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ABSTRACT

Tolstoj quadrangle (H08) is located in the equatorial area of Mercury, between 22.5°N and 22.5°
S and 144° and 216°E. Using the NASA/MESSENGER data, we compiled a geological map of the
quadrangle at a scale of 1:3.000.000. The main basemap we used was the MDIS 166 m/pixel
BDR mosaic. In addition, mosaics with high-incidence illumination from west and east, MDIS
global color mosaics, and the MDIS global DEM have been taken into account. In the map,
we considered three feature classes: geological units, lineaments, and surface features.
Geological units consist of crater material and plains. Lineaments include crater and pit rims,
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and structures. Finally, surface features are subdivided into crater chains or clusters, hollows,
faculae, bright and dark material. The geological map will be integrated into the global 1:3M
geological map of Mercury, which is being prepared in support to the ESA/JAXA

BepiColombo mission.

1. Introduction

Mercury was studied by two different missions:
NASA/Marinerl0 and NASA/MESSENGER. The
first one completed 3 flybys around the planet between
1974 and 1975, covering about 45% of its surface.
Based on these images, several geological maps of
the planet’s surface have been compiled (De Hon
et al., 1981; Grolier & Boyce, 1984; Guest & Greeley,
1983; King & Scott, 1990; McGill & King, 1983; Scha-
ber & McCauley, 1980; Spudis & Prosser, 1984; Strom
et al., 1990; Trask & Dzurisin, 1984). More than thirty
years later, in 2011, MESSENGER entered the orbit of
Mercury for a two-year mission. During that period,
the MDIS (Mercury Dual Imaging System) instrument
acquired images of the surface completing a global
coverage of the planet. Thanks to those data, a global
geological map of 1:15M was produced (Kinczyk et al.,
2019). More recently, an effort to produce quadrangle
geological maps at a scale of 1:3M for the entire planet
was launched (Galluzzi et al., 2016; Giacomini et al.,
2022; Guzzetta et al, 2017;Malliband et al.,, 2023;
Man et al., 2023; Mancinelli et al., 2016; Pegg et al.,
2021; Wright et al., 2019). The new geological map
series will be useful for the ESA/JAXA (European
Space Agency, Japan Aerospace Agency) BepiCo-
lombo mission that will reach Mercury in 2026. We
present here the geological map of the Tolstoj quad-
rangle (HO08). A previous map of the quadrangle was
performed in 1980 at a scale of 1:5M (Schaber &

McCauley, 1980). However, it covers about 60% of
the quadrangle’s area, since the western sector was
in darkness in the Mariner10 images. Therefore, the
map of this work represents the first complete geologic
survey of HO8, at 1:3M scale.

2. Data
2.1. Basemaps

The main basemap used for HO8 was the MDIS (Mer-
cury Dual Imaging System) and BDR (Basemap
reduced Data Record) products. BDRs are mosaics
of both WAC (wide-angle camera) and NAC
(narrow-angle camera) images at the spatial resolution
of 166 m/pixel. They include images with low emis-
sion angles at moderate- to high-incidence angles,
conditions that best highlight the topography. The
images were assembled in several mosaics to have
four tiles for each quadrangle (NE, SE, SW and
NW). Since we considered a 5° overlap with the
surrounding quadrangles (i.e. HO03-H04-H07-HO09-
H12-H13) to allow a globally consistent interpretation
of the geological units at the boundaries, we used
for the geological map a total amount of 12 tiles
(Figure 1).

In addition to the BDRs, we used HIW and HIE
basemaps, which include images with high-incidence
angles illuminated from the west and east, respect-
ively. These helped us to discern low-relief topography
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Figure 1. BDR mosaics of Tolstoj quadrangle (H08) used as the main basemap in Mercator projection. Black square indicates the
boundary of H08. The basemap has 5° of overlap with the neighbor quadrangles. A total amount of 12 tiles have been used.

