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Abstract Lunar mare basalts, produced by the partial melting of the lunar mantle, provide key insights into
volcanic activity and thermal evolution of the Moon. China's lunar exploration mission, Chang'e‐5 (CE‐5),
sampled mare basalts in the Northern Oceanus Procellarum, close to a sinuous rille, Rima Sharp. Sinuous rilles
are meandering channel‐like depressions formed by basaltic lava flows; however, their origin and evolution
remain debatable, even though nearly 200 examples have been identified. Here, we use Cellular Automata to
explore how lunar basaltic lava flows dictate the preservation potential of pre‐existing sinuous rilles.
Specifically, we model lavas as Bingham fluids, constrained by physical properties of the returned CE‐5 sample,
that flow on a sloped plane and interact with rilles of different sinuosities (i.e., degrees of meandering). Our
results show that most rilles are preserved when eruptions last 105 s (∼1 day) at effusion rates of
1.2 × 104–8 × 104 m3/s, that is, mare regions hosting sinuous rilles likely did not experience intense volcanic
activities since rille formation. We also recognize an increase in the area density of sinuous rilles—total rille
lengths per unit area of mare basalts—through time that is consistent with our modeling. Overall, our findings
suggest that early stage volcanism on the Moon (3.8–3.4 Ga) was more intense and had lower preservation
potential of rilles than a milder late stage (2.0–1.2 Ga). These findings constrain the preservation conditions of
rilles, offering new insights into their evolution and contributing to a broader understanding of lunar volcanic
and thermal history.

Plain Language Summary Lunar sinuous rilles are long, winding channels on the surface of the
Moon that resemble rivers on Earth. Instead of being shaped by water, sinuous rilles are carved by lava flows.
China's lunar exploration mission, Chang'e 5, landed in a region of lunar lavas where the longest sinuous rille,
Rima Sharp, passes through. The returned lunar soil sample gives us an opportunity to study the evolution of
sinuous rilles and lunar volcanism. Just as terrestrial river courses may be submerged by floods, sinuous rilles
may also be changed or destroyed by later lava flows. Here we simulate the lava flows that have physical
properties informed by the CE‐5 sample to explore whether sinuous rilles may be buried or preserved during
later eruptions. The preservation potential of sinuous rilles can further reflect the intensity of lunar volcanism.
With milder eruptive events, which are common in the late stage of lunar volcanism in the past 2 billion years,
sinuous rilles are more likely to remain well‐preserved.

1. Introduction
Unraveling the volcanic history of the Moon is crucial to understanding its thermal evolution (Spohn et al., 2001;
Shearer et al., 2006; Wilson & Head, 2017). The mare basalts, which cover ∼17% of the lunar surface, show a
substantial range in crater size‐frequency model ages and thus provide an archive of lunar volcanism (Figure 1a)
(Head &Wilson, 1992; Hiesinger et al., 2011; Qian et al., 2023). Mare volcanism since the Imbrian (from 3.8 Ga
onward) can be divided into four broad stages (Head et al., 2023), with an early peak (Stage I) of basalt
emplacement during the Imbrian, and a late surge (Stage IV) during the Eratosthenian (Figure 1b) (Du
et al., 2022; Hiesinger et al., 2011; Tian et al., 2023). These long‐term stages describe the global evolution of
mare volcanism over billions of years. To interpret the dynamics of individual eruptions within these broader
stages, a four‐phase eruptive model for lunar basaltic volcanism was proposed by Wilson and Head (2018). In
this conceptual framework, Phase 1 represents the onset of eruptions, characterized by a transient release of gas;
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Phase 2 is the high‐flux Hawaiian phase under an effusion rate of 105–106 m3/s; Phase 3 exhibits a decrease in
flux (104–105 m3/s); and Phase 4 represents the wanning of eruptions. Within mare basalts, sinuous rilles are
unique volcanic landforms that comprise elongated and meandering channel‐like depressions associated with
thermally or mechanically induced erosional and constructional structures (Hurwitz et al., 2012; Roberts &
Gregg, 2019; Williams et al., 2000). Analyses of these sinuous rilles and potential terrestrial analogs suggest that
they represent (partly) collapsed subsurface lava tubes indicative of high effusion rate (105–106 m3/s) volcanism
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Figure 1. A statistical analysis of the mare basalt units and all the mapped sinuous rilles (72 in total) situated on these units:
(a) Model ages of mare basalts and locations of mapped sinuous rilles (white curved lines). The red line is Rima Sharp and the
red star is the sampling point of CE‐5 mission. The mare unit outlined by the red boundary corresponds to the Em4 basalt
unit. Data from Hiesinger et al. (2011), Hurwitz et al. (2013), and Qian et al. (2023). For the sinuous rilles crossing several
mare units, we choose the age of the latest mare unit that it crosses through as its age. (b) The temporal change of the total
sinuous rilles length (blue square) and mare basalt area (gray) at 0.1 Ga intervals, and the average area density (orange line)
of four distinct stages of mare volcanism. We assume that the spatial distribution of rilles is uniform even after partial burial.
Stage I: Peak stage (3.8–3.4 Ga); Stage II: Steep decline stage (3.3–3.0 Ga); Stage III: Trough stage (2.9–2.1 Ga); and Stage
IV: Late surge stage (2.0–1.2 Ga). See Data Set S1 in Supporting Information S2 for original data.
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akin to Hawaiian style eruptions (Greeley, 1971; Wilson & Head, 2018). Constraining when sinuous rilles
developed, and assessing their preservation potential, can therefore help determine eruption fluxes and magma
supply through lunar history.

