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Map base is a Mars Orbiter Laser Altimeter (MOLA) shaded-relief image
The original MOLA digital elevation model was falsely illuminated with a
sun angle of 45° and azimuth of 225°
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lines at 30° interval.
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Figure 1. Color shaded-relief image showing informally named features in the northern hemisphere of Mars

from Mars Orbiter Laser Altimeter (MOLA) data (1/128°/pixel). The northern plains are divided into three
broad, coalesced basins (Borealis basin, Utopia basin, and Isidis basin). Two major volcanic regions within or

adjacent to the map boundary are Tharsis rise and Elysium rise. Six provinces of geologic activity are shown
(Amazonis province, Elysium province, Tharsis province, Isidis province, Chryse province, and Borealis
province). Highland areas are not divided into provinces. All names on this figure are informal and not
approved by the International Astronomical Union. Polar stereographic projection; scale varies with latitude.

SCALE 1:15 000 000 (1 mm = 15 km) AT LAT 90° N.
SCALE 1:7 500 000 (1 mm = 7.5 km) AT LAT 0° N.
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Figure 2. Stereographic projection of the northern hemisphere of Mars showing impact craters
larger than 5 km in diameter. Pristine and degraded crater data from N.G. Barlow (written commun.,
2003). Explanation reflects the stacking of data, which results in some covered points in lower
layers. Geologic map unit contacts shown in gray. Scale varies with latitude.
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[The N(5) and N(16) crater density
boundaries for the Martian epochs
are adapted from Tanaka (1986);
the boundaries are approximately
defined due to geologic uncertain-

@» Contraction @ Mass wasting/erosion ties]

@» Extension &@» Uncertain/other

No. craters
per 1,000,000 km?2

>5 km diam  >16 km diam
A A

Late

Middle

AMAZONIAN
A

Early

Late

HESPERIAN
N

Early

>
2
3<
> ____________________________________________
Z
5
R
< &
Sl 24
=
e
5 <
m

PRE-NOACHIAN
A

DESCRIPTION OF MAP UNITS

The map units of the northern plains of Mars are arranged by geologic province and
from youngest to oldest within individual provinces and within unit groups. Unit appear-
ance and stratigraphic relations are based on MOLA, THEMIS, MOC, and Viking data sets;
some helpful THEMIS image numbers are given (I, infrared; V, visible wavelength). Map
units have MGS-TES spectral signatures generally indicative in high albedo regions of
surface dust and in low albedo regions of basaltic and, perhaps, andesitic or altered basaltic
lithologies that may include zeolites, silica-rich alteration products, and clay minerals
(Bandfield and others, 2000; Wyatt and others, 2004; Michalski and others, 2005). MOC
narrow-angle images indicate that surfaces above approximately lat 40° N. are mantled by a
deposit 1 to 10 m thick that may be composed of dust and water ice (Mustard and others,
2001). We do not map that mantle deposit, but it obviously alters the fine-scale surface
morphology and spectral characteristics of the map units at high latitudes. We do show the
extent of north polar residual ice as displayed in MOC wide-angle images.

Unit selections, names, descriptions, mapping, and interpretations include some
significant modifications to previous, Viking-based mapping (Scott and Tanaka, 1986;
Greeley and Guest, 1987; Tanaka and Scott, 1987) and our own preliminary results (Tanaka
and others, 2003b). Summaries of unit areal extent, crater densities, contact relations, and
relative ages are provided in table 1. Additional discussion of unit characteristics, superpo-
sition relations, and references are given in the Stratigraphy section of the accompanying
pamphlet.

AMAZONIS PROVINCE

[Region lying between the Tharsis and Elysium rises consisting of Amazonis and Arcadia
Planitiae]

@ Medusae Fossae unit (Late to Early Amazonian)—Forms vast, discontinu-
ous deposit along south border of Elysium and Amazonis Planitiae; much
of unit occurs outside of map area. Reaches hundreds of meters in
thickness. Appears to be made up of sequence of layers, some of which
exhibit systems of parallel linear ridges and grooves. Locally, ridges form
whorled patterns several kilometers across (102202005). Variable circular
forms generally >100 m to few kilometers across, including rimless pits
and mesas, some with shallow summit craters. Overlies most adjacent
units, embayed by Cerberus Fossae 1 unit (AECq), and may interfinger
with Amazonis Planitia 2 south (I01865010) and Cerberus Fossae 3
(AAaog and AEC3) units. Some minor occurrences within Amazonis
Planitia 1 south and 2 south units not mapped. Interpretation: Volcanic
ash deposits from local, buried vents and (or) other uncertain origin(s).
Stratigraphic relations and crater counts (within map area) indicate Early
to Late Amazonian age. Ridges and grooves in most cases appear to be
wind-eroded landforms controlled by structural fabric and (or) wind
patterns

