Pre prints.org

Article Not peer-reviewed version

The Geological Investigation of the
Lunar Reiner Gamma Magnetic
Anomaly Region

Junhao Hu, Jingwen Liu, Jianzhong Liu i , Jiayin Deng, Sheng_Zhang , Danhong_Lei, Xuejin Zeng,
Weidong Huang

Posted Date: 26 September 2024
doi: 10.20944/preprints202409.2046.v1

Keywords: Reiner Gamma; Lunar Magnetic Anomalies; 1:10,000 Regional Geological Map;
Geomorphological Feature

[ORt|0] Preprints.org is a free multidiscipline platform providing preprint service that
il is dedicated to making early versions of research outputs permanently
Eﬂ_ available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3810884
https://sciprofiles.com/profile/2014221
https://sciprofiles.com/profile/1522811
https://sciprofiles.com/profile/1787585
https://sciprofiles.com/profile/3306977
https://sciprofiles.com/profile/3318909
https://sciprofiles.com/profile/3838433

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2024

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
The Geological Investigation of the Lunar Reiner

Gamma Magnetic Anomaly Region

Junhao Hu ', Jingwen Liu ?, Jianzhong Liu 2*, Jiayin Deng 3, Sheng Zhang 2, Danhong Lei ?,
Xuejin Zeng 2 and Weidong Huang 2

1 School of Architectural Science and Engineering, Guiyang University, Guiyang, Guizhou, China

2 Center for Lunar and Planetary Sciences, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, Guizhou, China

3 Henan University of Science and Technology, School of Civil Engineering and Architecture, Henan, China

* Correspondence: liujianzhong@mail.gyig.ac.cn; Tel.: +86-18786617851

Abstract: Reiner Gamma is a potential target for low-orbiting spacecraft or even surface-landed
missions in the near future. Unfortunately, thus far no comprehensive low altitude (below 20 km)
or surface measurements of the magnetic field, magnetic source and plasma environment have been
made post-Apollo to complement and complete our understanding of the solar wind interaction
with lunar magnetic anomalies and swirl formation. Acquiring the detailed geological knowledge
of the Reiner Gamma region is significant for the above scientific targets. In this study, the following
research work in the lunar Reiner Gamma magnetic anomaly region was carried out for the regional
geological investigation: (1) the topographic and geomorphologic analysis; (2) elements, minerals
and sequence analysis; (3) 1:10,000 regional geological map analysis. Our work helps define
measurement requirements for possible future low-orbiting or surface-landed missions to the
Reiner Gamma area or similarly magnetized regions of the lunar surface.

Keywords: reiner gamma; lunar magnetic anomalies; 1:10,000 regional geological map;
geomorphological feature

1. Introduction

Although the Moon today does not have a global magnetic field, the research on remanent
magnetization in lunar rocks and crust demonstrated that there was a substantial lunar surface field
billions of years ago [1-7]. The key scientific issues including the lunar heat loss [1,8], basic dynamo
theory of the lunar core and mantle [4,6], the presence of volatiles on the surface on the poles [9-11],
and possibly paleo-solar wind studies [9,12] may be hopeful of resolving based on the understanding
of the origin, intensity, and life-time of this global field. The magnetic anomalies fields have been
detected over numerous portions of its crust, and most of these regions are located antipodal to large
basins [2,13-21]. The dominant genesis hypothesis of these magnetic anomaly fields includes ejecta
deposits [21-26], thermoremanent magnetization from magmatic processes [2,9,27-30], and through
shock-remanent magnetization by large impacts [24,31]. Obtaining information about the magnetic
source bodies of these anomalies involve the geometry, depth, formation time and magnetic
mineralogy can better constrain the timing and the strength of the lunar past dynamo field
[5,9,21,29,32,33].