To characterize when sinuous rille formation and preservation were prevalent, and their relationship with mare
volcanism, we separate the lunar volcanic history into 0.1 Ga intervals and for each calculate the total area of mare
basalts and total lengths of sinuous rilles. By dividing the cumulative sinuous rille length by the corresponding
mare basalt area for each stage, we estimated the average area density of sinuous rilles (Figure 1b). Although
most sinuous rilles and mare basalts are observed to emplace during Stage I, the area density of this stage is less
than that of Stage IV according to our statistics. This contrast suggests that it is this area density, not the quantity
or lengths, of sinuous rilles, that best captures their preservation potential.

We explore how the preservation potential of sinuous rilles may impact our area density calculations by incor-
porating lava properties measured from China's lunar exploration mission Chang'e‐5 (CE‐5) sample. Rima Sharp
extends primarily across the Em4 basalt unit, a series of lava flows emplaced ∼2.0 Ga, in the Northern Oceanus
Procellarum where CE‐5 collected samples (Figure 1a) (Qian, Xiao, Head, van der Bogert, et al., 2021). Although
we did not model the evolution of Rima Sharp itself, its proximity to the sampling site allows the CE‐5 basalts to
serve as a representative reference for the lava involved in rille formation and preservation. Specifically, we
construct a Cellular Automata model that simulates the flow of a Bingham fluid (lava), with physical properties
obtained from the returned lunar sample (CE5C0800YJYX005GP, hereinafter referred to as 005GP), to test how
eruptive parameters (effusion rate and eruptive duration) control whether pre‐existing sinuous rilles either
become infilled or remain well‐preserved.

2. Methods
We aim to model how lunar lava flows interact with pre‐existing sinuous rilles to test what eruptive conditions are
required to preserve or bury the rilles. Lava flows are complex and evolving systems in which temperature,
rheology, and kinematics vary both spatially and temporally (Barca et al., 1993; Crisci et al., 1986). Such a system
can be simulated by Cellular Automata, a science modeling technique that has been successfully applied to the
study of terrestrial volcanoes (e.g., Cappello et al., 2022; Miyamoto & Sasaki, 1997; Vicari et al., 2007). This
technique is also suitable for lunar applications, as mare basalts share similar effusive behavior and low viscosity
with terrestrial basaltic flows, such as those observed in Hawaii. In the sections that follow, we outline the
structure and workflow of Cellular Automata, formulas for material and heat flux calculations, and physical and
eruptive parameters used in the simulations, including adaptations made for lunar volcanism.

2.1. Cellular Automata Modeling Setup

The Cellular Automata in our model contains a 2D computational plane with a slope of 0.1° (Figure 2), which is
the measured average slope of the Em4 unit (Qian, Xiao, Head, van der Bogert, et al., 2021). The computational
domain is discretized with 600× 600 square cells of 500m length.We define five volcanic vents. Four of them are
located 2.5 km from four pre‐existing sinuous rilles, each with a uniform depth of 60 m and a width of 3 km. The
remaining vent, which is not associated with a rille, serves as a control (Figure 2). Sinuosity of the pre‐existing
rilles is variable and calculated as the ratio of the rille line length to its tip‐to‐tip straight‐line distance (Ler-
oux, 1992). As the sinuosity of observed sinuous rilles ranges from 1.03 to 2.09 with an average value of 1.22
(Hurwitz et al., 2013), we set our four rilles to have sinuosities of 1.0, 1.1, 1.3 and 1.6, corresponding to three
categories: nearly straight (R1), slightly sinuous (R2 and R3), and highly sinuous (R5) rilles (Figure 2).

The cell states, representing lava thickness (H) and temperature (T ), can change through time according to
evolution functions, which here are the material and heat fluxes; that is, lava can move from one cell to a
neighboring cell if the magma supply is sufficient and it has not cooled enough to solidify. The evolution function
of the material flux relates to the Navier‐Stokes (N‐S) equation, which strongly depends on the geometric shape of
cells and the flow direction relative to the symmetrical axis of cells (Vicari et al., 2007). To eliminate this artificial
anisotropy, we have employed aMonte‐Carlo approach to define which of the eight neighbors of any cell material
can flow to (see Text S1 and Figure S1 in Supporting Information S1).
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2.2. Defining a Bingham Fluid Model

Lava is generally considered to flow like a Bingham fluid (Dragoni
et al., 1986; Griffiths, 2000; Robson, 1967), that is, the fluid flows only when
the shear stress exceeds its yield strength σy. For Bingham‐like lavas, the
upper part of the fluid, termed the plug (Figure 3a), does not undergo the shear
deformation because the applied stress is less than σy. The thickness of the
plug represents the critical thickness (Hc) of lava, such that lava can only flow
if its thickness (H) exceeds Hc (Dragoni et al., 1986). By considering how
lavas flow on inclined planes due to gravity and pressure gradients induced by
thickness variations, we can estimate the volumetric lava flow rate (q) in our
model as (see Text S2 in Supporting Information S1 for a detailed derivation):

q =
σyH2

cΔx
3η

[(
H
Hc

)

