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Introduction: Meridiani Planum (MP) and Arabia 

Terra (AT) form a large (26 x 10
6
 km

2
) relatively flat, 

northward sloping plateau extending N-S for ~3600 km 

between the dichotomy boundary/fretted terrain to the 

north and the heavily cratered Noachian uplands to the 

south (Fig. 1). The geological history [1,2] includes the 

formation of the Borealis Basin to the north, significant 

Noachian cratering of that surface, emplacement of Noa-

chian volcanic ridged plains that embay the cratered up-

lands and form the basic topography of the flat AT plat-

eau, with some protruding Noachian crater rims, fol-

lowed by development of the fretted terrain. The surface 

of the MP-AT plateau consists of a series of complex 

units dominated by an extensive unconformable fine-

grained mantling unit that has been heavily modified and 

pitted, as well as terrain inversion and inverted fluvial 

channels forming coincident with the erosion and dissec-

tion of the adjacent uplands by valley network systems, 

and filling of craters (open and closed basin lakes and 

mounded craters) [3-10].  

      
Fig. 1. Topographic map of Mars (MOLA) centered on Arabia Terra 
and Meridiani Planum, left center, showing the +1 km ELA (white 

above) and the distribution of valley networks (blue), open basin lakes 

(red dots) and closed basin lakes (green dots). 

During this latter period (Late Noachian-Early Hes-

perian, LN-EH), in addition to the thick unconformable 

fine-grained mantling deposits, evaporites were formed 

in Meridiani Planum (and other areas on AT; [11]), 

clearly documented in regions explored by MER Oppor-

tunity [12], and interpreted to represent evaporitic playa 

deposits [13]. Cold-based glaciation followed in the Am-

azonian, with plateau glacial landsystems and further 

modification of the fretted terrain by glacial lineated 

valley fill and lobate debris aprons [14]. Here we focus 

on the Late Noachian-Early Hesperian period of MP-AT 

history during which the unconformable mantling unit, 

the valley networks and fluvial/inverted channels, the 

mounded craters and lakes, and the evaporitic Meridiani 

deposits were formed. The prevailing interpretation for 

the Meridiani crater, plains and plateau units is that they 

formed in a ‘warm and wet’ climate environment [15], 

with a vertically integrated hydrological system, and 

rainfall precipitation recharging a global aquifer that 

evaporatively upwells in the MP/AT region, flooding 

craters and plains with groundwater to form the mound 

craters and in the adjacent plains, interdune playa areas 

that form the Meridiani-type sulfate deposits. This sce-

nario [16] envisions that these deposits formed from a 

rising and falling water table and evaporative concentra-

tion of groundwater rich in solutes derived from chemi-

cal alteration of a basalt substrate hosting the aquifer. In 

this contribution, we outline an alternative interpretation 

that calls on a ‘cold and icy’ Late Noachian climate envi-

ronment [17] to explain these observations. We first re-

view the characteristics of the mantling deposit and its 

related features in the MP-AT region and then assess 

their consistency with this model. 

Characteristics of the unconformable mantling 

unit: The emplacement and subsequent widespread ero-

sion of thick unconformable mantling and etched depos-

its in the Arabia Terra and nearby regions has been rec-

ognized since Viking, and synthesized in global geologic 

maps (Nple “etched” terrain [18]; a stratigraphically dis-

tinct layered mantling unit emplaced unconformably on 

Noachian cratered terrain, displaying a sculpted and 

etched appearance, filled craters and lows, widespread 

mesas and butte remnants. The “dissected” terrain, Npld, 

is defined by the presence of valley networks and is lo-

cated south of the Nple unit adjacent in the adjacent up-

lands). The major characteristics of the etched unit in-

clude [3-7, 19]: Unconformably overlies and distinctly 

different than underlying ancient Noachian cratered ter-

rain, emplaced over a wide range of elevations (-1500 to 

+1500 m), fills lows and crater floors/interiors, thickness 

up to 400 m, median ~60 m, surfaces are flat and 

smooth, characteristic repetitive layering at the 5-15 m 

scale, friable, and when disaggregated forms knobs and 

dunes implying made of dust and fine-grained sand. 

There are two modes of occurrence: 1) isolated mesas 

and buttes (up to tens of km across and hundreds of me-

ters high), 2) draped in low-lying regions surrounded by 

higher older topography (crater floors).  These remnants 

indicate extensive erosion and terrain inversion, includ-

ing craters and valley network channel deposits. Inverted 

channels have direct connections with eroded channels 

upstream, and with inverted crater and inverted ponded 

deposits below, arguing for at least partial contempora-

neity of dust/sand and channels, and later inversion. 