- Amazonis Planitia 2 north unit (Late to Middle Amazonian)—Forms
extremely flat regional plains surface and partly fills shallow basin in
central Amazonis Planitia as seen in MOLA data. Subtle, sinuous
channels ~10 to 30 km wide and hundreds of kilometers long dissect
surface, mostly trending toward the east. Flow ridges in MOC images;
smooth to bumpy in THEMIS visible images, with local sinuous channels
few hundred meters wide and streamlined bars hundreds of meters long
(V03451003). Sparse craters tens of meters to few hundred meters in
diameter. Overlain by Cerberus Fossae 3 unit (AEC3) and incompletely
buries low irregular ridges, wrinkle ridges, and prominences of underly-
ing Amazonis Planitia 1 north unit (AAaqp) and, perhaps, other older
materials. Contact with Amazonis Planitia 2 south unit (AAapg)
indistinct. Embays Lycus Sulci unit (AT). Interpretation: Lava flows and
perhaps fluvial sediments sourced from Marte Vallis drainage system and
(or) other sites from within Amazonis Planitia as extensions of Cerberus
Fossae 2 and 3 and (or) Amazonis Planitia 2 south units

- Amazonis Planitia 2 south unit (Late to Middle Amazonian)—Consists of
sequence of broad (tens to >100 km wide), long (hundreds of kilometers),
planar, gently sloping lobate flows covering Amazonis Planitia. Lower
flows include linear to zigzagging ridges a few hundred meters wide and
tens of kilometers long and grooves mostly about 100 m wide that cut or
connect some ridge crests. Includes 30-km-diameter shield at lat 13.5° N,
long 212° E. Sparse craters tens of meters to a few hundred meters in
diameter. Overlies Arcadia Planitia and Lycus Sulci units (HAa and ATI)
and appears to interfinger with Medusae Fossae unit (AAmM). Interpreta-
tion: Voluminous lava flows erupted from irregular pits and rilles in
eastern Amazonis Planitia and within western part of Lycus Sulci unit,
from a small shield, and possibly from sources buried by Medusae Fossae
unit. Lower flow surfaces fractured into plates during waning stages of
flow

- Amazonis Planitia 1 north unit (Middle to Early Amazonian)—Consists of
rugged flow materials of northern Amazonis Planitia and Arcadia
Planitia, extending several hundred kilometers west-northwest from
beneath Lycus Sulci unit (ATI) northwest of Olympus Mons. In Arcadia
Planitia, includes flows with rampart margins, irregular surfaces, and
depressed interiors (V03077003 at lat 35.7° N., long 181.3° E.). Locally
dissected by sinuous channel systems. Moderate density of subkilometer
craters. Buries Vastitas Borealis marginal and interior and Arcadia
Planitia units (ABvpy,, ABvj, and HAa) and embays Noachis Terra and
Nepenthes Mensae units (Nn and HNn). Onlapped by Amazonis Planitia
2 north (AAaop) and Lycus Sulci units. Interpretation: Lava and perhaps
volcaniclastic flows sourced from Olympus Mons region

- Amazonis Planitia 1 south unit (Early Amazonian to Late Hesperian)—Complex
unit in southern Amazonis Planitia and within and near Orcus Patera that
includes lobate flows, other flows locally showing patterns of elongate
grooves, and indistinct plains-forming material. Moderately cratered,
includes partly buried and pedestal craters. Streamlined bars and scarps
occur at ~lat 1° N., long 207° E. Local, flat-floored depressions several
kilometers to tens of kilometers across and tens of meters deep. Overlain
by Amazonis Planitia 2 south and north units (AAasg and AAaop).
Interpretation: Lava flows and perhaps debris flows from unknown, probably
buried sources and fluvial sediment perhaps from Mangala Valles, which
debouches into Amazonis Planitia ~300 km south of the streamlined features. Ped-
estal craters indicate that Medusae Fossae unit (AAm) likely formerly
buried much of the exposed unit; buried parts of unit potentially could
extend broadly beneath Medusae Fossae unit. Depressions indicate that
areas of the unit have degraded and retreated, perhaps where earlier, friable mate-
rial had been embayed by unit and subsequently removed by erosional
processes

- Arcadia Planitia unit (Late to Early Hesperian)—Bumpy plains-forming
material (as viewed in the MOLA DEM) in southwestern Amazonis
Planitia, southern Arcadia Planitia, and eastern part of Tartarus region.
Includes large knobs several kilometers across, some of which are
organized into circular rings. Some large knobs surrounded by terraced
aprons have abrupt contacts with surrounding plains-forming material.
Locally includes smaller knobs hundreds of meters across. Marked by
north-trending wrinkle ridges spaced tens of kilometers apart. Moderately
pitted by craters several kilometers across and smaller; some craters
appear embayed to mostly buried. Embays Nepenthes Mensae unit (HNn)
and overlain by Elysium rise (AHEe) and other units. Interpretation:
Large knobs and ridges may be made up of undivided Noachian material
degraded by mass wasting of near-surface, volatile-rich rocks to form
plains material; plains material also may include sediments and lava
flows. Rampart flows in southern Arcadia Planitia may be debris flows.
Smaller knobs may include remnants of former mantles, possibly includ-
ing Medusae Fossae unit (AAmM)

ELYSIUM PROVINCE

[Elysium province includes Elysium rise and Elysium Planitia. Some materials originating
in this province extend into Utopia and Amazonis Planitiae]

_ Cerberus Fossae 3 unit (Late Amazonian)—Flat-lying, broad flows with
lobate margins flooding much of Elysium Planitia, the floor of Marte
Vallis, and low plains of southwestern Amazonis Planitia. Flows marked
by ridges that outline plates. Locally scoured by shallow channel systems,
including Athabasca Valles. Sparsely cratered in MOC narrow angle
images. Overlies all adjacent units except patch of Medusae Fossae unit
(AAm). Interpretation: Voluminous lava flows similar to Laki flow in
Iceland. Locally may include minor fluvial deposits of Athabasca Valles.
Source vents include Cerberus Fossae and local shields. May be <10 Ma.
Some eruptions may be associated with ground-water discharges