3

−
3
2
(
H
Hc

)

2

+
1
2
],H ≥ Hc (1)

where Δx is the cell width and η is the dynamic viscosity of lava (Dragoni
et al., 1986; Miyamoto & Sasaki, 1997). The critical thickness can be
expressed as (Cappello et al., 2022; Miyamoto & Sasaki, 1997):

Hc =
σy

ρg( sin α − ∂ H
∂ x cos α)

=
σy

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Δx2 + Δz2

√

ρg(Δz + Δh)
(2)

where ρ is the density of lava (temperature‐dependent, Table S1 in Supporting
Information S1), α is the plane slope, Δz and Δh are the differences in basal
elevation and thickness between two cells (Figure 3b). The thickness of cells
at time t + Δt (Ht + Δt) follows:

Ht+Δt = Ht +∑
i

qiΔt
Δx2

(3)

where Ht is the thickness of cells at time t, qi is the volumetric flow rate between the central cell (for which the
state is being updated, Figure S1 in Supporting Information S1) and its ith neighbor, and Δt is the timestep. The
change in lava thickness within the timestep Δt should be less than Ht to ensure the validity of a steady state
solution of the N‐S equation. From this condition, a constraint on the timestep follows (Bilotta et al., 2012; Vicari
et al., 2007):

Δt < minall cells (
cΔx2Ht

q
) (4)

where c is a parameter (called Courant Number) used to balance accuracy and efficiency within the limits imposed
by numerical stability (Courant et al., 1928; Liu, 2020). The value we chose is c = 0.08. Since the condition in
Equation 4 should be satisfied for each cell, the minimum timestep over all cells is used.

To define the temperature of lava in each cell (T ), we consider that, due to the lack of a lunar atmosphere, heat
transfer between lava and the environment occurs only through radiative heat loss (ΔQt,r) (Griffiths &
Fink, 1992):

ΔQt,r = ϵSσSB (T4 − T4
a)Δt (5)

where ϵ is the emissivity of lava, σSB is the Stefan‐Boltzmann constant, Ta is the radiative background temper-
ature. It is set to 250 K and corresponds to the average temperature of the lunar surface, to which heat is lost
(Williams et al., 2017). S is the radiative heat loss area exposed to the environment within each cell. Unlike the
projected horizontal area (S0 = Δx2) used in Vicari et al. (2007), we correct the radiative area to account for

Figure 2. Initial settings and map‐view perspective of model construction.
The plane slope was 0.1°. Four pre‐existing sinuous rilles (R1, R2, R3, and
R5) are modeled, each with constant depths of 60 m relative to the local
plane height outside the rilles but distinctive sinuosities. R4 serves as a
control case without rilles. The widths of sinuous rilles we defined remain
consistent in the direction perpendicular to the slope's descent. Pink triangles
denote five volcanic vents, each comprising a grid of four adjacent
computational cells.
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variations in lava thickness, especially near flow margins, so that S exceeds S0 (Text S3 in Supporting
Information S1).

The total heat transfer (ΔQ) in each cell also includes advective heat transfer (ΔQt,m) carried by lava flowing in or
out of the cell, and conductive heat transfer (ΔQt,f) between adjacent cells driven by temperature gradients
(Figure 3c). Heat conduction to the subsurface can be neglected for the bulk flow dynamics (Harris & Row-
land, 2015; Ortega‐Moya et al., 2024) because of the low thermal conductivity of lunar regolith (Xiao et al., 2022;
Yu & Fa, 2016). We verified this assumption through a comparative calculation (Text S4 and Figure S2 in
Supporting Information S1) (Turcotte & Schubert, 2014). For simplicity, we also neglect vertical temperature
variations and the temperature in a cell is considered uniform (Vicari et al., 2007). Thus, we have:

ΔQ = Qt+Δt − Qt = ΔQt,m + ΔQt,f − ΔQt,r (6)

with:

ΔQt,m =

⎛

⎜
⎝ ∑
qi > 0

qiTi + ∑
qi < 0

qiT

⎞

⎟
⎠ρcpΔt (7)

and:

ΔQt,f = ∑
i
κhf (Ti − T)Δt (8)

Figure 3. (a) Schematic cross‐section for a Bingham flow. The flow is divided into two parts, with a stationary plug above and
a flowing part below. Figure modified from Miyamoto and Sasaki (1997). (b) Local reference system for calculating Hc. hcc
and hic denote lava thicknesses of the central cell and the adjacent cell, respectively, whereas zcc and zic denote their
corresponding cell basal elevations. Thus, the differences in basal elevation and thickness between two cells in Equation 2 are
defined as Δz = zcc− zic, and Δh = hcc− hic, respectively. (c) Heat fluxes in the model. Radiative heat loss occurs from the
exposed lava surface, which for each cell includes its top horizontal surface and portions of the lateral surface exposed by
offset of adjacent cells. Conductive heat transfer occurs across the intercell contact surface. hf is the contact height between
cells, which is calculated as hic− (zcc− zic). Advective heat transfer corresponds to thermal energy transported by lava mass
flux between cells. The dashed line indicates changes in bulk lava thickness related to the movement of lava within the
timestep Δt and does not represent surface flow.
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where T and Ti are the temperatures of the central cell and its ith neighbors, cp is the specific heat capacity of lava
per unit mass, κ is the thermal conductivity of lava, and hf is the contact height of lava between two cells
(Figure 3c). We assume that the internal energy of lava is given by the product of specific heat capacity, mass, and
temperature. Therefore, the second state of cells can be updated as