The lunar swirls, characterized by the sinuous pattern of albedo in the soil, play a valuable tool
in investigating the Moon’s lithospheric magnetic anomalies, due to its unique geologic features with
magnetic and photometric anomalies [5,9,29,34-36]. Several mechanisms have been proposed for
swirl formation including cometary impact effects [37], solar wind deflection model [38,39],
electrostatic dust levitation and transport [40-42] and the magnetic sorting [43]. The above
hypotheses usually involved a “mini-magnetosphere” that shields the surface from the darkening
effects of the solar wind [35,38,44-47]. Moreover, the lunar swirls can be used to more carefully
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investigate the geometry, depth, and formation time of the source bodies, attributed to the shallow
burial scale of the magnetic anomaly source body [5,28,29].

Reiner Gamma, located on the lunar nearside along the western edge of Oceanus Procellarum
(center: 7.4° N, 301° E) (Figure 1), is perhaps the most well-known magnetic anomaly with 22 nT at
30 km altitude [20,48-51], but no theory for its formation has been accepted [14,26,28,29,32,52,53].
Moreover, the spatial resolutions of the GRAIL gravity map and modeling are insufficient to resolve
the narrow (<1-5 km width) dike features that might be responsible for swirls [2] and the low-altitude
with high-resolution lunar magnetic field measurements and surface field sampling at Reiner
Gamma region are still in the blank [9,36,48,54], which lead to the genesis debated of this magnetic
anomaly. Therefore, the comprehensive geological investigation of this typical lunar swirls region is
necessary for future surface-landed missions and low-altitude measurements, which would also
provide an opportunity to determine with much higher accuracy the strength and direction of the
dynamo field when Reiner Gamma formed [2,9]. To acquire the detailed geological background of
the Reiner Gamma region, the following research in this region were carried out: (1) topographic and
geomorphologic analysis; (2) elements, minerals and sequence analysis; (3) 1:10,000 regional
geological maps analysis. Our work could provide basic cognition for the surface-landed missions
and further to constrain the geometry, depth, and formation time of the source bodies, which may
solve the geologic processes that led to the formation of crustal magnetism and the type of dynamo
that magnetized them.
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Figure 1. The NAC and DEM maps in Reiner Gamma region.

2. Data and Methods
2.1. Geochemical Composition Data

The Kaguya Multiband Imager acquired data in 9 ultraviolet—visible (UVVIS) to near-infrared
(NIR) spectral bands (415, 750, 900, 950, 1001, 1000, 1050, 1250, 1550 nm), and covers the range from
65°N ~ 65°S on the lunar surface. The instrument provided a spatial resolution of ~20 m per pixel for
the first five spectral bands (UVVIS, 415-1001 nm), and ~62 m per pixel for the last four (NIR, 1000
1550 nm) at the nominal altitude of 100 km [55]. In this study, the abundances of the minerals (e.g.,
olivine, low/high-calcium pyroxene and plagioclase) and the submicroscopic iron (SMFe) in Reiner
Gamma magnetic anomaly region were from Lemelin et al. [55,56] and Taylor et al. [57], which were
based on the MI data, respectively. Moreover, Lemelin et al. [55] downsampled the UVVIS data to
the same spatial resolution as the NIR (~62 m per pixel) so that they could work with 9 spectral bands
with matching spatial resolution. They also corrected systematic differences in the reflectance spectra
between the first five spectral bands (UVVIS data) and the last four (NIR data) due to the differences
in data source, and this data reduction method is explained in detail in Lemelin et al. [56].

Meanwhile, the abundances of the five major oxides (e.g., MgO, FeO, Al:Os, CaO and TiOz) in
this study were from Zhang et al. [58]. To obtain good the correlation between MI spectral reflectance
values and oxide content, the 1D-CNN algorithm was used in Zhang et al. [58]. Different from the MI
data used in Lemelin et al. [55] and Taylor et al. [57], Zhang et al. [58] used the eight bands (415 nm,
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750 nm, 900 nm, 950 nm, 1001 nm, 1050 nm, 1250 nm, and 1550 nm) of the MI global mosaic for the
calculation of the abundances of the five major oxides.

