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Abstract. Planetary image data and maps form one of the most accessible 
scientific products for establishing cross-communication between planetary 
research disciplines and the general public. In particular geologic maps 
comprise a wealth of thematic information and form an accessible and es-
thetic medium for both, laypersons as well as scientist. Geologic maps form 
a substantial part of the planetary map data record that is publicly availa-
ble. If such maps have been designed carefully they condense 2.5+t dimen-
sions (coll. 4D) into a two-dimensional map domain by connecting thematic 
attributes with geometry and time and by allowing (a) to completely recon-
struct the subsurface extent as well as attitudes of mapped units by means 
of geometry, and (b) to establish a sequence of time units by relating legend 
items with geometric reconstructions. Despite the well-considered design of 
such maps, their higher non-geometric dimensionality and compression to 
two dimensions cause severe limitations in querying mixed non-spatial and 
spatial relationships, e.g. time, even in digital systems. This, however, is 
required for geological mapping in order to establish cross-relationships 
across regions on a local and even planetary scale. We here present a data 
framework which allows storing, managing and querying 2.5D+t infor-
mation used in planetary geologic mapping. The focus is put on the general 
abstract ontological as well as the logical relationship concept which is de-
signed to be employed in state-of-the art geographic information systems 
(GIS) commonly used for planetary geologic mapping.  
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1. Introduction and Motivation 
Planetary geologic maps are cartographically sophisticated products depict-
ing a four-dimensional geologic content on a two-dimensional sheet of pa-
per. This was the case in 1815 when first geological maps of Great Britain 
were created by Smith (1815), and this remains exactly the same 200 years 
later when geologic maps covering our planetary neighborhood at different 
map scales have become widely available.  

Due to their inherent geologic scientific information, such special-purpose 
maps are well-established means for compressing geometrically as well as 
thematically higher-dimensional contents onto a flat print-out paper for 
easy access, convenient storage and distribution. In these respects, plane-
tary maps are not different from earth-oriented maps apart from the fact 
that earth-oriented maps are usually validated – at least locally – due to 
focused in-situ field investigation while planetary maps are solely based 
upon remote-sensing image-data interpretation. Until today, the geologic 
map record stored in the digital and analog archives of the United States 
Geological Survey (USGS) amount to several hundred published maps of 
Mercury (e.g., Grolier and Boyce, 1984), Venus (e.g., Chapman, 1999), the 
Moon (e.g., Wilhelms and McCauley, 1971), Mars (e.g., Bleamaster et al. 
2010), and the Galilean Satellites (e.g., Williams et al. 2011). Additionally, 
some of the Soviet-time geologic maps (beside other map products) have 
recently become available in digital formats and it is anticipated that the 
Russian archives at MIIGAiK and at other places host a plethora of themat-
ic geologic maps (Hargitai, 2006; Hargitai et al., 2010). 

The significance of geologic maps as scientific tools in planetary exploration 
remains unchallenged and during the last decade long-established technical 
means in the field of Earth-oriented GIS-based mapping have finally en-
tered the stage of systematic planetary geologic mapping. Despite technical 
advances, GIS technology has predominantly been used for providing con-
venient means for digitizing, integrating raster and vector based data types 
and for data exchange while the possibilities with respect to the data-
management backend remained untouched.  

For geology, surface materials and their stratigraphic name codes and time 
relationships play a fundamental role in order to establish a spatio-
temporal understanding that is inherently related to the field of geology. 
Consequently, these spatio-temporal aspects are required to be reflected in 
the proper assignments of attributes within any GIS-based data model that 
allows being administrated, queried and – finally – visualised as a geologic 



map. Once established such data models allow users to efficiently query 
attributes and establish a multidimensional approach for knowledge extrac-
tion covering time, space and attribute dimensions. The extraction of data 
and generation of knowledge can be targeted to large scale, i.e. localized, 
areas as well as small scales, i.e. global relationships and – if consistently 
designed – it allows building queries across planets while maintaining a 
single data model. 

The aim of this work is to establish such a time-integrative planetary geo-
logic data model which is specifically targeted at the design of time-
relationships. This is achieved by building an abstract understanding of 
geologic time concepts (chp. 2) and by integrating these concepts into a 
cartographic framework for planetary geologic mapping (chp. 3). Few ex-
ample queries are demonstrated using a map example (chp. 4). This work 
complements a proposed planetary-mapping data model with respect to full 
time integration (van Gasselt & Nass, 2011a,b). 