(Figure 2a and b). Coupled with the monochrome
images, we used the MDIS WAC global color mosaic,
both with three and eight colors (Figure 2c and d).
Although their spatial resolution (332 m/pixel for
the 3 color-mosaic and 665 m/pixel for the 8 color
mosaic) did not allow a detailed mapping, the MDIS
WAC images were useful mainly to distinguish bright
and dark deposits. Also, the Enhanced color mosaic
(665 m/pixel) (Figure 2e), which highlights the differ-
ent color units, was used to identify and map the vol-
canic deposits and to detect hollow fields.

Finally, the topography of the quadrangle was
obtained by the global USGS DTM (Digital Terrain
Model) (Figure 2f). It is derived by MDIS WAC and
NAC and has a spatial resolution of 665 m/pixel
(Becker et al.,, 2016). The DTM was useful to dis-
tinguish the boundaries between smooth and

intercrater plains as well as to discern old craters
eroded and/or partially buried by subsequent smooth
plains.

3. Methods
3.1. Projection and scale

Since the Tolstoj quadrangle is located in the equator-
ial region, we used the Mercator projection. The refer-
ence datum for the projection was the Mercury 2015
(sphere’s radius = 2439.4 km). To build the quadran-
gle mosaic, we projected individual tiles, and then,
we mosaicked them using the ISIS (Integrated Soft-
ware for Imagers and Spectrometers) software. The
projected basemaps were imported into the ArcGIS
environment, and then, the geological features were
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Figure 2. Ancillary basemaps of Tolstoj quadrangle: (a) 166 m/pixel HIE BDR MDIS mosaic; (b) 166 m/pixel HIW BDR MDIS mosaic;
(c) 332 m/pixel 3 color MDIS mosaic: R: 1000, G: 750, B: 430 nm; (d) 665 m/pixel 8 color MDIS mosaic: R: 1000, G: 750, B: 430 nm; (e)
665 m/pixel enhanced color mosaic (Denevi et al., 2016); and (f) 665 m/pixel USGS DTM mosaic.

digitalized as vector layers. The map was performed
using the standards indicated in the USGS planetary
mapping protocol (Skinner et al., 2022). To achieve
a final map scale at 1:3.000.000, mapping was per-
formed at a scale of 1:300.000-1:600.000, following
Galluzzi et al. (2016).

3.2. Mapping method

To perform the geological map, we consider three fea-
ture classes: (i) geological contacts, (ii) lineaments,
and (iii) surface features. Geological contacts enclose
surfaces with the same characteristics, such as
albedo/color, texture and stratigraphic position,
defining a geological unit. In the map, we distinguish
between ‘contact, certain’, when the boundary
between geological units is neat and clear, and ‘con-
tact, approximate’, when the boundary is more irregu-
lar and blurred. Lineaments include: tectonic
structures, crater and pit rims.

Tectonic structures are subdivided into (i) wrinkle
ridges, which are low-relief arches with a narrow

superposed ridge. They are interpreted to be formed
by a combination of folding and thrust faulting
(Watters et al., 2009), and they are localized in smooth
plains; (ii) thrusts, including lobate scarps and high
relief ridges. The former are linear or arcuate in plan
view and asymmetric in cross section, characterized
by a steep frontal scarp and a gently dipping back
slope, whereas the latter are more symmetrical with
greater relief than the wrinkle ridges (Watters &
Nimmo, 2010); and (iii) graben, which are the surface
expression of normal faults with opposing polarity
(Watters et al., 2009).

Crater rims define the crest of craters subdivided
into two groups based on their diameters: for
>20 km-diameter craters, the crest has been traced
with a continuous line bearing ornamental ticks on
the inward sides. Further, these craters are mapped
with geological contacts that define their floor and cra-
ter material, such as crater wall and central peak or
peak ring. For diameters between 20 and 5 km, the
crest of craters is traced only with a continuous line,
and no geological contacts have been drawn to limit
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their floor. Crests of buried and very degraded craters
are traced with a dashed line.

Pit rims delineate the edge of irregular depressions
interpreted to be volcanic vents.