- Cerberus Fossae 2 unit (Late to Middle Amazonian)—Forms low terraced
plains along and dissected by Marte, Rahway*, and Grjota* Valles.
Moderate density of craters a few kilometers in diameter and less. Issues
from Cerberus Fossae and associated vents. Embays Noachis Terra,
Nepenthes Mensae, and Arcadia Planitia units (Nn, HNn, and HAa);
embayed by Cerberus Fossac 3 unit (AEc3). Interpretation: Flows
erupted from Cerberus Fossae prior to dissection of Marte Vallis during
Middle to Late Amazonian

- Cerberus Fossae 1 unit (Middle to Early Amazonian)—Consists of patches
of relatively high standing, plains-forming material within and along
south margin of Elysium Planitia. Characterized by sets of arcuate
fractures, lobate scarps, and depressions filled with knobs. Overlies and
grades with Medusae Fossae unit (AAm); buried by Cerberus Fossae 2
and 3 units (AECo and AECg). Interpretation: Material derived from
Medusae Fossae unit that was apparently broken up, uplifted, and locally
wetted and that flowed possibly due to periglacial and groundwater-
related processes. Depressions may have resulted from collapse due to
volatile discharge

N Tinjar Valles b unit (Early Amazonian)—Fills broad irregular channel
systems of Granicus, Tinjar, Apsus, and Hrad Valles and Galaxias Fossae
dissected within Tinjar Valles a unit (AEtg). Appears smooth in MOLA
DEM. THEMIS images display local overlapping flows and irregular
topography, including channel levees (V04327009). Interpretation:
Fluvial deposits and debris flows of reworked Tinjar Valles a unit and
perhaps volcaniclastic rocks sourced from Elysium Fossae

- Tinjar Valles a unit (Early Amazonian)—Forms flows extending >2,000 km
into Utopia Planitia. Includes hummocky, pitted, and channeled surfaces.
Flows typically several tens of meters thick, emanating from mostly
northwest-trending fissures and troughs of Elysium Fossae in northwest
margin of the Elysium rise. Grades into Tinjar Valles b unit (AEtp) and
shield flows of Elysium rise unit (AHEe); overlies Vastitas Borealis units
(ABVyy and ABvVj) and plains-forming flows of Elysium rise unit. Flows
appear to embay ejecta of most large craters surrounded by unit. Super-
posed, kilometer-size craters commonly have high-standing ejecta
blanket and mound of material covering crater floor. Interpretation:
Massive volcaniclastic flows formed from magma/volatile interactions;

subsequent modification due to escape of volatiles and perhaps heating
and activity of volatile-rich substrate. Some channel floors proximal to
Elysium rise may include lava flows and scoured underlying materials.
Crater density indicates Early Amazonian age, although some large
craters within unit are also embayed by unit

- Elysium rise unit (Early Amazonian to Late Hesperian)—Consists of

[Tharsis province

extensive tongue-shaped flows and forms edifices (Elysium Mons,
Hecates Tholus, and Albor Tholus) and surrounding surfaces of Elysium
rise. Locally, marked by various linear and arcuate troughs as much as
few kilometers deep and hundreds of kilometers long. Unit overlies
Arcadia Planitia and Vastitas Borealis interior units (HAa and ABv;) and
has indistinct contacts with Utopia Planitia 1 and 2 units (HBuqy and
HBuU»). Overlain by Vastitas Borealis marginal, Cerberus Fossae 2, and
Tinjar Valles a and b units (ABvyy,, AECo, AEtg, and AEty). Contains
moderately dense craters several kilometers in diameter and larger and is
marked by wrinkle ridges on periphery of Elysium rise. Interpretation:
Lava flows and possibly other volcanic materials

THARSIS PROVINCE
includes the periphery of Tharsis rise, including Olympus Mons aureole,

Alba Patera, Tempe Terra, and Lunae Planum]

_ Lycus Sulci unit (Middle Amazonian)—Forms broad lobes of aureole

materials of Olympus Mons. Corrugated surface of ridges and troughs
(Lycus Sulci) and hummocky terrain having local relief of hundreds of
meters or more. Has relatively smooth margin with abrupt edge where
overlies Amazonis Planitia 1 north unit (AAaqp). Troughs appear smooth
or marked by curved patterns of striations. Unit overlain by Medusae
Fossae unit (AAm) and embayed by Amazonis Planitia 2 north and south
units (AAapp and AAaog). Sparse subkilometer craters. Interpretation:
Lower shield lavas of Olympus Mons that moved en masse in Amazonis
Planitia by landsliding or gravity spreading (Lopes and others, 1980;
Tanaka, 1985; McGovern and others, 2004). Troughs covered by dust
deposits, locally carved by wind to form yardangs. Stratigraphic relations
indicate Middle Amazonian age