2. Time and Space in Planetary Geologic Mapping 
Planetary geologic units are rock-materials that have been formed by a dis-
crete process in a discrete time interval (Wilhelms, 1990, p. 210). Geologic 
maps consequently depict the spatial extent of geologic materials, and if the 
relative vertical position of material units is known the relative temporal 
relationships can be established as stated by the law of superposition 
(Steno, 1916). The three-dimensional extent of a given material thus defines 
the geologic unit while the interrelationships of different units define the 
timeframe. If such observations are carefully conditioned, transferred to a 
proper map layout and complemented by topographic contour lines, atti-
tudes and sub-surface extent of geological units can be geometrically recon-
structed from the map sheet.  

The importance of geologic maps lies in the concept that the arrangement 
of geologic units depicts a sequence of events, generally summarized as 
stratigraphy. If the sequence is based upon the relative arrangement of 
rock-units with older units being buried by younger ones, the concept is 
termed rock-stratigraphy or litho-stratigraphy (figure 1). If the time, units 
have been formed and deposited is known, a time-stratigraphy, or chrono-
stratigraphy can be established (Wilhelms et al. 1990; Greeley and Batson 
1990). The concept is relatively straightforward, the problem, however, 
arises as soon as an actual time stamp for a mapped unit has to be assigned.  



Due to limited accessibility of planetary environments, the absolute meas-
urement of an age for a given unit is problematic and apart from radio-
metric ages for meteorites and returned lunar rocks in the course of the 
Apollo and Luna program, a detailed assessment of ages is missing. This 
limitation was overcome when the unambiguous identification of an abun-
dance of impact craters on planetary surfaces led to the idea that there fre-
quency can be used to assess the time that a unit has been exposed to the 
asteroidal bombardment. The more impact craters of a given diameter size 
are identified, the older a unit is. If material units are properly delineated 
and impact-crater size-frequencies for each unit are known, again, a relative 
timing can be established.  For absolute age assignments, however, each 
planet’s impact-crater size-frequency record must be transferred to abso-
lute ages. This could be accomplished by comparing remotely-sensed im-
pact crater populations with radiometric ages derived from sample data for 
the Moon to establish a chronology. For all other planetary objects, the lu-

Figure 1. Geological layering in Candor Chasma, Mars, as imaged by the High Res-
olution Science Experiment HiRISE onboard Mars Reconnaissance Orbiter. The 
vertical stack of layers depicts the relative litho-stratigraphy. Scene width is ap-
proximately 1 km across, North is up. Press Release PIA13725, 2007, NASA/JPL 
Caltech/University of Arizona. 

 



nar chronologies had to be transferred under consideration of the respec-
tive space environment, impactors and target properties (Holsapple 1987; 
Schmidt and Housen 1987). Currently, a formal stratigraphic scheme has 
been developed for each of the inner planets (Tanaka and Hartmann 2008). 
A more detailed treatment and a summary of planetary chronologies and 
aspects of chronostratigraphy along with literature references are provided 
in Ogg et al. (2008); van Gasselt & Neukum (2010).  

The majority of scenarios in planetary geology and geomorphology can be 
associated with time as time is associated with each spatial entity, either 
implicitly or explicitly, due to the fact that geology is constrained and de-
fined by time (see, e.g., Gould, 1987). Time in geography and congeneric 
disciplines can be considered in different ways as it is either a linear contin-
uum without a distinct beginning and an end or it may be represented by 
discrete steps with pre-defined time-resolution intervals (see also Pred, 
1977; Langran, 1992; Peuquet, 1994, Peuquet, 1999; Raper, 2005, Le & Us-
ery, 2009). 

A cartographic data model must cope with queries related to the geometry 
of entities as well as time information and relies on an approach that incor-
porates both, spatial and time geometry equivalently. Time is often repre-
sented as an irreversible continuum with a starting point indicating, e.g., 
planet formation and the presence as terminal point. This concept applies 
to all geologic time scales for all terrestrial solar-system bodies, i.e., planets, 
moons and asteroids. Thus, geologic time is linear and absolute in nature 
(Le & Usery, 2009; Claramunt & Theriaupt, 1995) and is contrasting to the 
concept of cyclic or periodic time known from, e.g., recurring changes of 
seasons. Planetary geologic time, i.e., the chronology, as internationally 
defined, is partitioned into successively smaller levels of time units with 
distinct age boundaries. This time is absolute and thus measurable as 
chronometric time before present (see also Salvador, 1994, Gradstein, 
2004, Couvering, 2007; Ogg, 2008). This leads to another distinct feature 
of geologic time: time is measured backwards as geologic events and chang-
es (boundaries) occurred before present time. Consequently, geologic 
boundaries are dynamic with respect to today and static with respect to a 
pre-defined reference date.  

