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Abstract: Lunar grabens are the largest tensional linear structures on the Moon. In this paper, 17
grabens were selected to investigate the dips and displacement-length ratios (y) of graben-bounding
faults. Several topographic profiles were generated from selected grabens to measure their rim
elevation, width and depth through SLDEM2015 (+LOLA) data. The differences in rim elevation
(Ah) and width (AW) between two topographic profiles on each graben were calculated, yielding
146 sets of data. We plotted Ah versus AW for each and calculated the dip angle (@) of graben-
bounding faults. A dip of 39.9° was obtained using the standard linear regression method. In order
to improve accuracy, large error data was removed based on error analysis. The results 49.4° and
52.5° were derived by the standard linear regression and mean methods, respectively. Based on the
depth and length of grabens, the y value of the graben-bounding normal fault is also studied in this
paper. The y value is 3.6 x 1073 for lunar normal faults according to the study of grabens and the
Rupes Recta normal fault. After obtaining the values of @ and y, the increase in lunar radius caused
by the formation of grabens was estimated. We suggest that the lunar radius has increased by
around 130 m owing to the formation of grabens. This study could aid in the understanding of
normal fault growth and provide important constraints on the thermal evolution of the Moon.

Keywords: lunar grabens; dips of graben-bounding faults; displacement-length ratios; increase in
lunar radius

1. Introduction

Trenches in the lunar surface are collectively referred to as rilles [1-3]. Further research has
shown that they have different origins (Figure 1). Sinuous rilles are formed by magmatic processes,
and are also known as lava tubes [4,5]. Straight and arcuate rilles, which are known as grabens,
formed through tectonic processes or a combination of tectonic and magmatic processes [6-10].
Irregularly branching rilles in a crater floor are formed by the combined processes of impact and
magma intrusion, also known as crater-floor fractures [11,12].

Lunar grabens are the largest tensional linear structures on the Moon (Figure 2) [13,14]. They
extend in arcuate or linear patterns and appear as negative topographical features. They consist of a
central down-dropped block bounded by two inward dipping normal faults (Figure 3). Lunar
grabens are predominantly distributed around the margins of lunar mare basins. If magma were to
flow on to the lunar surface through fissures, the fissures would be filled and buried by lava flows.
Only when magma is emplaced near the shallow lunar crust in the form of a dike and triggers the
extension of the lunar crust can grabens be formed and preserved [9,15-18]. The crust on the outer
margin of basins is thick, preventing magma from rising to the surface and forming lava flows.
Instead, magma is emplaced within the shallow surface in the form of a dike [9,19]. As a result,
grabens tend to develop on the highland or old basaltic units.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.0546.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 November 2023 doi:10.20944/preprints202311.0546.v1

Sinuous Rille

i Crater-floor Fractures .\

v ’ i
i {1f et

¥ *
ey

: Rl

Figure 1. Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC) images of grabens (a,b),
rilles (c¢) and crater-floor fractures (d).

Arcuate grabens, which are often aligned parallel to basin rims, suggest that they may result
from reactivation of circular impact structures. In contrast, straight grabens, while also often found
near the basin rims, do not exhibit a clear association with the basin rims. They are more consistent
with the lunar early grid-like structural system or radial impact fractures, which indicates that they
may be the result of reactivation of more ancient fractures [20]. Grabens primarily formed between
3.7-3.4 Ga ago, with the peak period being ~3.6 Ga [20]. This age is slightly earlier than the peak period
of basalt flooding on the Moon [20-26].
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Figure 2. Distribution of lunar grabens. The base image is WAC image.

The study of lunar grabens can provide important constraints on the thermal evolution of the
Moon [8,17,27-29]. The formation of grabens will result in an increase in the lunar surface area and
radius. Constraints on the dip angle of graben-bounding normal faults serve as a crucial cornerstone
of extensional strain studies. While the dip angles of graben-bounding normal faults can be directly
measured through terrain data, these measurements are influenced by subsequent degradation and
geological processes. As a result, the measured dip angles are typically around 20 degrees and
generally do not exceed 30 degrees [8], which deviates significantly from the predicted 60° according
to the Anderson Hypothesis [30].

