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Abstract: Lunar volcanic domes are essential windows into the local magmatic activities on the Moon.
Classification of domes is a useful way to figure out the relationship between dome appearances and
formation processes. Previous studies of dome classification were manually or semi-automatically
carried out either qualitatively or quantitively. We applied an unsupervised machine-learning
method to domes that are annularly or radially distributed around Gardner, a unique central-vent
volcano located in the northern part of the Mare Tranquillitatis. High-resolution lunar imaging
and spectral data were used to extract morphometric and spectral properties of domes in both the
Gardner volcano and its surrounding region in the Mare Tranquillitatis. An integrated robust Fuzzy
C-Means clustering algorithm was performed on 120 combinations of five morphometric (diameter,
area, height, surface volume, and slope) and two elemental features (FeO and TiO, contents) to find
the optimum combination. Rheological features of domes and their dike formation parameters were
calculated for dome-forming lava explanations. Results show that diameter, area, surface volume,
and slope are the selected optimum features for dome clustering. 54 studied domes can be grouped
into four dome clusters (DC1 to DC4). DC1 domes are relatively small, steep, and close to the
Gardner volcano, with forming lavas of high viscosities and low effusion rates, representing the latest
Eratosthenian dome formation stage of the Gardner volcano. Domes of DC2 to DC4 are relatively
large, smooth, and widely distributed, with forming lavas of low viscosities and high effusion
rates, representing magmatic activities varying from Imbrian to Eratosthenian in the northern Mare
Tranquillitatis. The integrated algorithm provides a new and independent way to figure out the
representative properties of lunar domes and helps us further clarify the relationship between dome
clusters and local magma activities of the Moon.

Keywords: Moon; dome classification; Gardner volcano; machine learning; magmatic activity

1. Introduction

Lunar domes are low volcanic edifices that are similar to small and low shield vol-
canoes on the Earth and Mars. Domes are commonly interpreted as having been formed
by the eruption of magma from a central vent or by the subsurface intrusion of a pres-
surized magmatic body, and they can be indicative of the local magmatic activities [1-5].
Lunar mare domes have been extensively mapped on the Moon, and most of the lunar
domes are concentrated in the lunar mare regions, including Mare Tranquillitatis (e.g.,
Cauchy and Vitruvius region), Mare Insularum (Hortensius/Milichius/T. Mayer region),
and also on volcanic complexes such as Marius hills and Riimker hills in Oceanus Procel-
larum (e.g., [1-3,6-11]). Morphometric, spectral, and rheological studies of lunar domes
have been carried out with lunar remote-sensing datasets (e.g., [1-3,6,9-11]). Morpholog-
ical and rheological knowledge of domes, such as diameters and slopes of domes, and
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viscosities of forming lavas are useful properties for getting insight into fundamental
relationships between dome appearances and the rheological properties of dome-forming
lavas [2,7,8,12-14]. As the duration of lava effusion as well as the viscosity of lava flows
shape the appearances of domes, different subsets of domes with different morphological
properties may reflect various supply processes and physical properties of lavas. Classi-
fication of domes provides a useful way to figure out the possible relationship between
dome appearance and formation process, since both the morphometric and rheological
properties of domes can be diverse (e.g., [2,6]).

Head and Gifford [6] divided more than two hundred lunar domes into seven classes
based on morphological properties (primarily diameter) and geological settings of domes.
Their classes 1, 2, and 3 refer to volcanic features resembling terrestrial shield volcanoes.
Class 1 domes have circular to elliptic outlines, with diameters ranging from 5.5 to 15 km,
slopes less than 5° and possessing summit craters without raised rims. Class 2 domes have
more irregular outlines than class 1 domes and possessing pancake-like cross-sectional
shape. Class 3 domes are similar to those of classes 1 and 2 but with a lower topographic
relief. Classes 4-7 are based on the morphologic setting of the domes. Class 4 denotes
domes associated with mare ridges and arches, while class 5 describes domes originating
from lava mantling of pre-existing highland topography. Class 6 includes domes with
higher albedo than mare material and comparably steep slopes, and class 7 describes
complex mare domes with irregular outline and topography. They showed that the domes
interpreted to be small shields (classes 1-3) occurred predominantly in groupings in the
nearside equatorial region (Cauchy, Hortensius, and Marius Hills) and were related to
relatively low lava effusion rates favorable to shield building eruptions.

Wohler et al. [2] devised a classification scheme that is complementary to the scheme
introduced by Head and Gifford [6] in that it subdivides lunar mare domes, especially
those belonging to their classes 1-3, according to the spectral and morphometric properties
in a quantitative way. Wohler et al. [2] applied a principal component analysis (PCA) of
three spectral features (Rys0, Ra15/R750, and Rosp/R750) and five morphometric features
(flank slope, diameter, height, edifice volume, and form factor) of lunar mare domes. The
classification scheme as outlined by Wohler et al. [2] comprises four classes A-D. Class A
domes display small to moderated diameters (5-13 km) and low flank slope (below 1.0°),
possessing relatively high TiO, (represented by Ry15/R7s50) content. Class B domes have
moderate TiO, content and are further divided into subclass B; (flank slopes > 2°, 6-15 km
in diameter) and B, (flank slopes < 2°, 8-15 km in diameter). Domes formed from lavas
of low to moderate TiO, content, having large diameters (13-20 km) and high volumes
(7-50 km?) are assigned to subclass C;, while domes of moderate to high TiO, content,
with smaller diameters (8-17 km) and volumes of less than 17 km? are assigned to subclass
Cy. Class D includes large and complex edifices near Arago with high TiO, content, with
slopes between 1.3 and 1.5°, which is consistent with the class 7 of Head and Gifford [6].