Finally, surface features include crater chains or
clusters, faculae, hollows, bright and dark material.
They have been mapped with polygons superposed
on the geological units. Only features greater than
10 km were considered. Crater chains or clusters are
secondary craters arranged in a raw or in groups.
Faculae are diffuse bright red areas (Pegg et al., 2021;
Wright et al., 2019) that have been interpreted as
explosive volcanic deposits (Gillis-Davis et al., 2009;
Goudge et al.,, 2014; Head et al., 2009; Jozwiak et al.,
2018; Kerber et al., 2009, 2011; Murchie et al., 2008;
Rothery et al., 2014; Thomas et al., 2014). Hollows
are pitted terrain areas likely formed for loss of vola-
tiles, which can occur as a single depression or a
group of small pits (Blewett et al., 2011, 2013). Bright
materials are high albedo deposits representing the
freshest and rayed ejecta, whereas dark materials are
interpreted to be low reflectance terrain excavated
from depth by impacts (Klima et al., 2018).

3.3. Crater classification

To map craters, two different schemes were used by
previous mappers of Mercury’s quadrangles: a five-
class and a three-class scheme. In the five-class
scheme, craters are distinguished based on their mor-
phologies, assigning to each class a stratigraphic pos-
ition (McCauley et al., 1981, recently reviewed by
Kinczyk et al., 2020). However, with this morphologi-
cal classification, older craters could overlie younger
craters. To avoid any conflict between relative ages
implied by the degree of crater degradation and their
relative stratigraphic ages, in this map, we used a
three-class scheme (Figure 3), from cl to c3. cl
includes the oldest, very degraded, craters, whereas
c3 consists of the youngest and freshest craters. c2
includes the craters with intermediate morphologies
between the two end-members.

4. Geological map description
4.1. Crater material

c3: craters with sharp morphology. Rims, as well as
their central peaks or peak rings, are intact. Crater
walls are terraced. Ejecta are extensive; they can
reach over 1 diameter of distance from the crater
rim and preserve their hummocky textures. They
can appear rayed and bright. The boundary between
ejecta and the surrounding terrain is clearly visible.
c2: craters with intermediate characteristics
between c3 and cl. Rims, central peaks or peak rings
are intact but not sharp. Terraces, if present, are not

fresh. Ejecta are extended but their boundaries with
the surrounding terrain are not clearly detectable.

cl: very eroded craters. Rims are discontinuous,
peaks or central peaks are heavily or totally eroded.
Ejecta are absent or barely visible in the proximity of
the rim.

cfs: crater floor, smooth. The floor is very flat and
poorly cratered. On c1 smooth crater floor, it is likely
volcanic flows, whereas on ¢2 and c3, it is probably due
to impact melt or lava flows.

cth: crater floor, hummocky. The floor shows a
rough texture, moderately cratered. On ¢3 and c2,
the hummocky floor is likely due to mass wasting
deposits, whereas on cl, it is due to degradation,
caused by subsequent impacts.

4.2. Caloris basin material

CMF: Caloris Montes Formation. In some areas, it
appears as continuous outcrops of rocky terrains; in
other regions, it is more discontinuous and has a
more knobby appearance. It represents the crater
rim of the Caloris basin (Fassett et al., 2009 and
McCauley et al., 1981) (Figure 4).

NF: Nervo Formation. It appears as smooth patches
bounded by rough or knobby massifs of the Caloris
Montes Formation. It was interpreted as impact melt
or ejecta blanket (Fassett et al., 2009 and McCauley
et al., 1981) (Figure 4).

OF: Odin Formation. It is located radially outside
the Caloris rim and includes terrain with knobs of lim-
ited dimensions. It is interpreted as ejecta blocks of
Caloris, although its origin is still uncertain (e.g. Spu-
dis, 1993) (Figure 4).

VEF: Van Eyck Formation. It is characterized by
lineations, represented by a series of ridges and
troughs (Fassett et al., 2009) with an orientation sub-
radial from the Caloris rim. In the quadrangle, it
extends up to 1000 km southward from the Caloris
Montes Formation. It was interpreted as ejecta from
Caloris secondaries (Buczkowski et al, 2017)
(Figure 4).