- Alba Patera unit (Late Hesperian)—Forms northern part of broad Alba

Patera shield comprised of sinuous flows tens of kilometers wide and
hundreds of kilometers long. Includes multi-lobed, flat-topped flows,
some with channels, and sinuous, sharply crested flows with discontinu-
ous depressions at the crests. Flows at higher elevations are more sharply
defined. At lower elevations, flows are marked by kilometer-size pedestal
craters. Underlies southern part of Scandia region unit (ABS) and
embayed by Vastitas Borealis marginal unit (ABVpy). One flow extends
several hundred kilometers beyond Alba Patera shield margin, beneath
Milankovi¢ crater. Cut by grabens of Tantalus Fossae. Interpretation:
Flow morphologies indicate mostly basaltic lava flows originating from
local fissures on Alba Patera shield; some channeled flows may be ash
flows or lahars. Late Hesperian crater density

i
Lunae Planum unit (Early Hesperian to Middle Noachian)—Forms Lunae

Planum, perhaps kilometer or more in thickness. Exposure in Valles
Marineris (off map) indicates layered sequence several kilometers thick.
Marked by wrinkle ridges. Embays Libya Montes unit (NI) and embays
and perhaps interfingers at depth with Noachis Terra unit (Nn). Embayed
by Chryse Planitia 3 unit (HCcCg). Interpretation: Basaltic sheet flows
erupted from possible vents associated with structures of Valles Marin-
eris. Upper materials date from Early Hesperian; lower rocks likely
Noachian where exposed by Kasei Valles erosion

ISIDIS PROVINCE

[Isidis province includes Isidis Planitia, Syrtis Major Planum, and Amenthes Planum*]

Isidis Planitia unit (Early Amazonian)—Plains-forming deposit marked by

linear and arcuate ridges and chains of pitted cones hundreds of meters
wide; ridges may extend several to a few tens of kilometers and originate
from knobs up to a few kilometers wide. Also includes narrow sinuous
ridges within shallow troughs in places near unit margin. Generally
brighter in THEMIS daytime images than Utopia Planitia 2 unit (HBuo)
in southern Isidis Planitia. Moderately cratered and includes several ghost
craters several to a few tens of kilometers across. Overlies adjacent units
and embays zones of chaos within lowermost exposed parts of the Syrtis
Major Planum unit (HIS). Marked by wrinkle ridges, many with
asymmetric profiles. Surface of unit ~300 m lower on southwest margin
than on northeast edge. Interpretation: Sedimentary deposit, rapidly
emplaced. May result from discharge of ground water or from overspill
of northern plains ocean across a divide from Utopia basin. Pitted cones
may form by sedimentary volcanism due to compaction of volatile-rich
sediments, and sinuous ridges within troughs may be related to deforma-
tion of volatile-rich material; other alternatives possible. Crater density
indicates Early Amazonian age. Wrinkle ridges may have formed by
compressional stress developed from loading by unit

- Syrtis Major Planum unit (Late to Early Hesperian)—Forms flow tongues

on eastern, lower margin of Syrtis Major Planum. Includes two ridges
~30 km wide and 200 km long with discontinuous narrow depressions
along the crests. Some flows include medial channels. Overlies Libya
Montes, Noachis Terra, and Nepenthes Mensae units (NI, Nn, and HNn)
and embays some craters within unit. Lower margin cut by fractures,
scarps, and depressions infilled by the Isidis Planitia unit. Lower crater
density in unit than in unmapped flows making up remainder of Syrtis
Major Planum. Interpretation: Basaltic lava flows; mixture of ages from
the Early to Late Hesperian, given crater density distribution. Represents
mostly late-stage volcanic activity of Syrtis Major Planum

- Amenthes Planum unit (Early Hesperian)—Broad, thin flows with lobate

[Chryse province

margins in THEMIS images infilling trough of Amenthes Planum* on
east margin of Isidis basin and bounded on east by Amenthes Rupes.
Moderately cratered and embays some relatively pristine craters. Locally
dissected by channels and moderately deformed by Amenthes Fossae.
Embays Libya Montes, Noachis Terra, and Nepenthes Mensae units (NI,
Nn, and HNn); contact with Utopia Planitia 1 unit (HBu4) not well
defined. Marked by wrinkle ridges. Interpretation: Lava or debris flows
originating within Amenthes Planum*

CHRYSE PROVINCE
includes Chryse Planitia and associated outflow channels and chaotic

terrain cut into adjacent highlands]

- Simud Vallis unit (Late Hesperian)}—Forms complex chaos and channel-

floor materials of Simud, upper Tiu, and Shalbatana Valles and
Hydraotes, Hydapsis, and Aram Chaos. Terraced knobs and mesas of
chaos typically several kilometers to tens of kilometers across. Channel
floors include knobs, ridges, and polygonal fractures. Occurs within
Chryse Planitia 1, Libya Montes, and Noachis Terra units (HNCcq, NI,
and Nn), including streamlined islands, and forms isolated depressions
hundreds of meters below nearby channel floors. Interpretation: Unit
includes large blocks and debris of older materials disrupted and
transported by eruptions of volatile-rich material under high pore-fluid
pressure. Channel floors covered with debris flows. Terraces, ridges, and
beds indicate local progressive lowering and collapse, deformation, and
infilling (V01811008, V01449011). Represents dominantly Late
Hesperian activity