Tt+Δt =
Qt+Δt

ρcpHt+ΔtS0
(9)

The two evolution functions defined above, Equations 3 and 9, update cell states in our Cellular Automata model.
At the model onset (t = 0), the lava thickness of each cell is set to zero and the temperature is set to the radiative
background temperature (Ta = 250 K). We then define several cells as volcanic vents, which start to discharge
lava at an effusion rate of ut. When the thickness (H) of lava at the vent cell exceeds its critical thickness (Hc), lava
can spread to adjacent cells. Within each timestep, state updates are applied to all lava‐containing cells, together
with randomly selected neighboring cells adjacent to the flow front (Text S1 and Figure S1 in Supporting In-
formation S1), until the model ends (t = SumTime). The overall workflow is shown in Figure 4 (see Text S5 and
Table S1 in Supporting Information S1 for details of model execution).

2.3. Parameter Settings

The sampling site of CE‐5 mission is located in the Em4 unit of the Northern Oceanus Procellarum, ∼15 km from
Rima Sharp (Qian, Xiao, Head, & Wilson, 2021). The returned lunar soil samples of CE‐5 are considered to
represent the volcanic materials of the Em4 unit on the basis of spectral elemental data from the orbit (Qian, Xiao,
Head, van der Bogert, et al., 2021). The CE‐5 basalt clast studied in this work is from the soil sample 005GP,
weighing 16.6 mg. The major element compositions of 005GP were determined by electron microprobe analysis,
and the analytical procedures are described in Text S6 in Supporting Information S1. Assuming that the sinuous
rille lavas are the same as the mare basalts, we use the major element compositions of 005GP to determine the
rheological parameters of our modeled basaltic lava flow (Table 1).

A key parameter for our modeling is lava viscosity, which we can parameterize from the temperature, major
element compositions and water contents of magma (Giordano et al., 2008):

log η = A +
B

T − C
(10)

where adjustable parameters A, B, and C are − 4.55, 5051.6, and 676.3 respectively, calculated by major element
compositions of 005GP. The water contents of returned CE‐5 samples range from several tens to over one
hundred ppm, which is sufficiently low to be neglected in the viscosity calculations (Lin et al., 2024; Liu
et al., 2022). For the yield strength, we consider (Dragoni, 1989):

σy = σy0 [eb(Tl − T) − 1] (11)

where Tl is the liquidus temperature, which is 1,407.15 K as calculated by MELTS (Ghiorso et al., 2002), and σy0
and b are the constants with the values of 0.01 Pa and 0.08 K− 1, respectively (Dragoni, 1989). Petrological
evidence and crystallization history studies indicate that the CE‐5 basaltic magma underwent a rapid ascent and
eruption from a shallow magma chamber in the lunar crust (e.g., Luo et al., 2023; Wang et al., 2023), supporting
our use of a liquidus‐near eruption temperature (1,400 K) in the model. With decreasing temperature, lava vis-
cosity and yield strength increased (Figure 5).

Another parameter characterizing the lava flow process is the effusion rate ut, which is the instantaneous volume
flux at the source vent (Harris et al., 2007). In terrestrial settings, we commonly observe eruptions have a high
initial effusion rate that approximately decreases exponentially (e.g., Gudmundsson, 2020; Harris et al., 2000;
Machado, 1974; Thordarson & Larsen, 2007):

ut = u0e− kt (12)
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Figure 4. The workflow of our model.

Table 1
Major Element Compositions of the CE‐5 Sample (005GP)

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5

Contents (wt %) 42.71 5.91 10.50 0.14 22.72 0.28 4.80 10.85 0.57 0.25 0.28

s.d. (%) 0.09 0.02 0.04 0 0.14 0.01 0.06 0.05 0.02 0.02 0

Journal of Geophysical Research: Planets 10.1029/2025JE008948

DENG ET AL. 7 of 17

 21699100, 2026, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

008948 by Y
uqi Q

ian , W
iley O

nline L
ibrary on [13/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



where u0 is the initial rate and k is a constant that depends on the excess
pressure, compressibility, magma reservoir volume, and feeder‐dike geom-
etry (Gudmundsson, 2020). For modeling convenience, we assume that lunar
eruptions follow an exponentially decreasing effusion rate, analogous to
terrestrial eruptions. In our model, a single lunar eruptive phase thus consists
of two episodes—a constant‐effusion‐rate episode and a decreasing‐effusion‐
rate episode where the effusion rate is exponentially decreasing (Figure 6).
The transition from Phase 2 to Phase 3 involves an exponential decrease in
effusion rate, which may occur either directly or after a temporary stop in
activity (Figure 6) (Gudmundsson, 2020). Additional input parameters used
in the model are reported in Table 2.