4.3. Plains

icp: intercrater plains. Heavily cratered terrain with a
rough and hummocky surface texture (Figure 5). No
distinctive color is observed for this unit since it
shows a shade from yellow to blue. It represents the
oldest surface of the quadrangle, dated Tolstojan to
pre-Tolstojan in age (> 3.9 Ga; Whitten et al., 2014).
The origin of these plains is still debated: they are
likely the result of effusive volcanism, although an
impact crater origin cannot be excluded (Denevi
et al., 2013; Whitten et al., 2014). In H08, the intercra-
ter plains are mapped mainly in the southeastern
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Figure 3. Tolstoj quadrangle 3 crater classes: (a) Balzac crater as an example of ¢3 crater class; (b) Mozart crater as an example of
2 crater class; and (c) unnamed crater, centered at 154,8°E and 6,9°S, as an example of c1 crater class (see text for more details
about the crater classification criteria).

Terrain Units ' BasinUnits

smooth plains Odin Formation
Crater Materials [ Van Eyck Formation

crater floor material, smooth - Nervo Formation

C3 crater - Caloris Montes Formation

Figure 4. Caloris basin material. On the right panel, Caloris Montes Formation (CMF; knobby surface), Nervo Formation (NF,
smooth surface between massifs), Odin Formation (OF; rough surface with sporadic knobs), and Van Eyck Formation (VEF; lineated
surface) are shown. See text for more details.

corner of the quadrangle. It is superposed by craters  Indeed, it is less cratered and with a smoother surface
belonging from c1 to ¢3 class. texture than intercrater plains but more cratered and

imp: intermediate plains. Terrain with intermediate =~ with a rougher texture than smooth plains (Figure 6).
characteristics between intercrater and smooth plains. ~ The boundaries of intermediate plains are frequently
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Crater Materials
’ﬁ crater floor material, hummocky

Terrain Units
smooth plains
- intercrater plains

crater floor material, smooth

C3 crater

- C2 crater
- C1 crater

Figure 5. Example of intercrater plains mapped in H08. They are characterized by a rough texture and a very cratered surface.

indistinct. Indeed, a progressive transition with inter-
crater plains is observed, where smooth deposits cover
the underlying intercrater plains progressively filling
the terrain depressions and embaying crater rims.
Color maps do not help in distinguishing intermediate
plains since they do not show a distinctive color with
respect to the surroundings. In other quadrangles, the
presence of wrinkle ridges helps in distinguishing the
intermediate from intercrater plains, since this latter
unit lacks such structures (Giacomini et al., 2022).
However, wrinkle ridges were not observed in the
HO08’s intermediate plains, likely due to the limited
extension of these plains in the quadrangle. Indeed,
the existence of intermediate plains as a proper geologi-
cal unit is still debated. It was introduced during the
mapping with Mariner10 images, according to their
morphological characteristics (e.g. Grolier & Boyce,
1984; Spudis & Prosser, 1984), whereas Denevi et al.
(2009) mentioned an ‘intermediate plains’ unit distin-
guished based on its spectral characteristics, which are
different from smooth plains and low reflectance

material. However, recently, Whitten et al. (2014)
argue that intermediate plains are composed both by
intercrater and by smooth plains, and therefore, they
would be included in the latter group. In this work,
in accordance with the previous mappers (Galluzzi
et al, 2016; Giacomini et al., 2022; Guzzetta et al.,
2017; Malliband et al.,, 2023; Man et al., 2023; Manci-
nelli et al, 2016; Pegg et al, 2021; Wright et al,
2019), we kept intermediate plains as a distinct unit,
referring mainly to their morphological characteristics.
The terrain is superposed by c2 and c¢3 craters.

