Landforms n Vector Strength Standard Raleigh Test 
Mean1 of Vector Error For 

Mean2 Uniformity3 

Small Valleys 264 N48W ± 12.0 0.39 6.1 0.00 

Undifferentiated 
Faults and Fractures 83 N49E 0.19 23.1 0.05 

Thrust Faults 56 N63W ± 11.2 0.75 5.7 0.00 

1 Vector mean is arctan (X/Y); X~ L cos e i ; Y = L sin ei; shown with 95% 
confidence intervals 
2 Strength of vector mean is R/n, where R = (X2 + y2)1/2 
3 Raleigh statistic is exp -(R2/n); for Raleigh values <0.05, the uniform 
vector distribution hypothesis is rejected at the 0.05 level of significance 
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GEOLOGICAL MAP OF A PORTION OF VIKING FRAME 596A26 

At locations "a" and "b" within the Cratered Terrain (Ct) in Aeolis, 
knife-like ridges are interpreted as fissure eruptions; their low-albedo 
cross sections are exposed in the wall of a prominent scarp. The adjacent 
lava plain ("Rp") is apparently an exhumed sill and may be continuous with 
least one of the ridges. NW-trending thrust faults (dashed lines) are common, 
and, at "c", such a fault transects a flat-floored branching valley. There, 
thrust faulting is younger than the valley, but, at "e", a major NNW-orien 
tributary valley modifies an older thrust fault. Thus, some links of this 
valley system are younger, and some are older, than individual thrust faults. 
Upstream (northwest) from the thrust fault and topographic ridge at "d", 
fluid impoundment is suggested by the broad valley floor and the wide 
tributary valley mouths: an ice-covered lake may have existed at this site. 

5 
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SULFIDE MINERALIZATION RELATED TO EARLY CRUSTAL 
EVOLUTION OF MARS 
Roger G. Burns and Duncan S. Fisher, Department of Earth, Atmospheric and Planetary 
Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139. 

Summary. Komatiitic magmatism, which occurred on Earth during stabilization of the crust 
in the Archean and was associated with ultramafic Fe-Ni sulfide ores and massiv~ volcanogenic 
Fe-Cu-Zn sulfide deposits, lasted longer on Mars. As a result, ore deposits evolved little on 
Mars from these pyrrhotite-pentlandite and pyrite-chalcopyrite-sphalerite assemblages due to 
minimal interactions of martian mantle with the crust, hydrosphere and atmosphere. 
Background. The age and formation of continental crust on Mars and the existence of highland 
terrains in the southern hemisphere remain fundamental problems in the evolution of that 
planet. On Earth, stabilization of the crust and the development of proto-continents took place 
during the Archean, >3.8 to 2.5 billion years (b.y.) ago, and were associated with rock-types 
characteristic of that era, including komatiitic mafic and ultramafic igneous rocks in greenstone 
belts. Distinctive ore deposits are associated with these komatiites and other Archean rock-
types [1], Including banded iron formations, gold-uraninite conglomerates, and disseminated 
and massive sulfide mineralizations hosted by volcanic and plutonic rocks [2,3]. However, 
terrestrial ore-forming processes have evolved over geologic time as a result of plate tectonic 
activity along subduction zones, as well as by interactions of the crust with the hydrosphere, 
developing atmosphere and evolving biosphere [2-4]. The inference that sulfide ore deposits 
may exist on Mars [5] is based on compositional and petrographic similarities noted between 
komatiites (the host rock for terrestrial massive Fe-Ni sulfides), SNC meteorites and the 
silicate portion of Martian regolith fines [6-8]. Paragenetic relationships that might exist 
between these mafic and ultramafic igneous rocks on Mars raise questions about the localitions 
of possible Archean-type sulfide and related ore deposits on Mars, and whether or not they have 
undergone tectonically-induced temporal variations on that planet, too. Did ore deposition take 
place on Mars during the formation of its crust, what were the emplacement mechanisms, and 
how have such ore deposits influenced the geochemical evolution of the surface of that planet? 
These problems are central to our investigations of the evolution of Fe-S minerals on Mars 
[5,9], clues to which may be deduced from associations of terrestrial ore deposits with Earth's 
earliest crustal rocks. 
Temporal Patterns of Ore Distribution on Earth. The types and stratigraphic settings 
of ore deposits have changed through geologic time in response to the tectonic and chemical 
evolution of the Earth [1·4]. They encompass chromite deposits found in the oldest preserved 
crustal rocks (e.g. the pre-3.8 b.y. old lsua supracrustal belt in West Greenland) to present-
day sulfide "chimneys" and ferromanganese oxide crusts forming at oceanic spreading centers 
(e.g. at 210N along the East Pacific Rise). The ore deposits include mineralizations occurring in 
different types of igneous and sedimentary environments. Types of mineral deposit are 
unequally distributed in time due to the interplay of processes related to the composition, heat 
flow and convective motions of the Earth's mantle, and the evolution of Earth's oxygen budget, 
the atmosphere, and life. The temporal patterns demonstrate that the proportion of ore deposits 
associated with volcanic activity was greater in the Archean than in more recent geologic eras. 
Sediment-hosted and granitic crust-controlled mineralizations became increasingly important 
during the second half of Earth's history as crustal (tectonic), biological, and atmospheric 
(oxidation) interactions took effect. Thus, volcanic-hosted porphyry copper, Cyprus-type 
(ophiolites), and Kuroko-type massive sulfides, as well as sediment-hosted Pb-Zn sulfide ores, 
are comparatively recent deposits and probably did not evolve on Mars. Although sedimentary 
ore-types such as banded iron formations and placer gold-pyrite-uraninite conglomerates were 
prevalent during the Archean [2,3] , it is the igneous-hosted sulfide ore deposits that are 
diagnostic of that era of early crustal development on Earth [1] and may be more relevant to 
Mars. Since the focus is on sulfide mineralization, cumulate chromite deposits which are found 
in mafic igneous rocks spanning the whole range of geologic time (and may also exist on Mars 
because they are observed in some SNC meteorites [1 0,11 ]) are not considered further. 
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Sulfide Mineralization During the Archean. Sulfide ores associated with mafic and 
ultramafic igneous rock-types [12] that were deposited in terrestrial rocks during the 
Archean include: (1) komatiitic (Kambalda-type) and tholeiitic (Noranda- or Abitibi-type) 
flows and intrusions in greenstone belts; (2) gabbroic intrusions either feeding flood basalt 
activity associated with intracontinental rift zones (e.g. Duluth) or occurring as layered 
complexes (e.g. Stillwater); and (3) norites intruding an astrobleme (Sudb~ry-type). The 
komatiitic suites, alone, are almost totally confined to the Archean era. Although they are 
associated in space and time with Noranda-type calc-alkaline suites, the latter volcanogenic 
massive sulfide deposits in a modified form are also found in younger igneous rocks [2,3]. So, 
too, are sulfides in layered intrusions (e.g. Bushveld), while the impact event producing sulfide 
ores at Sudbury 1.84 b.y. ago is also relatively young. 
Komatiitic Sulfide Deposits. In Archean greenstone belts, older broad basal platforms of 
mafic and ultramafic komatiitic flows are overlaid by scattered subshields and stratovolcanic 
calc-alkaline volcanic rocks consisting of tholeiitic basalt and andesitic flows and pyroclastic 
deposits which are capped by dacitic to rhyolitic tuffs [13]. Repeated cycles built thick (-10 
km) sequences of these volcanic deposits which were extruded in a continuously subsiding 
submarine environment. The komatiitic suites host sulfide mineralization consisting of 
pyrrhotite-pentlandite (± chalcopyrite, pyrite} deposits which occur as stratabound lenses or 
sheets a few meters thick at the base of magnesian ultramafic lava flows. These Fe-Ni sulfides 
appear to have formed by gravitational separation of an immiscible sulfide liquid from the mafic 
or ultramafic magma. Petrogenic models based on experimental studies [14] indicate that 
komatiitic magmas may represent large-percentage partial melts of the mantle, requiring very 
high extrusion temperatures (1425-1650 C, [12, 14]) and suggesting diapiric emplacement 
from depths in excess of 200-400 km [14, 15]. Such magma erupting to the Earth's surface 
could transport high concentrations of sulfur, either dissolved in the magma, or as immiscible 
FeS melts. Experimental measurements [16, 17] have demonstrated that the solubility of 
sulfur increases with rising temperature, pressure, FeO content, and sulfur fugacity (but 
decreasing oxygen fugacity) of silicate melts. Temperature, in particular, magnifies the 
capacity of a melt to dissolve sulfur by a factor of 5 to 7 times per 1 00 degree increment [ 1 6] . 
Thus, an experimental komatiitic melt accomodating 0.1 wt % S at 1200 C indicates that 
several percent of dissolved sulfide could be transported to the surface at extrusion 
temperatures believed to be in the range 1400-1600 C, particularly during the Archean when 
geothermal gradients were significantly higher than they are now. 

The Noranda-type massive sulfides occurring in overlying volcanogenic deposits associated 
with komatiites are stratabound lenticular bodies of pyrite mineralization containing variable 
amounts of chalcopyrite and sphalerite [1]. These Fe-Cu-Zn sulfides were deposited on and 
below the seafloor by hydrothermal solutions quenched by seawater. They differ from more 
recent Cyprus-type and present-day spreading-center ore bodies in their tectonic setting and 
by containing only minor Pb as galena. 
Archean Crustal Evolution. Two mechanisms have been proposed for triggering the 
komatiitic peridotite-basaltic volcanism during the Archean [1, 18]: first, sustained 
bombardment of the surface by meteorites which enabled the thinly crust-covered mantle to be 
tapped producing lunar maria-type vulcanism [18]; and second, magmatism resulted from the 
higher heat flow then, inferred from geochemical and radioactive decay data. Turbulent 
processes in the mantle probably resulted in smaller, more abundant convective cells than in 
later times. Initial volcanic activity characterized by ultramafic flows and Fe-Ni sulfide 
mineralization may have been initiated by breakage of the thin Archean crust, which established 
zones of high heat flow and set up partial melting of the upper mantle to provide basaltic magma. 
As foundering continued, the basaltic crust itself was recycled by partial melting, and andesite 
to rhyolite magmas were generated, along with Fe-Cu-Zn-S components for the ultimate 
massive sulfide ore-bodies. Thus, vertical tectonics involving the sinking of simatic 
lithospheric slabs accompanied by diapiric upwelling led to a succession of divergent magma 
types and ore deposits dominated by pyrrhotite-pentlandite and pyrite-chalcopyrite-sphalerite 
assemblages found in Archean greenstone belts. 
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Applications to Mars. Direct evidence for sulfide mineralization on Mars stems from the 
Viking XRF experiment, which analysed -3 wt % sulfur in the regolith [19]. Although some of 
this sulfur may have originated from volcanic exhalates, a significant portion was probably 
derived from oxidative weathering of iron sulfide minerals [5] associated with basaltic rocks 
on Mars. Indirect evidence for the presence of sulfides in near-surface igneous rocks on Mars 
comes from petrographic, geochemical and textural studies of SNC meteorites, which have 
established strong analogies to terrestrial Archean magmas, particularly komatiites (7,8] and 
hence pyrrhotite-pentlandite mineralization (5,9]. Assuming that SNC meteorites did 
originate from Mars, the. crystal cumulates in them indicate that most of the martian igneous 
rocks underwent magmatic differentiation, particularly the ultramafic units, products of which 
may include Fe-rich gabbro, pyroxenite, peridotite and massive sulfide deposits {7]. Since the 
Fe/(Fe + Mg) ratio ot Mars' mantle is probably higher than that of the Earth's mantle 
[20,21), partial melting may have produced iron-rich komatiitic magmas which extruded to 
the surface of Mars at lower temperatures than terrestrial Archean komatiites. Although 
increased sulfur solubility in such Fe-rich magmas is compensated somewhat by the lower 
liquidus temperatures, significant amounts of sulfur could have been transported to the martian 
surface in komatiitic melts to become segregated later as massive sulfide deposits, accounting 
for the paradox of high sulfur concentrations in martian fines [22]. Furthermore, although 
the modal mineralogy of SNC meteorites arriving on Earth represents <1 % Fe-Ni sulfides as 
pyrrhotite, Ni-bearing troilite, pentlandite, chalcopyrite, marcasite and pyrite ( 1 0 , 11 , 2 3-
25], associated lenses of massive sulfides may exist on Mars and not have been sampled by the 
impact event(s) that produced those meteorites from the Tharsis region -165-187 m.y. ago 
[26]. Furthermore, the young ages of SNC meteorites, crystallizing on Mars ~1.3 b.y. ago 
[26], suggest that komatiitic magmatism persisted there beyond the Archean era on Earth, and 
that associated Fe-Ni sulfide mineralization although possibly more voluminous on Mars, has 
not evolved there to the extent that it has on Earth. The prolonged komatiitic volcanism may also 
have contributed to the Tharsis and Elysium domes on Mars. Erosion may not yet have exposed 
many of the pyrrhotite-pentlandite deposits there, particularly if gravitation settling in magma 
chambers segregated the ores well below the surface of Mars [27]. 
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TCMARDS A CHRO'JOLCXJY CF CQVIPRESSIVE TECT~ICS (}J t"ARS. A. F. Chicarro, 
Space Science Department, ESA, ESTEC, 2200 AG Noordwijk, The Netherlands. 

'I'ectalic features en Mars have been extensively studied in recent years, in order to understaOO the 
geological evolutien of the planet's surfi!!Ce and interior. Altin.lgh early studies were devoted primarily to 
extensiooal. features associated with the 'Itlarsis (1) and Elysiun (2) b.llges, the planet-wide distril:utien of 
ridges (3) shews a nuch l!Pre c:x:nplex picture. Deciphering the chrcnology, extent, and intensity of ridge 
fox:matien episodes is axlSidered of the ubrcst ilrp:lrtanoe in understaOOing the global geologl!=81 evolutien of 
Mars. 'Ih1s paper presents sore prelirninary interpretaticns. 
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Distril:utien of Martian ridges: Ridges en Mars are !lPst easily recognizable en the STDOt.h plains of 
prestm3d volcanic origin, trus nmed 'ridged plains', such as I.unae Plarun, Hesperia Plarun, Syrtis Major 
Plani tia, and en the 'old volcanic material' west of the Hellas basin ( 4) . lbolever, the vast majority of the 
many tin.lsands of mapped and digitized ridges are located in the old terrains ('cratered plateaJ', 'hilly and 
cratered material' , and ' intercrater srooth plains' ) of the So.lthern Hanisphere ( 5) , lllhere they exhibit a less 
prcno.mc::e1 llPqXJology. Also, Martian ridges are frund, al tin.lgh in lesser Ill.lllbers, en the yo.mger plains 
('cratered plains' and 'rolling plains') of the Northern Henisphere. 
selective retrieval of given data subsets fran the 011erall CXl'l'p.lter-based data set, according to ridge 
llPqXJology and/or geological envircment, allOoiS further analysis of ridge distril:utien. A cross--a::rrparisen of 
tx>th ridged plains features (Fig.1) and cratered highlands structures (Fig.2) with high relief (0\ler 500 m high) 
ridges (Fig.3) and lCM relief (under 500 m) ridges (Fig.4), reveals that while !lPst ridged plains trends beleng 
to the high relief grrup, there is a significant density of high relief structures both in the old terrains 
(such as in Phaetbxltis and Eridania quadrangles) and in the yrunger plains (such as in cebrenia). Therefore, 
major ridge fox:matien episodes have affected three broad types of materials: ridged plains, cratered highlands, 
800 northern yrunger plains. CU!versely, lCM relief structures can be frund 011er the entire planet, with the 
noteworthy excepticns of the !lPst recent volcanic units of Tharsis, the polar terrains, and the lightly cratered 
northern plains. Thus, ridge fotmatien 8Ctivity ceased before the fooratien of these !lPst recent units. 

Geologic history: Recent stratigrathlc studies en the surface history of Mars (6) reveal that tectoniSTI 
and volcanisn were widespread during Noachian and Lower Hesper ian times, while they becane l!Pre localized during 
Upper Hesper ian and Amazcnian epochs. The oldest otserved Martian ridges are frund en Middle and Upper Noachian 
terrains, and were forrred after the final heavy lxmbardrent, when large mass anana.lies (basins) were being 
CXIlp!flSated isostatically due to the elasticity of the litixlsphere (7). Major ridge trends (Ollar 1 km high) are 
located in the D:lpernio..!S-Newt.cn area, extending sruthward for several tin.lsand km. While sore uncertainties 
remain cx:nceming the beginning of this ridge fooratien period, structural directicns of ridges located en 
Middle and Upper Noachian terrains are similar. Therefore, the Upper Noachian was a major ridge fox:matien 
episode, l:ut probably not all ridges survived the intense degradatien that preceded the fooratien of the ridged 
plains in the Lower Hesperian (6). Crater c:cunting ages i.OOicate (8) that ridges in I.unae Plarun, as in !lPst 
other ridge plains regicns, are of abrut the sare age, or slightly yrunger, than the plains materials lllhere they 
are frund. !obst ridged plains tectcnic structures are of Lower Hesperian age, when fluvial activity was 
significant and the atrrosphere was thiclcer and wamer. Volcanic fl.OoiS fran localized enissien oenters 011erlie 
Lower Hesperian ridge plains ( 9) . The Upper Hesperian is a period when basically no ridge fooratien has been 
recorded. o.rt:flCM channel activity, as well as the formatien of chaotic terrain by collapse due to the 
with3rawal of subsurfi!!Ce volatiles, has oc:curred in the Upper Hesperian (6). Again, in the Lower Amazcnian, 
rn:XIerate ridge fooratien has l::een otserved, in partio.llar in the srooth cratered plains of .Arrazcnis, Arcadia and 
Acidalia. This is a time dcminated by eolian processes and subfreezing 1:ar'p!ratures at the surface (10). Gravity 
ananalies exist 011er yrunger masses (e.g. Tharsis), due to a thickness and rigidity increase of the c~t (ll). 

HechaniSTIS of ridge formation: Like en the ~ and Mero.u:y, ridges en Mars are axlSidered structures of 
tectcnic origin, essentially caused by CO!ilressive stresses (12). Recent analysis of lunar ridges (13) suggests 
that the CO!ilressive stress fields responsible for ridge fox:matioo at or near the surface, have in fact been 
generated by fa.llting at depth and do not exceed the shear strength of the surface material. Q)lanbek et al. 
(14) have sl'xMn that regiooal elevatien changes at the surface reflect shortening at depth, and the average 
shortening by low-angle thrust fa.llts at depth exceeds the shortening by folding of 011erlying surface units by 
a f8Ctor of 7. Terrestrial analog studies teOO to cxnfirm these findings (15). Also, the scarcity of deforrred 
craters en Mars i.OOicates that snail canpressive stresses may be sufficient for ridge fooratien. lbolever, 
Martian ridge distri.b.Jtien and orientaticns have been influenced by the stresses related to the fooratcn of 
1Jrpac:t basins (16), in additien to regiooal. tectcnic ccntrol like 'Itlarsis (17). 
'lbe dual expressien of tectcnic carpressive stresses en Mars (thrust f&llts at depth and folding of anisotropic 
layers at the surfi!!Ce) i.OOicates different rheological properties for surface and depth materials. Certain 
materials, when cx:rrpressed, may fold easier (e.g. volatile-rich upper layers) than others (e.g. dry bedroclc), 
which might fault preferably. A c:arpariscn of ridge and fluidized crater distril:utien (18) based en Viking 
.1Jreges, clearly shews that all areas with a high density of fluidized craters display a significant Ill.lllber of 
ridges. Fluidized crater ejecta 11PqX1ology sears to i.OOicate that the target material was rich in volatiles at 
the time of the .1npact (19). lbolever, the relative ilrp:lrtanoe of water-ice (20), liquid water and also 
al:ncspheric effects ( 21) is still debatable. Therefore, the presence of subsurface volatiles ccntril:uted to form 
a relatively lCM viscosity material, lllhere cx:rrpressive stresses are best expressed es ridges. Ridge length, such 
as in Sinai Plarun or Hesperia Plarun, sears to be related to the duratien of the lCM viscosity state ( 22) , 
which also ccntrols the density of fluidized craters. we propose that the STDOt.h ridge plains target material 
was not in a peonanent frozen state at the time of ridge fox:matien, prior to fluidized crater .inpacting, and 
that the li!D.lilt of sut:surfi!!Ce liquid water was significant, possibly a daninant trerxi, due to Lower Hesperian 
cl.inetic and abrcspheric CXI'lditicns (6). Therefore, cx:rrpressive tectcnic effects have been 'mpl.ified' at a time 
and in areas of lCM viscosity and high volatile ccntent (possibly in a liquid P'Jasel, !P.lch as in the Lower 
Hesperian, when !lPst high relief ridges, l:ut by no rreans all, were forrred. 

