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Abstract Numerical modeling of the peak-ring basin formation showed that the peak-ring forms from the
material that is part of the central uplift outwardly thrust over the inwardly collapsing transient crater rim.
Simulations of the lunar basin formation showed that the peak or inner ring in peak ring or multiring basins,
respectively, is composed of the overturned crust and deep-seated material, possibly from the upper
mantle. Numerical impact simulations were used to trace the depth of origin of material exposed within the
peak (or inner) ring. We estimate the scaling trends between basin size and the depth of origin of material
exposed within the ring. We also report on the likely crust, mantle, and projectile abundances exposed within
the ring. Quantifying the excavation depths during the formation of the peak or inner ring provides a step
toward understanding the lunar crust and mantle stratigraphy.

1. Introduction
Large impact craters, or impact basins, can be divided in two categories based on their morphology and
ring formation process: the peak-ring and multiring basins. This crater morphology is present on all rocky
bodies in the solar system. The transition from the complex crater to peak-ring to multiring basin scales
inversely with the parent body gravity (Melosh, 1989). On the Moon, the onset diameters for the formation
of peak-ring basins are ~150 km and ~300 km for the multiring basins (e.g., Wood & Head, 1976).
Peak-ring basins (e.g., Schrödinger) have a single ring located within their main topographic rim, and multiring basins (e.g., Orientale) have multiple ring-like features (e.g., Hartmann & Kuiper, 1962; Melosh, 1989;
Spudis, 1993).
The dynamic theory for the peak-ring formation suggested that the peak ring likely forms through the interaction of two collapse regimes: (1) the outward collapse of the uplift of the underlying material at the bottom of the transient crater and (2) the inward collapse of the transient crater wall (e.g., Murray, 1980). This
theory was supported by (a) numerical impact modeling that showed that the peak ring should be composed of deeply derived material and that the ring stratigraphy exhibits an overturned structure (e.g.,
Collins et al., 2002), (b) detailed mineral mapping of lunar impact basins (Baker et al., 2016; Kring et al.,
2016), and (c) rock sample analyses obtained by the drilling expedition to the peak ring of the Chicxulub
crater (Morgan et al., 2016). Furthermore, recent numerical modeling of the formation of the multiring
Orientale basin (Potter, Kring, & Collins, 2013; Johnson et al., 2016) demonstrated that the inner ring in multiring basins forms via the same mechanism as peak rings in peak-ring basins.
Previous impact studies have mainly focused on quantifying the maximum depth of excavation during
crater formation. According to the Maxwell’s Z-model of the excavation ﬂow (Melosh, 1989) and recent
numerical impact modeling work (e.g., Potter et al., 2015), the maximum depth of excavation in lunar
basins was estimated to be 0.12 Dtr, where Dtr is the transient crater diameter. Although, Potter, Kring,
Collins, and Kiefer et al. (2013) quantiﬁed the stratigraphic uplift during basin formation, there is no clear
relationship between the depth of origin of the material exposed in the peak or inner ring and impact
basin size.
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In this work, we use the results from numerical impact simulations to determine the scaling trends for the
depth of origin of materials exposed within peak and inner rings in lunar peak ring and multiring basins,
respectively. We also report on the crust, mantle, and projectile abundances exposed within the ring, as a
function of impact condition and target properties.
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Figure 1. (left) Lunar impact basin made by a 30 km projectile impacting at 17 km/s shown in vertical cross section. The
target temperature proﬁle is “intermediate.” The crust (shown by green tracer particles) is 45 km thick, overlaying the
mantle (shown in blue tracer particles). Tracers shown in red represent residues of the projectile. The gray box is centered at
the radius of the peak ring, which also corresponds to the radius of the crustal thinning (Dthin/2); (right) relative mass
distribution of tracer particles and their respective depth of origin, extracted from the sampling box shown on the left. The
crustal component shown in green and mantle component in blue.