- Chryse Planitia 4 unit (Late Hesperian)—Forms deposits in Chryse Planitia

where Simud, Tiu, and Kasei Valles enter the northern plains. Marked
locally by irregular and curvilinear grooves, knobs, low shields, and thin
circular sheets; relatively bright in THEMIS daytime infrared images
(V03871003, 100875005, 101287006). Locally displays rampart margin
where embays low, streamlined, irregular plateaus of Chryse Planitia 1
unit (HNCcq; 100875005). Also embays southern part of Chryse Planitia
3 unit (HCc3) in western Chryse Planitia and Ares Vallis unit (HCa) in
eastern Chryse Planitia. Overlain by Vastitas Borealis marginal unit
(ABvyy); gradational with Simud Vallis unit (HCs) and part of Chryse
Planitia 3 unit. Interpretation: Deposits from Simud and Tiu Valles; likely
debris flows and (or) rapidly emplaced fluvial sediments. Floods overran
and dissected Chryse Planitia 3 and Ares Vallis units, emplacing deposits
in moderate- to high-energy environments within dissected plain. Low
shields formed by mud volcanism; polygonal grooves formed later by
sediment compaction. Predates Vastitas Borealis marginal unit and has
Late Hesperian crater age

- Chryse Planitia 3 unit (Late Hesperian)—Forms deposits in western and

eastern parts of Chryse Planitia and on floors of Kasei and Ares Valles.
Has relatively smooth appearance, marked by sharp-rimmed craters and
crenulated wrinkle ridges. Subtly embays Chryse Planitia 1 and 2 units
(HNCcq and HCco) and Ares Vallis unit (HCa) in eastern Chryse
Planitia. Overlain by Vastitas Borealis marginal unit (ABvy,) and both
embayed by and gradational with Chryse Planitia 4 unit (HCcCy). Interpre-
tation: Fluvial deposits from Kasei, Maja, and Ares Valles and perhaps
other channel systems. May include aeolian deposits in some channel
floor outcrops. Predates Vastitas Borealis marginal unit and has Late
Hesperian crater age

Vallis unit (Late Hesperian)—Forms deposit in Ares Vallis, lower Tiu
Valles, southern Chryse Planitia, and Iani Chaos (south of map area).
Mostly dark (cool) in daytime THEMIS infrared images and moderately
bright in THEMIS visible images. Marked by irregular pits, scalloped
margins, and linear scarps and grooves in lower Ares and Tiu Valles.
Moderately cratered. Overlies valley floor of Ares Vallis (Libya Montes
and Noachis Terra units; NI and Nn); embays dissected Oraibi, Wabash,
Wahoo, Lydda, and Kipini craters along lower Tiu Valles; and embayed
by Chryse Planitia 3 and Vastitas Borealis marginal units (HCcg and
ABV,). Most outcrops display a high olivine spectral signature in TES
and THEMIS data. Interpretation: Deposit having coarse-grained and (or)
indurated cap layer, which issues from sources in Iani Chaos. Olivine
signatures suggest a possible igneous origin. Pits may have formed by
thermokarst collapse prior to induration. Geologic relations indicate Late
Hesperian age

- Chryse Planitia 2 unit (Late to Early Hesperian)—Forms plains material

along west and east margins of Chryse Planitia, tear-drop-shaped islands
in northern Chryse Planitia, and hummocky material on higher, broad
terraces within Kasei Valles. Embays Libya Montes, Noachis Terra, and
Chryse Planitia 1 units (NI, Nn, and HNCc4) and overlain by Chryse
Planitia 3 and 4 and Vastitas Borealis marginal units (HCcg, HCcy4, and
ABV,). Marked by wrinkle ridges. Moderately cratered. Interpretation:
Early fluvial deposits and debris flows of Kasei (from discharges via
Sacra and Nilokeras Fossae), Ares, Maja, Shalbatana, Bahram, Vedra, and
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Maumee Valles and perhaps Simud and Tiu Valles. Early to Late
Hesperian crater age

- Chryse Planitia 1 unit (Early Hesperian to Late Noachian)—Forms high

plains deposits along west and east margins of Chryse Planitia. Includes
scoured floor of lower Maja Valles, where Chryse Planitia 2 unit (HCCo)
appears eroded away. Marked by wrinkle ridges and, locally, lobate
scarps and kilometer-size knobs and mesas; moderately cratered. Embays
or grades with Libya Montes and Noachis Terra units (NI and Nn);
embayed by Chryse Planitia 2—4 units and cut by Simud Vallis unit
(HCSs). Interpretation: Deposits from mass wasting and local fluvial
erosion of highland boundary surfaces. Crater density and stratigraphic
relations indicate Late Noachian to Early Hesperian age

BOREALIS PROVINCE

[Borealis province includes Vastitas Borealis, Planum Boreum, and Utopia and Acidalia

Planitiae]

- Olympia Undae unit (Late Amazonian)—Forms broad, irregular patches

encircling much of Planum Boreum; locally confined within subtle
topographic traps and craters. Includes dunes perceptible in high-
resolution MOLA DEMs (115 and 230 m/pixel), as well as rippled and
bumpy mantle material commonly between and surrounding dunes (as
seen in MOC and THEMIS visible images). Mantle component mapped
where sufficiently thick (tens of meters) to subdue underlying surface
textures in high-resolution MOLA DEMs, including the hummocky
surface of the Vastitas Borealis interior unit. More pronounced dune
fields include Olympia Undae and other areas within and south of
Chasma Boreale (Hyperborae and Abalos Undae) that appear to be made
up of individual and chains of barchan dune forms as seen in Viking,
THEMIS, and MOC images. Low albedo in defrosted, summertime
images and bright (warm) in THEMIS daytime infrared images. High
abundance of Type 2 TES spectral type. Contacts mostly approximate.
Uncratered; overlies Vastitas Borealis interior, Scandia region, and
Planum Boreum 1 and 2 units (ABvj, ABs, ABb{, and ABbo). Locally
underlies Planum Boreum 2 unit. Interpretation: Vast seas of wind-blown,
weathered basaltic silt and sand, recently active. Most likely originates
from erosion of Scandia region unit. Transient circum-polar deposits that
may have been present since Early Amazonian