Analvsis of CXJ!'J)ressi ve tectcnic episodes: A detailed structural analysis of Martian ridge patterns ( 3) 
allows us to draw sore ccnclusicns, based en rose diagr!I!S by 10 • bins for the entire ridge data set and for 
sore specific sutsets, like: high/lCM relief ridges and ridge plains/cratered highlands structures. Major ridges 
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in the Cl:JpemiOJS-Newtcrl area display trerxis that cross different ancient units. H:Jwever, ridge systars 
thrt:ugho.Jt the cratered highlands exhibit c:c:n;llex patterns and IIDrphologies that reflect regiooal trends 
super.inp:lsed oo locally I!Ddified stress fields, including the influence of 1nlJ8CI; basins (23). High relief 
ridges telX'l to have preferred orientatioos, while lc:M relief ridges tend to have a broader fan-like pattern. In 
particular, high relief trends are quite different fran lc:M relief ooes in Arrenthes, Elysiun and O!brenia, 
suggesting that ridges located in Upper .Amazcnian northern cratered and rolling plains were foiiTEd at a 
different ege than the global lc:M relief ridge network. In D.mae Plarn.rn and other ridge plains regioos, l:x:>th 
high and lc:M relief ridges have s1milar tre:rxls, and tiJJs the directioo of ccrrpressian was the scrne during the 
formatioo of l:oth types of ridges, many of which may be c:a1tanporanerus Weed. Also, it cx:W¢1 be argued that 
high relief ridges were foiiTEd in volatile-rich terrains beca.Jse these units did 'anplify' the, effects of 
ccrrpressive stresses. The old cratered highlands typically display a NW trend (for t:oth high and lc:M relief 
ridges), primarily in the equatorial region, while the ridged plains regioos sb:lw additiooal preferred trends. 
'lhlse differences suggest changes in cx:mpressive stress directioos with tine, ncrnely between the Upper Noachian 
and the Ia.er Hesper ian. 

C1lronology of Martian ridge formation: Althcugh a definite assessment of Martian cx:mpressive tectonics 
chrooology proves difficult, the present study allc:MS us to propose sane working hypothesis based an the IIDSt 
recent data and analysis. we infer 3 periods of ridge formation: Upper .Noachian (UN), ra..er Hesperian (lli) and 
Ia.er Amazonian ( IA) . 
* UN: probably planet-wide, daninant NW trend, nurerrus lc:M relief ridges, sore very high relief ridges, 

duration of canpressian uncertain. 
* lli: localized ridge plains, directioos influenced by old impact basins and regiooal uplifts, nureroos high 

relief ridges, relatively long ridges, lang duration of canpressian, stresses 'Cf!i:llified' by the presence 
of subsurface volatiles close to freezing tanperature at the end of this period. 

* IA: localized on rolling and cratered plains, daninant N trend, t:oth high and lc:M relief ridges, duration of 
canpression uncertain, tiny ridges fo.md to crossrut yamg grabens, nurerrus ridges might have been b.lried 
underneath the ya.mgest northern plains. 

Based oo Hartmann's I!Ddel ( 24) , we assure the first ridge formation period starting at aba.tt -3. 85 billion 
years, and the last period ending at aba.tt -1 billion years. Therefore, ridge formation an Mars OCOJrred after 
the final heavy l:x:rnbardTent and IIDSt of basin rea:Jjustrrents, and before or during Tharsis influence. 
Mars cx:mpressive tectonics c:a1trast in style, distrib.ltian, timing, basin c:a1trol and rheological properties of 
the defoiiTEd material, with the t-txn and Merrury. FUrther studies shaJ.l.d help to detelllli.ne the relative rolesof 
global shrinking, despinning ( 25) and polar wandering ( 26) , during Martian tectonic history. 
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Fig.l: O:np.lter-based map of ridged plains structures oo Mars, between latitudes of± Gs•. 
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Fig.2: O;np.lter-based map of cratered highlands stiuctures oo Mars, tebtleen latitudes of± 65". 
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ORIGm AND AGE OF ~ FEAnJRES m 'lHE MEMNC!ITA ~ 
(MC-16) I MARS. Robert A. craddock*, Ronald Greeley, arxl Rlilip R. 
Cllristensen, Deparbnent of Geology, Arizona state university, 'I'elrpe, 
Arizona 85287. *CUrrent address: Center for Earth arxi Planetary studies, 
National Air arxi Space M.J.seum, Smithsonian Institution, W~, D.C. 
20560 

one of the most i.nterestirg features occurrin;J in the martian highlan::ls 
of the Memnoni.a quadrarqle (MC-16) are parallel grooves, or grooved 
features. 'lhese featues typically occur in clustered sets of a dozen or 
m::>re, are spaced l to 10 km apart, are >5-km-lon;, arxi are oc:mmx:ml.y oriented 
west to northwest (oblique to Memnonia Fossae) • As part of the Mars 
Geolcgic Mappin;J Program arxi investigations into the southem Man;ala Valles 
area, the objective of this project was to assess possible origins arxi ages 
for these features. '!be approach taken was to first classify the grooved 
features arx:l separate them from other silnil.ar martian features based on 
their m::>Iphology. Secon1ly their distribution arxi orientations within the 
Memnonia quadrargle was mapped, arxi then these results were investigated. 

Investigations into the m::>Iphology of the grooved features shc:M that 
they are silnilar to ltmar Imbrium SCUlpture materials, which occur radial to 
the Imbrium Basin on the mxm arxi probably represent sc::cm'in;J by low-arqle 
projectiles or are bulk materials enq;>laced ballistically or through 
base-surges (l). 'Ihe martian grooved features cx::.mronl.y occur as len] narrow 
troughs (e.g., Vikirq omiter ~ 637AB4), but infrequently they also 
occur as a series of sharp crested ridges (e.g. , V:ikin;J omiter photograph 
457A33) • Both m::>rpholcgies are similar to those typical of Imbrium 
SCUlpture (e.g., Ilmar omiter photograph IV-090-H2). Grooved features are 
distin;uishable from martian yardan3s, mass-wastin;J features, tectonic 
features, arxi ancient valley networks, all of which silnil.arly occur as 
linear features: yard.an]s in Amazonis Planitia occur in two pel:peiXli.cular 
directions (2) , \.D'll.ike the rarqe of orientations observed for the grooved 
features in this study. Yardan;1s are also typically streamlined in shape as 
opposed to the straight fom of the grooved features. Mass-wastin;J features 
are highly deperxient upon slope (3), whereas grooved features ten::l to cut 
across topogzaphic bourx'iaries arxi also occur on flat surfaces. Tectonic 
features, cx:::mmon in the Melmlonia quadrarqle, are also typically mch lon;er 
than aey of the observed grooved features. Extensionally derived Memnonia 
faults (e.g. , 4) also have characteristic grabens, mU.ike the grooved 
features. Ancient valley networks consist of ana.statosin;J "channels" which 
converge to fo:cn derrlritc pattems (5) , \.D'll.ike the linear structure of the 
grooved features. '!be assumption made, therefore, is that the grooved 
features are materials similar to Imbrium SCUlpture arxl relate to sane 
inpact event. 

Mappin;J results shCM that the grooved features are widespread in the 
Memnonia quadrarqle (Table l) • 'lhey are also fOLD'ld only on the older 
Hesperian/Noachian highlarxi materials, arxl in places are embayed by 
Amazonian age 'lharsis volcanics. Because a wider rarge in orientation of 
ejecta would occur closer to the inpact site as opposed to further away, the 
wide ran;e of grooved feature orientations irxli.cates a local source. Also, 
lunar mapping of the Imbrium SCUlpture ( 6) shows that this material occurs 
up to -1,700 Jon away fran the 670 Jon diameter Imbrium Basin (the Memnonia 
quadrarqle is -3, ooo km across by canparisan) • Because of the higher 
martian gravity arxi at:m:spheric drag in:iuoed on ejecta, material 
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fran an Imbrium-size i:apact on Mars should be closer to the crater (7). 
'!be canbination of these data suggests that the grooved feature source 
area should be relatively close to the Memnonia quadrarx]le. 

Detem:ination of potential source areas was acxxmplished by plottirg 
the orientation of the grooved features on a stereo net (i.e. , WUlff 
net). Observations made during the geologic mapping suggested that not 
all of the grooved features had ambiguous source areas. Memnonia craters 
Re, Sn, ani Yn each had associated local grooved features (Table 1), an:i 
stereo net plots confirmed to within 1.o• that these craters were the 
source areas. Plot:tin;J the orientations of the re:mai.ning grooved features 
on a stereo net shows two areas where the lines COilVerge or intersect 
(Fig. 1). '!be first such area occurs at -1o.o·, 17o.o· in southtem 
Amazonis Planitia ("A" in Fig. 1) , arxl it may be that the circular 
occurrence of knobby materials in this area (e.g. , apparent in 8) 
represent the rim of an ancient i:apact structure that has been buried by 
Elysium volcanics. '!be detem:ination of the secorxi potential source area 
was aided by additional data from the B"laethontis quadrarx]le (MC-24), 
suggestin:J a possible basin at -3o.o·, 125.o· in Daedalia Planum ("B" in 
Fig. 1) \to'hich may have been buried by 'Iharsis volcanics. '!be circular 
nature of Daedalia Planum (e.g., apparent in 9) may define this basin. 

Because Elysium arxl 'Iharsis volcanics are both Amazonian in age 
(e.g., 10), arxl because the mappin:J results showed that the grooved 
features occur on Hesperian,INoachian age materials, the grooved features 
arrl their associated basins l1UlSt be at least Hesperian in age. 
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TABIE 1. 

Iat. Long. orientation Iat. Long. orientation 
-21.5 145.0 N65W* -17.5 171.0 Nl06W 
~20.5 147.6 N66W -14.8 177.0 N42W 
-40.0 122.4 N19E -19.5 170.5 N56W 
-13.0 147.0 N56W* -19.5 171.4 N56W 
-14.0 147.9 N56W* -21.4 175.8 N29E* 
-13.5 145.0 N56W* -26.8 179.0 N20E 
-40.0 123.0 N19E* -14.0 174.8 N41W 
-28.6 137.5 N69W* -16.4 161.6 N73W* 
-28.0 156.5 N56W* -26.4 160.2 N70W (Re) 
-22.5 141.0 N66W* -24.5 159.0 N69W 
-28.4 139.5 N75W -13.0 164.8 Nl10W (Sn) 
-20.5 152.8 N64W* -13.7 162.6 Nl08W (Sn) 
-21.0 151.2 N63W -15.4 161.4 N90W (Sn) 
-22.0 152.3 N72W* -9.0 162.0 N95W 
-28.5 153.0 NBSW -28.1 139.9 N25E 
-9.5 156.0 N72W -25.5 166.5 N82W 

-11.5 155.4 N47W -24.0 165.8 N75W 
-8.8 146.5 N40W -22.5 164.0 N76W 
-7.0 149.0 N47W -5.5 156.0 N41W 
-7.0 147.0 N62W -22.5 170.9 NlOOW (Re) 

-14.6 177.2 Nl01W CYn) -14.8 176.2 N30W (Re) 
(Letters in parentheses iniicate associated Me:mnonia craters. ) 

go~ 

Figure 1. Stereo net (Wulff net) projection of Mars centered at 
0. 0 o , 90. 0 o • Lines show trerxi of grooved features denoted by an 
asterisk in Table 1. "A" represents possible source area in southern 
Amazonis Planitia; "B" represents possible source area in southern 
Daedalia Planum. '!he Memnonia quaciran;le is to the lower left of the 
equator (o.oo to -30.0° Iat., 135.0°, to 180.0° I.org.). 
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THE MARTIAN HIGHLAND PATERAE: EVIDENCE FOR EXPLOSIVE 
VOLCANISM ON MARS; David A. Crown and Ronald Greeley, Department of 
Geology, Arizona State University, Tempe, Arizona 85287 

The martian surface exhibits numerous volcanic landforms displaying great diversity in size, 
age, and morphology [e.g. 1]. Most research regarding martian volcanology has centered around 
effusive basaltic volcanism, including analyses of individual lava flows, extensive 'lava plains, and 
large shield volcanoes. Various eruption mechanisms have been considered theoretically under 
martian conditions [2,3], and recently a number of investigations have focused on the existence of 
explosive volcanism on Mars [3-7]. These studies have been hindered by a lack of definitive 
morphologic criteria for the remote identification of ash deposits. Knowledge of the abundances, 
ages, and geologic settings of explosive volcanic deposits on Mars is essential to a comprehensive 
understanding of the evolution of the martian surface, with implications for the evolution of the 
lithosphere and atmosphere as well as the histories of specific volcanic centers and provinces. 

The presence of small-scale or localized explosive volcanic activity is suggested by a variety 
of features. Cinder cones [8,9] and "pseudo craters" resembling those in Iceland [10] have been 
identified in the northern plains and in the Tharsis and Elysium provinces on Mars. A smooth, 
mantled region on Hecates Tholus has been attributed to an airfall deposit resulting from a plinian 
eruption [3], and volcanic density currents have been proposed to account for channels associated 
with volcanoes in the Tharsis and Elysium regions [11]. A geomorphic comparison of the Elysium 
province on Mars with the Tibesti region on Earth reveals similarities between Elysium Mons and 
terrestrial composite volcanoes [12]. 

The existence of large-scale explosive volcanic deposits on Mars is controversial. Although 
the basal scarp [13] and aureole deposits [14] of Olympus Mons and extensive deposits in the 
Amazonis, Memnonia, and Aeolis regions have been attributed to pyroclastic origins, other 
hypotheses are implied by the observed morphologies [15-16]. Recently, morphologic evidence 
has been employed to suggest that pyroclastic deposits are associated with Alba Patera and most 
likely were emplaced as pyroclastic flows fed by ash fountain eruptions [ 4,5]. 

The martian highland paterae (Apollinaris Patera, Amphitrites Patera, Hadriaca Patera, and 
Tyrrhena Patera) are areally extensive, low-relief features with central caldera complexes and radial 
channels separating plateau-like erosional remnants [1,17]. The highland paterae, which formed in 
Upper Noachian to Lower Hesperian time, were intially proposed to be the consequence of 
eruptions of extremely fluid lavas [18]; however, currently they are believed to be composed 
predominantly of ash deposits on the basis of morphologic similarities to terrestrial ash sheets [ 19] 
and their apparently easily erodible nature [1]. Greeley and Spudis [1], from an analysis of 
Tyrrhena Patera, proposed an evolutionary sequence for the paterae beginning with extensive 
pyroclastic eruptions due to the contact of rising magma with the water- or ice-saturated 
megaregolith followed by erosion of the ash deposits and late stage effusive eruptions with 
deposits concentrated near the summit 

Hydromagmatic origins for Hadriaca Patera and Tyrrhena Patera have been evaluated 
quantitatively [6]. Hadriaca Patera is a large, asymmetric volcano with channeled flanks and a 
central caldera complex filled with smooth plains displaying wrinkle ridges (Figure 1) [20]. 
Tyrrhena Patera is irregular in plan view and is composed of a lower shield unit of dissected 
material and a smooth, upper undissected unit containing wrinkle ridges (Figure 2) [1]. Also 
associated with the late stage summit activity at Tyrrhena Patera are several sinuous rille-like 
features. The volumes of Hadriaca Patera and Tyrrhena Patera have been estimated from the 
mapped boundaries of the volcanoes and topographic data from the 1 :15M Topographic Map of 
Mars Eastern Region. Assuming a density of 1500 kg!m3 in the deposits, masses for the two 
volcanoes can be calculated and used to estimate the initial thermal energy of the magmas (Table 1). 

If it is assumed that the eruptions producing Hadriaca Patera and Tyrrhena Patera occurred 
near the present summit regions (and there is no evidence to the contrary), the dimensions of the 
volcanoes can be used to constrain possible eruption mechanisms. As is the case for Alba Patera, 
an air-fall origin for most of the deposits can be dismissed because eruption clouds with heights 
comparable to the total widths of the volcanoes are required [5]. Models for the emplacement of a 
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gravity-driven flow resisted by a frictional force are used to determine the lengths of terrestrial 
pyroclastic flows for a given pre-flow topography [21]. The relationship between the flow length 
and the initial velocity of pyroclastic flows potentially associated with Hadriaca Patera and 
Tyrrhena Patera for a slope of 0.25° (comparable to the present surfaces of the volcanoes) and for 
values of the apparent coefficient of sliding friction, Jl, equal to 0.05 and 0.10 are shown in Figure 
3. Large volume terrestrial pyroclastic flows have values of J.1 = 0.06 - 0.20 [22]. On Mars, 
comparable coefficients of friction should be less due to the lower gravity and less dense 
atmosphere. Figure 3 illustrates that the entire range of paterae flank widths can be produced for 
both values of Jl if only slightly greater than 10% of the initial thermal energy of the magma is 
converted into the kinetic energy of the pyroclastic flows. This is in agreement with experimental 
results which indicate a 1- 10% energy conversion in hydromagmatic eruptions [23]. 

Terrestrial magmatic eruptions feed pyroclastic flows either by ash fountaining or by eruption 
column collapse. To produce flows with lengths comparable to the entire range of flank widths of 
the paterae, a minimum initial velocity of-350m/sec is necessary (for~= 0.05) (Figure 3). For 
an eruption driven by maggtatic water, this implies an exsolved magma volatile content of> 1%, a 
mass eruption rate of> 107 kg/sec, and eruption cloud height of nearly 70 km [Fig. 8 in 3]. The 
eruption rate and column height indicated are similar to those derived for the eruption at Hecates 
Tholus thought to have produced the mantling deposit seen near the summit. 

From an energy perspective origins of Hadiiaca Patera and Tyrrhena Patera can be explained 
by the emplacement of pyroclastic flows fed by eruptions driven by either magmatic or external 
water. Hydrovolcanic explosions would be favored in the near-surface environment on Mars as 
water in the megaregolith could come into contact with a rising magma body. Although the 
magmatic and hydromagmatic models both merit further attention, the formation of the paterae by 
hydromagmatic eruptions in only an early period of martian history is consistent with suggested 
global changes on Mars and could explain why this style of volcanism is not evident in later eras. 

Table 1. Characteristics of Hadriaca Patera and Tyrrhena Patera 

Volcano Dimensions Edifice Flank Caldera Volume Mass# Thennal* 
(km) Height Slopes Diameter (m3) (kg) Energy 

(km) (km) X J014 x 1o11 (kg m2tsec2) 
X to23 

Hadriaca 288 X 570 -3 0.05-0.60° 63 X 78 1.867 2.801 3.361 

Tyrrhena 426 X 660 2+ 0.16-0.28° 45 1.176 1.764 2.117 

#assumes p = 1500 kgtm3 in deposits *1 kg m2tsec2 = 107 ergs 

References 
[1] Greeley, R., and Spudis, P.D., 1981, Rev. Geophys. Space Phys., 19, 13-41. [2] Wilson, L., and Head, J.W., 
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Figure 1. Viking mosaic of Hadriaca Patera showing (a) dissected 
flanks and (b) central caldera complex. A large outflow channel and 
several irregular depressions are evident to the south and west. 

Figure 2. Viking image (087 A 14) of Tyrrhena Patera showing (a) 
dissected lower shield materials, (b) smooth upper shield materials, (c) 
central caldera complex, and (d) sinuous rille-like features. 

Figure 3. Relationship between flow length and initial velocity for 
manian pyroclastic flows over a 0.25° slope for coefficients of friction 
equal to 0.05 and 0.10 [ 6]. The initial velocity is correlated with the % 
of the available initial thermal energy of the magma and with a 
corresponding height of column collapse (by conversion of kinetic 
energy to potential energy). The observed range of flank widths for 
Hadriaca Patera and Tyrrhena Patera is indicated. 
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Ejecta Deposits of Large Martian Impact Basins: A Useful Geologic Tool 
and Window to Early Martian History?. Kenneth S. Edgett, Department of Geology, 
Arizona State University, Tempe, AZ 85281. 

The recognition of basin ejecta deposits is considered to be an important key to the 
iriterpretation of martian cratered highlands geology [1 ]. Because most of the basins are very ancient 
(Early and Middle Noachian [2]), they are important to understanding the nature and composition of 
the early martian crust. If recognized, basin ejecta deposits could be used as stratigraphic tools to 
correlate the timing of early events in the martian cratered highlands, as was done on the Moon [3 ,4] 
and Mercury [5,6]. Basin ejecta are also considered to be desirable materials to return to Earth for 
study, because they permit the sampling of deep, ancient crustal materials and can aid in the absolute 
dating of the martian stratigraphic record [7 ,8]. 