Wohler et al. [3] examined mare domes in terms of the scheme by Head and Gifford [6]
and Wohler et al. [2]. They add a class E, representing domes with moderate TiO, content
and diameters less than 6 km, and then subdivided class E into class E; (slopes of 2.0-4.0°)
and E; with slopes less than 2.0°. For completeness, they add a further class G with slopes
higher than 6.0°, representing domes corresponding to class 6 of the Head and Gifford [6]
scheme. They estimate the rheological conditions during the lava effusion process and
divide the domes into three rheological groups R1-R3. The first rheological group, R1, is
typically characterized by lava viscosities between about 10* and 10° Pa s and contains
domes with elongated vents in the Milichius/T. Mayer region and two similar domes in
northern Mare Tranquillitatis. The second rheological group R2 is made up of the very
shallow domes in northern Mare Tranquillitatis with their low lava viscosities between
102 and 10* Pa s. The third rheological group R3 consists of the comparably steep-sided
domes near Hortensius and in the T. Mayer region with lava viscosities between 10° and
108 Pa's. A comparison with the mare dome classification results show that domes of R1
belong to classes By, C, and E,, those of group R2 are situated between classes A and E,,
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and the rheological group R3 comprises domes of classes By and E;, which suggest that
domes with steeper slopes tend to be more viscous than those with relatively gentle slopes.

Previous studies of lunar dome classification provide us a comprehensive understand-
ing of dome appearances and their rheological characteristics, but these studies have been
carried out manually or semi-automatically (as a review, see [1]). Head and Gifford [6]
classified lunar domes mainly focusing on qualitative descriptions of the dome shape
and its geological setting rather than morphometric quantities. Wohler et al. [2] applied
PCA to quantitatively classify lunar domes considering both their morphometric and spec-
tral properties, but their subclasses are manually identified according to the transformed
dome features coordinates. Questions for dome classification remain, e.g., what is/are the
dominant features for dome clustering? How can dome clustering help us improve our
understanding of local magmatic activities? Whether domes that are spatially adjacent or
relevant could reflect regional magma activities of the Moon?

Located on the northern edge of Mare Tranquillitatis (Figure 1), the Gardner volcano is a
unique edifice with several domes either annularly or radially distributed around it (e.g., [15]).
Huang et al. [15] confirmed 17 volcanic domes with diameters ranging from 2.2 to 16.2 km
and heights varying from 60 to 245 m. Most of these domes are shallow domes with summit
pits or fissures, and the average flank slopes are varying from 0.8° to 5.7°. Following previous
classification schemes, these domes are belonged to classes 1-3 of Head and Gifford [6] and
classes A—C of Wohler et al. [2]. Geological mapping suggests Eratosthenian to Imbrian unit
(Eld) of these domes, which is consistent with the absolute model ages (3.90 to 2.96 Ga) of the
Gardner volcano. Comprehensive geological studies suggest that the Gardner volcano has
possibly experienced four stages of volcanic activities [15]. Domes study in this region can
help us further understand the local magmatic activities.

In this study, we used an unsupervised machine-learning method to classify domes in
the Gardner volcano and its northern Mare Tranquillitatis region and tried to figure out the
key parameters for lunar dome clustering and its relationship with local magma activities.
As one type of unsupervised machine learning technique, clustering is an efficient method
to identify potential patterns within data and partition it into several subsets or groups,
fulfilling homogeneity and heterogeneity [16,17]. High-resolution lunar imaging and
spectral data were used to extract morphometric and elemental properties of domes in both
the Gardner volcano and its surrounding region in the Mare Tranquillitatis. An integrated
robust Fuzzy C-Means clustering algorithm was performed on all the combinations of seven
morphometric and spectral features to find out the optimum combination. Rheological
features of domes and their dike formation parameters are derived from the model of
Wilson and Head [18] for further dome-forming lava explanations.
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Figure 1. Flowchart of the clustering algorithm applied in this study.

2. Data and Methodology
2.1. Data

Previous studies used data mainly from telescopic images [2,3,6] to measure the mor-
phometric properties (diameter, height, and volume) and Clementine UVVIS multispectral
data [2,3] to reveal the spectral properties of domes. Recent lunar missions have provided
high-resolution lunar global images, digital terrain models (DEMs), and spectral datasets.

We used panchromatic images from Kaguya Terrain Camera (TC: ~10 m/pixel; [19])
and associated digital terrain models (DTMs) to characterize the morphometric properties
of domes for the reasons of both high-resolution and sufficient coverage of the studied
region. TC images and DTMs of SELENE are downloaded from SELENE’s data archive
(http:/ /12db.selene.darts.isas.jaxa.jp/, accessed on 1 March 2019). The spatial resolution of
the dataset is well suited for morphologic measurements of small dome features.

Elemental contents (FeO and TiO;) of domes are derived using Clementine UVVIS
multispectral data (~115 m/pixel) by using the algorithms proposed by Lucey et al. [20].
The Clementine UVVIS data have sufficient coverage and resolution for domes larger
than 1 km in this study. Furthermore, the same spectral database with the previous
study [2] can help us to avoid uncertainties due to data inconsistency in the clustering
results explanation.


http://l2db.selene.darts.isas.jaxa.jp/

Remote Sens. 2021, 13, 845

50f24

2.2. Dome Feature Extraction

An appropriate morphometric feature extraction method is important for both rheolog-
ical and clustering analyses of domes. In this paper, dome features are extracted by taking
into account multiscale data. Panchromatic images, DTMs, and the associated shaded
relief are projected into a simple cylindrical projection in the Geographic Information
System (GIS). We check and label all the domes in GIS and compare them with previous
locations [4,15,21]. To obtain the detailed structure of each dome, we cut the whole image
into sub-images that merely contain one or several connected domes and then delineate
the vector outline of each dome according to the contouring and 3D-rendering images.

2.2.1. Morphometric Features

Five morphometric features of each dome are identified using the 3D topographic
models: including area (A), diameter (D), height (H), maximum surface volume (SV), and
average flank slope (Slope).

The dome area A can be determined by counting the pixels bounded by the outline. If
we assumed that a dome is quasi-circular and lies on the same plane, we can calculate the
average diameter of D a dome by:

D=2VA/r. 1)

The height H of a dome is defined as the difference between the summit of the dome
and its lowest point in the dome outline, and the Slope of a dome can be defined as the
inverse tangent of the ratio of D and H by:

2H

— 10222
Slope = tan™ " ( D ). 2)
The maximum surface volume SV of a dome is defined by the volume between its DEM
surface and a horizontal reference plane embodying the lowest point of the dome outline.