Information put on a cartographic product such as a geologic map targets at 
depicting two issues at the same time: the spatial extent of materials and 
rock units exposed at the surface and the temporal extent with respect to 
the chronostratigraphic context by relating spatial units to an age. Usually, 



this is done by colour-coding and an associated map legend. Without a leg-
end, stratigraphic relationships, i.e., the sequence of deposited or emplaced 
material can only be reconstructed from the spatial relationships of map 
units and their topographic position. 

Thus, the need for time integration lies in the nature of geologic mapping 
and time attributes establish a link for answering questions such as  

• The time one or more units were emplaced (absolute or relative time), 
• The correlation of time-units (chronologies) across planetary bodies 

(absolute time). 
• The names (and attributes) of geologic formations deposited at a time in 

a given region (absolute time). 
• The names (and attributes) of geologic formations situated below or 

above another formation (relative time). 

In order to work correctly such data models do not only require time asso-
ciated with the geologic contents but also with respect to the moment a par-
ticular content has been valid (validity time) as well as with respect to the 
time, the data contents were created (database time).  

3. An Explicit Time-Integrative Approach 
A time-integrative data model has been conceptualized and physically im-
plemented using ESRI's commercial software suite ArcGIS using a file-
based geodatebase (FGDB) as well as server environment using the ArcSDE 
connector. The overall design (figure 2) is evolved around the geometry 
represented as feature class Geological Unit (GU) which inherits positional 
IDs to facilitate extraction of on-top-of or below-of queries, and the lateral 
geometry. By using recursive relationships the rock-stratigraphy, i.e. the 
relative sequence of units, is extracted. Attributes related to time, i.e. chro-
nology and chronostratigraphy, are separated as these are prone to change. 
The geologic formation (Fo) as core entity has one or more absolute ages as 
measured by one or more age-determination methods (AAge). These meth-
ods can be based upon impact-crater size-frequencies and a chronology 
model, or they can be based on radiometric age determinations. Each of the 
methods has an inherent accuracy defined through minimum and maxi-
mum ages that allow querying age ranges. The hierarchically organized 
chronostratigraphy is built using a relational cascade, starting with the 
smallest entity (ChAg) representing the lowest age level. For space reason 
we here demonstrate two small example settings (figure 3) that involve (1) a 



time query which returns a stratigraphic table, and (2) a spatial query using 
time conditions returning object IDs and selections within a GIS. 

A map of the lunar Mare Orientale basin was constructed and synthesized 
using previous analogue mappings (mainly map sheet I-1034). The actual 
extent of features is less important than the actual attributes and implicated 
stratigraphy. The map is therefore accompanied by a stratigraphic column 
(figure 3). 

Most of the geologic units belong to the Imbrian (lithostratigraphic) System 
(Orientale Group), denoted by I. The Orientale basin material (I) is super-
imposed by younger impact-crater materials from the Imbrian (blue, Ic2), 
Eratosthenian mare material (Elm), Eratosthenian impact crater materials 
(green, Ec) and impact material from the Copernican Systems (yellow, Cc). 
Without going into the details of the Orientale-Group stratigraphy (all units 
are considered to be contemporary), three generations of impact craters 
and Mare material units can be traced (figure 3). The stratigraphic systems 
are transferred to chronostratigraphic eras using the recent chronology 
model as described in Tanaka & Hartmann (2008). For demonstration pur-
pose, lower-level stratigraphic subdivisions (series) and chronostratigraphic 
subdivisions (periods) have been omitted in the map example. For a com-
plete treatment of the geology of Mare Orientale, see Wilhelms, 1987, pp. 
57-82. 

Figure 2. Entity Relationship Model (Data Model) connecting stratigraphic units 
(relative scale, A) with absolute ages (B) and the chronology and chronostratigra-
phy (C+D). The model core is evolved around the geologic unit and its geometry 
(GU). 