The main problem with the study of impact basin ejecta on Mars is that the deposits are 
generally not recognized through photo geologic study. Features characteristic of basin ejecta (radial 
valleys, troughs, grooves, and secondary crater chains) are not observed near most basins. 
Although King [8] has reported to the contrary, this is particularly true of Hellas Basin and the other 
large basins, Argyre and lsidis. 

A survey of martian basins ~ 200 kilometers in diameter has been completed, in order to 
assess the preservation state of their ejecta deposits. The very ancient and highly degraded basins 
descibed by Schultz et al. [9] are not included here, because they were treated in that earlier study. 
There are about 19 basins~ 200 krn in diameter, excluding those of [9]. Three of these are Hellas, 
Isidis, and Argyre. For the most part, their ejecta are not recognized. A fourth is tentatively labeled 
"South Polar" (82.5°S, 267°W; 850 krn diam.) [10], and it, too, shows no ejecta deposit. The 
remaining basins of concern in this study are those 200 - 500 krn in diameter. Of these 15 basins, 
only two have significant observable ejecta deposits. One of these is the youngest basin on Mars, 
Lyot (50°N, 331 °W; 200 krn diam.), considered to be Early Amazonian in age [2]. The other basin is 
Herschel (14°S, 230°W; 300 krn diam.), which has at least 95,000 krn2 of preserved continuous 
ejecta; and it is older (Middle Noachian) than Lyot [11]. The basins Newton (41 °S, 157°W; 300 krn 
diam.), Huygens (14°S, 304°W; 460 krn diam.), and Schiaparelli (3°S, 344°W; 470 krn diam. [1]) 
are the only others which definitely show the types of radial features which are landforms associated 
with the emplacement of ejecta. The other basins ~ 200 krn in diameter show a range of states of 
preservation, but most seem to lack ejecta material. Some notes on these basins are listed below. 

Consequently, the use of martian basin ejecta as a photogeologic stratigraphic tool is 
impractical for two reasons. The first is that the basins are widely separated from each other [12]. 
Even in Arabia, where there are five basins with diameters ~ 200 krn, the continuous ejecta deposits 
could not overlap. Secondly, most of the ejecta deposits have been greatly modified by depositional 
and erosional processes [13, 14, 15]. Subsequent meteorite impacts and aeolian processes have 
probably dominated the erosion of ejecta F1uvial or sapping processes have also operated (eg. radial 
channels in Herschel Basin ejecta [11]). Much of the ejecta of these basins has probably been buried 
by volcanic and aeolian deposits [13, 16, 17]. 

As a potential material for unmanned sample return, basin ejecta may be a poor candidate. 
There are three reasons for this: (1) basin ejecta deposits are largely buried or eroded, as stated 
above, (2) an ejecta deposit would not likely provide a smooth, safe site for robotic landers and 
rovers, and (3) because these basins are mostly very ancient (Early-Middle Noachian, 3.85 or 4.2 to 
4.6 billion years old [2]), the ancient crustal rocks they have exposed will likely be chemically altered 
and weathered. 

The potential for using martian basin ejecta deposits as windows to martian geologic history 
is not diminished, however. A careful study of the erosional and depositional processes which have 
acted upon them may reveal clues to local, global, and historical climatic conditions. Study of 
weathered samples of ejecta will provide additional insight to these issues, as well as information 
about the crustal composition and age. Careful field studies of buried ejecta deposits by geologists 
on the surface of Mars will eventually make it possible to correlate the timing of basin-forming 
events, and to study early crustal materials exposed in basin ejecta and within the basin walls and 
central peaks. 
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KARTXAR BASXH &JKCTA MODXFXCATXOH: 
PULXMXHAR.Y HOTI:S I'OR. BASXHS ~200 Dl, S:SOO Dl 

(J:zcept Lyot) 

Schmidt (-72°, 79°) Diam. -200 km [MC-30-D] 
-some radial texture preserved 
-appears to be buried by (layered?) mantUng deposits 
-also has several superimposed craters 

"Unnamed" (-42°, 123°) Diam. -200 km [MC-24-NE] 
-tectonically disturbed in NE 
-volcanics in NE, SE 
-channeled 'ejecta'? in SE 

Secchi (-58°, 258°) Diam. -205 km [MC-28-SE] 
-radial "fluvial" channels 
-lies in heavily fractured Hellas Mts. material 
-some smooth materials mantle area 

Kepler (-47°, 219°) Diam. -210 km [MC-29-NC,SW] 
-modified by impacts, some radial channels 
-tectonic disturbances in SE and E? 
-might be partly buried in N ,NE 
-possible secondary chain to NW 

F1augergues (-19°, 341°) Diam. -220 km [MC-20-SW ,NW] 
-some radial grooves, valleys 
-burial and tectonic disturbance to SE 
-ejecta difficult to recognize 

Galle (-51°, 31°) Diam. -220 km [MC-26-SW,SE] 
-located in Argyre Mts. material 
-some radial features (ie. grooves to E) 
-much ejecta may be eroded 
-probably mantled, as well 

Koval'skiy (-30°, 141 °) Diam. -280 km [MC-24-NC, MC-16-SE] 
-greatly modified by volcanic materials from S. Tharsis area 

Copernicus (-40°, 169°) Diam. -290km [MC-24-SW,NW] 
-tectonically distwbed in NE 
-no 'ejecta' visible? 

Herschel (-14°, 230°) Diam. -300 km [MC-22-NE,SE] 
-ejecta preverved in NW ,N,NE,SE 
-channels radial to basin 
-possible burial ? in SW 
-several superimposed impacts 
-(see Edgett et al., 1988) 

Newton (-41°, 157°) Diam. -300km [MC-24-NW,NC] 
-some radial features 
-secondary chains to SE, N 
-tectonic disturbance in W 
-dlannels in E 

19 
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Cassini (24°, 328°) Diam. -400 km [MC-12-NE] 
-numerous superinlposed impacts 
-burial by volcanics(?) in SW,W ,NE 

Antoniadi (22°, 299°) Diam. -400 km [MC-13-NW] 
-buried by volcanics in SE 
-disrupted by impact (Baldet Crater) in NE 
-ndial grooved to S ,N 
-S,W ,N- bard to distinguish ejecta from surrounding terrain 

Huygens (-14°, 304°) Diam. -460km [MC-21-NW,SW] 
-numerous radial grooves, channels 
-some burial by volcanics in N,NE,W? 

Schiaparelli (-3°, 344°) Diam. -470 [MC-20-NW, MC-12-SW] 
-radial grooves ESE, SSW (some ejecta present?) 
-burial in SE, SW, N, NW(?) by volcanics 
-ndial channels evident 
-(see Mouginis-Mark et al., 1981) 
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ORIGIN OF THE MARTIAN CRUSTAL DICHOTOMY; Herbert Frey and Richard 
A. Schultz, Geophysics Branch, NASA/Goddard Space Flight Center, Greenbelt, 
MD 20771 

INTRODUCTION 
The fundamental first order characteristic of the martian crust is its 

two-fold nature: old, heavily cratered highlands in the south, lower-
lying, more sparsely cratered plains in the north. This crustal dichotomy 
is not unique among the terrestrial planets, but its origin on Mars remains 
controversial. Both endogenic and exogenic processes have been suggested. 
Wise et al. (1) originally proposed that the or~g~n of the crustal 
dichotomy was linked with the origin of the Tharsis Rise: an early single-
cell convection system was envisioned to have subcrustally eroded the 
northern one-third of the planet which subsequently foundered 
isostatically and was overplated with volcanic plains. Problems with this 
model include whether early convection actually occurred and was vigorous 
enough to erode the necessary thickness of crust (at least 10 km), whether 
a single-cell convection pattern could ever occur and persist (with the 
associated delay in core formation that would be required), and whether or 
not some large scale structural evidence of the process (beyond the lowered 
topography) should have persisted over martian history (2). 

Wilhelms and Squyres (3) proposed the other extreme, suggesting the 
dichotomy was due to a giant impact which formed a 7700 km wide "Borealis 
Basin" in the northern one-third of Mars. It is clear that large impacts 
have played an important role in the evolution of the martian crust, but 
there is little direct evidence for an impact of the size proposed (2). 
The "rim" of the proposed basin is missing for one-half of the structure. 
The topography of the northern one-third of Mars is not basin-like (even 
allowing for subsequent relaxation of the original shape) . In particular, 
there is high standing relic cratered terrain in the knobby material in 
Elysium-Amazonis with crater retention age as old as that of the cratered 
terrain outside the proposed basin (4,5). Finally, if the Borealis Basin 
had occurred and were the largest member of a D-2 population of impact 
basins, then there remains to be found on Mars a very large number (>40) of 
large (>1000 km diameter) impact basins, many of which would have to be in 
the well-preserved cratered highlands (6). 

Although the question of the origin of the crustal dichotomy on Mars 
is sometimes described as "endogenic or exogenic?", we do not believe this 
is an either/or problem. Large impacts are capable of rearranging the 
entire structure of the lithosphere and producing lowland topography. But 
large impacts may also trigger internal mantle responses and may 
concentrate long-lived thermal and tectonic processes (7, 8, 9, 10) . We 
suggest that the crustal dichotomy of Mars is the result of overlapping 
large (but not giant) impacts, many of which were concentrated in the 
northern one-third of Mars, which produced low-lying basin topography but 
also led to the prolonged volcanism which characterizes the northern plains 
and perhaps even to the formation of Elysium and Tharsis (6). 

MISSING IMPACT BASINS ON MARS 
The largest recognized impact basin on Mars (besides the proposed 

Borealis Basin) is the Chryse Basin (11). If the Chryse and Borealis 
Basins are each separately considered to be the largest member of a 
proposed original D-2 population, then very different populations are 
predicted (460 basins larger than 200 km for Chryse-largest, 1440 basins 
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larger than 200 km for Borealis-largest) . We compared the actual number 
of observed impact basins on Mars (37 or 38, depending on whether Borealis 
is "observed") with the number predicted in order to crudely estimate the 
number of "missing" basins which subsequent geologic processes have 
presumably removed (6). For Chryse-largest there could be 1 basin larger 
than 2000 km and 7 larger than 1000 km missing. The total area required to 
accommodate these missing basins is less than 30% the surface at~a of Mars. 
In principle (though unlikely in practice) all of these could be located in 
(and have helped to produce) the northern lowlands. 

It is more difficult to imagine how the very much larger number of 
missing Borealis-largest basins (1 larger than 5000 km, 10 larger than 2000 
km and 47 larger than 1000 km) could have been easily removed. The area 
required to accorranodate these (allowing for overlap) is 80% the surface 
area of Mars. Many large impact basins would have to be located in the 
cratered highlands, where to date they have not been recognized. 
Alternatives to the mega-impact hypothesis should be examined. 

Chryse may not be the largest impact basin on Mars but if it is, the 
o-2 distribution through this 4300 km diameter basin predicts at least 1 
basin larger than 2000 km and 7 larger than 1000 km remain to be found. If 
Hellas is larger than generally assumed (12,13), these numbers may double. 
McGill (14) has suggested a large impact basin beneath the plains in 
Utopia. The diameter of the proposed Utopia Basin is at least 3000 and 
perhaps 4500 km and it overlaps both the Isidis and Elysium (12) impact 
basins. In addition to producing much of the low-lying topography in the 
northern plains in eastern Mars, the Utopia Basin may also help explain the 
existence of the Elysium volcanic complex. Both Elysium Mons and Hecates 
Tholus lie at the intersection of Utopia and Elysium Basin inner rings, 
which may be centers for prolonged volcanic activity (12) . The high 
standing relic cratered terrain appearing as knobs and partly buried 
craters in Elysium-Amazonis generally lies outside the Utopia Basin rings 
where they intersect the Elysium Basin. Perhaps the formation of an 
Elysium Basin centered on the rim of a previously formed Utopia Basin 
provided the necessary conditions for volcanism inside the Utopia Basin 
while allowing preservation (to a degree) of cratered terrain outside. 

The distribution of knobs and detached plateaus and topography in the 
northern plains is more compatible with a number of impact basins than with 
a single basin (15). A closed circular depression 1000-1500 km across and 
3 km deep lies at 60oN, 30ow. Scattered knobs define the southwest and 
southeast boundaries of this depression which overlaps the northern edge of 
the Chryse Basin. A semi-circular distribution of knobs of Noachian-
Hesperian age (16) in Amazonis at 60oN, 168°W has a diameter of 700-900 km 
and may intersect an outer ring of the large Elysium Basin as well as the 
smaller Mangala Basin at ooN, 147ow. The 600 km wide arc of masifs 
centered at 37oN, 167ow may be an inner ring of a larger structure which 
would overlap the inner rings of the Elysium Basin. 

Overlapping large impacts maybe more effective than a single giant 
impact in producing the variable topographic structure of the northern 
lowlands and the different styles of volcanism found there. The mechanical 
thinning of the lithosphere would be greater at the overlapping event. 
Greater fracturing of the deep lithosphere might produce better access to 
the surface for magma, leading to prolonged emplacement of volcanic 
materials. Because the thermal decay time for very large impacts is 107 to 
108 years (7,9,10), overlapping impacts will likely have significantly 
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enhanced temperatures at depth for greatly extended periods as the impact 
heat for the second event adds to that remaining from 
the first. Given the observational evidence for old impact basins in their 
vicinities, it is reasonable to ask whether Elysium and even Tharsis owe 
their existence to the clustering (and timing?) of large impact basins. 

AGE AND EVOLUTION OF THE CRUSTAL DICHOTOMY 
It is sometimes assumed that the crustal dichotomy predates nearly all 

observable martian history, but this may not be the case. Wise et al. (1) 
set the crater retention age N (1) (cumulative number larger than 1 km 
diameter per 106~2) for the lowering and resurfacing of the northern one-
third of Mars at N(l) = 100,000 to 50,000 with the formation of highland 
cratered terrain at N (1) • 400,000 to 1, 000,000. Detailed study of the 
resurfacing history of the higland/lowland boundary (transition zone), the 
adjacent cratered terrain and smooth plains (5) and other areas around and 
within the northern lowlands (4, 17) places tighter constraints on these 
ages. The oldest age we find lies in the cratered terrain south of the 
transition zone, the cratered terrain in Tempe, and best preserved knobby 
terrain in Elysium and has an age of N(l) • 250,000, consistent with that 
of Wise et al. (1). No relic of early cratered terrain exists within the 
transition zone, a consequence of the efficiency of later resurfacing 
events. The first of these, which ended at N (1) -as, 000 in the cratered 
terrain, knobby terrain and in Tempe, is also recorded in the transition 
zone. But the diameter range over which the event is marked includes 
larger craters (up to 80 or 100 km diameter) in the transition zone than in 
the adjacent cratered terrain (< 40 km). This suggests that the 85,000 age 
resurfacing, which we associate with the formation of cratered plateau 
material, occurred after some structural difference between the transition 
zone and cratered terrain had already been established. Lowered topography 
in the transition zone is likely. 

A subsequent resurfacing at N(l) -25,000 was even more widespread and 
was coeval with the emplacement of ridged plains in Lunae Planum, Tempe and 
elsewhere (16,17). Estimates of the thickness of the resurfacing 
materials, using the smallest surviving crater which defines the ages of 
the different crater counting surfaces, show that the Lunae Planum Age 
materials were significantly thicker in the transition zone west (220 to 
325m) then east of Isidis (135 to 210m) . In cratered terrain in Tempe and 
adjacent to the transition zone this layer is is only lOOm thick or less. 
Topography again likely plays a role, and the larger number of middle size 
impact basins along the transition zone west of Isidis (Nilosyrtis Mensae 
Basin, basin south of Renaudot, basin south of Lyot, Deuteronilus A and B) 
by comparison with those east of Isidis (Al Qahira, basin south of 
Hephaestus Fossae) may be important. Subsequent resurfacing appears to 
always be more efficient (involving greater thickness of material) west of 
Isidis(S). The likely topographic control on these events is much easier 
to understand if the origin and evolution of the crustal dichotomy were a 
consequence of a series of events, including multiple impacts. 
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EARLY RESURFACING EVENTS ON MARS; H. Frey, J. Semeniuk, and T. 
Geophysics Branch, NASA/Goddard Space Flight Center, Greenbelt, MD 

INTRODUCTION 
The style of geologic activity on Mars changed at the Lo~er Hesperian / 

Upper Hesperian boundary in Tanaka's (1) stratigraphy from planetwide to 
progressively more localized at a few major centers (Tharsis, Elysium, the 
northern lowlands) . Two planetwide resurfacing events were particularly 
important in early martian history. The first, in the Late Noachian, is 
recorded in the intercrater plains. The second, involving the emplacement of 
ridged plains, occurred in the Early Hesperian. 

Major resurfacing events produce a depopulation of impact craters that 
will appear as a departure from a standard production curve in a cumulative 
frequency plot. Neukum and Hiller (2) developed a technique to identify such 
events by breaking the cumulative frequency curve into separate branches at 
these departure points and determining the crater retention age for b oth t he 
older, underlying and newer, overlying surfaces. We have used this approach 
to identify major resurfacing events at widely different locations on Mars 
(3, 4, 5, 6) . Because new branches are determined by subtracting away older 
(survivor) craters, this method has advantages over total cumulative crater 
counts alone. If a planet-wide resurfacing event ended everywhere on Ma rs a t 
the same (real) time, the surface corresponding to the end of the event would 
have the same crater retention age everywhere (using the Neukum and Hiller 
approach) independent of the previous history. Dating (of crater retention 
age) of common stratigraphic horizons should be possible. 

Limitations include dependence of the results on the choice of standard 
production curve, applicability only where resurfacing has been a relatively 
discrete and efficient process, and dating only the termination of the event. 
No information is available on the beginning or duration of the resurfacing. 
Despite these, the approach has important potential for identifying indi vidual 
resurfacing events and for dating the surfaces produced, even when those 
surfaces are buried by later events. In addition, craters dating from a given 
surface can be located and used to infer the minimum extent of now-buried 
surfaces (7) . It is also possible to obtain on the thickness of layers 
representing the resurfacing events from the smallest crater surviving from 
each event. 

COMMON-AGE RESURFACING EVENTS 
A number of common ages occur when the Neukum and Hiller technique is 

used at widely different locations around Mars. For heavily cratered terra i n 
south of the highland-lowland transition zone in eastern Mars, in Xanthe Terra 
adjacent to Lunae Planum, in Tempe Terra and Arabia Terra, an old branch 
defined by craters 40-100 km diameter with a crater retenti on age N( l ) 
(cumulative number greater than 1 km diameter per 106 km2) about 250,000 is 
common. This Early Cratered Terrain age is also found in the knobby terrain 
of Elysium, but does not occur in the highland-lowland transition zone (3) n or 
in the ridged plains of Lunae Planum (4) or Tempe Terra (5) . This old age may 
be a resurfacing of still older crust: the Arabia Npl1 cratered unit curve 
has an well-determined branch at N(1) ~ 800,000. This same ancient age occur s 
in Xanthe Terra. Craters which define this age are from 70- 150 km across. 

A major resurfacing event in cratered terrain in eastern Mars and in 
Tempe Terra occurred at N(l)~ 85,000. We associate this wi th the formation of 
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cratered plateau material and Tanaka's (1) Late Noachian intercrater plains 
resurfacing (3) . Relic surfaces of this age do occur in the highland-lowland 
transition zone in eastern Mars and in the Elysium-Amazonis knobby terrain 
(3,6). Within the transition zone this age surface is better preserved east 
of the Isidis Basin, probably due to a thinner overlying cover from subsequent 
resurfacing events. In Xanthe Terra the first major resurfacipg event has a 
crater retention age N(l) ~ 50,000, considerably lower than the 85,000 
described above. If this is the same cratered plateau material resurfacing 
event seen elsewhere, it ended later in Xanthe Terra. Perhaps proximity to 
the Tharsis-Valles Marineris-outflow channel complex played a role. 

The most widespread common event appears to be of Lunae Planum Age, N(l) 
25,000. This event occurred in cratered terrain, the transition zone, the 
knobby terrain in Elysium-Amazonis, and in ridged plains in Tempe, Lunae 
Planum and elsewhere. A spread in the ages appears real, from N(l) < 32,000 
in cratered terrain Mars to less than 18,000 in ridged plains south of the 
Valles Marineris. There appears to be a progression in the Lunae Planum ages 
in this region, younger westward toward Tharsis. 