- Planum Boreum 2 unit (Late Amazonian)—Caps and skirts most of Planum

Boreum and a few low hilly outliers in Vastitas Borealis within a few
hundred kilometers of Planum Boreum and the fill within Korolev and
Dokka* craters (all north of lat 72° N.). Drapes over underlying topogra-
phy, including poleward-facing slopes in spiral troughs of Planum
Boreum. Unit generally <150 m thick where measurable. Made up of one
to several layers, each several meters or more thick with bumpy and
hummocky surfaces and somewhat wavy margins in MOC narrow-angle
images. Two superposed impact craters ~42 and 90 m across observed
thus far. Overlies Planum Boreum 1, Vastitas Borealis interior, Scandia
region, and Olympia Undae units (ABb{, ABv;, ABs, and AB0). Uncon-
formable with Planum Boreum 1 unit on poleward-facing scarps. Mostly
underlies meters-thick residual water-ice cap. Interpretation: Mostly
atmospherically transported dust; alternating layers may result from
varying climatic and depositional conditions. May be actively accumulat-
ing where dust fixed by residual ice, whereas, some margins appear
eroded. Bumpy texture may result from sublimation of interstitial and
overlying residual ice and periglacial processes, including thermokarst.
No apparent deformation. May be <20,000 years old during downtrend in
polar insolation

- Planum Boreum 1 unit (Late Amazonian)—Forms much of Planum Boreum

and scattered patches in the surrounding plains. Mostly covered by
Planum Boreum 2 and Olympia Undae units (ABbs and ABO) and
exposed mainly in southward-facing scarps. Unit as much as 2,000 m
thick at the north pole, where Planum Boreum reaches its peak elevation
(~1,913 m). Shows dozens to hundreds of fine, even layers that are meters
to tens of meters thick and show local internal unconformities (apparently
rare between long 255°-315° E.) in MOC narrow-angle images (MOC
image 10100384). Marked by arcuate patterns of troughs and dissected by
Chasma Boreale. Mapped with greater uncertainty at lat >87° N. due to
less available mapping data. Only two superposed impact craters ~330
and 415 m in diameter seen, thus far, in MOC images. Overlies the
Scandia region and Vastitas Borealis interior units (ABS and ABVj);
overlain by Planum Boreum 2 and Olympia Undae units. Shows local
complex faulting 12 km from rim of the 43-km-diameter Udzha* crater.
Interpretation: Likely made up of atmospherically transported dust;
alternating layers may result from varying climatic and depositional
conditions. Generally undeformed except where fractured possibly due to
impact. May be mostly less than ~5 million years during low obliquity
epoch

_ Astapus Colles unit (Late Amazonian)—Forms complex deposit in western

Utopia Planitia. Includes kilometer-scale irregular pits, grooves, and
ridges with relatively dark (cool), smooth patches within relatively bright,
rougher surroundings. Bounded by lobate scarp in places. Nested pits and
marginal terraces in high-resolution Viking, MOC, and THEMIS visible
images. Unit is a few tens of meters thick and embays and overlies
relatively bright knobs and pancake-shaped ejecta of craters a few
kilometers in diameter and larger; most impact craters in MOC narrow-
angle images appear partly buried. Contacts commonly uncertain or
diffuse; thin, unmapped outliers of unit may extend a few hundred
kilometers farther southeast. Locally includes isolated outliers
(V03043009). Overlies Utopia Planitia 1 and 2 and Vastitas Borealis
marginal and interior units (HBuq, HBuo, ABvyy,, and ABvj) and subdues
wrinkle ridges. Interpretation: Volatile-rich flow or mantle material,
perhaps originating from mobilizing of Utopia Planitia and Vastitas
Borealis units along west unit contact. Pits and terraces due to thermo-
karst collapse. Locally deeply dissected, perhaps by wind

- Deuteronilus Mensae 2 unit (Late to Middle Amazonian or

earlier)—Consists of smooth, sloping deposits along base of high-
standing scarps of Deuteronilus Mensae. Sparsely cratered. Overlies
Noachis Terra, Nepenthes Mensae, Deuteronilus Mensae 1, and Vastitas
Borealis marginal units (Nn, HNn, HBd4, and ABvy) and Lyot crater
ejecta (unit AHC). Some outcrops include knobs and mesas of Noachis
Terra unit. Interpretation: Deposits derived from ice-lubricated mass-
wasting deformation processes. Late Amazonian surface age; deposits
may have developed over much of the Amazonian

