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ABSTRACT

ARTICLE HISTORY

We present the results of geological mapping of Mercury’s Derain (H10) quadrangle (0°-72°E
and 22.5°N-22.5°S) using data from the MESSENGER spacecraft. The map is presented on a
scale of 1:3,000,000, for which linework was drawn at 1:300,000. We distinguish three major
morphological plains units: Smooth, Intermediate, and Intercrater Plains. We produced two
versions of the map, with craters classiﬁed according to a 3- and 5-class degradation system.
This allows compatibility with other MESSENGER-era maps and Mariner 10-era maps. This
map will help provide science context for the ESA-JAXA BepiColombo mission to Mercury.
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1. Introduction

2. Data

Mercury has been studied by three spacecraft, Mariner
10 (ﬂybys 1974–1975), MESSENGER (MErcury, Surface, Space ENvironment, GEochemistry, and Ranging; ﬂybys 2008–2009, in orbit 2011–2015) and
BepiColombo (ﬁrst ﬂyby October 2021, orbit insertion
due December 2025). For mapping purposes, Mercury
is divided into 15 quadrangles of similar size. Due to
orbital and illumination constraints, Mariner 10
imaged only approximately 50% of Mercury’s surface.
This allowed geological maps to be made at 1:5 million
scale of the complete H03, H06, H07, H11 and H12
quadrangles, with partial coverage of the H01, H02,
H08, and H15 quadrangles.
MESSENGER obtained global image coverage,
allowing complete mapping of all quadrangles. A 1:15
million scale global geological map has been produced
by members of the MESSENGER team (Kinczyk et al.,
2018; Prockter et al., 2016), but the quality of MESSENGER image data is suﬃcient for larger scale (1:3M)
maps to be produced covering the entire globe.
Hitherto, post-MESSENGER geological maps of the
H02 (Galluzzi et al., 2016), H03 (Guzzetta et al.,
2017), H04 (Mancinelli et al., 2016), H05 (Wright
et al., 2019) H06 (Giacomini et al., 2022) and H14
(Pegg et al., 2021) quadrangles have been published.
We use the term geological map to be consistent with
descriptions of those previous maps, although all are
strictly morphostratigraphic maps as mapping is
based principally on geomorphology. Here, we describe
our geological map of the H10 (Derain) quadrangle.

2.1. Basemaps
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planetary resurfacing

We used a variety of basemaps (Figure 1), produced
the MESSENGER team, using the MDIS (Mercury
Dual Imaging System) narrow- and wide-angle cameras (NAC/WAC) (Hawkins et al., 2007). Most were
released in an equirectangular projection having
been placed on the 2015 Mercury datum with a planetocentric radius of 2,439,400 m, controlled and projected onto the global digital elevation model (DEM).
2.1.1. BDR (Basemap reduced data record) 166
mpp mosaic basemap
The primary mosaic for mapping was the BDR monochrome basemap with an average resolution of 166 mpp
(metres per pixel) (Figure 1(A)). This is the highest resolution and most recent mosaic, composed of images
from the NAC and WAC with predominantly moderate incidence angle close to 74°. This allows good visibility of features with topographic relief, and was the
primary dataset used in the production of the map.
2.1.2. BDR 250 mpp mosaic basemap
The 250 mpp mosaic is the predecessor moderate incidence angle mosaic to the BDR 166 mpp mosaic and
was produced earlier in the MESSENGER mission. It
has a lower spatial resolution than the 166 mpp BDR
basemap but can occasionally be more coherent, with
fewer joins, misregistration and changes in viewing geometry, over small areas. As it was produced earlier in the
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Figure 1. Principal basemaps used in the preparation of the geological map of the Derain Quadrangle. (A) BDR 166 mpp average
basemap. (B) The enhanced colour basemap (Denevi et al., 2018). (C) Low incidence angle basemap. D: USGS global DEM from
stereo imagery (Becker et al., 2016).