Case 1. Hierarchical Stratigraphic Relationships 

Chronostratigraphic divisions and subdivisions are obtained using a cascad-
ing right outer join query. The given example descends from the strati-
graphic level (here, the Eratosthenian) downwards and can be easily ex-
tended using higher-level subdivisions if available. Such a query resembles 
the extraction of a stratigraphic chart for a given chronology model. 
SELECT ChEp.Name AS ‘Epoch‘, 
       ChPe.Name AS ‘Period‘, 
       ChEr.Name AS ‘Era‘, 
FROM ChEp 
  RIGHT OUTER JOIN ChPe ON ChEp.periodID=ChPeID 
    RIGHT OUTER JOIN ChEr ON ChPe.eraID=ChErID 
      RIGHT OUTER JOIN ChEo ON ChEr.eonID=ChEoID 
            WHERE ChEr.Name=”Eratosthenian” 
              ORDER BY ChEr.AgeBase DESC, 
                ChPe.AgeBase DESC, 
                ChEp.AgeBase 

Figure 3. Geologic map of the lunar Mare Orientale basin as an example of a plane-
tary geologic map that has originally been crafted for analogue distribution in 1970 
based on Apollo and Lunar Orbiter data (USGS). Shaded relief background is based 
upon Lunar Reconnaissance Orbiter data. Figure shows the geologic map and asso-
ciated high-level stratigraphy (systems/eras only) for demonstration of example 
queries. 



 

The return is a table consisting of three stratigraphic columns (epoch - pe-
riod – era) with their sorted contents and, if required, associated ages. If 
formations are added, the names of formations are returned. In order to be 
conveniently applicable for end users, such a query should be built from a 
predefined query stack. Variables (era and the level of hierarchy) must be 
parsed from the user interface. 

Case 2. Identification of Units based on Ages 

More important than the extraction of ages and age cascades is the identifi-
cation of spatial units associated with an age. An example query could ask 
for all units of a given age or within a given age range. Alternatively, spatial 
objects can be identified using on-top-of or below-of relationships as de-
fined through a recursive query on GU. 

If we assume we want to identify on the map all units that are older than, 
e.g., 3200 Ma, i.e. pre-Eratosthenian, or that are younger than materials in 
the stratigraphic unit Ec (which results in a selection of Copernican-System 
impact craters) an example query reads as follows. 
 
SELECT GUnitID AS ‘ID‘, 
FROM GU 
  RIGHT OUTER JOIN Fo ON Fo.FoID=GU.GUnitID 
    RIGHT OUTER JOIN ChAg ON Fo.FoStage=ChAg.Stage 
      RIGHT OUTER JOIN ChEp ON ChAg.epochID=ChEp.ChEpID 
        RIGHT OUTER JOIN ChPe ON ChEp.periodID=ChPe.ChPeID 
            . . .   

WHERE ageBase>3200000000 
              ORDER BY GUnitID DESC 
 

As a result the ID of each spatial unit (GU) is returned that is true with re-
spect to the query, i.e. all pre-Eratosthenian feature classes. This ID is then 
parsed to the selection within the GIS environment for subsequent analysis. 
If the age-dating method requires to be incorporated, an additional right 
outer join on AAge is inserted. Again, such a task can only be efficiently 
implemented if a predefined query skeleton is provided. Variables parsed as 
user input are: age value and operator (<,>,≥, ≤). Appropriate user inter-
faces for convenient (and more intuitive) time queries are currently being 
developed and implemented.  



Once the framework is set up, it is a matter of filling relations with data and 
constructing queries that relate data to each other in an appropriate way. 
These are just two simple examples of querying attributes (e.g., for reports) 
and IDs in order to extract geometries (feature classes) from the geodata-
base. The feature class itself only stores geometry, self-referencing feature-
class IDs and an ID pointing towards the formation relation. All other rela-
tions are considered auxiliaries.  

4. Summary and Prospects 
A geologic mapping time model should be as generic as possible and as de-
tailed as necessary in order to pose no limitations for incorporation of fu-
ture requirements and changes. In particular it should be applicable to all 
other planetary objects for which geologic and stratigraphy concepts as well 
as hierarchies and vocabulary are equivalently organized. The knowledge 
about Earth’s stratigraphy is much more detailed and the chronostrati-
graphic and stratigraphic hierarchy descends much further down to the 
level of few decades and few centimeters of layer thicknesses, respectively. 
In particular age determinations differ significantly for Earth cases as radi-
ometric ages have been collected for many geologically significant areas and 
not only for selected sample collections. The data model, however, allows to 
be expanded towards a higher granularity in order to cope with terrestrial 
demands.  

While the query-selection interaction shows currently no known limitation 
with respect to relations and data, the usability requires to be significantly 
improved to provide an intuitive access for queries that are not expressed in 
a dedicated query language. Furthermore, database setup is being devel-
oped using automated procedures but the possibilities for joining and que-
rying relations using a file-geodatabase (FGDB) concept are limited so that 
a server option seems to be the best alternative. This would also allow 
transferring the model for other (possibly open-source) GIS flavours.  
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