Golombek (1979) [8] proposed that the increase in lunar radius is approximately 18 m caused by
the formation of grabens, which is much less than the radius increase (1 km) predicted by thermal
studies [31,32]. This is primarily due to the lack of high-precision image and terrain data, resulting in
a relatively small number of recognized lunar grabens.

In this paper, we present a study of lunar grabens. Utilizing the latest high-precision optical
image and terrain data, the D-L ratios and dip angles of graben-bounding normal faults are
calculated. We use the D-L ratios and dip angles as the basis to estimate the increase in the lunar
surface area and radius caused by the formation of the graben population. This research aims to
provide constraints on thermal evolution during the formation of grabens.

2. Materials and Methods

McGill (1971) [7] discovered that the width of a graben changes with elevation. For a single lunar
graben, higher elevations correspond to greater width. He proposed that this phenomenon occurs
because the dip angles of the graben-bounding normal faults remain constant. As elevation increases,
the distance between the fault planes on both sides of grabens becomes greater. Based on this
observation, McGill (1971) [7] proposed a method for calculating fault dips () of grabens (Figure 3):

tana = 2Ah/AW, 1)

where Ah is the elevation difference, and AW is the width difference between the topographic high
and low points, respectively.
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Figure 3. WAC image and block sketch of a lunar graben showing dependence of width on elevation;
a may be calculated using Equation (1). Figure 3b is modified from [7].

Ah and AW can be calculated by the following equations:
AW =W1-W:2=(Xs - Xa) - (Xp - Xc), (2)

where X is the horizontal distance from the point to the starting point of profile, and Y is elevation.
Points A and B are the graben rim of the profile at the topographic high position along its length,
with coordinates (Xa, Ya) and (Xs, Y8), respectively. Points C and D are the graben rim of the profile
at the topographic low position, with coordinates (Xc, Yc) and (Xb, Yp), respectively (Figure 4a,b).
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Figure 4. Topographic and slope profiles at the topographic high (a,c) and low (b,d) position.
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3. Results

Based on image and topographic data, suitable grabens were selected from the 1:2,500,000-scale
Lunar Geologic Map database for creating topographic profiles and calculating the dips of graben-
bounding normal faults. The selection criteria for grabens included: 1) There are obvious terrain
undulations along the extension of the graben; 2) Topographic variations along the extension of
graben should not have formed after the graben, such as uplift or subsidence due to later volcanic or
tectonic activity; 3) The graben has clear, continuous, and straight boundaries; 4) The graben should
not be filled by later lava flow.

17 grabens were selected out of a total of 812 identified for extracting topographic profiles (Table
1). Elevations were estimated by the SLDEM2015 (+LOLA) data created by the Lunar Orbiter Laser
Altimeter (LOLA) and SELenological and Engineering Explorer (SELENE) Kaguya Teams [33]. This
data cover latitudes within +60°, at a horizontal resolution of ~59 meters per pixel and a typical
vertical accuracy ~3 to 4 m. At least two profiles are required to calculate the dip, but additional
measurements can ensure accuracy of the calculation. A total of 69 profiles were generated. The
information we need to obtain from the profile includes the graben depth (usually the minimum
elevation on the profile), slope and the coordinates of the graben rim. Assuming that there are ‘n’
profiles on a single graben, the dip values can be calculated from the elevation and width differences
between two profiles, resulting in a total of 1+2+...+(n-1) dip values for that graben. The number of
profiles on each graben is presented in Table 1, yielding a total of 146 dip values. Standard linear
regression method have been applied to AW versus Ah plots for dip calculation. 146 dip values yield
a trend line with equation of y = 0.4183x + 0.3811 (R? = 0.5063), resulting in a a value of 39.9° (tana =

0.4183*2, Figure 5).
Table 1. Information of the selected 17 grabens.
Graben . Location Number of Number of .
No. Name Starting End Length/km Profiles calculation results Dips/®
X, Y) X, Y)

