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Introduction: Time–stratigraphic systems are developed to provide a framework to derive the relative
ages of terrains across a given planet, estimate their absolute ages, and aid cross-planet comparisons. Mercury’s time–stratigraphic system was modeled after that
of the Moon [1, 2], with five systems defined on the basis of geologic mapping using Mariner 10 images [3, 4].
From oldest to youngest, Mercury’s time-stratigraphic
system includes the pre-Tolstojan, Tolstojan, Calorian,
Mansurian, and Kuiperian systems. The formations of
the Tolstoj and Caloris impact basins mark the start of
the Tolstojan and Calorian systems, respectively. The
Mansurian and Kuiperian systems are defined by the
type craters for which they are named. Absolute age estimates for the Mercury time–stratigraphic system were
based upon analogy with the Moon and crater counts
collected using Mariner 10 images from that spacecraft’s three flybys, and used an assumed lunar-like impact flux [4].
The MESSENGER spacecraft orbited Mercury from
2011–2015 and imaged the entire planet at high resolution and at illumination and viewing angles favorable for
viewing morphology. The completion of this first global
dataset marks an appropriate time to re-assess the timestratigraphic system of the innermost planet. Additionally, newer crater model production functions now incorporate updated impact flux models and parameters
more appropriate for Mercury [e.g., 5, 6].
Recent work suggests the Mansurian and Kuiperian
systems may have begun as recently as ~1.7 Ga and
~280 Ma, respectively [7]. Here, we use MESSENGER
data to re-evaluate the relative and absolute ages of the
Tolstoj and Caloris basins to complete the reassessment
of Mercury’s time-stratigraphic system. We used the
monochrome moderate- and high-incidence (166
m/pixel; [8]), and color basemaps (665 m/pixel) generated by the MESSENGER Mercury Dual Imaging System (MDIS) [9, 10] to update boundaries of Tolstoj’s
ejecta deposit and Caloris rim materials and to determine N(20) and N(10) (the cumulative number of craters
larger than 20 km or 10 km, respectively, per million
square kilometers). Updated crater model production
functions [5, 6] are used to estimate absolute ages.
Tolstoj Basin: Tolstoj basin, centered at 16.4°S,
194.9°E, is a 491-km-diameter, heavily degraded basin
with a well preserved ejecta deposit known as the Goya
Formation [3]. This formation has been remapped on the
basis of morphology and color from MESSENGER images as a part of the global Mercury geologic mapping

Figure 1. Comparison of Caloris basin rim units. The definition of [12] is shown in red, a more liberal definition from
this study is shown in yellow, and a more conservative definition from this study is shown in blue.

effort [11]. The N(20) value for the Goya Formation is
93 ± 15, and the N(10) value is 278 ± 25. These values
are compared to those of Caloris in Table 1.
Caloris Basin: Caloris basin, 1525 km by 1315 km
in diameter [12] and centered at 31.5°N, 162.7°E, is the
largest young basin on Mercury. The basin, ejecta facies,
and exterior plains dominate a hemisphere, making
Caloris a natural choice for use as a stratigraphic marker.
The Caloris Group, a collection of formations (Caloris
Montes, Nervo, Odin, Van Eyck, and secondary crater
clusters) interpreted as Caloris ejecta and rim material
[13], defines the base of the Calorian system [4]. Given
the lack of consensus for the origin of some of the circum-Caloris deposits, we consider only the rim materials to estimate the age of the basin.
Defining the Caloris Rim. Mariner 10 flyby images
covered only a portion of the basin and the eastern exterior plains; MESSENGER images have since provided
complete coverage. Little of the original basin structure
remains due to volcanic flooding, and major tectonic undulations have added further complexity. Definition of
the Caloris rim unit is therefore difficult, yet it is critical
for crater counting.
Fassett et al. [12] defined a Caloris rim unit based
upon a combination of Mariner 10 and MESSENGER
Flyby 1 images. Low incidence angles made definition
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of the rim and craters difficult. We remapped the Caloris
rim using the full MESSENGER orbital dataset, producing two interpretations of the rim: one that is more liberal and one that is more conservative, including only
the Caloris Montes and Nervo Formation. All three rim
definitions are compared in Figure 1. In particular, the
area north of the basin was not included by [12] but
shows morphological characteristics consistent with rim
areas (Nervo Formation) on the eastern side of the basin.
Craters ≥ 10 km in diameter were mapped within
each unit using the orbital MESSENGER basemaps.
N(20) and N(10) values for the Caloris rim units, along
with values for the interior plains, are listed in Table 1.
A combination of updating the boundary of the interior
plains and the addition of terrain at the north of the basin
results in fewer craters per unit area for the updated rim
units.
Absolute Age Estimates: Two models for crater
production are used to derive absolute ages from the
crater counts: when implementing the Marchi et al. [5]
model, we use a main belt asteroid-like impactor size–
frequency distribution, hard rock crater scaling relations, target strength of 2 ´ 107 dyne/cm2, and target and
projectile densities of 3.4 g/cm3 and 2.6 g/cm3, respectively; for the Le Feuvre and Wieczorek [6] model, we
use non-porous scaling relations to fit craters down to
10-km in diameter.
The model age estimates for the Tolstojan and Calorian are listed in Table 2. For reference, ages from Spudis and Guest (1988) are also included because as the
canonical values for many years, they have had a large
influence on interpretations of the timing of many events
in Mercury’s history.
The ages for the Tolstojan are less variable, ranging
from 3.9 Ga using [5] and 3.7 Ga using [6]. The ages
estimated for Caloris vary widely depending upon the
flux model used, from as old as 3.7 Ga to as young as
3.1 Ga. Large uncertainties are attached to these measurements, making a definitive determination of absolute
age difficult. Within [6], the model age ranges from 3.5
to 3.1 Ga just with the change from the more conservative to the more liberal rim definition. Further attention
to these methods and uncertainties is necessary before
new absolute model ages are accepted.
Absolute Age Implications: Comparing ages for
Tolstoj and Caloris within a single model (Table 2) suggests that the duration of the Tolstojan System was approximately 200–600 Myr (as compared to the previous
100 Myr estimate). The significantly younger ages estimated for the Mansurian boundary [7] results in a much
longer Calorian (over 2 Gyr, as compared to 400–900
Myr). Such a substantial shifting of the time–strati-
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graphic system could have major repercussions for interpretation of Mercury’s geologic history. The timing
of the Caloris impact itself has implications for the possible late heavy bombardment.
Crater counts based on Mariner 10 and
MESSENGER flyby data seemed to shut the door on an
interpretation of these plains as impact melt-related material [12]. These updated crater counts show no significant differences between the basin rim, interior plains,
and exterior plains. Coupled with recent morphological
studies [14], this re-opens the door and again raises the
question of the relative timing between basin formation
and the exterior plains, as well as the origin of the exterior plains.
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Table 1. The area, number of craters, and N(20) and N(10)
values for Tolstoj and Caloris basins.

Table 2. Model ages for the base of each system (Ga). Mansurian and Kuiperian are from [7].