2.2.2. Element Contents

Iron and titanium abundances (FeO and TiO;) are important for the determination
of rock types and are useful in distinguishing different geological units. The FeO content
can be used to discriminate lunar mare materials from highland rocks [22,23]. The TiO,
content has been used as a reference in the classification of mare basalts [24-27]. There are
indeed several classification schemes, which have been summarized by [28], e.g., Neal and
Taylor [29] classified mare basalts into Very low-Ti (<1.0 wt %), Low-Ti (1.0-6.0 wt %), and
High-Ti (>6.0 wt %) based on analyses of Apollo samples; Giguere et al. [24] proposed a
classification based on remote-sensing data: Very low-Ti (<1.0 wt %), Low-Ti (1.0-4.5 wt %),
Intermediate-Ti (4.5-7.5 wt %), High-Ti (7.5-10.0 wt %), and Very high-Ti (>10.0 wt %).
According to Lucey et al. [20], the iron and titanium abundances of the lunar surface can
be estimated from Clementine UV VIS multispectral data by:

FeO(wt%) = 17.427 X {— tan~! [(R950/R750 — 1.19)/(R750 - 008)]} —7.565 3)

and
5.979

TiO, (Wt%) = 3.708 x {tan’l[(R415/R750 —0.42) /R750]} ) )

where Ry15, R750, Rosg stand for surface reflectance at 415, 750, 950 nm, respectively. We
use these equations to estimate the average FeO and TiO, contents of each dome within its
bounded area.

2.2.3. Rheological Properties

The morphological development of a dome is determined by its properties of the
dome-forming lava, including lava viscosity #, effusion rate E, and the duration of the
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effusion rate T,. The rheological model proposed by Wilson and Head [18] and adapted
by Wohler et al. [2] is applied here to infer the rheological properties of lavas that formed
the domes in the Gardner region. The model is based on the assumption that a dome is
formed by lava effused from a central vent on a flat plane. The cooling magma is treated
as a Bingham plastic characterized by the yield strength T and plastic viscosity #. The
plastic viscosities of lava flows (expressed in Pa s) that were forming the domes can be
estimated by:

7(t) = 6 x 10~4724, (5)

where T stands for the yield strength (expressed in Pa) that is given by:

323H?
T:OB?) pg’

D/2 (6)

where p is the lava density, which is set to be 2000 kg m 3 [2], the acceleration g due to
gravity is equal to 1.63 m s~3. Assuming a higher density will increase the viscosity by
a constant factor. For a high magma density of 2800 kg m~3, this factor amounts to 2.2,
compared to the values obtained with a density of 2000 kg m~3, which is not too significant
when regarding the broad range of viscosities inferred for the lunar mare and highland
domes [2]. It is worth noting that with the assumption that the motion of the lava flow
front is simply limited by cooling, the lava effusion rate E from a vent can be expressed as:

_0.3231/2300(D/2)?
-~ 065%/20.72H

@)

where ¥ ~ 107% m?

effusion is given by:

s~! is the thermal diffusivity of the lava, and the duration of lava

T, = SV/E, 8)

where SV is the surface volume in km?.

2.3. Clustering Algorithm

As one type of unsupervised machine learning technique, clustering is an efficient
method to identify potential patterns within data and partition it into several subsets
or groups (clusters), fulfilling homogeneity and heterogeneity [16,17]. Hierarchical and
partitional clustering are the two most widely used clustering algorithms [17]. Hierarchical
methods are susceptible to outliers in the data and choices of combinations/divisions of
clusters. Grosse and Kervyn [30] made hierarchical cluster analysis on terrestrial volcanoes
and obtained 12 groups but had to omit about 1/3 of domes due to the two reasons
mentioned above. The precision of partitional clustering is mainly influenced by the
selection of the cluster number (referring to subsets that a dataset can be divided) and the
defined similarity measure between data points and clusters [31-33], which makes this
method hard to be applied to any structurally unclear dataset. Mok et al. [17] proposed a
robust adaptive clustering (RAC) algorithm that can be integrated with a Fuzzy C-Means
(FCM) algorithm [34] to automatically determine the cluster number and acquire reliable
clustering results simultaneously. In this study, we applied this RAC-FCM algorithm to our
dataset and use the minimum spanning tree algorithm [32] to generate the initial cluster
center to avoid inconsistent results among different experiments caused by local minima.

We give the definitions of variables used by the integrated RAC-FCM algorithm. If
X ={x1,x2,...,%j,..., %y} is the dataset of m domes, each sample, x; € R”, stands for a
p-dimensional data point. If ¢ is the cluster number, c =2 : k (k > 2).

To obtain clustering results, we take the following five steps (Figure 1).

The first step is to initialize cluster centers. Find a minimum spanning tree where the
summary of weights of all edges is the smallest and then select ¢ nodes to be the initial
clustering centers V [32].
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The second step is to run the FCM algorithm. FCM algorithm partitions X into ¢
clusters by minimizing the object function J:

j=1li=
s.t. 0 S Lll']‘ S 1 (9)

[
Luj=1
1

m C
Minimize Js(U, V) = ¥ ¥ u§j][xj — oil*
1

where s controls the fuzziness of membership (degree reflects each data point belonging
to more than one cluster during the iteration) and we set s = 2 in this paper according
to former researchers [35]. Clustering centers V = (vq,v2,...,7;,...,0c), v; € RP, are
initialized in the first step. U = (u;;) ., 18 the membership matrix, only if:

cX
. 1/s—17 1
2 2 j ]
iy = Lzl(nxjm /% = o) Asiselsjsm (0
m m
vi= Lui/ L 1<i<e1<i<m, (v
= j=

(U, V) may minimize s [32]. Update U and V until the difference between consecutive Js
is less than 1075.