3. Results
Following the sequential eruption phase model proposed by Wilson and
Head (2018), our modeling specifically examines the eruptive conditions
representative of Phases 2 and 3. We varied the effusion rate
(4 × 103–4 × 106 m3/s) and duration (5 × 104, 105, and 2 × 105 s) of the
constant‐effusion‐rate episode in both Phase 2 and Phase 3 to investigate their
effects on the preservation of sinuous rilles (Figure 6). To quantify these

effects, we define the infilled SR length as the portion of the rille over which new lava has flowed but where its
upper surface remains beneath the rille top, that is, rilles remain preserved. We likewise define the overflow stage
as the condition in which the new lava completely fills the rille and spills out onto the surrounding surface, that is,
rilles become buried. The results reveal clear differences between low‐ and high‐flux eruptions, showing when
lava tends to stay within the rilles and when it spreads across the surrounding surface. Finally, we present a
sensitivity analysis of two model input parameters—plane slope and computational cell width—to evaluate the
robustness of our simulation outcomes.

3.1. Preservation of Sinuous Rilles During Low‐Flux Eruptions (Phase 3)

We first conducted 14 groups of simulations (Groups 1–14 in Table 3) where effusion rates of the constant‐
effusion‐rate episode range from 4 × 103 to 2.4 × 105 m3/s over a period of 105 s, followed by a decreasing‐
effusion‐rate episode lasting 6 × 104 s. All simulation groups were terminated at 2 × 105 s (SumTime), by
which time lava motion had ceased. Snapshots of all groups, recorded every 104 s up to SumTime, are presented in
Data Set S2 in Supporting Information S3. At an effusion rate of 4 × 103 m3/s (Group 1), lava remains localized
around the vents (Figure 7a). When the effusion rate increases to 2× 104 m3/s (Group 4), lava begins to flow along

rille R1, R2, and R3 (blue dashed rectangles in Figure 7b), but overflows rille
R5 (red dashed rectangles in Figure 7b). At an effusion rate of 4 × 104 m3/s
(Group 6), lava flows along rille R1 and R2 (blue dashed rectangles in
Figure 7c), but overflows rille R3 and R5 (red dashed rectangles in Figure 7c).
When the effusion rate reaches 2 × 105 m3/s (Group 13), lava floods all rilles
(red dashed rectangles in Figure 7d). The maximum infilled SR length
(Table 3) first increases with the effusion rate when the rate is below
8 × 104 m3/s, and then decreases and fluctuates at higher effusion rates
(Figure 7e).

We also examined how different durations of the constant‐effusion‐rate
episode affected the preservation of sinuous rilles (Groups 15–23 in
Table 3). Three sets of eruptive durations were tested—5 × 104, 105, and
2 × 105 s—each followed by a decreasing‐effusion‐rate episode lasting
6 × 104 s, giving a SumTime of 1.5 × 105, 2 × 105, and 3 × 105 s, respectively.
These are hereafter referred to as Sets A, B, and C. For each set, three
simulation groups were performed using different effusion rates of 2 × 104,
4 × 104, and 8 × 104 m3/s in the constant‐effusion‐rate episode. Table 3 lists
the maximum infilled SR lengths of each group. All time‐step snapshots of

Figure 5. The viscosity (orange square) and yield strength (blue circle) of
CE‐5 magma as a function of temperature. The eruption temperature was set
to 1,400 K.

Figure 6. Eruptive phases of lunar volcanoes. The dashed lines with arrows
indicate two possible ways after Phase 2 (Gudmundsson, 2020). Each
eruptive phase consists of a constant‐effusion‐rate episode (solid black line)
and a decreasing‐effusion‐rate episode (dashed blue line).
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Groups 15–23, recorded every 104 s until the SumTime, are presented in Data Set S2 in Supporting Informa-
tion S3. Figure 8 illustrates the temporal evolution of the infilled SR length of rille R2. In Set A (5 × 104 s of
eruptive duration, Figure 8a), the infilled SR length increases with time in all three groups and stabilizes at 25, 42,
and 56 km for effusion rates of 2 × 104, 4 × 104, and 8 × 104 m3/s, respectively (Groups 15–17). In Set B (105 s,
Figure 8b), Groups 18 and 19 (with effusion rates of 2 × 104 and 4 × 104 m3/s) exhibit similar trends, reaching a
final length of 35 and 52 km, respectively. However, Group 20 (8 × 104 m3/s) attains a maximum length of 58 km
and then decreases to 44 km in the end. In Set C (2 × 105 s, Figure 8c), only Group 21 (2 × 104 m3/s) exhibits a
continuous increase, stabilizing at 43 km, whereas Groups 22 and 23 (4 × 104 and 8 × 104 m3/s) both show an
initial growth followed by a decline of the infilled SR length, ending at 30 and 43 km, respectively.

3.2. Preservation of Sinuous Rilles During High‐Flux Eruptions (Phase 2)

Section 3.1 demonstrates how variations in effusion rate influence the preservation of sinuous rilles under a low
effusion rate (103–105 m3/s). We conducted another two groups of simulations (Groups 24–25, Table 3) to
investigate rille preservation during high‐flux eruptions (with effusion rate of 105–106 m3/s in the constant‐
effusion‐rate episode of Phase 2). At an effusion rate of 4 × 105 m3/s (Figure 9a), lava periodically overflows
the rille R1 and R2 along part of their length (same as Figure 7d). As for R3 and R5, lava behaves like a sheet flow
and buries most of the near‐vent rille up to 60 km, showing a flow pattern similar to that in the control case R4.
When the rate increases to 4 × 106 m3/s (Figure 9b), lava consistently reshapes the initial plane like a sheet flow in
all cases, yet the pre‐existing rilles (R1, R2, R3, and R5) are not completely buried but preserved in the face of
intense lava flows.