MESSENGER mission, it is projected using the 2010
datum with a radius of 2,440,000 m. This was not topographically controlled and instead projected onto a
simple sphere, so we manually referenced any linework
mapped using this mosaic onto the 2015 datum.
2.1.3. Low incidence angle 166 mpp mosaic
The low incidence angle basemap is a mosaicked data
set composed of low incidence angle (i.e. small angle
between the sun and surface normal) images (Figure
1(C)). Low incidence angle imagery accentuates
albedo diﬀerences and minimizes obscuration by shadows, but surface relief and texture are diﬃcult to see.
2.1.4. High incidence angle (east- and westfacing) 166 mpp mosaics
These high incidence angle mosaics comprise images
with an incidence angle of close to 78°, with consistent
illumination from east or west. These basemaps were
useful for revealing detail within areas shadowed on
the BDR mosaic.
2.1.5. Enhanced colour 665 mpp mosaic
‘Enhanced color’ is a standard MESSENGER product
that accentuates subtle colour diﬀerences (Figure 1(B)).
It was created using MDIS-WAC images in the 430,
750, 1000 nm bands. Principal component analysis was
completed in this spectral space by the MESSENGER
team. The second principal component is placed in the
red, the ﬁrst principal component in the green, and the

ratio of 430/1000 nm bands in the blue channel, respectively (Denevi et al., 2009; Denevi et al., 2018).
Enhanced colour helps provide spectral context for
morphological observations and can sometimes be
used to distinguish plains types (Denevi et al., 2013;
Whitten et al., 2014). It is invaluable for mapping
spectrally distinct surﬁcial features such as faculae,
most of which are probably explosive volcanic deposits (Prockter et al., 2010), and ﬁelds of hollows (Blewett et al., 2011).
2.1.6. 665 mpp stereo digital elevation model
The only topographic product that covers the whole of
the Derain quadrangle is the global stereo-derived
∼665 mpp DEM (Becker et al., 2016) (Figure 1(D)).
MDIS had no inbuilt stereoscopic capability, so the
DEM was created using unsupervised computer selection of image pairs acquired under diﬀerent lighting conditions. The DEM was then veriﬁed using elevation data
from the Mercury Laser Altimeter on MESSENGER
(Becker et al., 2016). In our mapping, we used the
DEM mainly to help map lobate scarps and characterise
the intercrater plains unit (Section 4.4.1).

3. Methods
3.1. Projection
We used a Mercator projection, as is conventional for
mapping equatorial regions of planetary bodies, and
used the USGS 2015 datum.

JOURNAL OF MAPS

3.2. Map standards

4. Description of map elements

We drew the map to be consistent with previous MESSENGER-era Mercury maps (Galluzzi et al., 2016; Giacomini et al., 2022; Guzzetta et al., 2017; Mancinelli
et al., 2016; Pegg et al., 2021; Wright et al., 2019),
and PlanMap standards (van der Bogert et al., 2020),
which are based on those of the USGS (Tanaka
et al., 2011).

4.1. Contacts

3.2.1. Map scale
We prepared the map for publication at 1:3 million
scale and, for reasons elaborated by Wright et al.
(2019), drew linework at a scale of 1:400,000. For consistency, we drew linework primarily using vertex
streaming with 500 m spacing.
3.2.2. Reconciliation with adjacent maps
We extended our mapping 5° beyond the quadrangle
to assist the eventual creation of a global Mercury geological map and reconciled our linework with adjacent
quadrangles H05 and H14.

3.3. Crater classiﬁcation
Following the approach of previous maps, such as Galluzzi et al. (2016), we mapped all craters exceeding
5 km in diameter, and classiﬁed the degradation
state and mapped the ejecta for craters with a diameter
greater than 20 km.
Mariner 10 maps (De Hon et al., 1981; Grolier &
Boyce, 1984; Guest & Greeley, 1983; King & Scott,
1990; Schaber & McCauley, 1980; Trask & Dzurisin,
1984; Trask & Guest, 1975) divided craters into ﬁve
degradation states, loosely following the divisions on
the Moon. The least degraded class in the system is
c5, and the most degraded c1 (Figure 2). This system
was revisited and a full classiﬁcation schema was
produced in the MESSENGER era (Kinczyk et al.,
2020).
Previous mappers have found that when using the
5-class degradation states, there are occasional local
contradictions between relative ages as implied by
degradation state and superposition relationships
(Galluzzi et al., 2016). They eliminate most of these
by resorting to a simpler 3-class system, C3-C1 (Figure
3), which also improves reproducibility for integration
between maps.
In common with Wright et al. (2019) and Pegg
et al. (2021), we produced alternate versions of
our map, using the 5- and 3-class systems (distinguished by the use of uppercase C for the 3-class
system, and lowercase c for the 5-class system).
This allows integration with other recent 3-class
maps, and comparison with the global geological
and Mariner 10 maps.