EXTENT AND THICKNESS OF BURIED UNITS 
The individual branches which define the different resurfacing events in 

the cumulative frequency curves provide information on the extent of buried 
surfaces (7). From Figure 1, the early cratered terrain surface at N(l) 
250,000 in Tempe Terra is defined by craters in the 40-100 Jan, and the 
cratered plateau age surface at N (1) ~ 89,000 is marked by 20-35 Jan wide 
craters. By locating these diameter craters it is possible to map out the 
minimum extent of these cratered surfaces. In Figure 2 note the absence of 
any craters dating from these two surfaces within the ridged plains in Tempe 
Terra. The Lunae Planum Age surface is found throughout the region. 

The smallest diameter crater which defines a given branch provides 
control on the total overlying thickness of materials due to all subsequent 
resurfacing events. From Figure 1, the early cratered terrain surface can not 
lie any deeper than 435 m or the rim heights (8) of craters 40 Jan across would 
be buried. Likewise for the cratered plateau age surface, because 20 km 
craters survive all subsequent resurfacings, the total overlying thickness of 
these materials is less than 315 m. The difference between these yields a 
thickness of material associated with the cratered plateau age resurfacing of 
120 m in the HCR unit. This is only a statistical average based on assumed 
uneroded rim heights of craters surviving from a given age surface. It is 
also possible to estimate the depth to surfaces not preserved in the 
cumulative frequency curves. For example in Figure 1 there is no branch for 
the ridged plains unit RPL dating from N(l)~ 85,000. But in the area occupied 
by those plains there could be, if that surface does lie below the plains, 10 
craters larger than 48 km and one as large as 90 km not seen because of the 
thickness of the plains. Thus the total thickness probably lies between 475 
and 645 m, or about 560 m. Figure 3 shows cross-sections for these units 
based on the above approach. 

The thickness of the Lunae Planum Age resurfacing materials in cratered 
terrain is generally thin (< 100m) . In the transition zone values range from 
150-235 m, while in ridged plains > · 250 m. For the cratered plateau age 
resurfacing the materials appear to be of more uniform thickness, 100 to 150 m 
except in plains-forming units which exceed 150 m. The thickness of materials 
post-dating the Lunae Planum Age resurfacing at is less than 200 m in cratered 
terrain, > 250 m in ridged plains and transition zone units, and > 450 m in 
the lowlying northern plains. 
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Geologic study of Mars has been underway for more than two decades. Photogeologic 
m~pping, aided by analyses of other remote sensing data and considerations of geophysical 
constraints, has revealed a remarkably diverse planet with a complex history. Global synthesis of 
these studies in the form of three maps published at 1:15 million scale provides a uniform 
framework for assessing many aspects of martian geologic history (1,2,3). 

Volcanism has played a key role in the evolution of the martian crust. It is estimated that half 
the planet is surfaced with volcanic materials ( 4 ), most of which appear to be of mafic 
compositions. Moreover, with volcanic features included in all ages of surfaces, volcanism spans 
the entire "visible" history of Mars. However, volumetrically, more than half of the identified 
volcanic materials were erupted and emplaced in the first billion years, with a "peak" in activity 
3.5-4.0 billion years ago ("absolute" ages are dependent upon models of meteoritic flux). Earliest 
volcanism (Noachian Period) involved the emplacement of the Plateau Sequence in the southern 
cratered highlands of Mars. This involved the eruption of flood-style lavas and their interbedding 
with deposits of fluvial, aeolian, and impact origin. Some of these lavas contain sets of ridges 
similar in morphology to lunar "wrinkle ridges" and may be analogous to mare flood lava flows. 
Unfortunately, the oldest units on Mars have been extensively modified by subsequent processes, 
such as wind erosion, and their vents and surface characteristics cannot be assessed. 

Highland paterae, such as Tyrrhena Patera, represent the earliest recognizable "central" 
volcanic constructs. Most of the highland patera occur in the southern hemisphere. Three, 
Tyrrhena, Amphitrites, and Hadriaca paterae are found adjacent to the Hellas basin. Peterson (5) 
proposed that circumferential ring fractures resulting from the basin impact could have served as 
eruption conduits. As suggested by Greeley and Spudis (4), magma rising through water-
saturated mega-regolith would have led to phreatomagmatic eruptions (6 and this volume) to 
produce early-phase ash eruptions and the broad shield morphology of the paterae. With time, the 
water supply from the groundwater system diminished or was sealed, leading to effusive activity to 
produce the younger lava flows observed in the summit of Tyrrhena Patera. 

The martian Eastern Volcanic Assemblage (2) includes the central volcanoes and lava plains 
of the Elysium province and of Syrtis Major. The earliest phases of eruptions occurred during the 
Hesperian Period and are approximately contemporaneous with the formation of the highland 
patera. Syrtis Major is a low-profile central volcano which produced a series of flows extending 
radially from the vents as far as 900 km. The caldera vents for Syrtis Major are located on ring 
fractures of the Isidis impact basin. In many respects, the Elysium volcanic province is an older, 
smaller version of the Tharsis volcanic region. Earliest volcanism occurred in the Middle 
Hesperian Period to produce Hecates Tholus, followed by eruptions which formed Albor Tholus. 
Mouginis-Mark et al. (7) suggested that a smooth region on Hecates Tholus is a mantling airfall 
deposit from a plinian eruption. Late-stage (Amazonian age) eruptions led to the formation of 
Elysium Mons and the series of flows which partly buried the flanks of Hecates and Albor mons. 

In summary, most of the recognizable volcanic units on Mars were emplaced in the first 1 to 
1.5 aeons and involved flood eruptions; lavas appear to have had rheological properties similar to 
lunar mare flows and are inferred to be mafic to ultramafic in composition. Central-vent volcanism 
occurred later, and in some cases was associated with impact-generated crustal deformation. Some 
central-vent volcanism appears to have provided pyroclastic deposits. 
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Introduction. Primary magmas are in equilibrium with a mantle source region 
phase assemblage. They constitute the starting point composition for the magmas 
ultimately reaching the Martian surface or intruded into the crust. The purpose of 
this paper is to review current understanding of the chemical and physical proper-
ties of primary magmas in Mars and to speculate on some of the consequences of 
those properties for the early volcanic evolution of Mars. 

Mineralogy and Cbemistzy of the Martian Mantle. The most recent estimates of the 
bulk chemistry of the mantle ( 1 ,2) have been tested experimentally for consistency 
between phase equilibria and estimated density (3). The good agreement found sug-
gests that the proposed bulk compositions are reasonable. The two compositions are 
nearly identical and are similiar to estimates of the Earth's mantle except for signif-
icantly higher ratios of Fe/Mg and Fe+Mg/Si. These compositions yield the mantle 
mineral assemblages shown in Figure 1. The position of the spinel-lherzolite to gar-
net-lherzolite transition is well known (4), while the other transitions shown have 
not been determined for the Martian mantle composition and are estimated based on 
studies of terrestrial compositions (5,6). 

The Volatile-absent Solidus for Mars. Also shown in Figure 1 is the solidus tem-
perature as a function of pressure. The only two points experimentally established 
are at one bar and 23 kbar. The rest of the solidus is based on analogy with terres-
trial studies (7). 

Primacy Magma Composition. The chemical composition of the primary magma 
formed by small ( < 2 wt%) degrees of melting in the garnet-lherzolite field is given 
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~ ~ Mineral ~ 
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Na20 0.8 
mg# 49.3 
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features are the very high FeO/MgO ratio and the low Al20 3 content. Melting at 
pressures greater than 23 kbar in the garnet-lherzolite field will result in even higher 
normative olivine contents. Larger degrees of partial melting will result in loss of 
garnet in the residual phase assemblage, a decrease in normative olivine, and further 
decrease in Al20 3. Melting in the spinel-lherzolite field will result in lower norma-
tive olivine (hence higher silica) and higher Al20 3 contents. The actual Martian 
mantle probably has higher C and H abundances than the Earth and so the composi-
tion of melts formed at low degrees of partial melting will be strongly influenced by 
C02 and H20, wheras melts at high degrees of partial melting will not be significant-
ly affected by volatiles. Regardless of the myriad possibilities for variations in the 
composition of primary magmas on Mars, they will all have very high FeO/MgO ra-
tios compared to those on Earth, and this feature will be retained in most derivative 
magmas. ... - Density at 25kbar 
Primary Ma~ma Physical Properties. 
The low silica and alumina and the very 
high iron content of these primary melts 
results in unusual physical properties. 
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Viscosity is very low with calculated 
values in the 2-1 0 poise range at atmo-
spheric pressure and preliminary exper-
imental results suggesting viscosities of 
1-2 poise. A striking feature of the c 3.0 
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melts is their high density, caused pri-
marily by their high FeO content. Cal-
culated densities (based on 8) are shown 
as a function of FeO/MgO ratio in Figure 
2 and as a function of pressure in Figure 
3. The calculations predict that the pri-
mary magmas will sink relative to pyrox-
enes and olivine at some pressure between 
25 and 35 kbar. Addition of either H20 

Figure 2. The tie-lines connected to boxes 

or C02 to the melt will lower its density 
(9,10) and thus the melt will only sink at 
greater pressure, possibly 40-50 kbar. 
The point at which the melt sinks relative 
to pyroxenes and olivine occurs at much 
lower pressures in the Martian mantle 
than in the Earth's (compare 11 ). The 
pressure at which primary magmas sink 
relative to olivines and pyroxenes puts an 
effective lid on source region depth which 
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is estimated to be between 190 to 375 kilometers. 

FraCtionation of Primazy Martian Ma~mas. Any primary magma originating in the 
Martian mantle is likely to crystallize olivine as it ascends to lower pressures (12). The 
effect of such fractionation is shown in Figure 4. Olivine fractionation of the volatile-
absent primary magma from the 
garnet-lherzolite Martian mantle 
results in Si02, FeO and MgO lev-
els similiar to those in SNC mete-
orite compositions, but the Al203 
levels deviate significantly. This 
suggests that, if the SNCs are 
Martian then they are products of 
either large degrees of partial 
melting, or of two-stage melting 
of an Al20 3-depleted mantle as 
previously argued (13). 

-.. 
-

40 . 

30 

20 . 

10 

0 

SI02 

FeO 

-
Al203 

MgO 

0.8 0.9 
Fraction of Liquid Remaining 

Figure 4. 

REFERENCES 
1. Dreibus, G. and Wanke, H. (1985) Meteoritics, 20, 367-382. 
2. Goettle, K.A. (1983) Carnegie lnst. Washington Yearbook, 82,363-366. 

1.0 

3. Bertka, C.M. and Holloway, J.R. (1987) Proceed. Eighteenth Lunar Planetary Sci. Conf. Cam-
bridge University Press, 723-739. 
4. Patera, E.S. and Holloway, J.R. (1982) Proceedings Lunar Planet. Sci. Conf 14th, in J. Geo-
phys. Res., 87, A31-A36. 
5. Ito, E. and Takahashi, E. (1987) in High Pressure Research in Minerai Physics, M. H. Manghna-
ni andY. Syono, eds., Amer. Geophys. Union, Washington, p 221-229. 
6. Irifune, T. and Ringwood, A.E. (1987) in High Pressure Research in Minerai Physics, M. H. 
Manghnani andY. Syono, eds., Amer. Geophys. Union, Washington, p 231-242. 
7. Ito, E. and Takahashi, E. (1987) Nature 328,514-517. 
8. Lange, R.A. and Carmichael, I.S.E. (1987) Geochim. Cosmochim. Acta 51, 2931-2946. 
9. Burnham, C.W. and Davis, N.F. (1971) Am. Jour. Sci. 270,54-79. 
10. Fine, G. and Stolper, E. (1986) Earth Planet. Sci. Lett. 76, 263-278. 
11. Agee, C.B. and Walker, D. (1988) Jour. Geophys. Res. in press. 
12. O'Hara, M.J. (1968) Earth Sci. Rev. 4, 69-133. 
13. Longi, J. and Pan, V. (in press) Proceed. Eighteenth Lunar Planetary Sci. Conf 



32 

THE ROLE OF MANTLE CONVECTION IN THE ORIGIN OF THE THARSIS 
AND ELYSIUM PROVINCES OF MARS, Walter S. Kiefer and Bradford H. Hager 
(Division of Geological and Planetary Sciences, California Institute of Technology, 
Pasadena CA, gu25) 

The Tharsis province of Mars is 6000 to 7000 km in diameter and contains four 
major shield volcanos as well as a number of smaller volcanic structures. Although the 
long-wavelength topography of Mars is not well known, Tharsis rises approximately 7 
to g km above the plains to the north and west (1-3). The peak nonhydrostatic geoid 
anomaly is in excess 'Of 1 km for spherical harmonic degrees 2 to 18 (4). The Elysium 
province appears to be a somewhat smaller scale version of Tharsis, with a peak topo-
graphic uplift of 3 to 5 km (1-3) and three main volcanic structures. 

Existing models of Tharsis and Elysium have generally treated these regions in 
terms of either isostatic or flexural models (5-10). However, the large horizontal scale of 
these regions and the large volume of volcanic materials suggests that mantle 
processes, particularly convective flow, also must have played a major role in the evo-
lution of these regions. Some existing models for Tharsis have treated thermal 
anomalies in the upper mantle in terms of Pratt compensation. We have shown (11, 
12) that Pratt models and convective models predict very different relationships 
between geoid and topography, and thus Pratt models should not be regarded as an 
adequate substitute for convection modeling. 

We propose that Tharsis and Elysium overlie regions of broad-scale upwelling 
caused by the internally heated component of convection in the mantle of Mars. 
Within these broad upwelling regions, a number of mantle plumes are formed by the 
bottom heated component of convection. These plumes fed the various shield volcanos. 
In some cases, a single plume may have fed several closely spaced volcanos. Uranius 
Patera, Uranius Tholus, and Ceraunius Tholus may be an example of such a cluster of 
volcanos with a single plume source. The proposed concentration of Martian mantle 
plumes within the Tharsis and Elysium regions is reminiscent of the situation on 
Earth, where hotspots show a pronounced bimodal distribution (13). 

Cratering statistics indicate that eruptive activity ceased at different times at the 
various volcanos in Tharsis and Elysium (14). Eruptive activity at some of the smaller 
Tharsis volcanos ceased soon after the end of the heavy bombardment, while activity 
at the four largest Tharsis shields continued for a much longer time. The youngest flow 
units at Olympus Mons and Ascraeus Mons may be less than 100 million years old. In 
Elysium, volcanic activity apparently ceased at least 1 billion years ago. Models for the 
thermal evolution of Mars indicate that the heat flux dropped sharply during the first 
1 billion years after accretion and has continued to decline at a slower rate since that 
time (15). We suggest that as the heat flux decreased, the total number of plumes in 
the Martian mantle may also have decreased and that as a result, many of the vol-
canos were cut off from their source of magma and ceased erupting. 

In the past, dynamic support for the topography of Tharsis and Elysium has 
sometimes been rejected on the grounds that it can not be maintained for a significant 
fraction of Martian history (7,g). However, Mars is sufficiently large that mantle heat 
transport must be currently dominated by convection. In the absence of plate 
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tectonics, Tharsis and Elysium could stay over mantle upwellings for an indefinite 
length of time. The evidence for recent volcanism in Tharsis supports the idea that 
mantle upwelling and dynamic support of topography is currently important for 
Tharsis. The long time interval since the most recent volcanic activity in Elysium 
ma~es the case for current dynamic support of topography in Elysium less. certain. 

We have used finite element calculations of assess the possible contribution of 
mantle convection to the geoid and topography of Tharsis and Elysium. In our prelim-
inary modeling, we have used a cylindrical axisymmetric geometry and a non-
temperature-dependent rheology. The neglect of spherical geometry may not be impor-
tant for models of Elysium but clearly is important for Tharsis and will need to be 
included in more definitive models. Our results are sensitive to a number of unknown 
parameters, including the Rayleigh number, the variation of viscosity with depth, and 
the thickness of the mantle. We find that in some cases, convection can contribute at 
least 5 km of topography and 400 m of geoid. These values are significant fractions of 
the total geoid and topography in Tharsis and Elysium. Clearly, isostatic and flexural 
processes play an important role in maintaining the geoid and topography of Tharsis 
and Elysium, but our results show that convective processes may also be important 
and deserve further study. Ultimately, it will be necessary to combine both convective 
and lithospheric processes into a coupled, self-consistent model. 
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GROUND ICE ALONG THE NORTHERN HIGHLAND SCARP, MARS; B.K. Lucchitta 
and M.G. Chapman, u.s. Geological Survey, Flagstaff, Arizona 86001. 

. The northern highland boundary on Mars is characterized in many places 
by. a steep scarp that is locally dissected into mesas and buttes. , These are 
particularly well developed in the region from about long 280° to ·350° and 
lat 30° to 50° N, the "fretted terrain" of the Protonilus and Deuteronilus 
Mensae. In this latitude belt, mesas are typically surrounded by debris 
blankets that are generally thought to have formed by ice-lubricated flow 
[1]. This ice came either from frost deposition [1] or, as many researchers 
believe now, from ground ice [2,3,4]. The debris blankets are conspicuous 
features of this latitudinal belt and are young [2]. They are generally 
thought to indicate that ground ice may currently be present close to the 
surface [3]. Lucchitta [2] explained the occurrence of ice-charged debris 
blankets in this latitude belt by (1) the maintenance of ground ice near the 
surface, which, under current atmospheric conditions, is possible only 
poleward of about lat 30° to 40° N [5,6] and (2) the ambient temperature 
that is warm enough to permit ice to flow by dislocation creep, even though 
at very slow rates [2]. Farther north, where the atmosphere is colder, this 
type of ice deformation is less likely to occur [7]. 

We have observed a number of mesas in the Kasei Valles area that 
resemble fretted mesas in size and shape and that appear to have formed by 
similar processes. These mesas are located farther south (lat 25° N) than 
the Deuteronilus or Protonilus Mensae and are not presently surrounded by 
debris blankets. Instead, several of the mesas are surrounded by moats 
composed of flat-floored valleys (about 2 to 5 km wide) bordered on the 
outside by low, inward-facing scarps (Fig. 1, arrows). The moats have the 
same planimetric shape and dimensions as the debris blankets surrounding the 
fretted terrain farther north. The plains surrounding the moats are 
composed of probable lhar~is lava flows, whose relative crater density of 
1300 craters >1 km/10 km indicates that they are about 2.5 b.y. old 
(conversion of relative to absolute age from Neukum and Hiller, model 2 
[8]). The similarity of the shape of the moat to the planimetric shape of 
debris blankets surrounding the fretted mesas farther north suggests that 
the mesas in Kasei Valles once were also surrounded by debris blankets and 
that these blankets must have been in place at the time of lava flooding; 
the lavas apparently embayed the debris blankets. Later, the debris 
blankets disappeared completely, leaving the moats. 

The disappearance of the debris blankets suggests that they contained 
more ice than is commonly attributed to them (10% ice content according to 
Lucchitta [3] and Carr [5]). In order to disappear completely, only minor 
amounts of rock could have been incorporated, unless all the rock was of a 
grain size easily picked up and removed by the wind. However, no other wind 
erosion features are seen in the area. Also, such a uniform grain size is 
unlikely . unless very unusual circumstances are invoked, such as debris 
blankets reworking largely fine-grained ash or sandy deposits. Considering, 
then, that the debris blankets were mostly composed of ice and that this ice 
was derived from ground ice underlying the mesas [2,3], the ground ice must 
have had a concentration so high that it may have resembled segregated 
ground ice in the Northwest Territories of Canada [10]. This observation 
suggests that the highland margin and associated mesas in fretted-terrain 
regions locally were underlain by nearly pure ice masses. These ice masses 
could have been segregated from ice-rich highland-type breccia, or they 



ICE, HIGHLAND SCARP 
35 

lucchitta, B.K. and Chapman, M.G. 

could represent frozen water from ancient channel-mouth regions. 
Furthermore, if the debris blankets were composed largely of ice, 
sublimation of this ice on fresh exposures within the slowly churning debris 
would eventually deplete the ice, especially at the tip of the debris 
blankets where the ice is replenished only slowly. Sublimation of debris 
blankets in this manner would explain why most of the blankets on .fretted 
mesas extend no farther than about 20 km from their source. Sublimation of 
debris blankets on gradually diminishing mesas would also explain the 
disappearance of material from the plains separating the mesas. Thus, the 
generation of the plains may have been caused by the fretting process [2] 
involving large-scale sublimation of ice and does not have to be ascribed to 
an unrelated earlier erosional episode [1]. 