2.2. Topographic and Geomorphological Analysis Method

At present, the direct method for obtaining planetary topography is using a laser altimeter to
send laser pulses from orbit and time the returning pulses [59-61]. In this study, the elevation data
were obtained from the Chang’E-2 DEM, Lunar Orbiter Laser Altimeter (LOLA) [61,62] and the high-
resolution SLDEM2015 [63]. The LOLA supplied highly accurate global coverage with a vertical
precision of ~10 cm and an accuracy of ~1 m [61,62]. Furthermore, the resolution of LOLA is
approximately 118 meters per pixel. The SLDEM was combined by the LOLA and the SELENE TC
data through the Kaguya teams and covers latitudes within +60° with a horizontal resolution of ~59
meters per pixel and a vertical accuracy of ~3 to 4 m [63]. In addition, the high-resolution image data
were from Chang’E-2 and narrow-angle camera images (LROC NAC, with the resolution of
approximately 0.5 meters/pixel). Considering the data resolution and the data size of subsequent data
processing, this study used the DEM generated by LOLA to study the classification criteria of lunar
relief amplitude in the target area of the Reiner Gamma region. The higher-resolution SLDEM data
were used to verify the optimum ranges of the lunar relief amplitude calculated from the LOLA DEM.
And the data were downloaded from
https://planetarymaps.usgs.gov/mosaic/Lunar_LRO_LOLA_Global LDEM_118m_Mar2014.tif and
https://astrogeology.usgs.gov/search/map/Moon/LRO/LOLA/Lunar_LRO_LOLAKaguya_DEMmer
ge_60N60S_512ppd.

The slope and the roughness in the target area of the Reiner Gamma region were calculated from
the elevation data. Thresholds of -2500 m, -1500 m, 1000 m, and 3000 m were used as elevation criteria
in this study’s lunar morphological classification system. The lunar surface is divided into five
geomorphic types including very low altitude, low altitude, medium altitude, high altitude and very
high altitude [64]. Based on the LOLA data, this study calculates slope data for the Reiner Gamma
region through the maximum average method [65]. Referring to general classification standards for
Earth’s topographic slopes, areas on the lunar surface are categorized as follows: less than 0.5° as
considered plains, 0.5-2° as gentle slopes, 2-5° as gradual slopes, 5-15° as moderate slopes, 15-35° as
steep slopes, 25-55° as rugged slopes and 55-90° as vertical slopes. This study quantitatively analyzes
the roughness of the Reiner Gamma region using the root mean square height difference method
through the elevation data from Chang’E-2, which has a resolution of 20 meters and the method
employed a 20-meter baseline [66].

For calculating the relief amplitude in this region, we determine the best window for relief
amplitude calculation through the mean change-point method based on the Chang’E-2 20-meter
DEM data [67]. In general. the corresponding landforms in lunar surface are classified into seven
types (e.g., minor microrelief plains, minor microrelief platforms, microrelief landforms, small relief
landforms, medium relief landforms, large relief landforms and extremely large relief landforms)
according to relief amplitudes of 100 m, 200 m, 300 m, 700 m, 1500 m, and 2500 m [67]. The rock
abundance in this study is inferred from Diviner data obtained by LRO during its circular orbit phase
from October 3, 2009 to October 7, 2011. Each pixel represents the fractional area fragments occupy
within that lunar surface area. The algorithm considers the influence of local slopes on rock
abundance inversion based on DEM terrain data acquired by LOLA [68]. Ultimately, this study
delineates suitable areas for lunar surface-landed activities based on a comprehensive acquisition of
terrain and landform characteristics within the Reiner Gamma region.

2.3. Mapping the 1:10,000 Geological Map

Chinese researchers have completed the compilation of the 1:2.5 Million Lunar Geological Map
and achieved remarkable international recognition including the lunar geological maps, the lunar
lithologic maps and the lunar tectonic maps [69-73]. Based on the 1:2.5 Million Lunar Geological Map,
we have mapped out the geologic structures, rocks and crater units in the target of the Reiner Gamma


https://doi.org/10.20944/preprints202409.2046.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2024

region with 1:10,000-scale through the high-resolution geochemical composition data, image data
and the DEM data collected and produced in 2.1 and 2.2.