- Scandia region unit (Early Amazonian)—Highly degraded, extensive

deposit north of Alba Patera, forming (1) fairly continuous knobs and
mantles and scattered depressions in the Scandia Colles region east of
Milankovi¢ crater, (2) singular and chained subcircular to irregular
complexes of pancake-shaped mesas of Scandia Tholi tens of kilometers
to a few hundred kilometers across and tens to hundreds of meters high
south of Olympia Undae, (3) layered deposits forming floor of Chasma
Boreale and base of much of Planum Boreum, and (4) south of Chasma
Boreale, several large hills with summit craters and a plateau containing
Escorial crater. The larger hill complexes have interior and surrounding
depressions (Scandia Cavi) tens to hundreds of meters deep and a few
narrow sinuous ridges a couple of kilometers wide and tens of kilometers
long. Many of the tholi are bounded by shallow moats within the
surrounding, underlying Vastitas Borealis interior unit. Unit knobs overlie
Vastitas Borealis marginal and interior units (ABvp, and ABv;j) and the
Alba Patera unit (HTa). Dark layers in Planum Boreum, including evenly
and crossbedded sequences, may exceed 1,300 m thick west of Chasma
Boreale. Wrinkle ridges in adjacent Vastitas Borealis units disappear in
Scandia region unit. Interpretation: Mud volcanism may have formed
much of unit and attendant collapse structures perhaps soon after
emplacement of Vastitas Borealis units and after waning wrinkle ridge
development. Higher heat flow and local intrusive activity related to Alba
Patera magmatism may have led to high subsurface pore pressures in
unconsolidated, water-saturated materials. Layered deposits of Planum
Boreum may be a component retransported by aeolian or lacustrine
processes originating from erosion of Vastitas Borealis interior unit and
southern parts of the Scandia region unit. Poor consolidation of unit
permitted pervasive degradation to account for extensive knob develop-
ment and wholesale removal of unit south of Chasma Boreale except
where armored by craters. Formerly, unit likely was more extensive in
places, perhaps accounting for some of the material underlying the dunes
of Olympia Undae and pedestal craters in the plains surrounding Planum
Boreum (Abalos Colles and Escorial crater). Alternatively, Abalos Colles
may be steep-sided volcanic edifices with summit craters. Early Amazo-
nian crater density

- Vastitas Borealis marginal unit (Early Amazonian)—Forms plains and low

plateaus along much of outer margin of Vastitas Borealis interior unit
(ABYVj). Plateaus bounded by linear, lobate, or sinuous scarps. Dissected
by linear to sinuous, 2- to 5-km-wide troughs resolved in MOLA data that
extend for tens of kilometers. Locally, troughs form rectilinear or irregu-
lar networks and some terminate and (or) connect large knobs. In places,
troughs have angular corners. In higher resolution Viking, THEMIS, and
MOC images, troughs difficult to detect, but low, narrow medial ridges
generally not resolved in MOLA data readily observed within trough
floors and along unit margin. Embays numerous Noachian and Hesperian
units and overlain by Scandia region unit (ABS). Gradational with
Vastitas Borealis interior unit. Interpretation: Reworked sediments from
outflow channels and other sources along highland margin and other
lowland materials. Unusual morphology of unit indicates periglacial,
lacustrine, or tectonic terrains but shows evidence for deformation that
may be related to near-surface volatile effects. Deformation, perhaps
stimulated by enhanced ground-water activity, caused reworking of
original deposits. Along with Vastitas Borealis interior unit, defines
beginning of Amazonian Period

- Vastitas Borealis interior unit (Early Amazonian)}—Marked by numerous

low hillocks and arcuate ridges (in places, organized into thumbprint
terrain); by local systems of wrinkle-ridge-like, mostly asymmetric, low
ridges; by dozens of circular depressions (ghost craters) up to tens of
kilometers in diameter; and by many superposed, relatively high albedo
impact craters. In MOLA data, hummocky morphology appears to be
pervasive, whereas grooved and mottled appearances dominate in places.
Higher resolution images show that thumbprint ridges are generally made
up of continuous and discontinuous chains of pitted domes; also, domes
locally appear less organized. Polygonal troughs occur within deeper
parts of unit surface. Stratigraphic position same as Vastitas Borealis
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marginal unit (ABVp). Interpretation: Sediments of Late Hesperian
outflow channels and perhaps other highland and lowland sources highly
and pervasively altered during Early Amazonian by periglacial-like
processes involving subsurface volatiles

Utopia Planitia 2 unit (Late Hesperian)—Forms plains deposits along south,
west, and part of east margins of Utopia Planitia, around most of Isidis
Planitia, and in parts of southern Elysium Planitia. Slopes gently away
from highland margin. In southern Utopia Planitia, lower part of unit
marked by depressions and kilometer-size knobs and mesas. Embays
Libya Montes, Noachis Terra, Utopia Planitia 1, and Elysium rise (shield
flows) units (NI, Nn, HBu{, and AHEe) and embayed by Vastitas Borea-
lis, Elysium rise (plains flows), Tinjar Valles b, Isidis Planitia, Astapus
Colles, Medusae Fossae, and Cerberus Fossae 2 and 3 units (ABvyy,, ABY;,
AHEe, AEty, Ali, ABa, AAm, AECo, and AEC3). Interpretation: Results
from erosion and redeposition of Utopia Planitia 1 unit and Noachian
materials by collapse, erosion, transport, and deposition of clastic
material from scalloped terrain. In Elysium Planitia, unit also may
include lava flows and other sediment types. Crater density and embay-
ment relations indicate Late Hesperian age