1 / -67.33, 2.45 -64.74, -0.19 111 6 15 46.4
2 / -74.00,-2.98  -72.78, -5.60 87 4 6 47.8
3 / -78.29, 4.58 -76.42,2.81 76 3 3 4.0
4 Gerard -84.608, 49.4585 -85.89,47.12 79 6 15 61.6
5 Repsold  -82.72,50.34 -77.14,51.88 159 8 28 52.3
6 Sirsalis -61.99, -16.19 -66.05, -20.97 184 8 28 41.5
7 de Gasparis -48.32,-23.00 -50.69, -25.86 109 3 3 16.1
8 / -50.98, -25.64 -48.76, -27.94 92 4 6 454
9 / -46.78,-26.13 -47.82,-29.10 96 3 3 2.4
10 Hippalus-1 -30.20,-22.22 -33.44,-29.24 245 3 3 26.6
11 Hippalus-2 -29.43,-25.69 -31.14, -28.60 99 2 1 3.3
12 Hippalus-3 -28.55,-23.57 -28.77,-26.16 95 2 1 -3
13 Hesiodus -27.53,-32.40 -17.16,-28.94 279 6 15 13.3
14 / 9.62, 7.65 14.41, 6.08 136 5 10 34.6
15 Goclenius-1 41.39,-6.40  43.88,-9.01 103 3 3 21.8
16 Goclenius-2 43.89,-9.11 45.22,-10.43 53 3 3 61.5
17 / 30.36,30.24  29.96, 27.49 84 3 3 68.5

Total 69 146

Mean 41.3
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Figure 5. Topographic and slope profiles at the topographic high (a,c) and low (b,d) position.
4. Discussion
4.1. Error analysis

4.1.1. Degradation

Previous studies have shown that dips of fault planes exposed to the lunar surface has degraded
to ~18°[8]. We also obtained similar results in this study. Based on the direct measurements from 17
grabens, the slopes of the graben-bounding normal faults are generally 5°-20° (Figure 4c,d), and the
steepest segment typically don’t exceed 30°. This significant difference between the direct slope
measurement (5°-20°) and the calculated ones (39.9°) primarily stems from subsequent degradation
processes, notably collapse and burial effects.

Collapse, ejecta deposition and lava flow filling will reduce the depth of the lunar grabens.
However, their effects on the elevation and width of grabens are different. Subsequent collapse
increases graben width and makes the fault slope become gentler [8]. Ejecta deposition and lava flow
filling cause a decrease in width and depth, and increase in rim elevation. If a topographic profile
passes through an area with a high degree of degradation, the error in measured dip will be greater.
It is worth noting that there is a special situation. If collapse results in final consistent slopes in both
topographic high and low positions, the directly measured slopes will be significantly smaller than
the true values, but the dips calculated using AW and Ah can still have high accuracy. Collapse often
occurs in areas with many fractures. Ejecta deposition is common in grabens, but is particularly
evident in segments with large fresh impact craters nearby. Lava flow filling mainly occurs in graben
segments that extend into a basin or crater floor.

4.1.2. Uplift or Subsidence

Tectonic or volcanic activity may lead to changes in the elevation of graben rims. These changes
can introduce inaccuracies in the calculated results. If syn-tectonic or post-tectonic processes cause
an uplift or subsidence along the graben extension, this will subsequently alter the Ah between two
profiles. Assuming that the graben width is not affected by uplift/subsidence, a decrease or increase
in the A would result in a smaller or larger calculated dip, respectively.

Uplift generally occurs on the crater-floor fractures at the center of craters. Some grabens are
continuous with crater-floor fractures, which indicated that both of them are formed on the
foundation of pre-existing fractures [20]. However, there are still certain differences in their genetic
mechanisms. Magma stalls beneath the crater floor, and is emplaced in the subsurface in the form of

doi:10.20944/preprints202311.0546.v1
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a laccolith, resulting in crater-floor fractures [12]. The crater floor is lifted up and fractured by
magmatic intrusion during the formation of these crater-floor fractures. The emplacement of the
laccolith not only causes surface uplift, but also causes angular rotation of bounding faults.