3

We classiﬁed contacts between (or, rarely, within)
units into three types, based on the clarity of the contact. We mapped contacts as ‘certain’ where the position of a geological contact can be deﬁned as within
500 m. ‘Approximate’ contacts were mapped where
a contact can be seen to exist, but its exact location
cannot be determined to within 500 m. We use a ‘gradational’ contact symbol sparingly where its location
is particularly ill-deﬁned, or its existence in doubt; in
H10 this applies only to some boundaries of the Intermediate Plains unit (see below). Where the boundary
between units is deﬁned by a tectonic feature, such as a
lobate scarp, the boundary is marked with the tectonic
feature’s ornamentation and can be considered a certain contact.

4.2. Crater rims
We mapped the rims of all craters with diameter
>5 km, and distinguished the rims of those with diameter >20 km by use of a double hatchured ornamentation. Rather than mapping craters belonging to clear
and obvious secondary ﬁelds or chains individually,
we grouped them as secondary chains or ﬁelds to
avoid cluttering the map and to show the geological
relationships better. Rims of ﬂooded or subdued craters, where the outline of a crater can be seen without
any discernible ejecta or interior unit, are symbolized
separately.

4.3. Tectonic features
The most common type of tectonic feature mapped is
lobate scarps, which we show as thrusts based on their
asymmetry. The ornamentation points in the direction
of fault dip. We classiﬁed these as either certain or
probable, depending on conﬁdence of identiﬁcation.
The other type of tectonic feature mapped is wrinkle ridges, which are more subtle ridges, also thought
to be related to underlying faults. We distinguished
two types: linear and rings, following Wright et al.
(2019). Unlike other mapped quadrangles, H10 has
no grabens long enough to be seen at the publication
scale, and so these are absent from the map.

4.4. Mapped units
4.4.1. Intercrater plains (icp)
Intercrater Plains are the most extensive plains unit on
Mercury (Whitten et al., 2014). They are heavily cratered, and although they can be crater-saturated,
most examples are not. Crater morphologies show
the full range of sizes and degradation state.