Where the unit has been removed, steep scarps, aprons, 
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dunes observed; 100-300 m high steep erosional scarps 

argue for some cementation or induration mechanism for 

parts of unit; locally extensively pitted at km scale. Ero-

sion and removal are interpreted to be by eolian activity, 

and deposit may have been volatile-rich to assist in re-

moval and induration, a possibility consistent with direct 

removal of snow and ice to the atmosphere. The paucity 

of craters at 8-32 km and fewer craters found at succes-

sively smaller diameters indicates erosive removal and 

burial; similar unit crater populations post N-H boundary 

implies unit emplacement/removal largely ceased.  

   

 
Fig. 2. Perspective view showing the LNIH conceptual framework for 

Meridiani Planum and Arabia Terra. Hydrologic cycle is horizontally 
stratified, cold-based glaciers in icy highlands near and above the +1 

km ELA (top), fine grained sediment from drop moraine deposition 

redistributed by katabatic winds into loess plain, overlying Late Noa-
chian volcanic plains. Punctuated heating events raise global MAT, 

resulting in top-down melting of the glacial front and runoff of meltwa-

ter onto loess plains to form extensive outwash plains (sandur). Por-
tions of outwash plains form open and closed basin lakes and playa 

deposits, where evaporation leads to production of sulfates and subse-

quent alteration and diagenesis. 

Comparison of the Mantling Unit Characteristics 

with the “Cold and Icy” Climate Scenario: In this 

“Late Noachian Icy Highlands” scenario [17], the MAT 

is almost 50 K (~225 K) below the water melting tem-

perature, the hydrologic system is horizontally stratified 

(the extremely cold surface environment is separated 

from any deep subsurface groundwater by a global ice-

cemented cryosphere), and snow and ice are concentrat-

ed in the uplands above an equilibrium line altitude 

(ELA) of +1 km [20-21], creating an expanded south 

polar cap [22] and a huge area of regional cold-based 

glaciation. The periglacial margins of the regional cold-

based ice sheets (below and in the vicinity of the ELA) 

concentrate fine-grained drop moraine material originat-

ing from atmospheric dust/tephra incorporated into the 

flowing cold-based ice [23], and katabatic winds redis-

tribute this material across MP-AT to form a loess plat-

eau and a widespread wedge of eolian material sloping to 

the north. Episodic punctuated impact [24] or volcanic 

[25] events perturb the background climate so that tem-

peratures exceed 273 K for a sufficiently long period that 

the ELA rises and top-down melting of the ice sheet oc-

curs [26-27], causing extensive meltwater generation and 

runoff, carving the valley networks, eroding and trans-

porting material across the periglacial loess plateau to 

create a combined loess-sandur plain on MP-AT, and 

creating plateau aqueous environments conducive to the 

formation of evaporites. We thus find the geologic char-

acteristics of the unconformable, layered, pitted and 

evaporitic unit consistent with the LNIH model.   
Interpretative Framework: The perspective view 

of Meridiani Planum and Arabia Terra (Fig. 2) and their 

interpreted history in the LNIH climate scenario, define a 

series of zones in which predictions are made and hy-

potheses can be tested. In the cold-based glacial region 

above the ELA, thick ice should have protected the sub-

jacent terrain from small to moderate-sized impacts, de-

pending on ice thickness [28] and eventual ablation of 

the ice sheet should have left fine-grained mantling de-

posits. In the proglacial, periglacial environment at and 

below the ELA, significant drop moraine dust and sand 

should accumulate and be redistributed by katabatic 

winds to form a loess plateau of eolian sediment, infil-

ling existing lows and craters. Raising and lowering of 

the ELA during punctuated heating and top-down melt-

ing events will erode morainal dust and loess deposits; 

fluvial incision into the bedrock substrate megaregolith 

will produce additional coarse sediments and a series of 

immature VN systems, depending on duration. The re-

gional loess plains atop the flat volcanic deposits transi-

tion to glacial outwash plains during peak heating and 

melting events as valley networks erode sediment and 

transport it across the loess plains in braided and ana-

branching channels [19], depositing course material rela-

tive to the typical loess plains. Meltwater tends to pond 

in topographic lows and distal portions of the lo-

ess/outwash plain, undergoing evaporative concentration 

of meltwater (perhaps made sulfur-rich by volcanic erup-

tion)[25]. Eolian redistribution of dust/sand continues 

between punctuated melting cycles. At the end of the 

LNIH glacial phase, regional glacial ice ablates, VN ac-

tivity ceases, and on the loess-outwash plains eolian ac-

tivity and ablation of ice/volatiles causes topographic 

inversion, revealing inverted stream channels [8,19] and 

sulfur-rich evaporative playa deposits [13].  
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