The third step is to build the observation matrix. If R = {ry, r,..., 7} is the row
number of the largest membership value in each column of the final U, we get the observa-
tion matrix O = (0;) [17],

mxm

1 ri=rj(i#))
- j
0ij = {0 otherwise * (12)
The fourth step is to repeat the previous steps until ¢ = k.
The last step is to determine the cluster number and output the cluster results. In the
case of the judgment matrix JM,

k
JM =)0, (13)
c=2

an iterative graph-partitioning process defined as the Formula (14) goes on, leading to the
changes of sub-graphs with M updating. As the number of sub-graphs of | M is the cluster
number of each iteration, the most frequently occurring value is the final cluster number of
the dataset, and the corresponding sub-graphs are indeed the clustered results [17]:

pew _ {tf}'emusl if £70>0 frew ¢ ppee tp'revious c ]Mgrevious (14)
ij 0 otherwise i g7t ij :

In this study, we take all the combinations of 5 morphometric and 2 spectral features
into consideration and have evaluated 120 groups of feature combinations in total to obtain
the optimum combination of features. On the premise that domes observed in this research
are divisible, we discard the feature groups making the cluster number smaller than 2. To
verify the clustering results, both the correlations of features and the significance levels of
their coefficients are calculated in MATLAB R2018a [36].

3. Results
3.1. Morphometric, Spectral and Rheological Properties of Domes

Based on the previous database of Wohler et al. [2,3] and Huang et al. [15], we
finally labeled and studied 54 domes in both the Gardner volcano and its surrounding
region in the northern Mare Tranquillitatis (Figure 2). 39 domes are closely related to
and either annularly or radially distributed around the Gardner volcano. As a validation,
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20 domes (Figure 2, brown triangles) in the northern Mare Tranquillitatis identified by
Wohler et al. [2] were re-analyzed carefully in this study. We find 17 domes (Figure 2,
purple stars) spatially consistently with theirs, with the standard deviations of longitude
and latitude differences as 0.08° and 0.11°, respectively. Three domes located near the Rima
Cauchy are not observed in this study. The validated 17 domes are generally taller and
smaller than previous results, with standard deviations of height and diameter differences
as 37.86 m and 2.74 km (Table A1), respectively.

We extracted five types of morphometric features for all the 54 domes, with values
ranging from 2.90 to 405.44 km? for A, 1.92 to 22.72 km for D, 54 to 498 m for H, 0.75°
to 6.47° for Slope and 0.07 to 85.19 km? for SV (Table 1). Figure 3 shows the elevation
maps of four typical volcanic domes in this study. Dome no. 2 is a representative dome
at the eastern edge of the Gardner volcano (Figures 2 and 3a) with a diameter of 3.61 km
and a slope of 5.91°. Dome no. 21 (10.89 km in diameter, dome C8 in Wohler et al. [2])
and no. 31 (5.15 km in diameter) are located to the southwest of the Gardner volcano
(Figures 2 and 3b,c), with slopes of 3.99° and 2.36°, respectively. Dome no. 44 (Arago 5,
dome A6 in Wohler et al. [2]) is an elongated dome in the west area of Mare Tranquillitatis,
away from the Gardner volcano (Figures 2 and 3d). The diameter and slope of dome no. 44
are 6.66 km and 1.86°, respectively. The flank slopes of domes have a trend of decreasing
with distance from the Gardner volcano. There is a summit pit crater developed on dome
no. 31, but no crater pits or fissures on the other three domes (Figure 3). Among 54 domes,
we only find 19 domes possessing volcanic summit pits or fissures (Table 1).

25°E. 30°E S5 40°E

Elevation (m)

1223 — 4466
[ ]-50-1223
[ ]-549--50
[ ]-1048——549
[ ]-2321--1048
[ ]-5564--2321

15°N

0 40 80 160 km -‘ |« |D3
i =———— A

I |
20°E 25°E 30°E 35°E 40°E

Figure 2. Locations of domes analyzed in this study. Domes labeled as D1 (green spots), D2 (brown triangles), and
D3 (purple stars) represent domes that are spatially and structurally related to the Gardner volcano (cyan shaded area,
maximum range without overlap with other tectonic structures, such as Rima Cauchy and Rupes Cauchy), domes identified
by Wohler et al. [2] and re-identified in this study, respectively. Domes no. 2, 21, 31, and 44 are representative domes shown
in Figure 3. The background is a topographic map derived from TC DTM (digital terrain models derived from Kaguya
terrain camera )data (simple cylindrical projection).
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Figure 3. 3D-rendering images, elevation maps and profiles of representative domes. (a) Dome no. 2 (35.09° E, 16.51° N) is
a typical dome at the eastern edge of the Gardner volcano. (b) Domes no. 21 (30.75° E, 14.34° N) and (c) no. 31 (32.47° E,
13.88° N) are representative domes to the southwest of the Gardner volcano. (d) Dome no. 44 (20.77° E, 9.26° N) is a typical
dome in the Mare Tranquillitatis, away from the Gardner volcano. Representative elevation profiles along AB and CD are
selected for every single dome.

Table 1. Morphological parameters, iron and titanium contents, rheological properties of domes and their dome clusters ?.