To further examine how sheet‐like lava flows modify rille morphology, we selected three cross sections at the
proximal, medial and distal parts of R2 in Figure 9b, as shown in Figure 10a. We find that the preserved rille
becomes shallower with increasing distance from the vents, eventually disappearing at the distal end (CC’ section
in Figure 10a). To illustrate this downstream shallowing trend more clearly, we extract a longitudinal profile of R1
in Figure 10b, with orange line showing the average thickness of lava spilled over the surrounding terrain of the
rille and green line depicting the average lava thickness within the rille. Therefore, the difference between these
two lines denotes the modified rille depth. We find that the original 150‐km‐long rille has been separated into
three segments, which modified rille depths progressively decrease downstream, consistent with periodic over-
flow of lava.

Table 2
Parameters Used in Our Model

Parameter Symbol Value Unit Reference

Density of lava ρ Temperature‐dependent (dynamically updated in the simulation, see Table S1 in
Supporting Information S1)

kg m− 3 Bottinga and
Weill (1970)

Liquidus of lava Tl 1,407.15 K \

Cell width Δx 500 m \

Emissivity of lava ϵ 0.9 \ Griffiths and
Fink (1992)

Stefan‐Boltzmann constant σSB 5.67 × 10− 8 W
m− 2 K− 4

\

Radiative background temperature Ta 250 K Williams et al. (2017)

Specific heat capacity of lava cp 1,200 J kg− 1 K− 1 Neri (1998)

Thermal conductivity of lava κ 2.0 W
m− 1 K− 1

Neri (1998)

Density of lunar regolith ρg 1,500 kg m− 3 Carrier et al. (1991)

Specific heat capacity of lunar
regolith

cp,g 670 J kg− 1 K− 1 Keihm (1984)

Thermal conductivity of lunar
regolith

κg 10− 4–0.03 W
m− 1 K− 1

Yu and Fa (2016)

Lunar gravitational acceleration g 1.62 m s− 2 \
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3.3. Sensitivity Analyses of Input Parameters

Sensitivity analyses were conducted to evaluate how two input parameters—cell width and plane
slope—influence the model outcomes (See Text S4, Table S2 and Figure S3–S5 in Supporting Information S1).
The tests show that variations in cell width have only a minor effect on the infilled SR length. Although finer grids
(cell width of 250 m) better capture channel curvature, they substantially increase computation time by nearly a
factor of 10. In contrast, changes in plane slope have a more noticeable impact: gentler slopes favor channel‐
confined flow, whereas steeper slopes promote longer runout or enhanced overflow depending on the effusion
rate. These results indicate that the model behavior is stable across reasonable choices of input parameters.

4. Discussion
4.1. Preservation Potential of Sinuous Rilles

Effusion rate governs how lava flows extend and spread, thereby controlling their geometries and shaping
associated landforms (Calvari et al., 2003; Harris et al., 2007; Wadge, 1978; Walker, 1973). In our simulations,
the effusion rate of the constant‐effusion‐rate episode controls the preservation potential of pre‐existing sinuous
rilles, defining three distinct regimes (Figure 7e). Results indicate that sinuous rilles are most likely to be

Table 3
Summary of Modeling Parameters and the Maximum Infilled SR Length of Simulation Groups

Group number Effusion rate (m3/s) Eruptive duration (s) Maximum infilled SR length (km)

1 4 × 103 105 5.00

2 1.2 × 104 105 8.50

3 1.6 × 104 105 22.68

4 2 × 104 105 31.75

5 3 × 104 105 36.76

6 4 × 104 105 44.96

7 5 × 104 105 53.73

8 6 × 104 105 58.50

9 7 × 104 105 68.84

10 8 × 104 105 69.92

11 1.2 × 105 105 38.37

12 1.6 × 105 105 33.15

13 2 × 105 105 41.00

14 2.4 × 105 105 29.33

Set A 15 2 × 104 5 × 104 24.72

16 4 × 104 5 × 104 42.36

17 8 × 104 5 × 104 56.29

Set B 18 2 × 104 105 34.75

19 4 × 104 105 52.02

20 8 × 104 105 57.83

Set C 21 2 × 104 2 × 105 42.88

22 4 × 104 2 × 105 52.02

23 8 × 104 2 × 105 78.33

24 4 × 105 105 \

25 4 × 106 5 × 104 \

Note. The effusion rate is defined as the overall discharge rate supplied to each single rille (four volcanic vents in total). Both
the effusion rate and eruptive duration refer to the constant‐effusion‐rate episode. Simulations are grouped into three parts:
Groups 1–14 (different effusion rates with a consistent eruptive duration), Groups 15–23 (three sets of eruptive durations
under specific effusion rates), and Groups 24–25 (extremely high effusion rates).
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Figure 7.
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preserved for effusion rates between 1.2 × 104 and 8 × 104 m3/s; in these conditions, lava tends to flow within and
along the rilles, but does not cover them (Figures 7b and 7c). If the effusion rate exceeds 8 × 104 m3/s, lava flows
tend to bury the rilles, overflowing onto the surrounding surface (Figure 7d). Particularly, the proximal regions of
R3 and R5 have been completely buried—a phenomenon consistent with the absence of observable source vents
in many rilles (Hurwitz et al., 2013). Conversely, if the effusion rate falls below 1.2 × 104 m3/s, lava accumulates
near the vent and does not laterally advance along the rilles (Figure 7a). These results provide quantitative bounds
on the effusion rates that favor rille preservation and thus offer new constraints on the eruptive conditions
associated with lunar mare volcanism.