2. Method
To simulate the lunar impact basin formation, we used the iSALE-2D hydrocode, a multimaterial, multirheology ﬁnite difference shock-physics code used for simulating impact processes in geologic media (Amsden
et al., 1980; Collins et al., 2004; Wünnemann et al., 2006). This code has been extensively used for modeling
impact basin formation on the Moon (Johnson et al., 2016; Melosh et al., 2013; Miljković et al., 2013, 2015,
2016; Potter et al., 2012; Potter, Kring, & Collins, 2013; Potter, Kring, Collins, Kiefer et al., 2013; Potter et al.,
2015; Zhu et al., 2015) and was benchmarked against other hydrocodes (Pierazzo et al., 2008).
We investigated impacts made by 15, 30, 45, and 60 km diameter impactors hitting the Moon at an average
speed of 17 km/s (Le Feuvre & Wieczorek, 2011), as used and justiﬁed in Miljković et al. (2013). The average
lunar crustal thickness on the nearside hemisphere is 34 km, and 43 km on the farside hemisphere (Wieczorek
et al., 2013). Therefore, the Moon was assumed to be a ﬂat target made of a 30 or 45 km thick crust overlaying
mantle. To represent the thermal state of the Moon at the time lunar basins had formed, we applied “cold,”
“intermediate,” and “hot” target temperature proﬁles, as described in Miljković et al. (2013, 2015, 2016), typical for the lunar farside, nearside (except the PKT), and the PKT region, respectively. The crust (modeled using
basalt ANEOS), mantle, and projectile (both modeled using dunite ANEOS) used material models from
Miljković et al. (2013, 2015, 2016). These sets of impactor and target properties cover the entire size range
of lunar basins, except the South Pole-Aitken (SPA) basin and possibly Imbrium. The reason for excluding
the largest lunar basins was because of difﬁculty in modeling the formation of the inner ring in such large
basins due to the very large amount of melt forming in the center of the basin.
The depth of origin of the material exposed in the peak or inner ring was tracked using Lagrangian tracer particles placed in every cell of the Eulerian numerical mesh. Numerical cell size was set to 1.5 by 1.5 km in all
simulations, which provided sufﬁcient resolution to observe the peak-ring formation process. Given the
resolution, we can properly resolve the combination of the collapse of the transient crater, stratigraphic uplift
of the transient crater ﬂoor, and collapse of the overturned crustal material that contribute to the peak-ring
formation. The trajectory of each tracer was recorded during the basin formation process, so that the initial
location of the material can be determined at the end of a simulation. We identiﬁed a region of 10 km radial
distance (at ﬁnal surface level) by 10 km depth centered at the radius of the peak ring (gray box, Figure 1), and
we analyzed all tracers located in this region. This method allowed for sampling a statistically signiﬁcant number of tracers that will provide a good representation of the possible range of the material’s depth of origin,
for all materials exposed within the ring. We also found that the tracer sample box was moderately insensitive
to its size. If the sample box increases by 100% in both radial and vertical directions, it still produced less than
10% variation in the mean depth of origin of the materials as well as the crust-mantle proportions.
Considering all numerical simulations were made in 2-D, it was important to estimate the mass of each cell
that tracers represented in 3-D. All numerical models were cylindrically symmetric; therefore, the volume
of each cell was calculated as a volume of a torus around the vertical axis. Thickness of the torus
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Figure 2. (a) (left) The mean depth of origin of material exposed within the peak or inner ring for a range of basin sizes,
0.58
, where L is the projectile diameter in km and V speed in km/s). The range
represented via the coupling parameter (LV
of values (50–350) for the coupling parameter shown in x axis corresponds to Dthin values increasing from 50 to 500 km,
according to the scaling trends developed in Miljković et al. (2016). The vertical error bars denote 1σ standard deviation
from the sampled tracer depths. The symbols shown in red, green, and blue mark the simulations made into a “hot,”
“intermediate,” and “cold” targets. (b) (right) The mean depth of origin of the crust and mantle materials exposed within the
peak or inner ring for a range of basin sizes, respectively. The green symbols denote the crustal component, and the blue
symbols denote the mantle. The different symbol shapes mark different crustal thicknesses (30 or 45 km).

corresponded to the numerical cell size. The volume of each tracer depended on its initial distance from the
symmetry axis; the further it is from the symmetry axis, the larger the tracer (torus) volume. Depending on
whether the cell represented the crust or the mantle materials, the respective masses for each tracer
were calculated.
An example of a numerical simulation of lunar basin formation is shown as a vertical 2-D slice of half-basin in
Figure 1 (left). The material exposed within the peak ring originated from various depths, based on the analysis of approximately 100 tracer particles from the 10 by 10 km sampler (gray box in Figure 1, left). Zooming
into the gray box marked in Figure 1 (left), Figure 1 (right) shows the range of depths from which the material
that formed the peak or inner ring originated from. The mass of tracers was normalized to the projectile mass.
The location of the tracer sampler box (Figure 1) is at the peak-ring radius as determined from the gravity signature and deﬁned by Neumann et al. (2015). We avoid using the transient cavity diameter (Dtr) as a measure
of the crater size, because it is not possible to determine Dtr in basins using any topographic feature (e.g.,
Zuber et al., 2016). Instead, we use the peak/inner-ring diameter Dring. For some basins, even this ring diameter
cannot be determined from topographic data, but it is possible to infer it from the gravity data. Neumann et al.
(2015) showed that the peak-ring diameter and the diameter of the Bouguer gravity high in peak ring and
some multiring basins follow a 1:1 ratio. This way, we can constrain the size of lunar impact basins. The
Bouguer gravity high reported by Neumann et al. (2015) as the peak/inner ring diameter also corresponds
to the diameter of the crustal thinning Dthin deﬁned as twice the distance from the point of impact to the location where the crustal thickness becomes equal to the preimpact crustal thickness. The diameter of the crustal
thinning has been used as a measure of basin size in previous works Miljković et al. (2013, 2015, 2016).