4
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Figure 2. Examples of the 5-class crater degradation states. A, D, G, I and K show the craters in the BDR basemap. B, E, H, J and L
show them as mapped. C and F show c5 and c4 craters in enhanced colour, because the presence or absence of albedo rays is the
key distinguisher between these crater classes. Albedo features are not used to distinguish between any other crater classes.
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Figure 3. Examples of the three-class crater degradation states. A, C and E show the exemplar craters in the BDR basemap. B, D
and F show the craters as mapped. The map colours follow the three crater class map sheet.
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Topography on 50 km wavelengths is generally ﬂat or
gently rolling. Tectonism is expressed by lobate scarps,
with no wrinkle ridges discernible. In enhanced colour, Intercrater Plains can be either red or blue, and
they usually have relatively low reﬂectance. An
example area is shown in Figure 4.
Intercrater Plains are generally interpreted to be
heavily reworked volcanic plains. They may have originally looked much like smooth plains (Whitten et al.,
2014) but have been heavily modiﬁed by cratering
since emplacement. Intercrater Plains will therefore
include a signiﬁcant amount of reworked impact
ejecta alongside the original volcanic material.
4.4.2. Intermediate plains (imp)
This is a plains unit geomorphically intermediate in texture and km-scale roughness between Smooth Plains
and Intercrater Plains. We mapped Intermediate Plains
where the majority of craters are subdued or mantled.
Interiors of such craters may contain very small (<500
km2) smooth patches, which, to avoid unnecessary
complexity, we did not distinguish from the surrounding Intermediate Plains. The gradational boundaries of
Intermediate Plains with other plains units sometimes
make precise contacts diﬃcult to locate.
The majority of intermediate plains have a mantled
appearance and may represent thin or partial cover of
an older (icp) surface by smooth material. The area of
intermediate plains north-east of Apārangi Planitia
lacks small smooth patches and may instead represent
a unit whose age is intermediate between those of the
nearby smooth and intercrater plains. An example of
this type is shown in Figure 5.
While the intermediate plains have been questioned
as being part of the global stratigraphy (Whitten et al.,
2014), there is signiﬁcant variation in plains units across
the Derain quadrangle. Therefore we feel it useful to
include this morphologically intermediate unit to best
reﬂect the observable geomorphology within the quadrangle. It is likely that some examples of intermediate
plains in H10 are a temporally intermediate unit (e.g.
Giacomini et al., 2022), whereas others are a younger
plains unit that is too thin to have fully obscured an
underlying heavily cratered unit (e.g. Wright et al., 2019).
4.4.3. Smooth plains (sp)
Smooth Plains are characterised by a paucity of superimposed impact craters and a smooth texture. Those
craters that do superpose smooth plains typically
have well-developed ejecta blankets and appear morphologically fresh. Large expanses of sp such as Apārangi Planitia generally have sharp boundaries with
intercrater plains, which they can be seen to overlie.
Smaller areas can instead have gradational boundaries.
Some smooth plains are diﬀerentiated in the enhanced
colour mosaic by a red colour, most clearly in the case
of Apārangi Planitia. Within the area of Smooth Plains

south of Calypso Rupes, we identiﬁed patches of contrasting texture possibly relating to diﬀerent episodes
of lava ﬂooding, which we distinguished by conventional contact symbology. Detail of Smooth Plains in
Apārangi Planitia is shown in Figure 6.
Smooth Plains are likely the most recent large-scale
eﬀusive volcanic plains units (i.e. lava) on Mercury.
Small smooth patches near large fresh craters most
likely represent impact melt, and it is possible that
some isolated patches of Smooth Plains may also be
related to impact processes.
4.4.4. Crater materials
Crater materials units encompass a crater’s continuous ejecta, terracing, and peak elements. In older
degraded craters, continuous ejecta cannot be easily
distinguished, and instead, the raised rim of the crater
is mapped.
4.4.4.1. Heavily degraded craters: C1 – three class, c1
and c2 – ﬁve class. These are the most degraded crater
material mapped, and lack continuous ejecta deposits.
The crater rim is usually heavily modiﬁed and may be
discontinuous. Crater ﬂoors are often extensively
modiﬁed. Peak elements are no longer identiﬁable.
In the ﬁve-class system, c2 craters still retain identiﬁable crater walls, whereas c1 crater materials are scarcely discernible from background plains (Figure 2).
4.4.4.2. Degraded craters: C2 – three class, c3 – ﬁve
class. These are craters in an intermediate degradation
state, indicating a younger age than the preceding
class. Crater rims are always continuous. Typically
craters retain some areas of continuous ejecta, but
this lacks a radial texture. Slumped internal terracing
is common. Where craters are large enough, peak
elements are still present but are typically slumped
or otherwise degraded.
4.4.4.3. Fresh craters: C3 – three class, c4 and c5 – ﬁve
class. These are least degraded, and youngest, classes.
They have clearly deﬁned terracing, continuous ejecta
with radial texture, and larger craters may be sources
of chains of secondary impacts. Rims are sharp, and
the crater ﬂoor is usually pristine. In the ﬁve-class system
c4 craters do not have rays but c5 craters retain them.
4.4.5. Crater ﬂoor material
4.4.5.1. Smooth crater ﬂoor material (cfs). This is
smooth material resembling smooth plains conﬁned
to crater ﬂoors. In fresh craters, this is generally interpreted as representing ponding of impact melt
(Daniels, 2018; Wright et al., 2019). In older craters,
this may be later volcanic plains.
4.4.5.2. Hummocky crater ﬂoor material (cfh). This is
rough textured, often rolling material conﬁned to
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Figure 4. Area of intercrater plains at 40°E, 9°S. (A) BDR basemap mosaic, (B) Enhanced colour, (C) As mapped on the three crater
class map sheet. The unit is heavily cratered, with many large and small craters showing various states of degradation.