Lunar surface uplift can be inferred from the anomaly of AW and Ah between two profiles.
Sometimes, the rim elevation at the crater center might be higher than that at the edge of crater floor,
while the width of the crater-floor fracture at the crater center is narrower than that at the edge,
resulting in a negative dip. This result contradicts the formation mechanism of the lunar graben. The
angular rotation of bounding faults caused by laccolith intrusion can be observed from the
topographic profile, and the rotation angle generally does not exceed 5°. Only a few profiles passing
through crater-floor fractures exhibit slight angular rotation. Thus, the angular rotation has little
impact on the calculated results.

4.1.3. Elevation

Most factors that contribute to errors ultimately manifest as changes in elevation and width.
Errors are more sensitive to changes in the elevation, because Ak is generally much smaller than AW.
Summarizing the above factors, anything that reduces the elevation difference will lead to a decrease
in the calculated dip, and vice versa. If the Al between two profiles is small, fluctuations in elevation
caused by degradation, manual recognition and other factors can be magnified which will result in
large errors. This is particularly notable when the two profiles are close to each other, and the
calculated dips might even be negative. This contradicts the fundamental theories and observed facts
about graben formation. Thus, in order to minimize errors, it’s important to select profiles with large
Ah for dip calculations.

4.2. Optimization of calculation results

According to the Anderson faulting model, the dip angle of normal faults is generally 60° [30].
Further deformation experiments on different types of rocks indicate that the dip angle have some
variation (+10°) due to different materials [34-36]. Based on the study of Rima Hesiodus I, McGill
(1971) [7] concluded that the dip of graben-bounding faults is 62°. Baldwin (1971) conducted a study
on width and elevation changes for the Rima Goclenius II and calculated the dips of graben-bounding
faults to be 46°. Golombek (1979) [8] obtained a mean dip of 61° for 19 sets of data. The result of o =
39.9° calculated from all the data in this paper shows large errors (R? = 0.5063) and differs greatly
from other researchers’. The Rupes Recta fault, a normal fault younger than 3.2 Ga with clear contours
and steep scarp [37], was used to constrain the original dip of the lunar normal fault. Most fault
developed models of isolated faults suggest that the fault often grows along the fault tips [38—42].
The middle segment of the fault has the maximum slip and the oldest exposure age. The slope profiles
indicated that the maximum slope approach 45° and 35° at the middle and edge of the Rupes Recta
fault, respectively (Figure 6). Compared to the middle segment, the edge segment of the fault had
undergone shorter weathering time. Thus, the original dip of the lunar normal fault may be between
45° to 70°. Based on the error analysis in the section 4.1, it’s possible to assess the accuracy of each
calculation result. In order to improve computing accuracy, profiles and data with large errors are
screened out and removed.
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Figure 6. Topographic and slope profiles at the edge (profile 1) and middle (profile 2) of the Rupes
Recta fault.

1) Removing the results calculated with small Ak

The topographic profiles suggest that the formation of crater-floor fractures will cause elevation
to rise by tens to hundreds of meters. A histogram of frequency versus « for 60 values calculated from
data with Al <200 m shows a maximum between -10° and 29°, and only 8 values are in the range 30°
to 69° (Figure 7). It's observed that errors are generally greater when the Ah is less than 200 meters.
Thus, the dips calculated from Ah <200 meters (60 out of 146 values are removed) need to be removed,
and then the remaining data was fitted to improve accuracy. The fitted result is tana = 0.5367*2, a =
47.0°, R2 = 0.6338 (Figure 8a). To further enhance accuracy, negative dips were eliminated (14 out of
86 values are removed) before fitting, resulting in a higher precision (tana = 0.5838*2, @ = 49.4°, R? =
0.7667; Figure 8b).