Utopia Planitia 1 unit (Early Hesperian)}—Forms lowland plains deposits
along highland margin in Utopia and southwestern Amazonis Planitiae.
Slopes gently downward away from highland materials. Irregular depres-
sions and scarps of Amenthes Cavi* many tens of kilometers in length
and 200-300 m in relief locally give unit broadly scalloped appearance.
Small flows and pancake-shaped mesas locally evident in MOC images
and other data in southern Utopia Planitia. Embays Libya Montes and
Noachis Terra units (NI and Nn), grades with Nepenthes Mensae unit
(HNn), and embayed by Utopia Planitia 2, Vastitas Borealis, and Elysium
rise units (HBup, ABVy,, ABvj, and AHEe). Interpretation: Clastic
material derived from collapse, erosion, transport, and deposition of
highland Noachian materials, perhaps by volatile-assisted slope
processes. Density of craters and superposition relations indicate Early
Hesperian age for majority of unit; features from MOC and THEMIS
images suggest additional, minor Late Hesperian mud or magmatic
volcanism

Deuteronilus Mensae 1 unit (Early Hesperian)}—Forms flat-lying deposits
filling broad depressions surrounding Deuteronilus Mensae. Marked by
knobs up to several kilometers across. Moderately cratered. Onlaps
Noachis Terra unit (Nn); overlain by Vastitas Borealis and Deuteronilus
Mensae 2 units (ABvyy, ABvj, and ABdp). Interpretation: Debris mass
wasted from ice-rich, friable expanse of Noachis Terra unit. Early
Hesperian crater age

WIDESPREAD MATERIALS

[Widespread materials occur throughout the map area and are not part of a geologic

province]
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Crater unit (Late Amazonian to Early Hesperian)—Forms ejecta, rim, and
floor materials that extend as far as >150 km from relatively pristine
craters. In most cases, superposes adjacent materials. Generally not
mapped on the Nepenthes Mensae, Noachis Terra, and Libya Montes
units (HNn, Nn, and NI). Interpretation: Ejecta, heavily deformed target
materials, and melt produced by large hypervelocity impacts of Amazo-
nian and Hesperian age

Crater floor unit (Early Amazonian to Early Hesperian)}—Covers parts of
large crater floors in Xanthe and western Arabia Terrae and Libya
Montes. Layered in Aram Chaos outcrops; lower layers have TES
hematite signature (Christensen and others, 2001). Superposes Libya
Montes, Noachis Terra, and Simud Vallis units (NI, Nn, and HCs).
Interpretation: Amazonian and Hesperian sedimentary material deposited
by aeolian, fluvial, and (or) lacustrine processes; may also include
volcanic material. Hematite in Aram Chaos may result from hydrothermal
or ground-water alteration

Nepenthes Mensae unit (Early Hesperian to Early Noachian)—Consists of
knobs and mesas of highland rocks and interposed slope and plains
materials that form much of the highland/lowland margin. Locally, unit
cut by linear troughs. Grades into Libya Montes and Noachis Terra units
(NI and Nn). Embayed by variety of materials ranging from Early
Hesperian to Amazonian in age. Interpretation: Highland rocks fractured
and collapsed during Late Noachian and extending into Early Hesperian
due to basal sapping of volatiles and mass wasting; resulting debris
formed steep aprons on the flanks of degraded knobs and mesas and
gently sloping fill in intervening low areas

Noachis Terra unit (Late to Middle Noachian)—Forms rugged highland
terrain surrounding much of the northern lowlands, as well as part of
Acidalia Mensa; typical of materials of Noachis Terra (outside of map
area). Marked by high density of craters >10 km in diameter, as well as
by hills, valley networks, isolated depressions, and linear and sinuous
ridges, scarps, and troughs. Embays Libya Montes unit (NI), grades into
Nepenthes Mensae unit (HNn), and embayed by wide variety of
Hesperian and Amazonian units. Interpretation: Mixture of volcanic and
sedimentary material, reworked by impacts. Mainly Late to Middle
Noachian in age; long history of resurfacing and deformation accounts
for secondary erosional, depositional, and tectonic features

Libya Montes unit (Middle to Early Noachian)—Forms massifs and high-
standing, densely cratered terrain of Libya Montes and of parts of Xanthe
and Arabia Terrae, Terra Sabaea, and Terra Cimmeria. Marked by deep
craters tens of kilometers in diameter and gullied slopes. Embayed by, as
well as grades into, Noachis Terra and Nepenthes Mensae units (Nn and
HNn) and embayed by Hesperian and Amazonian units. Contacts
commonly approximate due to moderate resurfacing. Interpretation:
Mixture of volcanic, sedimentary, impact melt and ejecta, and perhaps
primordial crustal materials of Early to Middle Noachian age. High relief
due to uplift by large impacts (Libya Montes on south rim of Isidis basin)
and tectonism. High relief led to enhanced degradation and crater
obliteration of the surface, explaining its lower N(5) value relative to that
of the Noachis Terra unit (table 1)

EXPLANATION OF MAP SYMBOLS
Contact

Certain

Approximate
Gradational

Inferred

Inferred approximate

Ridge

Asymmetric—Barb denotes steeper flank
Subdued
Symmetric

Trough
Fresh

Subdued
Scarp—Hachures point downslope
Depression
Lobate margin—Hachures point downslope
Channel margin—Hachures point downslope
Channel
Shield
Polar Ice
Polygonal fractures
Thumbprint terrain

Landing site—V1, Viking 1; MP, Mars Pathfinder; V2, Viking 2
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