No Lon. Lat. A SV. H D Slope FeO TiO; . n E Te Volcanic DC
] )  (km?) (km® (m) (km) (°) wt.%) (wt.%) (Pas) (m®s—1)  (days) Pit/Fissure
1 3536 1652 1423 054 117 426 315 1639 445 6.77 x 10> 9.38 x 10° 27.10 230.63 Yes DC2
2 3509 1651 1026 116 187 3.61 591 1612 431 2.04 x 10*  1.32 x 107 12.23 1098.22 No DC1
3 3812 1599 1167 088 158 385 4.69 1751 @ 6.98 1.36 x 10*  5.03 x 10° 16.46 618.88 Yes DC1
4 3748 1598 3152 116 72 634 130 1706 534 1.72 x 10> 3.51 x 10* 97.54 137.64 No DC2
5 3466 1593 3878 566 316 7.03 514 1672 393 299 x 104 3.32 x 107 27.34 2395.71  Yes DC1
6 3551 1580 31.19 259 165 630 3.00 1691 598 9.10 x 10> 1.90 x 10° 42.12 711.72 Yes DC2
7 3602 1558 3773 287 197 693 325 1686 446 1.18 x 10+ 3.55 x 10° 42.67 778.39 No DC2
8 3562 1557 4046 120 112 718 179 1712 587 3.68 x 103 217 x 10° 80.49 172.55 No DC2
9 3677 1538 443 012 61 237 294 1797 697 330 x 10> 1.67 x 10° 16.18 85.83 No DC2
10 3783 1525 4768 213 93 779 137 1710 4.89 234 x10°  7.30 x 10* 114.24 215.81 No DC2
11 3300 1514 1575 166 250 448 637 1731 670 294 x 104 3.18 x 107 14.04 1368.69 No DC1
12 3769 1514 1972 125 112 501 256 1711 513 527 x 10> 5.14 x 10° 39.23 368.77 Yes DC2
13 3528 1502 29 007 71 192 423 1795 710 552 x 103 5.75 x 10° 9.10 89.02 No DC1
14 3534 1493 462 013 92 243 434 1821 791 7.35 x 10 1.14 x 10° 11.19 134.47 No DC1
15 3546 1482 846 047 125 328 436 1850 9.19 1.00 x 10+ 2.40 x 10° 15.08 360.73 No DC1
16 35.08 14.69 14086 920 143 1339 1.22 1740 5.63 322 x10° 157 x 10° 219.48 485.15 No DC3
17 3354 1458 11486 471 114 1209 1.08 1785  6.83 226 x 10> 6.75 x 10* 224.50 242.82 No DC3
18 3570 1457 3155 484 274 634 494 1892 1069 249 x 10* 214 x 107 25.66 2183.40 No DC1
19 3251 1450 2333 196 146 545 3.07 1694 7.02 824 x 10> 1.50 x 10° 35.60 637.14 Yes DC2
20 3474 1444 2594 089 117 575 233 1760  6.39 5.02 x 103 4.56 x 10° 49.40 208.52 No DC2
21 3075 1434 93.08 1836 380 10.89 399 17.65 857 279 x 10+ 2.81 x 107 54.58 3893.46 No DC3
22 3564 1430 3640 220 126 6.81 212 1828 876 491 x 10> 434 x 10° 64.37 395.58 Yes DC2
23 3228 1429 4135 3.08 179 726 282 1780 828 9.30 x 10> 2.01 x 10° 51.47 692.57 No DC2
24 3276 1424 9617 332 104 11.07 1.08 1913 1287 206 x 10°  5.38 x 10* 206.04 186.50 No DC3
25 3589 1421 4074 294 137 720 218 1783 712 549 x 10> 5.66 x 10° 66.26 513.55 Yes DC2
26 3558 1417 1742 046 62 471 151 1827  8.68 1.72 x 103 3.49 x 10* 62.60 85.04 No DC2
27 3416 1415 5998 177 60 874 079 1740  6.05 8.68 x 10> 6.76 x 103 222.74 91.97 Yes DC2
28 3346 1398 3340 079 67 652 118 1793  8.04 145 x 10 2.32 x 10* 111.08 82.32 Yes DC2
29 3619 1397 5268 197 74 819 104 1785 6.3 141 x 10> 2.16 x 10* 158.62 143.74 No DC2
30 3268 1394 426 021 124 233 6.08 1864 1019 139 x 10* 527 x 10° 7.65 317.52 No DC1
31 3247 13.88 2080 1.09 106 515 236 1825 898 460 x 10> 3.70 x 10° 43.72 288.54 Yes DC2
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Table 1. Cont.

No Lon. Lat. A SV. H D Slope FeO TiO, . n E Te Volcanic DC
0O )  (km?) (km® (m) (km) (°) wt.%) (wt.%) (Pas) (m3s—1)  (days) Pit/Fissure
32 3697 1379 2051 058 61 511 137 1809 7.38 1.53 x 10> 2.65 x 10* 74.93 89.59 No DC2
33 3259 13.67 2312 060 69 543 146 1845 946 1.85 x 10  4.15 x 10* 74.66 93.01 No DC2
34 3652 1362 31.84 118 118 637 212 1765  5.68 460 x 10> 371 x 10° 60.13 227.14 Yes DC2
35 3745 13.03 3234 094 67 642 120 1802 721 147 x 103 241 x 10* 107.55 101.16 No DC2
36 3246 1248 2842 109 73 602 139 1889 1124 187 x10®  4.25 x 10* 86.75 145.43 No DC2
37 3257 1207 1205 060 84 392 246 1866 11.02 379 x 10°  2.33 x 10° 31.96 217.26 No DC2
38 3234 1196 16175 1525 220 1435 1.76 1838 10.06 7.10 x 10>  1.05 x 10° 163.82 1077.43 No DC3
39 3320 11.75 102.04 4.06 75 1140 075 1851  9.79 1.04 x 10> 1.04 x 10* 303.19 154.99 No DC3
40 2746 1898 593 030 126 275 524 1885 11.83 1.2 x 10*  3.82 x 10° 10.50 330.73 Yes DC1
41 2763 1865 3.69 020 123 217 647 1893 1217 147 x 10*  6.00 x 10° 6.70 342.55 Yes DC1
42 3192 1071 4086 157 8 721 130 19.07 1231 196 x 10>  4.80 x 10* 110.94 163.94 Yes DC2
43 3304 1054 7034 547 135 946 163 1884 1159  4.06 x 10°  2.74 x 10° 116.01 545.74 Yes DC3
44 2077 926 3483 206 108 6.66 186 19.66 1573  3.69 x 10°  2.18 x 10° 71.87 332.23 No DC2
45 2092 89 7559 567 121 981 141 1951 1451 314 x 10°  1.49 x 10° 139.18 471.24 No DC3
46 2125 855 103.65 850 141 1149 141 1964 1477 364 x 10° 212 x 10° 163.85 600.62 No DC3
47 3695 850 7941 405 96 1005 1.09 1884 11.12  1.93 x 10°  4.61 x 10* 184.12 254.84 Yes DC3
48 2205 771 1730 099 123 469 3.00 1935 1499 679 x 10°  9.44 x 10° 31.30 364.98 Yes DC2
49 21,60 755 40544 8519 498 2272 251 1862 1215 230 x 10*  1.76 x 107 181.40 5435.81 No DC4
50 36.78 751 10585 1638 320 11.61 3.16 1825  9.28 1.86 x 10*  1.06 x 107 73.71 2572.00 No DC3
51 3448 724 1377 042 54 419 148 1898 1199 147 x10®° 238 x 10* 56.89 85.90 No DC2
52 3832 723 9174 692 142 10.81 150 1840  9.69 393 x 103 254 x 10° 144.01 556.30 No DC3
53 3762 713 2827 107 80 600 153 1914 1238 225x10°  6.63 x 10* 78.75 157.77 Yes DC2
54 1997 613 208.14 3894 332 1628 234 1812 1214 143 x 10*  5.60 x 10° 139.70 3226.18 No DC3

@ area (A), surface volume (SV), height (H), and diameter (D) are morphometric parameters. Rheological properties include yield strength
T, plastic viscosity n, effusion rate E, and duration Te. DC is the dome cluster. Numbers 1-40 represent domes that are structurally closely
related to the Gardner volcano. The rest are domes located in the northern Mare Tranquillitatis (Wohler et al. [2]) that were re-identified in

this study.