sp: smooth plains. Poorly cratered terrain with a
smooth texture (Figure 7). Smooth plains represent
the most extended units of HO8. They are emplaced
both inside and outside the Caloris basin. Smooth
plains are affected by wrinkle ridges. On the smooth
plains emplaced within the Caloris floor, wrinkle ridges
appear to have both a concentric and radial orientation
with respect to the basin center. In the smooth plains
outside the Caloris’ rim wrinkle ridges preserve a pre-
ferential concentric and radial orientation, although
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Crater Materials

crater floor material, smooth

C3 crater

- C2 crater
- C1 crater

Figure 6. Example of intermediate plains mapped in H08. These plains show intermediate characteristics between intercrater and
smooth plains: they are characterized by a rough surface but less rough than the intercrater ones. They are also cratered but less

than intercrater plains and more than smooth ones.

D

Terrain Units Crater Materials

smooth plains - crater floor material, hummocky

- intercrater plains

crater floor material, smooth

C3 crater

- C2 crater
- C1 crater

Figure 7. Example of smooth plains mapped in H08. They are poorly cratered and show a smooth surface texture.

several more randomly oriented wrinkle ridges were
also observed. Moreover, in the smooth plains inside
Caloris, several grabens were mapped. They show
both radial and concentric orientation with respect to
the Apollodorus crater, located in the proximity of
the Caloris’ basin center (in the H04 quadrangle).
The relationship between grabens and wrinkle ridges

is still uncertain. Grabens seem to crosscut, and post-
date, wrinkle ridges (Watters et al., 2009). This would
imply that the compressional deformation occurring
in the smooth plains inside the basin predates the
extensions that formed the grabens (Watters et al,
2009). However, for other authors (Basilevsky et al.,
2011), this is true only for concentric grabens, while
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radial grabens seem to predate the wrinkle ridges,
suggesting a more complex deformational history.

Smooth plains are not limited to the Caloris basin
areas. Indeed, they fill also the major crater floors
(e.g. Tolstoj crater) of the quadrangle. The origin of
smooth plains is attributed to recent effusive volcan-
ism, Calorian in age (3.7-3.9 Ga) (Denevi et al,
2013; Fassett et al.,, 2009; Head et al., 2011; Strom
et al., 2008, 2011). This terrain is superposed by c2
and c3 craters.

Small patches of smooth plains have been mapped
around some of the larger craters (i.e. Mozart, Tyagar-
aja, and Zeami craters) and they have been interpreted
to be ponds of impact melt (Wright et al., 2019).

4.4. Units’ age

To establish the stratigraphic relationship between the
different geological units, we dated them through the
crater counting method, as described by the Crater
Analysis Techniques Working Group (1979). We
chose six sample regions: one for intercrater plains,
two intermediate plains and three samples for smooth
plains (Figure 8a).

The obtained counts were arranged in a cumulative
size frequency distribution (CSFD). The different
CSFDs were compared to each other to establish
their relative ages (Figure 8b). Subsequently, they
were related with the Le Feuvre and Wiekzoreck Pro-
duction Function (LWPF) (2011) to estimate their
absolute model age (Figure 8c-h)

For the intercrater plains, we obtained an age of 3.8
(+0.01-0.02) Ga (Figure 8h), confirming that it is the
oldest unit in the quadrangle. To date this surface,
we used the non-porous scaling law, since the craters
considered for the best fit with LWPF have a large
diameter. Therefore, hard rock terrain is involved.
Smooth plains emplaced within and around the
Caloris basin have been dated at about 3.7 Ga (Figure
8c—e), in accordance with previous authors (Denevi
et al., 2013; Fassett et al., 2009; Strom et al., 2008).
In this case, the porous scaling law was used due to
the modest dimension of craters that affected only
the upper surface, which is likely fractured both by
subsequent impacts and by lava flows cooling
(Giacomini et al., 2020; Schultz, 1993). The age-con-
sistency among the three smooth plains sample
areas, taken both inside and outside the Caloris
basin, seems to support the hypothesis of a continuity
between the basin’s interior and exterior plains
(Rothery et al.,, 2017), as further confirmed by our
map showing no boundaries between the two plains
in correspondence of the gaps of Caloris basin’s rim.