The former existence of debris blankets in the Kasei Valles area also 
suggests that ground ice once occurred near the surface in a latitudinal 
belt that is now desiccated. This observation supports Fanale et al. 's [6] 
proposition that the southern limit of near-surface ground ice shifted 
gradually northward with time. Ground ice at lat 25° N 2.5 b.y. ago falls 
right on the equatorward limit permitted in Fanale et al. 's models of near-
surface ice retention. 
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STRUCTURAL MODIFICATION ALONG THE CRATERED TERRAIN 
BOUNDARY, EASTERN HEMISPHERE, MARS. Ted A. Maxwell, Center for 
Earth and Planetary Studies, National Air and Space Museum, 
Smithsonian Institution, Washington, D. c. 20560 

·Initial investigations of the Mars cratered terrain 
boundary (CTB) suggested that it formed progressively by 
erosional backwasting of the cratered terrain (1). Such 
conclusions were based on the presence of isolated knobs and 
mesas in the boundary zone adjacent to the southern cratered 
terrain, particularly in the Nilosyrtis Mensae region, and by 
the fact that the boundary is present now as an elevated scarp 
in the eastern hemisphere. Evidence for mass wastage of both 
the main bounding scarp and along the edges of isolated 
plateaus also supported such interpretations, further 
indicating that most of the erosion took place during a 
period(s) of wetter climate. Based on more recent 
investigations of the structure, topography and timing of the 
CTB, however, it is now apparent that the sequence of events 
that are responsible for the present appearance of the CTB, at 
least in the region between Nilosyrtis Mensae and Aeolis (Long. 
300" to 180"), occurred within a discrete time interval, 
indicating that the northern border scarp of the cratered 
plateau material is not the result of longterm migration of a 
previous structurally controlled topographic disruption. Based 
on structural mapping, detailed shadow measurements of plateaus 
and knobs, and age dating of the exposed surfaces in this 
region, the tectonic record of the eastern hemisphere is one of 
modification of the cratered terrain boundary, with little 
evidence that can be used to constrain theories for the 
original creation of the CTB. 

Structural mapping of the CT B indicates little correlation 
between presumed compressional features (ridges and scarps) and 
the orientation of the boundary itself (2). Instead, 
compressional features are aligned in a primary NS direction, 
with local deflections where underlying topography reaches the 
near-surface in plains units (as judged by structural trends in 
nearby highland areas). The notable exception is in a wide 
trough that extends to the southwest between Isidis and the 
impact crater Herschel. Here, scarp orientations are 
predominantly axially symmetric, suggesting continued 
deformation by downdropping of this major trough past the times 
of plains emplacement (3). The 300 km wide block of cratered 
plateau material on the north side of the trough acted as a 
discrete structural unit during deformation, and may be 
analogous to the subsurface terrace that lies beneath the 
shallowly flooded region of plains to the north of the CTB. 

Shadow-length elevation measurements of individual 
plateaus, knobs, and graben in and north of the cratered 
terrain boundary suggest that downdropping of the "terrace" 
also occurred as a discrete crustal block rather than as 
individual faulted fragments of crust. If formed by erosional 
retreat, isolated remnants of the cratered plateau material 
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would display a greater degree of erosion with distance from 
the present boundary. such is not the. case, due to either the 
presence of a significant resistant layer, or downdropping as a 
terrace. In the absence of confirmation of a widespread 
resistant unit from the limited Viking multispectral data ( 4), 
the latter interpretation is preferred here. 

The timing of downdropping suggests structural modification 
as a discrete event, though for reasons listed above, not the 
event that created the dichotomy boundary itself. The faulting 
that produced the broad, 300 km wide terrace occurred in late 
Noachian or early Hesperian time (around N(5)=190), younger 
than the faults surrounding the Isidis basin (5). In other 
regions, however, faulting of plateau material occurred at 
different times, suggesting a protracted period of structural 
adjustment to the original boundary. 

Current theories for creation of the Mars crustal dichotomy 
are 1) single mega-impact (7), 2) multiple large impacts (8), 
and 3) crustal overturn (9). Hypotheses 1 and 2 would be 
expected to show either concentric rims or radial fractures, 
neither of which occur in the highlands between Isidis and 
Aeolis. The large crustal block north of the graben-like 
trough east of Isidis suggests endogenic processes (regional 
extension) rather than impact for at least the modification of 
the presently observed boundary, which is consistent with 
hypothesis 3, though not conclusive. By looking at 
modification processes and prior geometry of the boundary 
region, more precise constraints can be placed on the geometric 
form of the original structure. 
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POTENTIAL INDICATORS OF PYROCLASTIC ACTIVITY NEAR ELYSIUM MONS, 
MARS. Kathleen McBride, Univ. of Houston-Clear Lake and Lunar and 
Planetary Institute, James R. Zimbelman, National Air and Space 
Museum, Smithsonian Institution, Washington, D.C., 20560, and Stephen 
M. Clifford, Lunar and Planetary Institute, 3303 Nasa Rd. 1, ·Houston, 
Tx., 770)8. 

The Elysium region contains abundant evidence of volcanism, most 
of which is interpreted to predate the Tharsis Montes eruptions [1]. 
Also, the shape and morphology of Elysium Mons suggests that the 
magmas at Elysium may be more chemically evolved than those in the 
Tharsis region [2]. 

Preliminary photogeologic mapping of Elysium Mons (22.5-27.5°N, 
210-2200W) on a 1:500,000 scale has revealed numerous features 
indicating the possible occurrence of both pyroclastic and effusive 
volcanic activity. Analysis of Viking Infrared Thermal Mapper data 
reveals a strong correlation between low thermal inertia values and a 
linear fracture located at 23•N, 216.5°W, indicating a possible 
volcanic vent. Image resolution for this area is poor (-50 m/pixel) 
and no individual lava flows are visible in the vicinity. Craters are 
irregularly shaped and appear subdued as if mantled by dust or a 
volcanic airfall deposit. 

Close inspection of high resolution images (-44 m/pixel) of the 
Elysium Mons caldera has disclosed five levels of collapse. A crater 
measuring five km in diameter south of the caldera rim has been 
interpreted to be of impact origin [2]. However, the crater is not 
completely circular and the eastern rim shows evidence of slumping or 
mass wasting. The crater also contains a large central pit which is 
uncharacteristic of an impact crater of this size. On the northern 
side of the caldera is a tectonic depression that breaches the caldera 
rim. This "impact" crater and the depression are connected by a 
linear chain of craters across the caldera floor indicating possible 
tectonic control. There are also other numerous pits and crater 
chains radiating outward from the caldera. These are believed to be 
endogenic in origin, formed by the collapse of lava tubes or collapse 
along rift zones. 

The eastern flank of Elysium Mons appears relatively smooth and 
only slightly hummocky with no distinct lava flows visible at a 
resolution of -44 m/pixel. Some impact craters in this area appear 
mantled by some surficial deposit. The northwestern flank of the 
volcano consists of massive undifferentiated lava flows and ridges 
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that grade into the lava flood plains. The only mappable lava flows 
are a few smooth, flat lobate flows. Examination of high resolution 
35 m/pixel) images of the western side of Elysium Mons has disclosed 
numerous small lava channels, some of which breach the rims of small 
impact craters. 
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Four alligned domes resembling terrestrial cinder cones have been 
identified at 21•N, 218-219•w. These domes possess circular summit 
depressions and are alligned roughly parallel to the concentric 
fractures circumferential to Elysium Mons, indicating possible 
structural control. However, there are many other dome-shaped 
features in this area that are randomly oriented and lack any evidence 
of summit craters at a resolution of -150 m/pixel. Small, randomly 
distributed dome-like structures are also present in the area around 
Elysium Fossae (23.5-25°N, 219-220°W). These features vary in size 
from l-5 km in diameter. Most lack summit depressions and a few 
appear as elongated ridges. 

There have been several investigations into possible volcano-
ground ice interactions in Elysium PJanitia. Mouginis-Mark et al. 
[1,3] found a variety of morphological features indicative of an 
interaction of ground ice with erupting magma. The apparent cinder 
cones may be related to the pseudocraters Frey et al. identified in 
Cydonia [4]. These pseudocraters are dome-like structures Frey et al. 
believe result from phreatomagmatic eruptions. 

The area centered at 26•N, 220°W is believed to be a fourth 
volcanic center, in addition to Elysium Mons, and Albor and Hecates 
Tholii. It has been called the "Elysium Fossae Complex" by Mouginis-
Mark et al. and is comprised of a series of vents, Java flows, and 
domes [5]. They believe the morphology of the domes in this area is 
similar to terrestrial rhyolite domes. 

Further analysis is currently in progress and will include 
interpretation of geologic units and structural features to determine 
the geologic history and eruption characteristics of Elysium Mons. 
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'!'BE MARTIAN CRUSTAL DICHOTOMY; George E. McGill, Department of 
Geology and Geography, University of Massachusetts, Amherst, MA 01003. 

The physiographic and stratigraphic contrasts between the northern lowland 
plains and the southern cratered uplands of Mars are generally interpreted to 
imply a first-order dichotomy in the martian crust. Although this dichotomy is 
as fundamental as the continental/oceanic crustal dichotomy on Earth, no evidence 
has yet been found to suggest a similar origin. Hypotheses for the origin of 
the aartian crustal dichotomy are of two general types: 1} "catastrophic" 
convective overturn of the mantle, probably associated with core formation (1); 
or 2) impact, either a single giant impact (2), or focussing of several large 
impacts (3). All of these hypotheses are envisaged by their perpetrators as 
involving unusual events that occurred very early in martian history. Each 
implies physiographic, stratigraphic and structural consequences that may be 
compared with observation. LOS gravity from Viking 2 (4) provides additional 
constraint. 

By analogy with the moon, one might expect mascons to be associated with 
large impact basins; mascons are clearly present over the Isidis and Utopia 
basins (Fig. 1), but not over the proposed giant Borealis basin (Fig. 2). It 
has been suggested informally (Squyres, Pers. Com.) that the absence of a mascon 
is due to the uniqueness of the giant Borealis impact, but this argument needs 
to be developed formally. Substituting several large impacts for the single 
giant one is not a tenable 
alternative. There is no 
reasonable mechanical ex-
planation for the required 
focussing of large impacts 
on 1/3 of the surface of 
Mars. Even if an explana-
tion could be devised, se-
veral closely spaced large 
impact basins must produce 
a topography that includes 
areas higher than the ori-
ginal surface as well as 
areas lower; there is no 
way they could form a sin-
gle large hole, all of 
which is lower than the 
original surface. 

If the giant Bore-
alis basin really exists, 
then it must be older than 
any surv1v1ng features 
within its rim, including 
both the Isidis and Utopia 
basins. This requires 
that it be older than the 
oldest defined time-
stratigraphic units (7). 
The presence of inliers of 
old upland terrain over 
much of the northern 
plains (e.g., 5) supports 

Fig. 1. LOS gravity (4). Projection centered on 
Utopia basin (5) at 48N, 240W. Contour interval=lO 
agal; dashed lines negative. U and I are mascons 
associated with Utopia and Isidis basins; anomaly E 
lies over Elysium Mons. 
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this conclusion by indica-
ting that ancient crust 
lies beneath most or all 
of the northern plains. 
Furthermore, this ancient 
crust cannot have suffered 
significant thinning by 
removal of surface mater-
ials since early to middle 
Noachian. The oldest cra-
ters now buried beneath 
northern plains deposits 
have suffered extensive 
fracturing and erosion 
before burial, surv1v1ng 
as rings of knobs defining 
their rims. The maximum 
depth to which surface 
materials could have been 
removed since early to 
middle Noachian thus can 
be estimated by applying 
the crater dimensional 
equations of (8) to the 
smallest surviving "knob 
ghost" craters (D=10-15 
km). This exercise indi-
cates a maximum of ·200 
meters of lowlands-wide 
erosion of the ancient 

Fig. 2. LOS gravity centered on putative Borealis 
basin (2) at SON, 190W (no mascon). Large anomalies 
at right are Olympus Mons and Tharsis. 

surface buried beneath the northern plains. It also invalidates suggestions that 
the present dichotomy boundary is significantly south of its original position 
because of erosional scarp retreat (9) requiring the removal of the top 2-3 km 
of the ancient crust. In the eastern hemisphere, small "knob ghosts" are present 
on the lowland side of the boundary right up to the scarp, indicating that no 
more than ·200 meters can have been removed, and thus that most if not all of 
the relief along the present dichotomy boundary in the eastern hemisphere is 
structural. 

The impact hypothesis for the origin of the dichotomy boundary thus 
requires a single mega-event that occurred very early in martian history and left 
no mascon. The present dichotomy boundary scarp is probably very close to its 
pre-Noachian position, based on counts of "knob ghost" craters buried beneath 
the plains just north of the boundary. Hence local lack of correspondence 
between the dichotomy boundary and the proposed Borealis basin rim cannot be 
explained away as due to later scarp migration by erosion; either the dichotomy 
boundary is not the rim of a Borealis basin, or the basin is significantly "out 
of round". Despite arguments by (3), the very large size of the putative basin 
is not a problem, but its apparent lack of roundness and the implication of 
stability along the dichotomy boundary since pre-Noachian time are problems. 

A number of recent studies suggest that the dichotomy boundary is not a 
stable ancient feature. There is clear evidence of relatively young faulting 
and major erosion in northern Mars, some of it demonstrably in early Hesperian 
(10), the rest less precisely dated as late Noachian through Hesperian (11,12). 
In fact, it is probable that the widespread fretted terrain and mesas were in 
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large part formed at this time. It has been proposed (13) that most of the small 
drainage networks developed at this time in response to pervasive volcanism and 
sill intrusion. Crater counts indicate that there was widespread resurfacing 
by lava flows at about the Noachian/Hesperian boundary (14). Finally, detailed 
analysis of Viking LOS gravity (15) indicates that there is a narrow negative 

.anomaly associated with the dichotomy boundary, suggesting activity more recent 
·than the presumed early origin of the dichotomy required by ~he mega-impact 
hypothesis. 

Thus it appears as if the northern part of Mars experienced several 
possibly related events in late Noachian and/or Hesperian time: fracturing and 
faulting of the crust in the northern third of Mars, widespread erosion with 
formation of cha~nels and valley networks, and extensive extrusive and intrusive 
igneous activity, most of it occurring near or on the dichotomy boundary. An 
internal process that thinned the crust from below is the most likely cause, but 
the specific mechanism envisaged by (1) is ruled out because if a "catastrophic" 
core-formation event occurred, it must have taken place very early in martian 
history. Nevertheless, the cause must be internal because the geological and 
geophysical observations discussed above require that a mega-impact occur much 
earlier in martian history. 
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NORTHERN PLAINS OF MARS: A SEDIMENTARY MODEL; R. 
Stephen Saunders, Jet Propulsion Laboratory, California Institute 
of Technology, Pasadena, CA, 91109 

Several considerations suggest that a sedimentary model 
should be applied in the interpretation of the surface geology of 
the northern plains of Mars. In this model the upper few hundred 
meters of the plains are made up of weathered fluvial sediment, 
reworked locally by eolian processes. Volcanism plays a minimal 
role. The material underlying the sedimentary cover is similar 
to that of the ancient cratered terrains. 

The northern plains of Mars are generally thought to have a 
diverse makeup and a complex geologic history. Some earlier 
observations based on Viking images led to divergent 
interpretations. Carr et al. (1) argued that a deep permafrost 
layer controlled much of the plains morphologic expression, as 
evidenced by giant polygons in Utopia. Guest et al. (2) interpret 
the fractured plains as a pediment surface, where the overlying 
mesa material has been stripped away. Various investigators have 
suggested cooling lava to explain the polygons. This 
interpretation was shown by Pechmann (3) to be unlikely on the 
basis of material properties. Frey and Jarosewich (4) analyze 
the numerous subkilometer conical features that occur on the 
northern plains, often on the polygonal plains. After discussing 
various possible origins, including pingos, they conclude that 
these features are volcanic, either cinder cones or pseudocraters 
involving lava and ice interaction. This interpretation of the 
cones, if correct, would suggest that other modes of volcanic 
activity should also be present. More recently, Lucchitta et al. 
(5) have favored a thick sediment deposit to explain the giant 
polygons. Lucchitta et al. (5) point out that the occurrences of 
giant polygons are in low areas that would have collected 
sediment from the outflow channels. They also map sinuous ridges 
along the margins of the polygonally fractured terrain and 
compare them to Antarctic ice ridges formed as pressure or flow 
ridges. DeHon (6) maps other linear features on the Acidalia 
plains and interprets them in a general framework of sediment-ice 
phenomena. Rossbacher (7) mapped curvilinear patterned ground 
associated with the boundary between uplands and northern plains 
and interprets them to be produced by differential erosion in the 
presence of a substantial amount of ground ice. 

The depositional mechanism for this material presents a 
problem. McGill (8) argues that the sediments were deposited in 
sediment-charged floods from NW Elysium, somewhat downplaying his 
alternate suggestion of pyroclastics. Jons (9) also argues a 
sediment slurry origin of the plains, even to the extent of a mud 
ocean covering the northern lowlands. Lucchitta et al. (5) 
suggest a large standing body of water as an alternate 
hypothesis, but find the polygon deposits do not correspond to 
the deepest areas except locally and that the topographic map 
would require a 4-km deep ocean in one region. They allow that 
later tectonic warping may have occurred. However, in comparing 
the mapped occurrences of polygonal features of Lucchitta et al. 



46 MARS NORTHERN PLAINS 
Saunders, R.S. 

with the topographic map of Christensen (10), in fact, the lowest 
regions of plains, lying below the -2-km contour, have the giant 
polygons. 

Consideration of the history and nature of the surface 
material of the northern plains raises a number of questions. 
There are some fundamental issues, such as whether the plains 
surface and geologic features are volcanic or sedimentary, 
erosional or constructional. Also there are important 'secondary 
questions. What was the fate of the sediment that was removed 
from the channels of the Chryse Trough, including its initial and 
final state? How much total water was required to move that 
sediment? Why are fans and deltas not generally observed? Was 
the climate wet and warm before, during, or after the channel-
forming events? 

The climate issue has been addressed by Pollack et al. (11) 
and more recently by Owen et al. (12). These authors provide 
arguments for an early temperate period in Martian history when 
liquid water could have b~en stable. During this time, the 
silicate regolith of Mars would have been thoroughly weathered. 
Extensive carbonate deposits may also have formed. Carr (13) 
develops a reasonable scenario for catastrophic flooding 
involving sudden release of a confined aquifer from beneath a 
saturated permafrost table. In this case, the climate at the 
time of the floods may have become cold, and if there were a 
northern sea it would have been ice covered. 

Carr (14) has estimated the volume of material removed6in 3 the formation of the valleys of the Chryse region as 5 x 10 km • 
The sink area for this sediment, 7eprisented by the northern 
plains, is approximately 3.6 x 10 km • Allowing for some change 
in porosity, this sediment would cover the northern plains with 
an average thickness of about 125 m from Chryse drainage alone, 
neglecting channels in other areas. Low regions such as Utopia 
could have accumulated much thicker deposits than the average. 
It is possible that the upper few km of the regolith were 
thoroughly weathered prior to the channel forming events. The 
regolith may have been already decomposed to friable clay-size 
grains and easily suspended and transported in the floods that 
swept down the channels. That the large channels are not cut 
into the northern plains suggests a base level for channel 
cutting. On Earth, this base level is provided by sea level, 
where the change in current velocity allows suspended sediment to 
be deposited in deltas and along continental margins. On Mars 
the channels may never have been cut into the plains or they may 
have been cut and then covered by later materials, volcanic or 
sedimentary. 

Were there temporary lakes, or an ocean, on the northern 
plains of Mars? In spite of the dilemma posed by Lucchitta (5) 
based on incomplete topographic data for the northern plains, 
that an Acidalia ocean would be some 4-km deep, the topographic 
data basis of support for this concern is not reliable. 
Hypsometric analysis (15) of the global topographic map by 
Christensen (10), based on Earth-based radar topography, 
spacecraft radio occultation, IR, uvs, and optical measurements, 
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provides some estimates of the volume of the northern basin so 
that the mass balance of water, sediment and basin size can be 
approximated. There are more recent maps, but no new data for 
the northern region. The mean elevation of the region below the 
base of the highland margin lies between the 0.5-km and 1.0-km 
c~ntour. The mean elevation of the topography below this level 
is7bet~een 0 km and -1.0 km. The volume of this basin is 4-5 x 
10 km with great uncertainty, but p5oba~ly not a factor of two. 
Carr (14) states that at least 5 x 10 km are required to remove 
the volume of material represented by the Chryse valleys and 
allows that "the actual figure may have been substantially 
higher." If the actual ratio of water to sediment were 10, the 
northern basin could have formed an ocean. 