Iron and titanium contents are also obtained based on Equations (3) and (4) (Table 1).
The average FeO contents of 54 domes vary from 16.12 to 19.66 wt %, and their average
TiO; contents range from 3.93 to 15.73 wt %, respectively. Results show that the study area
is covered by low-Ti to high-Ti mare basalts based on analyses of both Apollo samples [29]
and remote-sensing data [28].

Rheological properties are calculated from the morphological features by using
Equations (5)—(8). Results show that the estimated plastic viscosities can vary from
6.67 x 10° to 3.32 x 107 Pa s, the effusion rates range from 6.70 to 303.15 m3s~1, and the
duration can last from 82 to more than 5000 days (Table 1).

3.2. Clusters of Domes

We applied the integrated RAC-FCM algorithm into the dataset of domes represented
by five morphometric and two elemental features. All the 120 groups of the seven features
are evaluated to obtain the optimum combination. The feature groups leading to the cluster
number being equal to 1, which are indicative of data indivisibility, are dismissed. Table 2
shows 36 feature groups with the cluster number not smaller than 2. Because the largest
dome near crater Arago, dome no. 49 (22.72 km in diameter, Table 1) was distinctively
separated from other domes (Table 2); we take clusters that contain individual dome no. 49
as candidate groups. Taking a balance between sufficient clusters and dome numbers into
consideration, a group consistent with features A, D, SV, and Slope were selected out as the
optimum combination. There are four clusters produced by this feature group, with dome
numbers of 1, 11, 13, and 29, respectively (Table 2).
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Table 2. Clustering statistics of different feature groups with the cluster number ¢ > 2.

C1 C2 C3 (@]
a
Feature Group c (no.) (n0.) (n0.) (n0.)

1617 21 24 38 39 43

12 2 45 46 47 49 50 52 54 the rest (40) \ \
16 17 21 24 38 39 43
1,3 3 49 45 46 47 50 52 54 the rest (40) \
1,5 2 2351113141518304041 the rest (43) \ \
2,3 4 49 54 39 52 1617 21 38 46 50 the rest (44)

4810161724 2627

3,5 2 2829 3233 3536 38 39 the rest (29) \ \
42 43 44 45 46 47 51 52 53
3913141720212223
3,6 3 1245678101112161927 252628 29 31 32 34 35 the rest (24) \
4,6 2 511182149 50 54 the rest (47) \ \
1,2,3 2 49 the rest (53) \ \
1,2,5 3 49 2351113141518 304041 the rest (42) \
1617 21 24 38 39
1,2,6 3 49 43 45 46 47 50 52 54 the rest (40) \
57111617 18212324 38

1,34 2 39 43 45 46 47 49 50 52 54 the rest (35) \ \
1,4,6 2 21 38 49 50 54 the rest (49) \ \
234 2/3 49 the rest (53) \ \
49 521385054 the rest (48) \
2,4,6 2 21 38 49 50 54 the rest (49) \ \
3,4,6 49 the rest (53) \ \
3,5,7 2 111518 30 40 41 the rest (48) \ \

2351113141518
4,56 2 2130 40 41 49 50 54 the rest (39) \ \

1617 21 24 38 39 43
*
1,2,3,5 4 49 2351113141518 304041 45 46 47 50 52 54 the rest (29)
16 17 21 24 38 39 43

1,2,3,6 3 49 45 46 47 50 52 54 the rest (40) \
1,4,6,7 2 21 38 49 50 54 the rest (49) \ \
2,3,4,5 3 49 16 17 24 38 39 43 45 46 47 52 the rest (43) \
2,3,4,7 3 49 18 21 38 50 54 the rest (48) \
2,3,6,7 2 49 the rest (53) \ \
2,4,6,7 2 2138 49 50 54 the rest (49) \ \
1,2,3,4,7 2 49 the rest (53) \ \
2,3,4,5,6,7 2 49 the rest (53) \ \

@ numbers 1-7 represent the seven features that were taken into account in the dome clustering. They are features of 1 diameter (D), 2 area
(A), 3 surface volume (SV), 4 height (H), 5 average flank slope (Slope), 6 TiO; content, and 7 FeO content of the 54 domes, respectively.

* The optimum combination of feature group D, A, SV, and Slope.

Area, diameter, surface volume, and Slope are four representative features for dome
clustering (Feature group of 1, 2, 3, 5 in Table 2). We plot the distribution map of clustered
domes and label the dome cluster (DC) numbers from 1 to 4 by considering the relative
distances from the Gardner volcano (Figure 4). DC1 and DC2 are annularly and radially
distributed around the Gardner plateau, and three domes of DC1 are either superposed
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on or surrounding the Gardner volcano. DC3 is widely distributed, and DC4 is a unique
super-volcano near the Arago crater in the east of Mare Tranquillitatis. To figure out the
distribution of different clusters, we plot a two-dimensional variations space of the four
selected features. As shown in Figure 5, dome no. 49 in DC4 (Figure 5a, magenta pot) has
the largest diameter (22.72 km) and surface volume (85.19 km?), which is distinguished
differently from domes of the other three clusters. DC3 (Figure 5a, cyan plus) can be easily
separated from the other three clusters by the features of diameter and area. DC3 possesses
a diameter range of 9.46-16.28 km, while those values of DC1 and DC2 are smaller than
8.74 km (Figure 5a, Table 3). The area of DC3 has a range of 70.34 to 208.14 km?, which is
larger than the area of both DC1 and DC2. DC1 and DC2 can be distinguished from each
other by taking the feature of Slope (Figure 5d—f) into consideration. The average flank
slopes of domes in DC1 range from 4.23° to 6.47°, while those values of domes in DC2 and
DC3 are smaller than 3.99° (Table 3).