The overflow stage, during which lava overtops a rille after initially infilling it, has been recognized as a key
process in modifying volcanic channels (Favalli et al., 2010; Kilburn, 2015; Wadge et al., 2012). In our model,
overflow occurs when lava partly fills a rille but its front stalls, and the continued input of lava causes the flow to
inflate and overtop the rille. This overflow marks when sinuous rilles become buried rather than preserved, which
is reflected by a decrease in the infilled SR length (Figure 8). Two factors hinder lava propagation and could thus
promote overflow: high cooling rate and topographical obstruction. Regarding a high cooling rate, due to the low
temperature of the Moon's surface (Williams et al., 2017), lunar lava rapidly cools when it erupts (Griffiths &
Fink, 1992). Our simulation results show that the temperature at the flow front rapidly drops below 1240 K (see
temperature distribution maps in the Data Set S2 in Supporting Information S3), corresponding to a significant
rise in lava yield strength (σy) to ∼104 Pa (Figure 5). Given that the basal elevation difference (Δz) at the flow
front is negligible compared to the thickness variation (Δh), Equation 2 yields a critical thickness (Hc) required for
continued motion of ∼70 m. This critical thickness of 70 m exceeds the original rille depth (60 m), and indicates
that once the forward motion of cooling lava at the flow front is inhibited, newly supplied lava cannot advance
further and instead will accumulate at the stalled front, progressively increasing the flow thickness until over-
topping the rilles. Therefore, prolonged eruptive durations do not enhance the downstream propagation of lava
within the rille but increase the likelihood of overflow due to front stagnation. We find that the upper limit of
eruptive duration for the preservation of rilles is about 105 s (nearly one day on Earth) (Figure 8b). Beyond this
threshold, overflow becomes dominant, leading to a decrease in the infilled SR length (Figure 8c). Topographical
obstruction could occur when the local orientation of a rille segment differs significantly from the downslope
direction of the plane. We examined the effect of topographical obstruction by testing four different sinuosities
(Figure 2). A larger sinuosity (1.6) corresponds to stronger curvature and thus a greater mismatch between the rille
direction and downslope direction. In such cases, our models show that a significant portion of lava does not flow
along the pre‐existing rilles but spills onto the surrounding surface (e.g., R5 in Figures 7c and 7d). Conversely,
when the sinuosity is 1.1 and 1.3, the rille direction remains more closely aligned with the downslope direction of
the plane, allowing lava flows to stay within the rilles without overflowing. This behavior is attributed to the
Bingham fluid nature of lava, making it difficult to flow freely in any direction (Griffiths, 2000). As a result, lava
preferentially follows the downslope gravitational gradient rather than adjusting its trajectory to accommodate
strong channel curvature. This mechanism explains how variations in rille sinuosities modulate lava flow
propagation and consequently influence the preservation potential of sinuous rilles.

4.2. Pulsing Overflow and Sheet Flow

At higher effusion rates, the behavior of lava transitions from single‐stage overflow (R1 and R2 in Figure 7d) to
pulsing overflow, where repeated surges of lava periodically exceed the rilles and form lateral lobes (R1 and R2 in
Figure 9a). While previous studies have attributed this behavior to temporal variations in magma supply
(e.g., Bailey et al., 2006; James et al., 2007, 2010), our model maintains a constant effusion rate over time.
Therefore, the emergence of pulsing overflow in this context cannot be explained by supply‐driven forcing.
Instead, we infer that pulsing overflow results from cooling‐induced rheological changes during lava

Figure 7. (a–d) Four representative snapshots of Groups 1, 4, 6, and 13 at 2 × 105 s, with effusion rates of 4 × 103, 2 × 104, 4 × 104, and 2 × 105 m3/s, respectively. The
color bar, representing the height relative to the plane, is divided into two parts: the red part with a positive height value indicates that sinuous rilles have been covered by
lava, while the blue part with a negative height value represents well‐preserved sinuous rilles; (e) Maximum infilled SR lengths change with effusion rates of 14
simulation groups. Numbers shown next to data points indicate the corresponding simulation groups listed in Table 3. The plot reveals three distinct regimes of lava
flows: (1) remain localized near vents at low effusion rates (<1.2 × 104 m3/s), (2) flow along and partially infill the rilles at intermediate effusion rates
(1.2 × 104–8 × 104 m3/s), and (3) spill out and cover the rilles at high effusion rates (>8 × 104 m3/s).
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emplacement, consistent with the overflow mechanism discussed in Section 4.1 and with interpretations proposed
by Wadge et al. (2012).

In addition to a pulsing behavior, our simulations reveal a transition to sheet‐like flow under conditions of higher
effusion rates and increased rille sinuosity (R3 and R5 in Figures 9a and 9b). In these cases, lava no longer re-
mains within the rille but instead totally covers the topography, spreading laterally over the rille. This sheet flow
behavior leads to a substantial decrease in both the depth and length of pre‐existing sinuous rilles. Notably, the
depth of the preserved rille decreased progressively from the proximal to distal regions until it eventually
vanished.