The main mapping processes are as follows: (1) Scale determination: the decision to use a
1:10,000 scale for the Reiner Gamma region was carefully considered to balance the need for detailed
geological information with the practical limitations of data resolution and map readability. (2)
Determination of map content representation: this included not only all the geological structures in
the 1:2.5 Million Lunar Geological Map but also the magnetic anomaly bands in this region. (3)
Development of standards and specifications for legends and symbols: the majority of the legends
and symbols were inherited from the 1:2.5 Million Lunar Geological Map with the modifications
made to represent lunar ridges and rilles as areal structures. Additionally, graphical legends for
magnetic anomaly bands have been included. (4) Establishment of base map databases: through the
ArcGIS, we have created a gdb (geodatabase) file and subsequently established multiple feature
classes based on the attribute tables and classifications of geological units from the 1:2.5 Million Lunar
Geological Map. Each feature class will correspond to a specific geological unit, thereby organizing
the data into distinct groups of feature types. (5) Geological mapping: identification and expression
of lunar structures, igneous rocks, impact ejecta and the age of various factors. (6) Map compilation:
establish a mapping template based on the ArcGIS; graphic editing of the map units; label to
annotation. (7) Quality control: topology checking and manual checking. (8) Map finalization and
output.

2.4. Stratigraphic Analysis of the Reiner Gamma Region

To conduct stratigraphic analysis within the Reiner Gamma region, we first obtained the
distribution maps of the major minerals including plagioclase, pyroxene, and olivine through the
multispectral remote sensing data. Next, we combined the above information and the elevation data
to divide geological units of the basalts in the study area. Finally, we performed absolute geological
dating based on the size-frequency distribution of impact craters overlaying these units. The detailed
steps are presented as follows: (1) Extract the identification markers including raised positive
landforms, impact melt and vertical profiles of crater walls from the rims or continuous ejecta
blankets of the corresponding large impact craters; (2) Identify geological units for future surface-
landed mission within Reiner Gamma by analyzing the topographic relief, morphology, roughness
and the distribution of material composition in studied area; (3) Extract the main impact craters above
and establish buffer zones based on the preservation status of crater rims; (4) Perform period analysis
based on lunar geological period curves and establish the stratigraphic relationships within the
Reiner Gamma region (http://priede.bf.lu.lv/GIS/.Descriptions/RST/Sect19/nicktutor_19-5.shtml).

3. Results
3.1. Geochemical Compositions in the Reiner Gamma Region

As shown in the Figure. 2a-e, the MgO content ranges from 5.1 to 13.5 wt%, FeO content ranges
from 6 to 23 wt%, AL2Os content ranges from 9.5 to 21.2 wt%, CaO content ranges from 9.3 to 13.2 wt%
and TiO:z content ranges from 2.5 to 9.6 wt%. Compared to the dark lanes of the Reiner Gamma swirl
and the surrounding mare regions, the bright lobes of the swirl have higher contents of MgO, CaO,
AlOs, and significantly lower FeO, TiO: and submicroscopic iron (SMFe) contents (Figure 2). The
contents of olivine, orthopyroxene, clinopyroxene, plagioclase, and SMFe are 0-48 wt%, 0-74 wt%, 0-
60.8 wt%, 14-63 wt%, and 0.5-7 wt%, respectively (Figures 2f, 3a-d). The bright labels of the swirl
have lower contents of olivine, orthopyroxene and clinopyroxene and higher contents of plagioclase
compared to the dark lanes of the Reiner Gamma swirl and the surrounding mare regions (Figure

3a-d).
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Figure 2. The major element compositions in the Reiner Gamma region.(a)-(f) represent the MgO,
FeO, Al20s, CaO, TiOz2and SMFe contents in Reiner Gamma region, respectively.