We found that height, FeO and TiO; are not representative features for optimum
combination in this study. The feature height is 71-316 m for DC1, 54-197 m for DC2,
75-380 m for DC3, and 498 m for DC4, respectively (Table 3). Heights overlap between
the three dome clusters (except DC4) and vary linearly with four optimum combined
morphometric features (Figure A1). FeO and TiO, contents of domes are linearly related but
randomly varied with other features (Figure A2). If the FeO and TiO, contents, especially
the latter one, are expected to vary with different volcanic stages, there should be a trend of
clusters (from DC1 to DC4) if they are representing different stages of magmatic activities.
However, a recent study of TiO, abundances of the Moon suggests that this assumption is
only suitable for young mare regions with surface model age less than 2.6 Ga [27]. Early
mare eruptions (>2.6 Ga) with large TiO, variations suggest multiple melt sources with
a wide range of TiO, concentrations (0 to 10 wt %) in the study region [27]. Furthermore,
domes in this study are all belong to groups of median to high-TiO, content. It is possible
that TiO; content is not a distinguishable property in the study region.

0 40 80
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Figure 4. Distributions of the clustered domes. DC1 to DC4 represent the four obtained clusters. The shapes of domes in the figure
correspond to their real shapes. The background is a topographic map derived from TC DTM (simple cylindrical projection).
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Figure 5. Graphs showing the variation of (a) surface volume vs. diameter, (b) area vs. diameter, (c) surface volume vs.
area, (d) average flank slope (Slope) vs. diameter, (e) average flank slope vs. area, and (f) average flank slope vs. surface
volume of 54 domes in both the Gardner volcano and the northern mare Tranquillitatis. These domes were grouped into
four clusters using an integrated RAC-FCM algorithm, namely dome cluster 1 (DC1, blue), dome cluster 2 (DC2, red), dome
cluster 3 (DC3, cyan), and dome cluster 4 (DC4, magenta), respectively. Diameter, area, surface volume, and slope are the
selected features for clustering.
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Table 3. Statistical range of the 14 parameters and ages for the four clusters.

D A H SV Slope . FeO TiO, N E Te Rise Speed D.lke Dike Model Age Model Age Model Age
&km)  (kmd) @  Gmd) ) RO o (wt%) (Pas) m¥s-1)  (days)  (ms-1) Width — Length (Ga) (Ga) (Ga)
° ° Y (m) (km) 371 [11] [15]
1.92- 2.90- 0.07— 4.23- 16.12-  3.93- 5.75 x 10°— 6.70— 89.02-  6.94 x 1077 33.8- 10.08 2967920/
DCL 703 a87s /1816 5 6.47 4/ 1893  12.17 3.32 x 107 2734 239571 2.89 x 107° 176.78 130.58 360%003 \ 3.68700¢
_ _ _ _ _ _ 3 _ _ -7_ — - 0.03 0.08 2967020
pey 237 4.43 519y 012 0.79 1229 1639 4.45 6.76 x 10° 16.18 8232~ 543 x 1077 5.52 24.46 357400 3681008 ,003026/
8.74 59.98 3.08 3.25 19.66 1573 3.55 x 10 22274 77839 172 x 10 71.02 157.44 +003 +005 3.6810:
3.687 04 3.75 508 —0.09
9.46-  70.34- 3.32-  0.75- 17.40-  5.63- 1.04 x 10%- 5458-  155.01- 8.08x1077-  6.58- 28.80- 357003 279+029_
DC3 1608 20814 72380 3504 390 V3 q9ea 1477 281 x 107 30315 389346 116 x 100 16524 9876 003, 0% \
3‘75—0.03 3‘34—032
DC4 2272 405.44 498 8519 251 0/1 1862 1215 1.76 x 107 1814 543581 124 x107°  136.53 \ 3.6810% 3.031037 \

2 ratio between domes with volcanic pit/fissure vs. all the domes in that cluster.
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3.3. Verification of Clustering Results

Feature selection is aimed at improving feature usefulness as constituents of data sets
for clustering [16] and can be defined as the process of identifying relevant features and
discarding irrelevant ones [38], namely finding the optimal feature subset. In this study, we
have taken all the 120 feature combinations into consideration to select the optimal feature
subset. To verify the clustering results, correlation coefficients of features are calculated
based on the premise that there is no relationship between the observed features at a
significance level of 0.05 [36].

Within a 95% confidence interval, features of D, A, H, and SV are positively correlated
with each other (coefficients > 0.5), but feature Slope is slightly negative or not correlated
with other four-morphometric features (Tables A2 and A3). Features FeO and TiO; contents
have a high-correlation of 0.94 with each other, but they have no correlation with the five
morphometric-features (Tables A2 and A3).

Although three features (A, D, and SV) in our optimum combination are significantly
correlated, we have tested and found that any single feature of them combined with the
feature Slope cannot achieve the same optimized clustering results. The combination of
highly correlated features can still offer useful information for clustering [39]. Feature H is
a redundant feature in our clustering since the cluster number is equal to 1 (invalidated) if
we add this feature into the optimum combination for clustering.

It is worth noting that there are 36 feature groups (including various combinations of
seven features) that can satisfy the unsupervised clustering condition with cluster number
¢ > 2 (Table 2). Height, FeO and TiO, contents are also useful features for clustering if
we consider the unique condition of divisibility of the database (¢ > 2). Feature groups
including one or more of these three features (groups contain 4, 6, or 7 in Table 2) can
obtain two or three dome clusters. Wohler et al. [2] have divided domes in the northern
Mare Tranquillitatis (Cauchy and Arago area) into classes A, C; and D based on the TiO,
contents (R415/Rys50 ratios) and morphological appearances of domes. Their dome class
A includes domes of C1, C4, A1, A4, A5, and A6, which correspond to domes of no. 53,
no. 47, no. 48, no. 46, no. 45, and no. 44 in this study (Table A1), and class C, contains
domes of C2, C3, C5, C6, C7 and C8 (domes of no. 52, no. 50, no.43, no. 42, no.25 and
no. 21 in this study, Table A1). Domes A2 (no. 49, Arago «) and A3 (no. 54, Arago f)
make up class D due to their large diameters and volumes [2]. Based on their classification
scheme [2], we find the feature group (1, 2, 6 in Table 2) of diameter, area, and TiO, content
could obtain the most similar results with three dome clusters. However, domes are mixed
among three clusters in this study, which are not strictly following the dome numbers
assigned by classes A, Cp and D in Wohler et al. [2]. The reason is probably due to the
overlap definitions of spectral and morphometric properties in Wohler et al. [2]. In their
classification schemes, TiO; contents are defined as high for both class A and D (moderate
to high for class Cy), and the diameters are 5-13 km for class A and 8-17 km for class
C,, respectively. Furthermore, recent mare TiO, abundances together with surface model
ages suggest that TiO;, is not a good indicator for distinguishing different magmatic stages
for early mare volcanism (>2.6 Ga) in Mare Tranquillitatis [27]. The TiO, contents have
a wide variation (0 to 10 wt %) but show no trend with surface mare ages in the Mare
Tranquillitatis.