One difficulty may be that this amount of water is high in 
comparison to any previous estimate~ of3the Martian water budget. 
Greeley's (16) estimate of 6.6 x 10 km of water released by 
volcanics is somewhat higher than Carr's minimum required for 
valley erosion. However, Greeley used only volcanic material 
presently observed. Based on our knowledge of the early volcanic 
history of the Earth and Moon, it is unlikely that volcanic rates 
were lower on Mars in its earliest history than later. Greeley's 
observations show a peak in Early Hesperian (-3.8 BY before 
present). It seems likely that earlier rates were much higher 
but the geologic record has been obscured. Thus much more water 
could have been available. 

The model for the northern plains that arises from the above 
considerations would have the following features: (1) The 
epeirogenic basin aspect of the northern lowland predates the 
period of major channel formation. The fretted terrain is a 
consequent feature to the northern basin, formed by later 
erosion. (2) The northern plains are floored by sediment of 
variable thickness with provenance mainly in the upland Chryse 
and NE Elysium valleys. (3) The sediment and substrate of the 
northern plains originally contained considerable quantities of 
water. (4) The entire northern basin was occupied by an ocean. 
(5) The present surface features are predominated by the niveal 
conditions that evolved with the changing climate and the life 
cycle of the northern sea. 
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FAULT AND RIDGE SYSTEMS: HISTORICAL DEVELOPMENT IN WESTERN REGION OF 
MARS; David H. Scott and James Dohm, U.S. Geological Survey, 2255 N. Gemini 
Dr., Flagstaff, AZ 86001. 

. The tectonic history of Mars can be traced, in part, by mapping faults 
and ridges that were formed during successive geologic periods. This has 
been accomplished in the western equatorial region by determining the 
relative ages of these structures based on their occurrence· in rock units of 
known stratigraphic position. Three maps {Figs. 1-3) at reduced scale 
(1:50,000,000) show the areal extent of geologic units that were emplaced, 
and faults and ridges that originated during the Noachian, Hesperian, and 
Amazonian Periods. We extracted and compiled these data from the geologic 
map of the western equatorial region of Mars (Scott and Tanaka, 1986), 
considering that (1) faults and ridges of Amazonian age may extend across 
the boundaries of older rock units; (2) structures of Hesperian age may 
extend into Noachian but not Amazonian rocks; and (3) Noachian structures 
only occur within the Noachian units. We also recognized, however, that 
older rocks may contain younger faults and ridges whose ages cannot be 
determined unless they also transect younger rocks. To make these 
discriminations where the geologic base {1:15,000,000 scale) did not clearly 
reveal the age relations, Viking photomosaics (1:2,000,000 scale) were 
examined. In Figures 1-3, the rocks exposed within each Martian period are 
enclosed within hachured lines. Faults and ridges in each period are shown 
by lines marked by ball and diamond respectively. The locations of volcanic 
centers are shown for reference only, and do not necessarily reflect their 
time of origin. 

Figure 1 and previous studies by Tanaka (1987) indicate that most 
faulting during the Noachian Period was associated with three centers: 1) 
the Tharsis Montes axial trend and its northeastern and southwestern 
extensions; 2) the Syria Planun rise (-15° lat, 105° long); and 3} the 
Acheron Fossae structure north of Olympus Mons. Qusters of ridges also 
occur and are confined within Noachian rocks but may have originated during 
the Hesperian Period. 

Figure 2 shows that extensive faulting continued during the Hesperian 
along the Tharsis Montes trend and in Syria Planum, and was initiated radial 
to Alba Patera. Fault activity ceased, however, at Acheron Fossae. This 
period marked the culmination in western Mars of formation of ridges where 
they occur in a broad oval pattern around the major volcanic centers; most 
ridges are older than the faults of this period, possibly suggesting that 
those that occur in Noachian rocks were formed during an earlier period. 

Figure 3 shows the great general decline in tectonism during the 
Amazonian Period. Only Alba Patera remained as a major fault center where 
older radial systems were rejuvenated and concentric faulting was initiated 
around the crest of the volcano. Minor faults are associated with Olympus 
Mons and its aureole materials; some are very young as they cut Late 
Amazonian lava flows. 
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LATE IRON LOSS FROM THE MARTIAN LITHOSPHERE: NOT A LllffiL Y 
CAUSE OF VERTICAL TECTONICS, N.H. Sleep, Depts. Geology and Geophysics, Stanford Univer-
sity, Stanford CA 94305, and K. J. Zahnle, NASA Ames Research Center, Moffett Field, CA 94035 

A density contrast of 200 kg m-3 throughout a 400-km thick lithosphere is needed for Tharsis 
to -be isostatically compensated [Sleep and Phillips, 1985]. A conceivable mechanism is late loss of 
metallic iron originally accreted in a cool lithosphere or added subsequently by projediJes. Direct con-
straints on Mars are obtained from lead isotopes in shergottites which indicate iron removal very early 
in the history of the solar system [Chen and Wasserburg, 1986]. Conversely, the lead isotopic data indi-
cates that abundant metallic iron did not remain in or become added to the Martian lithosphere at late 
times (at least for the part sampled). 

Other constraints are obtained from estimating the total mass of projectiles hitting Mars subse-
quent to the main accretion. Comets (or outer solar system planetesimals) were sufficiently rare that the 
ferrous iron in the Martian mantle was not extensively oxidized. As this is hard to quantify, concentra-
tion is given to asteroids. Attention needs to be given to the time period covered by each estimate. 
The one direct estimate is obtained from the abundance of platinum group elements in shergottitic 
meteorites [e.g., Treiman et a!., 1986, 1987]. The total mass of projectiles hitting Mars and becoming 
mixed in the mantle after the core became a closed system is equivalent to a layer about a kilometer 
thick. Unfortunately, the end of this accretion is poorly constrained as there is too much indigenous Pb 
in the martian mantle for a small addition of primitive lead to have much effect. The total Ir in the 
earth's mantle mantle is equivalent to adding a layer 18 km thick [Chou et al., 1983]. Again the begin-
ning of Ir retention is poorly constrained and may predate retention on Mars. 

The best indirect constraints are obtained from studying the lunar regolith. The most useful ele-
ment for determining the amount of meteorites is probably Ni, but the interpretation is not agreed on to 
a factor of 2 [e.g., McKay eta!., 1986; Korotev, 1987; cf., Ringwood and Seifert, 1986]. That is, there is 
2-5% meteorites in average highland upper crust [e.g., Drake, 1987], and the thickness of the mixed 
layer is around 30 km [e.g., Spudis, 1984]. The upper limit is also constrained by Mg/ AI ratios as 
meteoritic components become evident around 8%, as in lunar sample 63507,15 of McKay et al. [1986]. 
These ranges agree with the 1 km equivalent thickness obtained from Mars. The mass of projectiles hit-
ting the moon (mass of Vesta) is so great that reliable total masses can be obtained from elemental 
ratios; appeal to a special class of projectiles is unrealistic. The beginning of the sampling interval is 
probably around 4.4 B.Y. when the upper crust became a nearly closed system and much of the flux was 
over by 4.24 B.Y., the age of old granulites formed from breccia [Lindstrom and Lindstrom, 1986]. Two 
more model-dependent constraints in agreement with a kilometer layer are rarity of impacts on the 
moon that excavated into the deep crust and Pb isotopes in the lunar regolith. 

The amount of energy in a 1-km thick layer of projectiles is enough to melt much of the material 
in the lunar or Martian megaregolith sometime during its history and also to stir the megaregolith. 
Conversely, the total energy from impacts is also not enough to significantly heat the deeper parts of the 
Martian lithosphere except locally. The total mass of projectiles is also too little to greatly perturb the 
density of the crust. Late loss of iron from the lithosphere is thus not a likely cause of uplift to form 
either the north-south dichotomy or Tharsis. Internal processes are therefore favored for the formation 
of Tharsis and other Martian tectonics after 4.4 B.Y. 
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HETEROGENEITIES IN THE THICKNESS OF THE ELASTIC 
LITHOSPHERE OF MARS: CONSTRAINTS ON THERMAL GRADIENTS, 
CRUSTAL THICKNESS, AND INTERNAL DYNAMICS. Sean C. Solomon, 
Dept. of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, MA 02139, and James W. Head, Dept. of Geological 
Sciences, Brown University, Providence, Rl 02912. 

. . 
Introduction. The thickness of the elastic lithosphere on a planet is essentially a 

measure of the reciprocal of the vertical thermal gradient in the lithosphere, i.e., the 
depth to a temperature at which ductile behavior replaces brittle behavior at typical 
geological strain rates. Under flexure there is an elastic "core" of the lithosphere 
occupying the depth interval over which the bending stress is less than an envelope of 
"strength" versus depth defined by a frictional failure curve at shallow depths and a 
ductile flow taw at greater depth [1,2]. At the shallowest depths, lithospheric bending 
leads to faulting to a depth that is dependent on the load, the flexural rigidity, and the 
failure taw. The depth of the tower limit to "elastic" behavior is governed primarily by 
temperature and also by strain rate, composition, and load magnitude. Estimates of 
elastic lithosphere thickness derived from simple models of flexure have been 
quantitatively related to the average vertical thermal gradient of the lithosphere on the 
Earth [e.g., 3] and Moon [4], and similar concepts have been used to constrain the 
thickness of the elastic lithosphere on Venus [e.g., 5]. In this paper we apply these 
concepts to Mars. 

Elastic Lithosphere Thickness. The thickness T e of the elastic lithosphere of Mars 
has been estimated from the tectonic response to individual loads [6,7] and from the 
global response to the tong-wavelength load of the Tharsis rise [8,9]. The spacing of 
graben circumferential to the major volcanoes Ascraeus Mons, Pavonis Mons, Arsia 
Mons, Alba Patera, and Elysium Mons indicate values forTe of 20 - 50 km 
(equivalently, values of flexural rigidity D of 1030-1031 dyn em) at the times of graben 
formation [7]. For the lsidis basin region the elastic lithosphere thickness exceeded 
120 km (D > 1032 dyn em) at the tinie of mascon loading and graben formation [7]. 
The absence of circumferential graben around Olympus Mons requires the elastic 
lithosphere to have been at least 150 km thick (D > 3 x 1032 dyn em) at the time of 
loading [6,7]. Models of the flexural response of Mars to the long-wavelenth 
topography of the Tharsis rise provide a reasonable fit to the geoid and to the 
distribution of tectonic features in the Tharsis province if the global elastic lithosphere 
of Mars is 100 to 400 km thick, corresponding to D = 1 o32 to 7 x 1033 dyn em [8,9]. 

The values forTe derived for individual loads (Figure 1) are not consistent with a 
simple progressive increase with time in the thickness of the elastic lithosphere of 
Mars. The largest estimates of T9 , for instance, are for perhaps the oldest (lsidis 
mascon) and youngest (Olympus Mons) features considered. Spatial variations in 
elastic lithosphere thickness must have been at least as important as temporal 
variations [7]. In particular, there appears to have been a dichotomy in lithosphere 
thickness that spanned a significant interval of time, with comparatively thin elastic 
lithosphere (T e = 20 to 50 km) beneath the central regions of major volcanic provinces 
and substantially thicker elastic lithosphere (T e in excess of 1 00 km) beneath regions 
more distant from volcanic province centers and appropriate for the planet as a whole. 

Implied Thermal Gradients. The values of T e may be converted to the mean 
lithospheric thermal gradient, given a representative strain rate and a flow law for 
ductile deformation of material in the lower lithosphere. Formally, this is done by 
converting T ~toT ITI• the depth to the rheological boundary marking the base of the 
mechanical lithosphere. This conversion is accomplished by constructing models of 
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bending stress consistent with the strength envelope and finding for each model the 
equivalent elastic plate model having the same bending moment and curvature [3]. 
The choice of rheological boundary is to some extent arbitrary; we take it to be the 
depth at which the ductile strength falls below 50 MPa [3]. We take the representative 
strain rate for the flexural response to each local load to be the quotient of the 
maximum horizontal strain given by the elastic model and the growth tim~ of the load, 
taken to be 1 Q8±1 yr. The uncertainty in growth time contributes only a small 
uncertainty to the derived value ofT m· 

A considerably larger uncertainty arises from the poorly known value for the 
thickness of the martian crust and the distinct flow laws for crustal and mantle material. 
The mean crustal thickness consistent with global topography and gravity must be at 
least 30 km [1 0], which corresponds to zero crustal thickness beneath the He lias 
basin. Models of the Viking line-of-sight (LOS} residuals over the He lias basin and 
the 370-km-diameter crater Antoniadi are consistent with complete local Airy 
compensation only if the crust is 120-130 km thick [11,12]. LOS data over Elysium 
Planitia and Olympus Mons can be fit with varying degrees of Airy isostatic 
compensation and crustal thicknesses of 30-150 km [13, 14]. 

We assume that the large values of elastic lithosphere thickness determined from 
the local response to the lsidis mascon and Olympus Mons and from the global 
response to the Tharsis rise exceed the thickness of the martian crust. Because 
fie xu rally-induced curvature is modest for these loads, the depth T m to the base of the 
mechanical lithosphere is approximately equal to T e [3] and is determined by the 
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Figure 1. Summary of estimates of the thickness T e of the elastic lithosphere beneath 
major volcanic loads on Mars from the radial distance of prominent circumferential 
graben [7]. The thicknesses shown correspond to the times at which the graben 
formed. 
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ductile strength of the mantle, assumed to be limited by the creep strength of olivine 
[15]. The mimumum values ofT e for the lsidis mascon and Olympus Mons correspond, 
by this line of reasoning, to mean lithospheric thermal gradients of no greater than 5-6 
Klkm. 

While the heat flow and thermal structure of Mars are not known, we may compare 
these gradients with values derived from scaling arguments. For instance, if Mars 
loses heat at the same rate per mass as the Earth [161, then the mean heat flux would 
be about 30 mWfm2-K. For a representative value of ithospheric thermal conductivity 
of 2-3 W/m-K, the mean lithospheric thermal gradient would be 10-15 K/km. These 
figures would be reduced somewhat if the relative contributions to global heat loss of 
radioactive heating and secular cooling differ between Earth and Mars. 

The values ofT e derived from the Tharsis Montes and Alba Patera (Figure 1} are 
less than or comparable to the thickness of the crust. The mechanical lithosphere 
thickness T m· which exceeds T~ for these loads [3], is likely governed by the strength of 
crustal material, taken to be lim1ted by the creep strength of anorthosite [17]. The 
mean thermal gradients consistent with the values of Tm for these loads under this 
assumption are in the range 11-18 K/km. The thermal gradient corresponding to the 
value T e = 54 km determined for Elysium Mons [7] depends strongly on the thickness 
of the martian crust. The required gradient decreases with increasing crustal 
thickness, but generally falls between those for Olympus Mons and lsidis and those for 
the Tharsis Montes and Alba Patera. 

Possible Causes of Lateral Variations. As noted above, the differences in 
lithospheric thermal gradients implied by the different values ofT e must be at least in 
part due to lateral variations in temperature within and beneath the lithosphere. These 
variations can be due to lithospheric reheating beneath the centers of major volcanic 
provinces, thermal differences remaining from major pre-volcanic events such as large 
impacts [18], or some combination of these two effects [19]. The temperature 
differences, at least 400 Kat 30 km depth, are too large to be solely the effect of large 
impacts of order 109 yr earlier [20]. They are, however, similar to the temperature 
variations associated with lithospheric reheating beneath hot spot volcanic centers on 
Earth [21]. The temperature anomalies beneath the central regions of major volcanic 
provinces on Mars must be similarly related to mantle dynamic processes, such as 
convective upwelling and magmatism. Whether the pattern of mantle dynamics on 
Mars during the era of volcano growth and lithospheric loading has a heritage from the 
earlier time of heavy bombardment remains open. 
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VOLCANOTECTONIC PROVINCES OF THE THARSIS REGION OF MARS: 
IDENTIFICATION, VARIATIONS, AND IMPLICATIONS; Kenneth l. Tanaka and James M. 
Dohm, U.S. Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001. 

-~revious histories of the Tharsis region of Mars have analyzed the 
sequence of faulting and volcanism in the context of regional development 
[e.g., 1-3]. Differences in volcano morphology as a function of , location and 
age led Scott [4] to distinguish five volcanic provinces in Mars• · western 
hemisphere. The recent geologic map of the Martian western hemisphere [5] 
shows further diversity in the volcanic and tectonic record of the area 
surrounding Tharsis Montes, the center of the Tharsis region. The map shows 
six formations consisting of local volcanic rocks {as well as many other units 
of possible volcanic origin) that distinguish discrete centers of Tharsis 
volcanic activity. Most volcanoes in the region are located on or near 
regional structures (Fig. 1). Volcanic centers, in turn, commonly appear to 
have stimulated local faulting [e.g., 6]. 

We and our colleagues have been examining the detailed volcanotectonic 
relations within three areas of the Tharsis region. Thus far, Tanaka and 
Davis [7] have distinguished 13 fault sets in Syria Planum (subquadrangl es MC 
17NE and SE), and Scott and Dohm [8] have identified 9 sets in Tempe Terra (MC 
3SE, 3NE, 4SW, and 4NW) and 11 sets in Ulysses Fossae (MC 9SW and NW). We 
interpret less than half the sets to be made up of long regional faults that 
radiate from Tharsis Montes or Syria Planum; the remainder are shorter and are 
related to local volcanotectonic centers. Identification of these local 
centers, as well as of variations in volcanic and tectonic style within the 
Tharsis region, enables us to divide Tharsis into volcanotectonic provinces. 
This division provides a new perspective that will assist in discriminating 
between local and regional faulting and will also stimulate reassessment of 
the volcanotectonic evolution of the Tharsis region. 

Our preliminary analysis· identifies eight volcanotectonic provinces 
(Fig. 1). All of these provinces include faults and grabens radial to the 
center of Tharsis and display locally distinctive volcanic and tectonic 
features. Characteristic volcanic styles include broad, high shields (e.g., 
Tharsis Montes); broad, low centers (e.g., Alba Patera); and dispersed, old, 
moderate-size volcanoes {e.g., those on Terra Sirenum). Tectonic styles can 
be differentiated by density, morphology, and orientation of faults and by the 
magnitude of crustal uplift or downdrop. A summary of these characteristics 
for each province is provided in Table 1. 

We stress that local volcanotectonic activity developed along regional 
structures stemming from Tharsis-centered activity, generating large volumes 
of volcanic material and forming local fault sets. The provinces' 
considerable differences in styles of volcanism and tectonism confirm the 
heterogeneity of Tharsis evolution. Further work is intended to complete 
identification of fault sets in local exposures and to distinguish regional 
and local fault trends. This work will lead to a refined mapping of the 
volcanotectonic provinces and will yield a more detailed history of the 
Tharsis region than that previously attained. 
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Table 1. Olaracteristics of Yolcanotectonic Provinces in the Tharsis Region of Mars. 

Province 
ars1s 

Montes 

Alba 

Tempe 

Valles 
Marineris 

Syria-
Thaumasia 

Sirenum 

Elysium 

Ol,YT11)US 

Large, igh shields; extensive 
flow fields 

Broad, low shield; extensive 
flow fields 

Several small, low shields; 
local flow fields 

Interior pyroclastic rocks (?); 
extensive plateau flow field(?) 

Broad region of fissure activity; 
small, outlying volcanoes 

Dispersed volcanoes 

Large shields and rille sources; 
extensive flow fields 

Large shield; local fissure 
sources; local plains flows 

Dense radial and some concentric 
grabens surrounding volcano 

Dense radial and some concentric 
grabens; several local centers 

Broad uplift; deep rifting and 
collapse structures 

Local uplifts; radial and concentric 
grabens and nonmal faults; collapse 
structures 

Broadly spaced grabens radial to 
Tharsis Montes 

Broadly spaced grabens radial to 
Tharsis Montes; local tension cracks 

Older radial grabens; concentric 
grabens of Acheron Fossae 
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Figure 1. Volcanotectonic provinces of the Tharsis region of Mars. Heavy 
dashed lines delineate provinces. Solid areas are volcanoes; lines with balls 
are faults and grabens. Solid line outlines Valles Marineris canyon system; 
light dashed line encloses source area of Syria Planum flows. Volcanoes and 
grabens of the Elysium province occur outside map area. 
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PRIMORDIAL GWBAL DIFFERENTIATION, MARS-STYLE 
Paul H. Warren 

Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA 90024 

A sttong case can be made, albeit from circumstantial evidence, that in primordial times all of the terrestrial 
planets were substantially molten, at least in their outer few hundred km. The predorni~ce of extensional 
tectonics on Mars suggests that it was less thoroughly melted than most of the other terrestrial planets [1]. Indeed, 
it might be argued that Mars "must" have been less intensely heated, because it is far from the Sun and apparently 
bas a relatively low core/silicate ratio. Even so, isotopic results from the putatively martian SNC meteorites 
[review: 2] suggest that the planet underwent global differentiation at or very near 4.5 Ga. The density of craters in 
the martian southern hemisphere highlands also attests to a differentiation that was mostly completed within the 
first few hundred My of planetologic time. Assuming that a state of partial interior melting at least roughly 
comparable to a "magma ocean· developed on primordial Mars, it behooves us to examine what sort of crust would 
have been produced. How does the predicted crust compare with the actual ancient crust of Mars? We already have 
some constraints on the composition and thickness of the ancient martian crust, and impending USSR and USA 
Mars missions should provide many important new observations. Thus, simple predictions should be testable, if 
not now then at least within the next few years. 