Figure 5. Area of intermediate plains at 19°E, 9°N shown in (A) BDR basemap mosaic; (B) enhanced colour; (C) as mapped on the
three crater class map sheet. This area shows gentle rolling terrain with clearly subdued craters (C1 degradation), small lobate
scarps and textural variation.

Figure 6. Area of smooth plains at 65°E, 14°N. The smooth plains are embaying a C1 crater. (A) BDR basemap mosaic. (B) Enhanced
colour basemap mosaic, this area has the archetypal high reﬂectance red colour. (C) As mapped on the three crater class map
sheet.

crater ﬂoors. It could represent degraded smooth ﬂoor
material (Galluzzi et al., 2016) in more degraded craters, or collapsed debris, or crater ﬂoor that has not
been covered by ponded impact melt.
4.5. Superﬁcial units
We mapped superﬁcial units, distinguished by textures or features that overprint the main

geomorphological units. These include two classes of
landforms associated with Mercury’s volatile history:
hollows, small, ﬂat-ﬂoored, rimless depressions that
are high albedo blue in enhanced colour imagery,
and faculae, high albedo red albedo features in
enhanced colour. Most faculae are thought to be
explosive volcanic deposits, and these contain irregularly shaped pits, whose edges we mapped, thought
to be volcanic vents. For consistency with previously
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Figure 7. Schematic stratigraphy of the H-10 quadrangle. Smooth Plains – sp, Intermediate Plains – imp, Intercrater Plains – icp. As
crater degradation is not always linear on Mercury age estimates are given for the main population of these craters. Alternative
time periods from Spudis and Guest (1988) and following the revisions of Banks et al. (2017) using the crater production of Marchi
et al. (2009), with midpoints used where ranges are given.

published maps, we included faculae with unusual
morphology known as ‘pitted ground’ (Thomas
et al., 2014), which occur in the Derain basin, within
the same unit.
We also mapped secondary crater chains and bright
crater rays as surﬁcial units.

(2016), and for the Intercrater Plains from Marchi
et al. (2013). Ages tally with plains ages in Giacomini
et al. (2022), except that we agree with Wright et al.
(2019) in recognising that some Intermediate Plains
could be younger than most Smooth Plains.

6. Summary
5. Correlation of units
We have constructed schematic stratigraphies for each
version of the map, as shown in Figure 7. For dating of
crater materials, we used accepted age estimates for
the three-class system and for c1-c3 in the ﬁve-class
system (e.g. Galluzzi et al., 2016; Wright et al., 2019).
For c4 and c5 craters, we used ages derived from global
population crater counts of such craters (Banks et al.,
2017; Ernst et al., 2017). Emplacement age estimates
for Smooth Plains were obtained from Byrne et al.

We present a geological map constructed using MESSENGER data covering the H10 quadrangle of Mercury, consistent with other published MESSENGER
era maps. We mapped crater degradation with both
currently used schemes. We mapped Intermediate
Plains units, in common with previously published
quadrangle maps, but in contrast to the current global
map. This unit may be diﬃcult to map consistently on
a global scale, but it is necessary to best represent the
plains units apparent at the quadrangle level. This
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mapping will be useful in providing science context
and targets for the ESA-JAXA BepiColombo orbital
campaign at Mercury.

Software
We retrieved all datasets from NASA’s Planetary Data
System (https://pds-imaging.jpl.nasa.gov/portal/) and
processed them to GIS-ready format through USGS
ISIS3 software. We completed mapping using ESRI
ArcGIS 10.5 and ArcPro software.
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