2)  Assessment of each profile

An alternative approach to improve accuracy is to individually examine each profile from the
grabens. Based on error analysis, profiles that always lead to large computation error have been
identified. Those profiles are selectively included or excluded based on specific circumstances (Table
S1). Then, the fault dip for each graben was calculated by the standard linear regression or average
method. Finally, the mean dip calculated from the 17 grabens is 52.5°.
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Figure 7. Statistics of dips that calculated from Ak <200 m data.
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Figure 8. AW versus Ah plots after removing Ak < 200 m data (a) and negative values (b).
4.3. Constraints on the expansion rate of the Moon

4.3.1. D-L ratios for graben-bounding faults

The formation of grabens results in an increase in surface area of the Moon (Figure 9). The
growth of area is calculated by below equation [43,44]:

AS = cosa ¥ p_1 DyLy, 4)

By measuring the extension caused by the displacement of related faults in the lunar graben, the
area growth caused by the formation of the lunar graben can be calculated:

AS = (W5 — W)L, ©)

where AS is an increase in the area caused by the formation of a graben with a length of L. Wo is the
widths of downthrow block (line segment EF in the Figure 3), and Ws is the widths of graben.
(Ws — Wo) can be calculated by:

(W5 = Wo) = 2D*cosa, (6)
Finally, for the area growth caused by all grabens:
AS = 2cos a ¥}_q Dy Ly, 7)

where a is the dip of graben-bounding fault, n is the total number of grabens.

Affected by collapse, Wo is difficult to be accurately measured. Previous studies [45] indicated
that the maximum displacement (Dmax) and length (L) show a linear relation. A terrestrial fault
population can be expressed using the following equation:

Dmax = ')/L, (8)

where y is a constant determined by rock type and tectonic setting (Cowie and Scholz, 1992c).
Finally, AS is computed by:

AS = 2ycosa Yj_q L;zc, 9)
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(a) (b)

Figure 9. Vertical view (a) and sectional drawing (b) of a lunar graben.

Using the Dmax to calculate the increase in area will result in an overestimated result. Instead,
the average value of D was used for calculating y.

The y value of fault populations on different planets has been studied in recent years [45-49].
However, previous research has primarily focused on the y of thrust faults, while there had been less
studies on the y of normal faults on terrestrial planets.

On the Earth, the y is typically between 8 x 103 and 5 x 10-? over a range of tectonic settings, fault
nature and rock types [45,50-53]. The y is positively correlated with the planetary gravity [47].
Therefore, y for the Martian fault population, as well as for Mercury thrust faults, is consistently
about 5 times smaller than the Earth’s [47]. The theoretical calculation for the Moon’s y is only 1.0 x
10 owing to the relatively lower lunar gravity [47]. However, Watters and Johnson (2010) [48] found
that the y of small-scale thrust faults is roughly 1.2 x 102 based on study of lobate scarps. After
measuring the geometric features of wrinkle ridges within Mare Imbrium and Mare Serenitatis, Li et
al. (2018) [49] discovered that the y of associated thrust faults within these maria were 2.13 x 102 and
1.73 x 1072, respectively. The above research suggests that fault scale might also be an important
influencing factor y value.

The physical simulations and field investigations indicate that the D/L ratio of normal faults on
Earth is also inversely correlated with fault scale [45,50]. For normal faults with length less than 200

meters, the approximate y is 1.1 x 1072, and for length greater than 600 meters, the approximate y is
8 x 1072 [53]. Normal faults from the Martian northern plains, Tempe Terra and Alba Patera volcano
show y value of 1 x 1073, 6.7 x 1072 and 6 x 1073, respectively [46,54].

It is a challenging job to measuring the y of normal faults on terrestrial plane. The length of
grabens can be measured by optical and terrain images. According to the theory, the fault
displacement also can be calculated by the depth of newly formed graben. However, since the
grabens have undergone degradation (e.g., collapse and filling effects) over the course of 3.6 billion
years, the current depth measured through terrain data is not equivalent to the actual fault
displacement.