3. Results
Numerical impact simulations used in this work showed the same formation mechanism for the peak ring as
reported in past works (e.g., Baker et al., 2016; Collins et al., 2002; Kring et al., 2016). Here we present the following: the mean depth of origin of materials exposed within peak ring in peak-ring basins or inner ring in
multiring basins, as a function of impact and target conditions; the range of possible depths of origin for
the crustal and mantle materials exposed within peak or inner ring in peak ring or multiring basins, respectively; mass abundances of the crust and mantle material exposed within the ring, as a function of impact
and target conditions; synthesis of the results into scaling trends focusing on the mean depth of origin
and the crust-mantle mass abundances, as a function of the preimpact crustal thickness; and application of
the scaling trends on the range of lunar peak ring to multiring impact basins that are within the investigated
range of impact size and crustal thickness.
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3.1. Scaling Trends
The peak (inner) ring forms through a complex and violent process,
composed of the collapsing central uplift and slumping of the ejected
and overturned crust. Therefore, deﬁning the depth of origin of the
material exposed in these rings is not a trivial task. However, in this
study, we produced over-encompassing and simpliﬁed scaling trends
that relate: (a) the basin size with the mean depth of origin of material
exposed within the peak (inner) ring and (b) the basin size with the
crust and mantle abundances exposed within the ring, for the purpose
of a better understanding of the lunar composition. The scaling trends
presented here are only applicable to lunar basins because the
formation of impact basins is dependent on the properties of the
parent body.

Figure 3. The proportions of the crust and mantle mass abundances exposed
within the peak or inner ring as a function of impact size represented by the
coupling parameter for 30 and 45 km thick crust. There are two data points from
each simulation, one denoting the crustal and the other mantle abundances
(in wt % adding up to ~100). The symbols shown in red, green, and blue mark the
simulations made into a “hot,” “intermediate,” and “cold” targets. “cr.” and “ma.”
denote the crust and mantle components, respectively.

Figure 2a shows the mean depth of origin of material exposed within
the peak (or inner) ring for a range of basin sizes, represented via the
coupling parameter, C (C = LV0.58, where L is the projectile diameter
in km and V speed in km/s, as used in Miljković et al., 2016). The vertical
error bar denotes 1σ standard deviation in the range of depths exposed
at the surface (as sampled in the tracer box in the simulations).

Only one basin size-depth scaling trend was produced for the entire
Moon (equation (1)), even though recent literature demonstrated the
importance of the thermal properties on basin formation (Miljković et al., 2013, 2015, 2016; Potter et al.,
2012, 2015). This was because of the wide range of possible depths for each basin that was larger than the
mean depth ranges affected by the lunar thermal properties. This is demonstrated in Figure 2a by labeling
the simulation results according to the applied thermal gradient. The thermal gradients used were from
Miljković et al. (2013, 2015, 2016).
Figure 2b also shows the mean depth of origin of the material exposed within the ring but separated
between the mean depth of materials coming from the crust and the mantle, for two different crustal thicknesses (30 and 45 km). Similarly, the standard deviation for the depth of origin (marked by the vertical error
bar) is larger than difference between the mean depths coming from these two crustal thicknesses; therefore,
we derive only one scaling trend for the mean depth of origin of materials coming from the crust and
mantle, respectively.

The mean depth of origin of materials exposed within the ring starts at about 20 km and reaches up to about
40 km or middle to lower crust. The mean depth of the crustal material is fairly constant at approximately
24–30 km for the investigated lunar basin size range. However, the mean depth of the mantle material
increases signiﬁcantly with impact size. The data shown in Figures 2 and 3 are listed in Table S1 in the supporting information, and scaling trends are shown as equations (1)–(3). The depth is calculated in km.
Depth ðtotalÞ ¼ 0:07C þ 14:83

(1)

Depth ðcrustÞ ¼ 0:03C þ 21:26

(2)

Depth ðmantleÞ ¼ 0:17C þ 13:77;