Figure 3. The major mineral compositions in the Reiner Gamma region. (a)-(d) represent the Olivine,
Orthopyroxene, Clinopyroxene and Plagioclase contents in Reiner Gamma region, respectively.
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3.2. Topographic and Geomorphological Parameters of the Target in Reiner Gamma Region

The Reiner Gamma magnetic anomaly area belongs to a low-altitude region with the elevation
ranging from -2041 m to -1548 m (Figure 1b). The eastern region of this Lunar swirl is suitable for
surface-landed missions due to its high quality in geological characters (Figure 4a). It ranges from -
1833.96 m to -1685.96 m in altitude (Figure 4b). From view of the slope map (Figure 4c), it is evident
that the slopes in this region vary moderately with most parts ranging from 0 to 5 degrees over a
large extent, and smaller parts ranging from 5 to 15 degrees. The roughness values overall range
between 0 and 1.5 m with some local areas exceeding 1.5 m (Figure 4d). Additionally, there are 58
craters larger than 300 meters in diameter which indicates a relatively low crater density in this region
(Figure 4a). The average rock abundance is 5.5, with a maximum value of 67% which suggest a low
rock abundance (Figure 4e). From the basic landform types (Figure 4f), the blue areas represent minor
microrelief plains with the highest safety level which cover the majority of the map, the yellow areas
represent microrelief landforms with some degree of hazard which just sparsely distributed on the
map, and the red areas represent small relief landforms which are the most dangerous regions, but
are extremely limited in distribution.
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Figure 4. Topographic and geomorphological parameters in the target of the Reiner Gamma Region.
(a)-(b) represent NAC and DEM maps in the target of the Reiner Gamma Region. (c)-(f) represent the
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slop, roughness, rock abundance and basic landforms in the target of the Reiner Gamma Region,
respectively.

3.3.1:10,000. Geological Map of the Target in Reiner Gamma Region

Combining imaging data with a resolution better than 3 meters, DEM with a spatial resolution
better than 20 meters and the compositional data, the 1:10,000 geological map of the target area in the
Reiner Gamma magnetic anomaly region (20 km by 20 km) has been created (Figure 5). This
geological map includes 60,319 impact craters with diameters ranging from 10 to 100 meters. There
are 934 crater materials of Copernican Period with diameters over 100 meters, 585 crater materials of
Eratosthenian Period with diameters over 100 meters, 12 crater materials of undivided age with
diameters over 100 meters, and 55 crater materials of Imbrian Period with diameters over 100 meters.
This map also composes 1 basalt unit, 4 linear ridge structures, 6 domes and 24 impact crater chains
(Figure 5).
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Figure 5. The 1:100,00 geologic map of the target in the Reiner Gamma Region.

3.4. The Stratigraphic Sequence within the Target of the Reiner Gamma Region

As shown in Figure 6, the lowest layer in this area is composed of ferroan anorthosites formed
in the Magma-oceanian Period. During the Aitkenian Period, the Reiner Gamma region experienced
continuous ejecta deposition from the Grimaldi basin to the southwest and the Flamsteed-Billy basin
to its southeast, which overlayed the ferroan anorthosites. No material from the Nectarian or Imbrian
Period was observed in the Reiner Gamma region. Following the formation of the Imbrium basin,
extensive volcanic activities occurred in this region during ~3.9 Ga to 3.5 Ga [74,75]. Subsequently, a
small-scale eruption of low-titanium basalts occurred in the Reiner Gamma region (3.30 Ga) [75].
During the later modification stage (3.16 Ga to the present), the basalts underwent modification from
small-scale impact events and space weathering, which generated various types of impact craters in
the region. Due to the differences in surface lithology and the alteration resulting from space
weathering, significant differences in the thickness of surface regolith are observed in the basaltic and
volcanic breccia areas [76].
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Figure 6. The stratigraphic sequence of the target in the Reiner Gamma Region.