As discussed at length by Warren [3], planet size has a tremendous influence over primordial global 
differentiation. In large terrestrial planets, high pressures tow.ard the bottom of the magmasphere affect the relative 
stabilities of the various silicate minerals. In the massive Earth, pressure-stabilized garnet and Al-rich pyroxene 
must have severely curtailed the ultimate yield of crust. The essential difference between planetary "crust" and 
"mantle" is concentration within crust of the low-pressure aluminosilicate mineral: feldspar. From a mantle 
perspective, the celebrated Si02 enrichment of the Earth's continental crust is minor compared to the crust/mantle 
enrichment in AI20 3. Aluminum sequestered into deeply buried garnet and Al-rich pyroxene is aluminum that 
never contributes to the ultimate volume of the crust. This effect has been examined [3] with quantitative models of 
high-pressure fractional crystallization; including,, in some models, periodic replenishment of the melt zone with 
fresh melt from the deep interior. Crystallization sequences were modeled as functions of both melt composition 
and pressure, with constraints from a variety of recent ultra-high-pressure phase equilibrium experiments, most 
notably the results of Takahashi [4] for peridotite KLB-1 at pressures up to 14 GPa. KLB-1 has a bulk composition 
remarkably similar to many estimates for the bulk composition of the Earth's upper mantle. Either suitably high-
pressure partial melts of KLB-1 (4], or else (for models with initial magma ocean depth ;?:500 km) KLB-1 itself, 
were used for initial melt compositions. The ultimate composition and thickness of the crust is calculated by 
assuming (as a first approximation) that all feldspar crystallized floats, and that it buoys up enough 
comtemporaneously-crystallized mafic silicates to bring the net density of the crust up to the 0.1-MPa density of 
the underlying melt zone. Results indicate that a plausibly deep ( "'200-500 km) magma ocean would produce a 
crust comparable in both composition and thickness to the total crust of the modem Earth. 

This same model can be adapted for other terrestrial planets, including Mars. If we assume the same KLB-1 
(or KLB-1 partial melt) compositions for the initial melt zones, the resultant crusts are relatively constant in 
composition among all the terrestrial planets, but (assuming a moderately deep initial magma ocean) the final 
thickness of crust is much lower for the Earth than for smaller planets, including Mars (Fig. 1A). This result 
reflects the much more extensive high-pressure crystallization of garnet and Al-rich pyroxene within the Earth. 
Depending upon assumptions regarding melt zone replenishment, garnet constitutes 0-1 wt% of the final 
crystallization products of a martian KLB-11500-km model. In contrast, 47-51 wt% of the total AI20 3 in the 
terrestrial KLB-1/500-km model ends up in garnet. Of course, this discrepancy in crustal yield is even greater in 
terms of volume percentages of the respective planets. The Earth's 21-km (global average) crustal thickness 
comprises only 0.9 vol% of the planet; whereas the outer 21 km of smaller Mars comprises 1.8 vol% of the planet. 
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Fig 1B shows results from models with initial magma ocean thickness again 500 km, but with initial melt 
compositions adjusted based on the estimated compos.itions of the different planets. Venus is too Earthlike in size, 
and too uncertain in composition, to warrant a separate discussion here. The Moon's magma ocean was modeled as 
having an initial composition corresponding to a mixture of 65 wt% Warren's [5] "Standard Initial" composition 
(a.~.a. "SI, • derived as a model for lunar Mg-suite parent melts by simulating high-degree equilibrium partial 
melting of a high-mg chondritic silicates composition) and 35 wt% KLB-1. The SI composition is diluted with 
KLB-1 because mass balance suggests that a 500-km deep magma ocean, encompassing 64 voi% of the Moon, 
would have to be a higher-degree partial melt than assumed for Warren's [5] derivation of SI (pure SI would be 
appropriate for a lunar magma ocean 200-300 km deep). For Mercury, a 500-km deep magma ocean would 
probably encompass 5/6 of the entire non-core portion of the planet [1]. The bulk composition of Mercury's 
mantle+crust is poorly constrained, but most cosmochemists favor a composition akin to the highly reduced (i.e., 
Fe0-rich, FeO-poor) enstatite chondrites. For Fig. 14 the initial melt was modeled as a 65%/35% weighted mean 
of (a) an average for the non-metallic, non-FeS, portions of EH group enstatite chondrites [6], and (b) KLB-1. 
Results using a Mercury mantle+crust composition proposed by Morgan and Anders [7] are similar, except the 
crustal thickness result increases from 25 to 40 km. 

The composition used for martian models was an average of six proposed compositions for the mantle,tcrust 
portion of Mars from Table 4.3.2d of [8]. This composition has the same Al20 3 content as KLB-1, but is much 
richer in FeO, mainly at the expense of Si02 and MgO. Since [8], tentative identification of SNC meteorites as 
derivatives of Mars [2] has strengthened the case for a relatively FeO-rich bulk-planet composition. Also tested 
were compositions diluted with the relatively Al-rich "martian mantle minimum melt composition· of Table 11 
(colunm I) of [9], but such models only enhance the surprisingly high result for crustal thickness, while having no 
significant effect on the result for crustal AI20 3. 

The different outcomes from the models with fixed initial composition (Fig. IA), vs. the models with diverse, 
more realistic initial compositions (Fig. IB), arise from mechanisms that are readily understood. In comparison to 
the Earth, the lunar initial melt composition is more Al-rich. This disparity arises not from any assumed difference 
in mantle+crust composition, but as a consequence of the vastly different pressure at which melting occurs. The 
same factor (low pressure) leaves more AI for late-stage melts on the Moon, and causes less extreme FeO 
enrichment. Less FeO enrichment translates into lower melt density, and low-density melts yield a crust that is 
comparatively free of rafted mafic silicates (i.e., more nearly pure plagioclase); hence the relatively high crustal 
AI20 3 result. Mercury's "reduced" composition leads to a high proportion of pyroxene to olivine, and the 
pyroxene crystallization occurs mainly at pressures between 3 and 7 GPa, over which pressure rangeD AI(px) is 
especially high. Extensive pyroxene crystallization severely limits the ultimate yield of Al-rich, crust-generating 
melt. Another consequence of Mercury's bulk composition is relatively slight FeO enrichment: FeO contents of 
crust-forming melts are typically 0.5-0.6 x the FeO contents of analogous Earth model melts. These low-density 
melts engender a crust that is comparatively free of mafic silicates, hence the high crustal Al20 3 result for Mercury 
(this density effect also works to limit crustal thickness). 

Results for Mars, which is assumed to be FeO-rich, are just the opposite: relatively little pyroxene is 
generated, and only a trace of garnet. The resultant high degree of AI20 3 enrichment in late-stage melts leads to a 
remarkably thick model crust (Fig. lB). The arbitrary choice of 500 km as the initial depth for the martian magma 
ocean model of Fig. 1B may be too high, in which case the crustal thickness would be commensurately 
overestimated. Recall, however, that a conservatively Al-poor initial composition was used. Plagioclase is 
especially buoyant over the extremely FeO-rich late-stage melts that the martian magmasphere generates, and 
consequently the crust is relatively impure (low in AI20 3). Model results for a range of initial depths and detailed 
compositions indicate that the magmasphere-generated crust of Mars should be decidedly less anorthositic than its 
counterparts on the Moon, Mercury, and even the primordial Earth (Fig. IB). 
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A relatively low-Al COIJliX>sition for the ancient martian highlands is also consistent with the regolith 
compositions (average Al20 3 in silicate fraction = 8.8 wt%) measured by Viking [10). This regolith is probably 
well mixed on a global scale by dust stonns. Assuming the average Al20 3 of the lowlands is at least 4 wt%, and at 
least 50% of the regolith's mass is derived from the highlands, the average Al20 3 content of the highlands (which 
cover roughly 60% of the planet) is unlikely to be > > 14 wt%. A relatively thick crust for Mars is also favored by 
the scant observational evidence currently available: Anderson et al. [11) infer from Viking seismic results that the 
mean global thickness of crust is at least 30 km, and gravity modeling suggests that crustal thickness in the 
Elysium dome region (possibly an area of atypically thick crust) is roughly 50-80 km [12]. Acquisition of more 
precise constraints on the COIJliX>Sition and thickness of the martian crust will allow more definitive judgements 
regarding its origin and evolution. 
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391-416. [3] Warren P. H. (1988) Tectonophysics, in press. (4] Takahashi E. (1986). JGR 91, 9367-9382. [5] Warren P. H. 
(1986) JGR 91, 0331-0343. [6] Wasson J. T. and Kallemeyn G. W. (1988) Philos. TrailS. R. Soc. Lo11don, in press. [7] 
Morgan J. W. and Anders E. (1980) Proc. Nat . .Acad. Sci. USA 77, 6973-6977. (8] BVSP (1981) Basaltic Volcanism 011 the 
Te"estrial Plonets. [9] Berkta C. M. and Holloway J. R. (1988) PLPSC 18th, 723-739. [10) Clark B. C. (1983) Lunar and 
Plonetary Science XIV, 117-118. (11] Anderson D. L. et legio (1977) JGR 82, 4524-4546. [12] Janie P. and Ropers J. (1982) 
Lunar a11d Plonetary Scie11ce XIII, 362-363. 
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Ridged plains units cover over 3% of the surface of Mars and 
range in age from Noachian to middle Hesperian. These ·units are 
characterized by smooth plains and the presence of landforms 
analogous to mare wrinkle ridges. Although the exact nature of 
the ridged plains material has yet to be determined, 
photogeologic evidence of volcanic landforms, comparisons with 
terrestrial flood basalt provinces and lunar mare, proximity to 
major volcanic centers, and presence within large impact basins 
suggests that they are the result of flood volcanism (1, 2, 3). 
The origin of the wrinkle ridges has been the subject of a 
number of recent papers and some debate over the role of 
buckling andjor reverse or thrust faulting (3, 4, 5). However, 
the general consensus is that wrinkle ridges are tectonic in 
origin resulting from horizontal compressive stresses. 

A characteristic of the ridged plains first noted by 
Saunders and Gregory (6) is the periodic nature of the wrinkle 
ridges. The regular spacing of the co-parallel ridges has been 
analyzed by dividing ridged plains provinces into domains based 
on factors such as: 1) ridge orientation; 2) borders with major 
tectonic features and; 3) contacts with other geologic units. 
Statistics on the ridge spacing were determined using a series 
of sampling traverses spaced at roughly 12 km intervals oriented 
perpendicular to the mean orientation of the ridges within a 
defined domain (Table 1). 

The periodic spacing of the ridges suggests a deformational 
mechanism involving a dominant wavelength. Viscous buckling 
models have been suggested (6, 7) but these models ignore the 
influence of gravity and relevant boundary conditions. The 
model proposed here assumes that: 1) deformation has occurred 
at the free surface; 2) the ridged plains are a multilayered 
sequence that behaves as a linearly elastic material resting on 
a mechanically weak regolith of finite thickness which is in 
turn resting on a rigid boundary (figure 1); 3) gravity is not a 
negligible factor. The model also assumes that units of flows 
are separated by thin regolith interbeds that allow free slip 
between the individual units. This is consistant with evidence 
of subsurface radar reflectors detected in the ALSE data over 
Mare Serenitatis and Crisium interpreted to be deep-lying 
density inversions consisting of a regolith layer (8, 9). 
Recent data from deep wells near several of the anticlinal 
ridges of the Columbia Plateau, which are good analogs to 
planetary wrinkle ridges (3), show evidence of sedimentary 
interbeds separating groups of individual flows. Based on these 
assumptions the critical wavelength Ac is given by: 

Ac = 2~[(h0Ent3/12(1-v2 )E0)+(Ent3/12(1-v2 )psg)]t 
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where E and E0 are the Young's modulus of the plate and 
substrate respectively, h0 is the thickness of the substrate, 
t is the thickness of an 1ndividual group of flows, n is the 
number of groups, Ps is the density of the substrate, g is 
the acceleration due to gravity and v is Poisson's ratio. The 
critical wavelength as a function of the ratio of elastic 
modulus E/E0 for values of t of 250,350 and 500 musing an 
estimated total thickness of the ridged plains material of 4 km 
and regolith substrate of 4 km is given in figure 2. Many of 
the observed ridge spacings can be explained provided that the 
contrast in elastic modulus between the ridged plains material 
and the regolith E/E0 is on the order of 500 to 5,000. Such a 
high range of E/E0 is not unreasonable given the degree of 
brecciation and h1gh porosity of a typical lunar regolith (10) . 
The critical stress cc to achieve buckling is given by: 

cc = [(tEEofn3(1-v2)h0 )+(tEpsg/n3(1-v2))]i 

Critical stresses for most of the wavelengths shown in figure 2, 
between an E/E0 of 500 to 5,000, range from about 0.6 to 1.8 
kbars. Assuming the ridged plains material is basalt-like, the 
compressive strength of the material at a depth of 4 km using 
Byerlee's law is approximately 1.7 kbars. Thus, based on this 
model the ridged plains material would be expected to deform at 
least initially by buckling when subjected to a sufficiently 
large horizontal compressive load. 
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AN ANCIENT VALLES MARINERIS?; R. W. Wichman and P.H. Schultz, Dept. of Geological 
Sciences, Brown University, Providence, AI 02912. 

Is Valles Marlnerls (VM) on Mars unique to processes associated with Tharsls relatively late in 
martian geologic history? Or Is it only the last and best preserved major canyon system on the planet? 
A shallow trough system concentric to Hell as ( 1, 2 , 3) may represent such an ancler:tt canyon system 
comparable In width and extent to Valles Marineris. In this contribution we compare· these two sys-
tems and consider the proposal (4) that Valles Marineris Is an analogous Chryse-centered trough 
system rejuvenated by mobilization of trapped ground-Ice during Tharsls tectonism/volcanism. 

The shallow concentric Hellas canyons (HC) occur between 1900 and 2500 km from the basin 
center, outside both the extrapolated Hellas boundary scarp and the associated topographic expres-
sion of the Hallas basin (5). The individual troughs range from 30-100 km in width and from 300 to 800 
km In length. The bounding scarps are generally slightly furrowed in appearance and rectilinear in plan 
with reliefs on the order of 0.5 km from earth-based radar data (6) . To the south. the scarps lose 
relief and merge into the cratered plains. although ridge/scarp systems on Malea Planum (Chal-
coporos and Pityusa Rupes In particular) may represent a continuation of the trend. To the northeast. 
the trend is lost near the crater Huygens, perhaps overprinted by Huygens-related fractures . The 
troughs have been floored by intercrater plains units, and a back-slope away from the troughs is 
suggestive of block rotation or relaxation after canyon formation. 

The geometric similarity between the HC and VM relative to the Hellas and Chryse impact basins. 
respectively, are documented in Figure 1. The Hallas canyons are 1900-2500 km from the Hellas 
basin center, whereas the Valles Marineris canyons exhibit elements 1850-2500 km in distance from 
and concentric with the Chryse basin center ( 4). The characteristic lengths of the two systems are 
also similar: the Hellas canyons extending over 2600 km; Valles Marlnerls extending -3300 km before 
disappearing among the chaotic terrains arching around Chryse to the east. Although Valles Marinerls 
exhibit a broad spectrum of canyon widths in general (from 50 to 150 km), less modified elements 
mimic the size distribution of the narrower Hellas canyons (Figure 2). The histograms in Figure 3 
further indicate a correlation in both continuous scarp length and linear segment length of the HC 
structures with observed lengths in the sh()rter, discontinuous VM canyons (Gangis. Juventae. 
Hebes). Deviations of boundary scarp strikes relative to the mean system strike between the two 
canyon systems are also similar. 

The HC scarps are more subdued than the VM canyon walls, but possess similar spur and groove 
textures . Although the plains units cut by the VM canyons are regionally elevated along the VM trend 
(7) , a raised lip along the VM walls Is apparent in some topographic maps (8). thereby indicating local 
back slopes along the VM similar to those observed in the HC. Gravity analysis of the VM further 
indicates a mass excess at depth and poor compensation of the mass removed by canyon formation 
(9) . Relative uplift due to compensation along the canyon would result in apparent rotation of the 
bounding scarps and produce a feature analogous to the HC troughs. 

The most apparent difference between the two systems Is the canyon depth: VM canyons typically 
4 to 8 km (8) with HC canyons only -0.5 km (6) . This may partially reflect the much older age of the 
Hellas system. Crater counts and stratigraphic relations along the HC scarps yield crater ages of 
-1000-2000 N(D>5)/106 km2 , whereas VM cuts volcanic plains units with N(>5) ages as young as 
125-200 (9) with possible modem volcanic activity along the VM fault scarps (10). The oldest age for 
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VM has been largely consumed by backwasting although the associated outflow channels date from 
an N (>5) age of about 27 ( 11) and very ancient subparallel troughs extend to pre-Tharsls times ( 12. 
13). 

Discussion: We have modeled (3, 14) the Hellas canyons as impact-related fracturing of a 
llth.osphere about 120 km thick. The geometric similarity of the Valles-Marinerls/Margaritifer-Chaos 
system and the Hellas system with respect to basin centers (Figure 1) is consiste11t with a similar 
mechanism for the development of precursory weaknesses about Chryse. In profile. the two systems 
are similarly located relative to the topographically defined central Impact basins. If scaled to the 
massif rings, however, the VM system is slightly farther from the basin center than the HC. perhaps 
due to thickening of the lithosphere with time or variations in global thickness. 

The formation of Valles Marineris is thought to result primarily from an enlargement of graben 
and/or rift structures by mass-wasting, modified by subsequent deposition of interior fill deposits 
( 15). The initial rifting episode is frequently cited as related to the evolution of the Tharsis rise to the 
west (7, 15) and to the Tharsis-radial trend of Valles Marlneris (16, 17). Tanaka eta/. (9) proposed 
more specifically that the VM developed from an Initial elongate thermal anomaly beneath the VM 
region. Continued erosion and thinning of the lithosphere eventually mobilized ground ice by in-
creased heat flow and magma. Thermal uplift led to doming and rifting near the surface and allowed 
volatile release, which further enhanced the surface expression of the rifting process. 

Alternatively, the Chryse impact established a concentric zone of lithospheric failure analogous to 
Hellas. Subsequent erosion filled these canyons with a sequence of sedimentary and ejecta deposits 
capable of storing the water released by impact or volcanism Into the early martian environment. 
After regional plains volcanism of Lunae Planum and Sinae Planum capped these units. the original 
impact canyon sequence would be preserved as volatile-rich reservoirs in specific zones about 
Chryse. Thermal reactivation associated with Tharsis would subsequently localize renewed fracturing 
and heating into an elongate region as in (9) and release the volatile reserves stored since the time 
of Chryse formation. Thus, thermal evolution during Tharsis construction could rejuvenate an older 
Impact fracture system as the VM canyons through the mobilization of specific volatile traps. 