(3)

for C = LV0.58.
In summary, equations (1)–(3) do not include regional variation in lunar thermal properties at the time basins
formed or the differences in the crustal thickness across the lunar surface. Therefore, these equations should
be used as a ﬁrst-order estimate of a relationship that has not been estimated in previous works.
Figure 2a shows that the mean depth of origin of peak tracer material is dependent on the basin size, but only
weakly on parameters such as the thermal gradient and the crustal thickness. When separated into crustal
and mantle components, only the mantle component depth of origin shows a strong dependence on basin
size (Figure 2b). However, Figure 3 shows that the relative abundance of crust and mantle as a function of
crater size is strongly dependent on crustal thickness. The crustal component is dominant for the entire
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Table 1
Mean Depth of Origin and Mass Abundances of Materials Exposed Within the Peak or Inner Ring for a Selection of Lunar Impact Basins
Basin name
Nearside hemisphere
Serenitatis
Crisium
Nectaris
Humorum
Humboldtianum
Grimaldi
Farside hemisphere
Orientale
Mendel-Rydberg
Moscoviense
Freundlich-Sharonov
Apollo
Hertzsprung
Korolev
Schrödinger
Mendeleev
Lorentz

C

H (km)

d (km)

dc (km)

dm (km)

cr. and ma. (wt %), 30

cr. and ma. (wt %), 45

427
336
295
271
232
125

26 ± 8
28 ± 8
29 ± 7
30 ± 2
28 ± 8
31 ± 7

45
38
35
34
31
24

34
31
30
29
28
25

87
71
64
60
53
35

cr: ~27 ma: ~75
cr: ~46 ma: ~55
cr: ~55 ma: ~45
cr: ~60 ma: ~41
cr: ~68 ma: ~32
cr: ~91 ma: ~9

cr: ~88 ma: ~12
cr: ~91 ma: ~9
cr: ~93 ma: ~7
cr: ~94 ma: ~6
cr: ~96 ma: ~5
cr: ~100 ma: <1

271
238
238
261
222
207
158
158
149
141

36 ± 9
35 ± 8
36 ± 11
42 ± 9
29 ± 9
48 ± 7
51 ± 5
27 ± 5
40 ± 4
35 ± 5

34
31
31
33
30
29
26
26
25
25

29
28
28
29
28
27
26
26
25
25

60
55
55
58
52
49
41
41
39
38

cr: ~60 ma: ~41
cr: ~63 ma: ~34
cr: ~67 ma: ~34
cr: ~62 ma: ~39
cr: ~70 ma: ~30
cr: ~73 ma: ~27
cr: ~83 ma: ~16
cr: ~84 ma: ~16
cr: ~86 ma: ~14
cr: ~87 ma: ~13

cr: ~94 ma: ~6
cr: ~95 ma: ~5
cr: ~95 ma: ~5
cr: ~94 ma: ~6
cr: ~96 ma: ~4
cr: ~97 ma: ~4
cr: ~99 ma: ~2
cr: ~98 ma: ~2
cr: 99 ma: 1
cr: 99 ma: 1

Note. Data for the coupling parameter C and preimpact crustal thickness H were from Miljković et al. (2016). d is the total mean depth of origin; dc and dm are the
mean depth of origin of the crust and mantle component; “cr.” and “ma.” denote the proportional mass abundance of the crust and mantle component separately,
for the 30 km and 45 km preimpact crustal thickness, respectively.

range of explored basin sizes when formed in the 45 km crust. However, the mantle component becomes
increasingly dominant with the increase in basin sizes when formed in the 30 km crust. The projectile
contribution in all simulations was found to be <1 wt %.
Equations (4) and (5) show the proportions (in wt %) for the crust and mantle component, respectively, for the
30 km crust and equations (6) and (7) for the 45 km crust. These linear ﬁts are applicable to the coupling parameter that ranges from ~80 to about 400, which includes nearly all lunar basins (excluding the South PoleAitken basin and possibly Imbrium). Equations (4)–(7) cannot be used beyond the indicated basin size range
(presented by the coupling parameter), as they would produce invalid proportions. Basins forming smaller
than investigated here are likely to form as protobasins or complex craters, and larger basins cannot have their
inner ring simulated accurately due to the large amount of melt produced in the simulation. This could also
indicate a different mechanism or a lack of inner ring in the largest lunar basin (for example, the SPA basin).
P ðcrustÞ ¼ 0:21C þ 117

(4)

P ðmantleÞ ¼ 0:22C  18:5;

(5)

P ðcrustÞ ¼ 0:04C þ 105

(6)

P ðmantleÞ ¼ 0:04C  4:67;

(7)

for the 30 km thick crust.