4. Discussion
4.1. Geochemical Features of the Reiner Gamma Region

Recent studies have proposed that the formation of the Reiner Gamma swirl may be related to
the interaction between the mini-magnetosphere and the solar wind plasma [12,34,43,47,77,78], and
the optical anomalies in this region are primarily attributed to differences in lunar soil maturity
[34,79]. Figures. 2 and 3 show no significant differences in the element contents and mineral
compositions between the dark lanes of the Reiner Gamma swirl and the surrounding lunar mare,
which is in accordance with similar spectral characteristics [79]. However, the bright lobes of Reiner
Gamma have higher MgO, AL:Os, and CaO contents and lower FeO, TiO: contents compared to the
dark lanes and the surrounding lunar mare (Figure 2a-e). Additionally, the bright lobes have lower
olivine, orthopyroxene and clinopyroxene contents, but higher plagioclase content compared to the
above regions (Figure 3). These characteristics are also reflected in the spectral and photometric
differences among the bright lobes, dark lanes and the surrounding lunar mare [35,79]. Besides, the
bright lobes of the Reiner Gamma swirl have significantly lower SMFe content compared to the dark
lanes and the surrounding lunar mare (Figure 2f). The features above may corroborate that the
reflectance differences of the swirls are related to the interaction between the mini-magnetosphere
and the solar wind plasma [47,78,80,81].

Existing research have shown the presence of ellipsoidal magnetic sources within the basalt in
this area [2,5], and the types of magnetic minerals within these sources can reflect their origins [2,82-
86]. However, the thickness of the overlying basalts with ~ 250 m to ~ 2.3 km [5] and the spatial
resolution of the existing gravity data make it challenging to distinguish the origin of these magnetic
sources [2], whether they are the melt sheet or floor deposits of an impact crater, or slow cooling and
sub-solidus reduction of lunar magmatic bodies. Therefore, surface-landing for the measurements of
the field and plasma at Reiner Gamma is significant for knowing the magnetic mineralogy of the
source bodies and further provides an opportunity to determine with much higher accuracy the
strength and direction of the dynamo field when Reiner Gamma formed [2,9,40].

4.2. Topographic and Geomorphological Features of the Target in the Reiner Gamma Region

The topographic and geomorphological features of the lunar surface are crucial for future
surface-landed missions. The elevation and relief amplitude as the macroscopic morphological types
reflect lunar terrain variations through composite matrices. The elevation variations of the target in
the Reiner Gamma region range from -1833.96 m to -1685.96 m, which indicate this area belongs to
the low-altitude area (Figure 4b). Simultaneously, in the view of the basic landform types (Figure 4f),
it is evident that the minor microrelief plains dominate most of the target region. Moreover, the
slightly hazardous microrelief landforms areas occurrences sporadic, and the most hazardous regions
of small relief landforms are only found in extremely isolated areas.

The slope and roughness are essential indicators for expressing terrain characteristics. The
magnitude of the slope directly impacts the scale and intensity of surface material flow and energy
conversion, which represents the local surface inclination. The target in the Reiner Gamma region is
classified as gentle to gradual slopes, which exhibits slopes ranging broadly from 0 to 5°, with smaller
areas having slopes between 5 and 15° (Figure 4c). Surface roughness serves as a crucial parameter
in assessing the engineering feasibility of ground operations. It quantifies the degree of lunar surface
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erosion and spatial variations in lunar morphology and records geological activities such as erosion,
subsidence, deposition and infilling on planetary surfaces. As shown in Figure. 4d, the roughness
values in the target of the Reiner Gamma region range predominantly from 0 to 1.5 meters with some
local areas exceeding 1.5 meters, which indicates the selected target is located in flat terrain. From the
view of Figure. 4e, the rock abundance is relatively low except for a few areas with 5.5% on average
and 67% on maximum value.

Moreover, there are only 58 impact craters larger than 300 meters in diameter, which indicates a
low crater density in this region. Meanwhile, four major wrinkle ridges oriented in a northeast
direction are located on the bright streaks on the eastern side of the Reiner Gamma swirl. Other
features including grooves, rilles and grabens are relatively small in scale (Figure 5). In summary, the
geological environments in the selected target are generally stable and mainly influenced by the
infilling of mare basalts with relatively small-scale structural types and few surrounding impact
basin. Therefore, this target is highly favorable for surface-landing and in-situ measurements of both
magnetic fields and plasma within lunar crustal magnetic anomalies, which help to understand the
nature of anomalies and the various processes involved in space weathering.