References: (1) Peterson J.E. (1978), Proc. Lunar Planet. Sci. Cont. IX, 3411-3432. (2) Schultz 
P.H. (1984), Lunar and Planet. Sci. XV, 728-729. (3) Wichman R.W. and Schultz P.H. (1987). Lunar 
and Planet. Sci. XVIII, 1078-1079. (4) Schultz P.H. eta/. (1982), J. Geophys. Res. 87. 9803-9820. 
(5) Wu, S.S.C. eta/. (1985), NASA TM 88383, 614-617. (6) Roth, L.E. eta/. (1987). personal 
communication. (7) Blasius, K.R. eta/. (1977), J. Geophys. Res. 82, 4067-4091. (8) U.S. Geological 
Survey Maps 1-1294 (1980) and 1-1712 (1986). (9) Tanaka K.L. et a/. (1985). NASA TM 88383. 
603-604. (10) Lucchita B.K. (1987), S€ience 235, 565-567. (11) Masursky H.J. eta!. (1977). J. 
Geophys. Res. 82, 4016-4038. (12) Schultz R.A. and Frey H.V. (1988), EOS 69. 389-390. (13) 
Wichman R.W. and Schultz P.H. (1986), Lunar and Planet. Sci. XVIII, 942-943. (14) Wichman R.W. 
(1988), Master's thesis, Brown University. (15) Lucchita B.K. (1987), Lunar and Planet. Sci. XVIII. 
572-573. (16) Willemann R.J. and Turcotte D.L. (1982), J. Geophys. Res. 87. 9793-9802. (17) 
Banerdt W.B. eta/. (1982), J. Geophys. Res. 87, 9723-9734. 
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THE RELEVANCE OF KNOBBY TERRAIN TO THE MARTIAN DICHOTOMY 
Don E. WILHELMS, San Jose State University Foundation, cjo Geol-
ogy Dept., San Jose State University, San Jose, CA 95192; and 
Richard J. BALDWIN, u.s. Geological Survey (MS 946), Menlo Park, 
CA 94025 

The problem: The martian uplands consist of a moonlike 
basement of densely packed impact craters and basins partly cov-
ered by diverse, unmoonlike deposits. The lowlands contain rela-
tively young, sparsely cratered deposits of mixed origins. The 
generally southern uplands are separated from the generally 
northern lowlands by a distinct scarp or slope that encompasses 
the entire planet, except where truncated by younger basins or 
craters and buried by extensions of the lowland deposits. The 
resulting hemispheric dichotomy is a fundamental feature of Mars. 
Upland materials along the upland-lowland front front have been 
reshaped into a variety of landforms, including fault blocks, 
mesas, knobs, and landslides. Similarly modified inliers of the 
uplands occur within the lowlands, separated from the uplands 
proper by intervening young deposits. Knobs are the most common 
modifiers of the inliers. 

This similarity of the upland inliers to the frontal transi-
tion zone has led to a common conclusion that the same process 
not only modified but also created the lowlands and the front. 
One idea was that the uplands were converted into lowlands by 
erosion, but the problem of where the eroded material went was 
insoluble. Wise et al. [1] then suggested that the dichotomy 
resulted from an early first-order convection of the mantle. 
However, this conjecture appears to have been offered because all 
else had failed, and was not supported by evidence from any 
planet for such a massive endogenic redistribution of mass. To 
resolve what appeared to be an impasse in interpreting the 
dichotomy and the front [2], Wilhelms and Squyres [3] proposed a 
mechanism in keeping with the known early history of the Solar 
System: a giant impact. In this view the main northern lowlands 
occupy the interior, and the uplands the exterior, of the 7,700-
km Borealis basin. The upland-lowland front, though since 
modified, was fixed in its basic position by the basin rim. Mas-
sifs and other concentric features support the basin's existence 
and indicate a center at about 5o·N., 19o•w. 

Subsequent studies have addressed this hypothesis, mostly 
with skepticism [4-6] though with growing approbation [7]. A 
major barrier to its acceptance apparently lies in the belief 
that the inliers are inconsistent with the existence of Borealis. 
However, uplands in the geologic sense of a certain combination 
of craters, basins, and deposits must underlie the entire 
lowlands because Borealis is the basement on which all other 
martian features were formed. The basin is the largest member of 
a population defined by the size-frequency distribution of the 
smaller basins (despite [6]). 

Jnobby terrain: Knobby terrain occurs in two main settings: 
(1) along about half of the upland-lowland front and (2) in the 
lowlands north of the front. It has long been clear that so much 
of the lowland knobby terrain is arranged in circular patterns, 
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similar except in their knobby textures to those of the uplands, 
that knobby terrain must have been formed on or from upland ter-
rain. We have dated knobby terrain by crater counts in its main 
lowland occurrences, Elysium and Amazonis Planitia, o•-Jo•N., 
157.s·-2o2.5"W., and distinguished three units based on spacing 
between knobs: high (HDK), intermediate (IDK) and low (LDK) 

'density knobs (Table 1; updated from [8]). Crater r .ims are 
defined most distinctly by HDK. LDK includes much young inter-
knob material unrelated to the knobs. We distinguished craters 
that predate the knobs from those that postdate them. The older 
craters• deposits are themselves broken into knobs whereas the 
superposed craters have complete ejecta blankets. 

Comparison terrains: We have done similar counts of 
modified and superposed craters for two types of terrain in the 
relatively intact uplands south of the knob-study area and the 
front [9] and for a knobby, avalanche-covered deposit along the 
front (FK; centered at s·s., 197•w.). One upland terrain is 
"primitive," that is, composed of densely packed craters and 
basin rings and lacking detectable superposed deposits (PT). 
Another contains valley networks (VT). In VT, a basement like 
that of PT has been partly covered by a later deposit in which 
the valleys were incised [9]. From the crater counts, we can 
compare both the oldest observed ages and the times of modifica-
tions of upland materials on both sides of the front (Table 1). 

"All" craters show the minimum age of a terrain's substrate. 
HDK is comparable in density of "all" ~16-km craters to PT south 
of the front. Thus, HDK is ancient terrain that has been con-
verted partly into knobs. IDK and VT are similar in densities of 
"all" craters. This similarity, as well as the presence of 
similar extensive tracts with few craters in IDK and with few 
craters but many valleys in VT, suggests that IDK was created out 
of an upland terrain having a superposed intercrater deposit like 
that of VT. The "all" counts for FK and LDK show that these 
units also originated as uplands. 

The density of superposed craters shows the time that has 
elapsed since a terrain was modified. PT has the highest density 
of fresh craters, showing that it was modified first and least, 
if at all. LDK was modified the most recently, as is also 
obvious from its young, smooth, interknob deposits. The other 
four units are all similar in modification age. 

Conclusions: "Upland" geology occurs in the lowlands as 
well as in the topographic uplands because the Borealis basin 
predates all other known martian features. VT, FK, HDK, and IDK 
all acquired their present character about the same time, the 
Early Hesperian Epoch ("Lunae Planum age"). This date of 
modification was among those detected by [10] by different meth-
ods. We believe that valleys form internally in an ice-rich 
deposit superposed on the primitive basement [9], and suggest 
here that IDK includes an originally similar deposit that has 
lost most or all of its ice. Craters and basins in the knobby 
terrain have resisted knob formation just as craters in the VT 
have resisted valley formation. 
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Therefore, starting with similar raw material, the Early 
Hesperian events produced knobs north of the front and valleys 
south of it. We have interpreted the "event" in the uplands as 
warming by igneous intrusions [9]. Here we suggest that the 
knobby terrain was created when its ice was degraded by the 

.higher heat flow in the Borealis basin interior. The difference 
·.in upland terrains in the two halves of the martian dichotomy 
supports rather than refutes the existence of the Borealis basin. 

Table 1. Cumulative numbers of craters/106km2 for units defined 
in text. Ages [11] old to young: LN, Lower Noachian; MN, Mid-
dle Noachian, UN; Upper Noachian; LH, Lower Hesperian; UH, 
Upper Hesperian. 

~5 km 

LDK 73 ±13 
IDK 145 ±12 
HDK 165 ±25 
FK 162 ±25 
VT 175 ±23 
PT 300 ±17 

LDK ::::::190 
FK 272 ±33 
IDK 525 ±23 
VT 537 ±15 
PT 665 ±26 
HDK 935 ±65 

~16 km 

Superposed craters 

5 ±4 
20 ±6 
20 ±10 
38 ±12 
29 ±8 
83 ±9 

All craters 
43 ±10 
89 ±19 
151 ±13 
172 ±9 
235 ±15 
210 ±35 

4.739 
6.160 
2.048 
2.467 
2.328 
1.083 

4.739 
2.467 
6.160 
2.328 
1. 083 
2.048 

Age 

UH 
LH 
LH 
LH 
LH 
UN 

UN 
UN 
MN 
MN 
LN 
LN 

References: [1] Wise D.U. Golombek M.P. & McGill G.E. (1979) 
JGR, 84, p. 7934-7939. [2] Carr M.H. (1981) The Surface of Mars, 
Yale, p. 65, 73. [3] Wilhelms D.E. & Squyres s.w. (1984) Nature, 
309, p. 138-140. [4] Frey H.V. Schultz R.A. & Maxwell T.A. 
(1986) LPS XVII, p. 241-242. [5] Semeniuk A.M. & Frey H.V. 
(1986) LPS XVII, p. 791-792. [6) Frey H.V. & Schultz R.A. (1988) 
LPS XIX, p. 358-359. [7] McGill G.E. (1988) LPS XIX, p. 752-753. 
[8] Wilhelms D.E. & Baldwin R.J. (1987) LPS XVIII, p. 1084-1085. 
[9] Wilhelms D.E. & Baldwin R.J. (1988) Proc. LPSC 19, in press. 
[10] Frey H.V. & Semeniuk J.A. (1988) LPS XIX, p. 360-361. [11] 
Tanaka K.L. (1986) Proc. LPSC 17, p. E139-E158. 
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NOACHIAN FAULTING IN THE MEMNONIA REGION OF MARS. 
James R. Zimbelman, Center for Earth and Planetary Studies, 
National Air and Space Museum, Smithsonian Institution, 
Washington, DC 20560. 

Correlation of results from photogeologic mapping and 
Earth-based radar measurements of topography has identified 
several normal faults, each possessing hundreds to thousands of 
meters of vertical relief, within the ancient materials present 
in the Memnonia region near Mangala Valles (1). While the 
coverage of Earth-based topographic data for Memnonia is 
somewhat limited, the geomorphic characteristics of the faults 
next to Mangala Valles have been used to identify comparable 
faults throughout the Memnonia region (0° to 30° s, 145° to 
165° W; see Fig. 1). The faults are quite numerous and are all 
oriented approximately north-south; this orientation indicates 
that the faults probably are not related to the Tharsis uplift. 

Geologic mapping of the area around the upper reaches of 
Mangala Valles, at a scale of 1:500,000, is under way as part 
of the Mars Geologic Mapping program (2). Results of the 
mapping indicate that the Mangala Valles channel system 
experienced at least three distinct flooding events that spread 
channel-related deposits and erosional scour over large 
portions of the highlands (1,2). The course of the Mangala 
Valles flooding events was constrained by the significant 
relief associated with normal faults in the Noachian materials 
(the oldest period on Mars; 3) of the southern highlands. 
Earth-based radar measurements (described in 4) indicate that 
the faults around Mangala Valles have 1 to 2.5 km of vertical 
relief (Fig. 2). West of Mangala Valles the cratered terrain 
is tilted toward the east and, if an aquifer was formed withi n 
the highland materials, the flood waters that produced the 
channel system may have been supplied through plains tilted 
during the period of north-south normal faulting (5). It is 
possible that an unnamed channel system along 161° W (Fig. 1) 
also may be the result of groundwater movement controlled by 
the major faults in the area. 

The crater retention age for the earliest Mangala flood 
deposit is lower Hesperian, much older than the young 
Amazonian materials of the Tharsis area but younger than the 
Noachian materials in the highlands (3), so that the faulting 
likely predates most of the Tharsis Montes materials (1). 
This conclusion is in agreement with the results of Schultz (6) 
who examined several structural landforms in the heavily 
cratered terrain of Mars, most of which showed no relationship 
to the stress fields predicted for proposed formation processes 
for the Tharsis uplift. The distribution of ancient faults in 
Memnonia (Fig. 1) does not support the presence of an ancient 
impact basin under the present Tharsis uplift (suggested in 
7). The ancient faults are most likely related to forces 
within the early martian crust, perhaps due to thermal stress 
accompanying a cooling lithosphere (6). 
REFERENCES: (1) J.R. Zimbelman, submitted to Proc. LPSC XIX, 
1988. (2) J.R. Zimbelman, LPS XIX, 1319-1320, 1988. (3) D.H. 
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165 Longitude 145 
Figure 1. Location of major faults (thick lines) within the 
ancient highland materials of the Memnonia region (shaded 
region). The unshaded region north of the highland materials 
consists of Amazonian age materials of the Medusae Fossae 
Formation and the unshaded region east of the highland 
materials consists of Amazonian to Hesperian age materials of 
the Tharsis Montes Formation; the highland materials are 
primarily Noachian in age (3). Dashed lines indicate channels 
produced by flow toward the north; the channels between 149° 
and 157° w form Mangala Valles but the channels along 161° W 
are unnamed. Volatile storage and release for both channel 
systems may be controlled by the major faults. The dotted box 
shows the location of the topographic profiles in Figure 2. 
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Figure 2. Five topographic profiles obtained from Earth-based 
radar measurements (4). The profiles have a vertical 
exaggeration of 57X (elevation above the 6 mbar level is shown 
at right) and the bottom of each profile corresponds to the 
data groundtrack (Latitude shown at left). The greatest relief 
is associated with faults within the highland materials. 
Mangala Valles coincides with the rather subtle topographic low 
along 150° w. The profiles are dashed across locations where 
topographic data were not available, most likely due to the 
large local relief, and dotted where covered by a preceding 
profile in this particular display. A radar resolution cell is 
0.16° in longitude by 1.3° in latitude, centered along the 
ground track. 

.. 

• 



75 

TilE SHALLOW STRUCTIJRE OF TilE LITHOSPHERE IN THE 
COPRATES AND LUNAE PLANUM REGIONS OF MARS FROM THE GEOMETRIES 
OF VOLCANIC PLAINS RIDGES; M.T. Zuber1 and L.L. Aist2 , 1Geodynamics Branch, 
Code 621, NASA/Goddard Space Flight Center, Greenbelt, MD 20771, 2Department of 
Mathematics, University of Maryland-Baltimore County, Catonsville, MD 21228. 

Wrinkle ridges are common tectonic features on Mercury, the. Moon, and 
Mars and are frequently found in volcanic plains units of these bodies [e.g. 1 and 
references therein]. On Mars, some of the most prominent assemblages of volcanic 
plains ridges occur in the Coprates and Lunae Planum regions [2]. These ridges 
most likely formed due to stresses associated with the response of the lithosphere 
to the Tharsis load [3-5], and form a nearly concentric pattern with a regular 
radial spacing of approximately 50 km [4, 6, 7]. Individual ridges have widths of 
approximately 2-15 km and vertical relief of 200-1100 meters [8]. 

A number of attempts have been made to infer the local structure of the 
martian lithosphere on the basis of the regular spacing of the ridges. Saunders et 
al. [9] applied the theory of folding in a viscoelastic medium [10] and concluded 
that ridge spacing is controlled by the thickness of the competent or strong 
volcanic surface unit and the viscosity contrast between the volcanics and an 
incompetent or weak semi-infinite substrate; they interpreted the substrate as the 
martian megaregolith. On the basis of the wavelength/layer thickness ratio 
predicted by the theory and the thickness of volcanics (~1-2 km; Ref. 11], they 
determined that the viscosity contrast between the volcanics and the substrate was 
approximately 500. Watters (12] alternatively suggested that the ridge spacing is 
controlled by a 15 km thick competent near-surface layer on the basis of the 
assumption that the dominant wavelength/layer thickness ratio (.l.d/h) for elastic 
thin plate buckling is about four. More recently, Watters [7] recognized that the 
megaregolith could be more realistically represented as a layer of finite thickness 
rather than an infinite halfspace, but he formulated the relevant elastic buckling 
problem incorrectly. From his results he concluded, in agreement with Saunders et 
al. (9], that ridge spacing is controlled by the thickness of the volcanic surface 
layer. 

We contend that because so little is known about the shallow subsurface 
structure of Mars it is necessary to consider a range of possible mechanical 
structures that could be consistent with the spacing of the ridges. Therefore, we 
are currently developing a suite of compressional deformation models that 
incorporate many features that have not been addressed in previous studies. On the 
basis of the current knowledge of the subsurface structure of Mars in the vicinity 
of the ridges, we invoke a baseline model of the lithosphere that consists of a 
thin, competent volcanic surface layer that overlies an incompetent megaregolith 
and a competent crustal lithosphere. We use the spacing of the ridges and the known 
thickness of the volcanic units as the primary constraints on the vertical 
rheological structure. 

Thus far we have investigated two classes of simple models. The first 
consists of a strong layer underlain successively by a weaker layer and a strong 
halfspace, all of uniform strength. In this case the entire lithosphere is free to 
deform. Tliis corresponds to a situation in which stresses of sufficient magnitude 
to induce deformation penetrate deeper than the base of the megaregolith. In the 
second case the lithosphere consists of a strong surface layer underlain 
successively by a weak layer and a rigid boundary, which represents a scenario in 
which deformation is confined to very shallow depths. For each of these models we 
have explored the effects of layer thickness, rheology, layer strength contrasts, 
and the effect of gravity. The rheologies that we have considered, assuming a 
relationship between strain rate (£) and stress (u) of the form £=Au'l, are 
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Newtonian viscosity (n=l), non-Newtonian viscosity (n=3), and perfect plasticity 
(infinite n). The linear viscous solutions are equivalent to elastic solutions if 
velocities are replaced by displacements aild viscosities by modula of rigidity. 

Figure 1 shows an example of the results for a uniformly compressing linear 
viscous model lithosphere (n1_3=1) with a strong surface layer, weak subsurface 
layer, and a strong substrate that is free to deform (the subscripts 1, 2 and 3 
correspond to the surface layer, subsurface layer and substrate, respectively). The 
figure illustrates how the predicted dominant wave number (kd') and wavelength 
().d/h1) vary with the thickness of the weak layer (h2) for three values of the 
strength contrast between the surface and subsurface layers R1(=r1/r2). The 
strength contrast between surface layer and substrate R2(=r1/r3) is assumed fixed 
at 0.5. Note that large R1 or h2 yield wavelength/layer thickness ratios that are 
compatible with the observed ridge spacing. For R1=100 or more, a regolith 
thickness of 5 km or greater yields acceptable solutions. This range of regolith 
thickness is at the upper limit of, but consistent with, current estimates 
determined from crater and volatile studies (e.g. 13]. The solutions are not 
particularly sensitive to n2, n3 or R2 for R2<1. 

The dominant wavelength for a model lithosphere consisting of a strong 
layer underlain by a weak layer and a rigid base is less than that for a layer 
underlain by a semi-infinite halfspace. Figure 2 illustrates this for a plastic 
layer (n1=104) that overlies a non-Newtonian layer (n2=3). The figure plots kd' and 
).d/h 1 as a function of h2. In these calculations it was assumed that deviatoric 
stresses in the lithosphere are weak enough such that gravitational effects are 
important. Large h2/h1 corresponds to the limiting case of an infinite halfspace. 
Note that none of the conditions shown in Figure 2 can explain the spacing of the 
ridges. For a plastic surface layer, ).d/h1 is insensitive to changes in R 1 (e.g. 
14]. 

In all of the cases that we have examined with a plastic rheology, either 
the wavelength/layer thickness ratios are too small to explain the spacing of the 
ridges or the models yield multiple wavelengths of deformation. Since a perfectly 
plastic rheology is a continuum approximation of a medium that undergoes 
deformation by pervasive faulting, we conclude that such rheological behavior 
cannot account for the spacing of the ridges. 

We can make several other preliminary conclusions about the structure of 
the martian lithosphere in the vicinity of the regularly spaced volcanic plains 
ridges. First, if the volcanic layer displayed viscous (n~1-3) or elastic behavior 
at the time of ridge formation, then an underlying weak regolith of uniform 
strength must have been at least several km thick. Furthermore, the strength of the 
regolith must have been at least an order of magnitude less than that of the 
volcanics. For a given ).d/h1, the strength contrast between the volcanic and 
regolith layers "trades off" with the thickness of the weak layer in a manner such 
that a greater strength contrast is compatible with a thinner regolith. Another 
implicit result is that if the megaregolith was thin (on the order of I km or 
less), then the thickness and mechanical properties of the volcanics could not have 
played a central role in determining the ridge spacing. The length scale in this 
case would have been controlled primarily by the thickness and material properties 
of the sub-regolith lithosphere. This would be interesting in light of the fact 
that the ridges (not only on Mars, but on the Moon and Mercury as well) form 
preferentially in volcanics. 
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Figure 1. Dimensionless dominant wave number (kd') and wavelength (>.d/h1) as a 
function of the thickness of a subsurface layer of thickness h2 for a model 
lithosphere with a competent surface layer over an incompetent subsurface layer and 
a competent substrate. Results are shown for three ratios of the strengths of the 
surface to subsurface layers (R1=r1/r2). 
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Figure 2. Dimensionless dominant wave number (kd') and wavelength (>.d/h1) as a 
function of a subsurface layer of thickness h2 for a model lithosphere that 
contains a strong perfectly plastic layer over a weak viscous layer and a rigid 
base. All parameters are normalized by the thickness of the surface layer h1. 
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