for the 45 km thick crust.
3.2. Depth of Origin of Peak (Inner) Rings in Lunar Basins
The Lunar impact basin catalogue of Neumann et al. (2015), based on GRAIL gravity data, lists about 60 conﬁrmed impact basins. Table 1 lists 15 representative basins, based on their crustal thickness being within the
investigated range of approximately 30 to 45 km. The list of remaining investigated lunar basins is provided
in Table S2.
In Table 1, C is the coupling parameter and H is the preimpact crustal thickness. The values for C and H were
used from Miljković et al. (2016). Equations (1)–(7) were applied respectively to estimate the depth of origin of
materials exposed within their peak or inner ring, as well as crust-mantle mass abundances. Parameters d, dc,
and dm are respectively the mean depth of origin of material exposed within the ring, material only from the
crust, and material only from the mantle. Abundances of the crust and the mantle exposed within the peak
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ring are shown as “cr.” and “ma.,” respectively. Numbers 30 and 45 denote the 30 and 45 km preimpact crustal
thickness used in simulations. We calculate the mass abundances for both crustal thicknesses; however, the
likely values are the ones corresponding to the closest value of the preimpact crustal thickness. The mass
abundances are shown as very approximate estimates.
The investigation of the Schrödinger basin in Kring et al. (2016) reported that the material exposed within the
peak ring is majorly of the crustal origin, from 20 to 30 km depth, and with the maximum excavation depth of
19–24 km, depending on the assumed crustal thickness. This work agrees with Kring et al. (2016). As shown in
Table 1, the Schrödinger basin was estimated to have its peak ring composed of >80% crustal material, with
the mean depth of origin at 26 km.
The maximum excavation depth for lunar basins is estimated to correspond to 0.12 Dtr (e.g., Melosh, 1989;
Potter et al., 2015), where Dtr is the diameter of the transient crater. Replacing that relation in equations
shown in Table 1 in Miljković et al. (2016), and including the range of basins size values (from ~80 km to
~600 km in the crustal thinning diameter; Miljković et al., 2016), we calculated the maximum excavation
depth to be between 10 km for the smallest and up to 60 km for the largest lunar basins. Figure 2a shows
that the possible range of depth of origin of the peak/inner ring can be between 20 and 40 km. The maximum
excavation depth is approximately half the maximum depth of origin of materials exposed within the ring.
This also suggests that our studies are in agreement.
Yamamoto et al. (2010) reported that several basins on the lunar nearside and the Moscoviense basins on the
lunar farside could have excavated mantle materials because of strong olivine signatures detected in association with these basins. Miljković et al. (2013) supported this study by a numerical investigation of basin
formation that could have excavated mantle materials. However, that study only reported dominant
surface-only mantle exposures (thicker than a couple of numerical cells with mantle cell concentration being
>50%). In this study, all basins reported in Miljković et al. (2013) to have mantle exposure were also reconﬁrmed to have mantle exposures within peak rings (top 10 km surface thickness).

4. Conclusion
Numerical impact simulations showed that the peak or inner ring is the only morphological feature in an
impact basin that contains deep-seated material, not including the main melt pool, which is almost always
buried by the crustal inﬂow or subsequent mare volcanism. For the majority of lunar impact basins, the mean
depth of origin of the material exposed within the peak or inner ring is about 20–40 km, and this range is in
agreement with previous studies reporting on excavation depths (e.g., Melosh, 1989, Potter et al., 2015).
Within the peak or inner ring, the crustal contribution persistently originates from the middle to lower crust,
while the depth of origin of the mantle component increases with the increase in basin size. However, the
proportion of the crust and mantle abundances exposed within the ring is strongly dependent on the preimpact crustal thickness.
Scaling trends derived in this work can be used to help determine the lunar crust and mantle stratigraphy, for
the majority of lunar basins except SPA and basins within it that likely formed in very thin crust (outside of our
investigated crustal thickness range). Even though the lunar crust had been heavily cratered particularly
during the ﬁrst 700 Myr, it should still be possible to gain some insights into the crustal stratigraphy by
comparing these ﬁndings with compositional remote sensing data. Our work is also aligned with recent
remote sensing and numerical modeling works focused on the Schrödinger (Kramer et al., 2013; Kring
et al., 2016) and Orientale basins (Potter, Kring, & Collins, 2013, Cheek et al., 2013, Johnson et al., 2016).
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The peak rings of the largest nearside basins are perfect candidate basins for sampling lunar mantle (e.g.,
Crisium). Smaller basins located in the thicker crust (on the farside hemisphere), including the Schrödinger
basin, would represent perfect candidates for sampling lower crust. These locations should be included in
objectives of future lunar missions.
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