4.3. Geological Evolution of the Reiner Gamma Region

4.3.1. Magma-Oceanian and Aitkenian Periods

Crystallization of the lunar magma ocean (LMO) led to differentiation of the silicate portion into
a dense ultramafic to mafic cumulate pile (the lunar mantle), and after ~ 70 - 80 percent solidification,
the crystallization of plagioclase to form anorthosite flotation crust that ultimately reached a
thickness of up to ~60 km [40,87-92], the crust in this region is presented in Figure 6. At a late stage
(>90 PCS), aresidual melt enriched in highly incompatible elements, including the heat-producing
elements K, Th and U, represents the source of the geochemical signature identified in various lunar
lithologies (e.g. KREEP basalts) [91,93-96]. New laboratory and spacecraft measurements strongly
indicate that the intensity of the magnetization originated from an ancient core dynamo reached that
of the present Earth during 4.25 to 3.56 billion years ago (Ga) [6,7,32]. The mechanisms for sustaining
such an intense and long-lived dynamo are uncertain but may include mechanical stirring by the
mantle and core crystallization [6]. During the Aitkenian Period (4.31 - 3.92 Ga), continuous ejecta
from the Grimaldi basin to the southwest and the Flamsteed-Billy basin to the southeast of the Reiner
Gamma region, were deposited onto the studied area, covering the primordial lunar crust composed
of ferroan anorthosites.

4.3.2. Nectarian and Imbrian Periods (3.88~3.16 Ga)

No Nectarian Period rocks were exposed in the Reiner Gamma region. Furthermore, large-scale
volcanic eruptions occurred in the area after the formation of the Mare Imbrium basin (~3.9 Ga - 3.5
Ga) [74,75,97,98]. Meanwhile, this period of volcanic activity coincides with the era of high magnetic
fields on the Moon [6,9,32]. Subsequently, a small-scale low-titanium basaltic magma eruption
occurred in the study region (~3.30 Ga) [75], and the field then declined by at least an order of
magnitude by ~ 3.3 Ga [6,99-101]. Recent studies have suggested that the source of the magnetic
anomaly in the Reiner Gamma region was located in the lower part of this low-titanium basalt, with
the formation time between ~ 3.3 Ga and ~ 3.9 Ga, and the burial depth ranging from ~ 250 m to ~ 2.3
km [5,28,29]. The basal magnetic source might originate from thermoremanent magnetization
generated by subsolidus-reduction associated with magmatic activity [2,5,28,51], or it could be
related to a uniformly magnetized elliptical disk form from the melt sheet or floor deposits of an
impact crater [9,21,26,52]. At the current stage, the spatial resolutions of the GRAIL gravity map and
modeling are insufficient to resolve the narrow (< 1 - 5 km width) dike features that might be
responsible for swirls [2]. Therefore, surface landing could provide opportunities to constrain the
magnetic source bodies” geometries and even the lunar dynamo’s evolution.
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4.3.3. Eratosthenian and Copernican Periods

After the mare basalt infilling process, the surface of the Reiner Gamma region was modified by
small impact events and space weathering, which formed the various types of impact craters. Due to
the differences in surface rock composition, distinct thicknesses of lunar regoliths have formed in the
basalt and volcanic breccia regions [76]. The Marius Hills located northwest (~150 km) of the Reiner
Gamma swirl experienced continuous volcanic activity during 1.03 - 3.65 Ga [102,103], with the
volcanic activity in the region near the tail of the Reiner Gamma swirl occurring between 1.3 - 3.3 Ga
[102]. Reiner Gamma’s magnetic source bodies were also demagnetized by the heat from volcanic
domes in the Marius Hills during this time [5,102], which may indicate that the dynamo that was
only episodically strong [1], or the dynamo that existed in a weakened state [104].

5. Conclusions

The selected target for future surface-landing is located in the eastern of the Reiner Gamma
magnetic anomaly region. This target belongs to the low-altitude area, and most of which are located
in minor microrelief plains. The geological environments in this area are generally stable and mainly
influenced by the infilling of mare basalts with relatively small-scale structural types and few
surrounding impact basin. Meanwihle, this target include both the bright lobes and dark lanes of the
Reiner Gamma. Therefore, in the view of the geological and geochemical features, the target can be a
possible future low-orbiting or surface-landed mission for understanding the nature of magnetic
anomalies and the various processes involved in space weathering.
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