4.3. Implications for Lunar Mare Volcanism Change and Thermal Evolution History

Mare volcanism since the Imbrian occurred mainly in two stages (Stage I and IV) (Du et al., 2022; Head
et al., 2023; Hiesinger et al., 2011; Tian et al., 2023). We found that the total length of sinuous rilles (∼2,100 km)
and mare basalt area (∼1.6 × 106 km2) were substantial during the early peak (Stage I, 3.8–3.4 Ga). In the late
surge (Stage IV, 2.0–1.2 Ga), the total rille length remained of similar magnitude (∼2,500 km), but the corre-
sponding mare area decreased by approximately a factor of three (∼5.6 × 105 km2), resulting in a higher area

Figure 8. The variation of infilled SR length of rille R2 with time under the eruptive duration of (a) Set A: 5 × 104 s, (b) Set B:
105 s and (c) Set C: 2 × 105 s (pink regions), each followed by a decreasing‐effusion‐rate episode (light‐pink regions) lasting
6 × 104 s. Each set contains three runs with different effusion rates: 2 × 104 (red triangle), 4 × 104 (blue square), and
8 × 104 m3/s (green diamond). Dashed arrows represent the onset of overflow stages.
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density—rille length per unit mare basalt area—compared to Stage I (44.9 vs. 13.5 km− 4 in Figure 1b). This
increase in area density suggests that sinuous rilles were better preserved in Stage IV than Stage I, perhaps
because there were fewer subsequent vigorous lava flows that could cover the rilles. Specifically, our results
suggest that during the late surge of mare volcanism (Stage IV), few rilles formed in the earlier Phase 2 were likely
to be covered by subsequent Phase 3 lava flows, particularly if the effusion rate was <8 × 104 m3/s from our
modeling results, that is, more rilles were preserved. In contrast, Phase 2 eruptions of Stage I might have led to the
formation of numerous rilles, but subsequent Phase 3 intense volcanic activity (with an effusion rate >105 m3/s)
would fill and cover most rilles. We consider it plausible that the change in the preservation potential of sinuous
rilles we show relates to a change in lunar mare volcanism, from an early intense mode to a late mild mode. This
change in mare volcanism could indicate gradual cooling of the Moon's interior and reduction in mare magma
supply.

Figure 9. (a) Snapshot of Group 24 at 2 × 105 s, under the effusion rate of 4 × 105 m3/s with the eruptive duration of 105 s.
(b) Snapshot of Group 25 at 1.5 × 105 s, under the effusion rate of 4 × 106 m3/s with the eruptive duration of 5 × 104 s. The
dashed lines AA’, BB’ and CC’ represent cross sections of R2 at distances of 2.5 km, 77.5 km, and 150 km from the vents,
whileDD’ represents the longitude section of R1. To improve visual clarity and avoid overlapping among the four lava flows
in the output plots, we extended the display canvas to 700 × 600 cells, although all simulations were still performed on a
600 × 600 grid, same as Figure 2.

Figure 10. (a) The cross sections of the proximal (AA’, light red line), medial (BB’, red line), and distal (CC’, dark red line)
part of lava flows in Figure 9. d0 represents the initial rille depth, whereas dAA’ and dBB’ correspond to the rille depths
measured at AA’ and BB’ cross sections. (b) The longitude section DD’ in Figure 9. The green line represents the relative
height of lava within the sinuous rille, calculated as the average lava thickness across the cells comprising the sinuous rille
(green cells in inset). The orange line represents the relative average height of lava spilled over the surrounding terrain on
either side (orange cells in inset) of the rille up to 1.5 km away.
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5. Conclusion
Sinuous rilles are meandering channel‐like depressions formed by highly effusive basaltic lava flows in the lunar
maria regions. Assessing their preservation potential can provide insight into the eruptive behaviors of mare
volcanism through lunar history. By comparing their distribution with the areal extent of mare basalts, we find that
the area density of sinuous rilles—defined as total rille length per unit mare basalt area—is markedly higher in the
late surge stage of mare volcanism (2.0–1.2 Ga) than in the early peak stage (3.8–3.4 Ga). This contrast implies
that rilles were more effectively preserved in the later stage, even though most rilles and mare basalts were
emplaced earlier. Our Cellular Automata model, parameterized using physical properties measured from the
Chang'e‐5 basalt sample, simulates the flow of lunar basalts and provides a physical explanation for this pattern.
Results show that preservation is likely possible only within a specific range of effusion rates
(1.2 × 104–8 × 104 m3/s) and eruptive durations (<105 s), where lava could flow within rilles instead of over-
flowing or covering them. Together, the area density analysis and simulation results suggest that the late surge of
mare volcanism was characterized by milder eruptions that were less capable of covering earlier‐formed rilles,
whereas the early stage involved more intense activity that promoted rille burial. This shift from an early intense
mode to a later mild one is consistent with progressive cooling of the Moon's interior and declining magma
supply. Our conclusions are limited by the two‐dimensional nature of the model, the assumption of a single lava
composition, and idealized rille geometry; future work incorporating three‐dimensional modeling and real‐world
topography will help refine constraints on rille formation and preservation.
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