If the measured depth is directly used to calculate the y, the obtained result would be smaller
than the actual value. In order to improve the accuracy of y, the graben depth reduced by degradation
will be estimated. Shallow depressions on the Moon are estimated to fill in at a rate of 5 + 3 cm per
million years, as derived from the analysis of boulder tracks [55]. If grabens were filled in at a rate of
~5 cm per million years, the depth of graben has decreased by ~180 m in the past 3.6 Ga. Based on the
above estimations, the existing measurement depth of grabens should be increased by another 180
m.
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Utilizing the depths measured from 69 profiles to directly calculate the y yields a mean value of
2.0 x 10 (for a = 52.5°). The y value obtained by standard linear regression method is 3.6 x 1073 (y =
0.2743x + 56.042; Figure 10a). If degradation is considered and the depth will increase by 180m, the
calculation results obtained by the average method and standard linear regression method are 3.8 x
108 and 3.2 x 10~ (y = 0.3078x — 9.1666, R? = 0.3568; Figure 10b), respectively. In addition, the Rupes
Recta normal fault was also used to verify the results calculated from the profiles. 9 topographic
profiles were carried out on this fault, yielding a y value of 3.6 x 10-3. In summary, the y value of
graben-bounding normal fault on the Moon is approximately 3.6 x 10,

(a) (b)

Figure 10. The D-L plot of grabens. The D values in the (a) are calculated from depths, and the D

values in the (b) include the depth reduction caused by degradation. The Graben Hippalus is split
into two independent grabens for the purpose of the calculation. Therefore, 18 sets of data were
obtained from 17 grabens.

4.3.2. Implications for lunar thermal evolution

A total of 812 lunar incisions were identified on the 1:2,500,000-scale Lunar Geologic Map [13,14].
After further identification, 15 trenches formed by secondary impact were removed, and the
remaining 797 grabens have a total length of approximately 220,000 km. The increases in area and
radius are ~5671 km? and ~130 m, respectively.

According to thermal evolution models, in the Moon’s initial approximately 1 billion years,
global expansion led to an increase in radius of about 2.7 to 3.7 km, and the fastest-growing rate
occurred in the first 500 million years. The accumulation of heat at the base of lunar mare regions
drove the formation and ascent of magma, a process that resulted in the formation of lunar grabens
[20]. Golombek (1979) [8] proposed that the lunar radius has increased by ~18 m due to the formation
of the graben population. Thanks to the high-resolution images and terrain data, more lunar grabens
were recognized, leading to a larger radius growth. Although our estimation suggested that the lunar
radius has increased by 130 meters, this is also much smaller than the value predicted by the model.
This may be because many ancient lunar grabens are completely buried and destroyed by later
geological events. In addition, crater-floor fractures were also the results of lunar expansion. Only a
few crater-floor fractures that are continuous with the grabens have been included in the calculation
in this study. Therefore, the total radius increase caused by the formation of linear extension
structures could be far more than 130 meters.

5. Conclusions

(1) Error analysis shows that various influencing factors are ultimately reflected in changes in
elevation and graben width. Errors are more sensitive to changes in elevation.
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(2) The the mean and the standard linear regression methods were used to calculate the dips of
the graben-bounding normal faults. A dip of 39.9° was obtained by the method of standard linear
regression for all data. After removing large error data, the results of 49.4° and 52.5° were derived by
standard linear regression and mean methods, respectively.

(3) The D-L ratios calculated from the graben-bounding normal faults are between 2.0 x 10 and
3.8 x 107 (for a = 52.5°). The young Rupes Recta normal fault present a D-L ratio of 3.6 x 103, which
is basically consistent with the results calculated from the graben-bounding normal faults by
standard linear regression method. Thus, the D-L ratio of lunar normal fault is ~3.6 x 10-2.

(4) Based on the dip and D-L ratio of the graben-bounding normal faults, the increase in lunar
radius is estimated. The radius of the Moon had expanded by approximately 130 m due to the
formation of grabens.
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