The stratigraphic position of the intermediate
plains is instead less clear. Indeed, one sample region
(Intermediate 1) was dated at 3.8 (+0.07-0.02) Ga
(Figure 8g), whereas the other sample area

(intermediate 2) was dated at about 3.7 (+0.02—0.04)
Ga (Figure 8f). For both areas, a porous scaling law
was used for the same reasons described for the
smooth plains. The possible explanation of this vari-
able age is that intermediate plains are intercrater
plains progressively flooded by smooth deposits that,
however, did not completely bury the underlying ter-
rain. In the case of intermediate 1, smooth deposits are
quite thin, and therefore, the crater rims are still vis-
ible and were counted in the dating process, returning
an age like the intercrater plains. In the case of inter-
mediate 2, the smooth deposits are thick enough to
cover a great part of the underlying craters; therefore,
its age is more comparable to the smooth plains age.

On the basis of the stratigraphic position observed
between the different geologic units and of the absol-
ute age obtained in this work and estimated by pre-
vious authors (Byrne et al., 2016; Marchi et al., 2013;
Neukum et al, 2001; Ostrach et al., 2015; Whitten
et al.,, 2014), we propose the stratigraphic scheme as
shown in Figure 9.

5. Conclusions

We compiled the geological map of the Tolstoj quad-
rangle (H08) of Mercury at a scale of 1:3M using MES-
SENGER data. This represents a more detailed and
complete map than the previous one performed at a
scale of 1:5M with Marinerl0 data that covers only
the eastern sector of the quadrangle. Indeed, the higher
resolution of MESSENGER MDIS data allowed a better
definition of the geological units’ boundaries. This is
particularly evident for the units related to Caloris
basin (i.e. Caloris Montes, Nervo, Van Eyck, Odin For-
mation), whose extension were better established since
high spatial resolution permits to distinguish their sur-
face textures more accurately. The method used for the
mapping follows the one defined by the quadrangle
geological maps already published at the same scale
(Galluzzi et al., 2016; Giacomini et al., 2022; Guzzetta
et al, 2017; Malliband et al., 2023; Man et al.,, 2023;
Mancinelli et al., 2016; Pegg et al., 2021; Wright et al.,
2019). The map highlights as Caloris basin and its
related features dominate the quadrangle. Indeed, the
southern part of the basin rim is located in the north-
western area of HO8 and the smooth plains emplaced
within and all around the basin rim cover a great part
of the quadrangle. On the contrary, intercrater plains
are confined in the southeastern sector of HO8 and
are less extended. This map is part of a wider project
devoted to the global mapping of Mercury’s surface
(Galluzzi et al., 2024).

Software

To produce our map, we used Esri ArcGIS Desktop
10.8.2 software. Some images have been processed
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Figure 8. Results of crater counting performed on H08. We considered three smooth plains, two intermediate plains and
one intercrater plains (a). Plot of the obtained crater-size frequency distributions (CFSDs) to estimate their relative age
(b). Absolute model age for the surface, derived from the comparison with Le Feuvre and Wiekzoreck Production Function

(c=h

).
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Figure 9. Stratigraphic scheme of H08 map units based on superposition relations and the estimated ages of sp, imp and icp from
the literature (Byrne et al., 2016; Marchi et al., 2013; Neukum et al., 2001; Ostrach et al., 2015; Whitten et al., 2014). Basal ages for
the chrono-stratigraphic systems are from Spudis and Guest (1988).

using ISIS3 (Integrated Software for Imagers and
Spectrometers v3) software (Eliason, 1997; Gaddis
et al., 1997; Torson & Becker, 1997), developed by
the USGS (United States Geological Survey). To per-
form the crater counting, we used Crater Tools
(Kneissl, Van Gasselt, & Neukum, 2011), whereas to
plot the results of the counts, we used the Craterstats2
(e.g. see Michael & Neukum, 2010).
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