Feature groups that include height could also obtain two or three dome clusters
(e.g., group (4, 6), group (1, 3, 4), group (2, 3, 4, 5/7) in Table 2). The feature height is
highly correlated with three morphometric features, possessing a correlation coefficient
of 0.78 with D, 0.92 with A and 0.77 with SV (Table A2), respectively. Though H is not a
representative feature in our selected optimum combination group (A, D, SV and Slope), it
was highly represented by the other three morphometric features of A, D and SV.

We selected the optimum combination by taking a balance between sufficient clusters
and dome numbers into consideration and finally chose the optimum feature group of A,
D, SV, and Slope with four dome clusters (DC1 to DC4). Domes C2, C3, C5 and C8 of class
C; and domes C4, A4 and A5 of class A are assigned to DC3, while domes C6 and C7 of
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class C; and domes C1, Al, and A6 of class A are assigned to DC2 (Table 1). Domes A2
and A3 of class D are assigned to DC4 and DC3 (Table 1), respectively.

3.4. Morphological and Rheological Properties of Selected Clusters

To figure out the aggregation degree of four clusters, we have made statistics of key
morphological and rheological parameters for four clusters. As shown in Figures 5 and 6
and Table 3, the average diameters of domes in each of the four clusters are less than 30 km,
and they follow an increasing trend from DC1 to DC4, with their median diameters of 3.28,
6.30, 11.40, and 22.72 km, respectively. Both the areas and surface volumes are increasing
from DC1 to DC4 with median values varying from 8.46, 31.19, 102.04 to 405.44 km? for A
and 0.47, 1.16, 6.92 to 85.19 km? for SV, respectively. On the contrary, the Slope shows a
decreasing trend from DC1 to DC3, and the median slopes of domes in the three clusters
are 5.14°,1.86° and 1.41°, respectively (Figure 6d). Both the surface volume (Figure 6¢) and
estimated plastic viscosity (Figure 6e) are highly concentrated, with most values less than
5 km? and 10° Pa s, respectively. The estimated effusion rate increases from DC1 to DC4
(Figure 6f), and the median values are 12.23, 64.37, 163.82, and 181.40 m® s~!, respectively.
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Figure 6. Histograms of (a) diameter, (b) height, (c) surface volume, (d) average flank slope, (e) plastic viscosity, and (f) lava
effusion rate for each dome in DC1 to DC4.

The morphological development of a dome is determined by properties of the dome-
forming lava, such as its viscosity, effusion rate, and the duration of the effusion process [1].
As shown in Figure 7d—f, both the viscosities and durations are positively correlated with
slopes; the opposite is true for slopes vs. effusion rates. It is worth noting that the estimated
plastic viscosities of DC1 (median 5.27 x 10° Pa s) are generally higher than values of
DC2 and DC3 with a median viscosity of ~2 x 10° Pa s (Figure 7a). According to the
rheological group schemes of Wahler et al. [3], domes of DC1 that are spatial-close to
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the Gardner volcano, with estimated viscosities varying between 10° and 108 Pa s belong
to the third rheological group R3, which represents steep-sided domes similar to domes
near Hortensius and in the T. Mayer region. The first rheological group, R1, is typically
characterized by lava viscosities range of 10*~10° Pa s and the second rheological group
R2 represents lava viscosities among 10>~10* Pa s, which is made up of the very shallow
domes in the northern Mare Tranquillitatis [3]. Domes of DC2 and DC3 with viscosities
varying between 10* to 107 Pa s are more consistent with domes in the first rheological
group R1. However, the lava viscosity is a function of dome height, and the estimated
viscosities of domes in this study are higher than previous results due to obvious height
differences (Table A1).
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Figure 7. Graphs showing the variation of (a) effusion rate vs. plastic viscosity, (b) duration vs. plastic viscosity, (¢) duration
vs. effusion rate, (d) average flank slope vs. plastic viscosity, (e) average flank slope vs. effusion rate, and (f) average flank
slope vs. duration of 54 domes in both the Gardner volcano and the northern Mare Tranquillitatis, colored with respect to
the assigned dome cluster (DC1 to DC4).

4. Discussion
4.1. Advantages of Using an Integrated Clustering Method for Classification

The integrated RAC-FCM algorithm is an unsupervised machine-learning method
that can provide a quantitative study of domes. Previous classification schemes (e.g., [6])
on lunar domes are mainly focused on a qualitative description of the dome shape and
its geologic setting rather than morphometric quantities. A recent study has tried to use
a principal component analysis (PCA) to subdivide lunar mare domes according to their
spectral and morphometric properties in a quantitative way (e.g., [2]), but their subclasses
are manually identified according to the transformed dome feature coordinates. RAC-FCM
in this study provides an independent way to select the representative features (properties)
of domes and helps us to understand the relationship between different features of domes.
Our results show that D and Slope are two dominant features for lunar domes classification,
which is consistent with previous lunar domes analyses (e.g., [1,2,6]). However, in this
study, features such as A and SV of domes are also found to be necessary for the optimum
combination selection.
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4.2. Multi-Stage Volcanic Activities Revealed by the Clustered Domes

Different measured morphometric, spectral and estimated rheological properties
of DC1 to DC4 indicate diversities in regional dome-forming lavas in the Gardner area.
Among four dome clusters, domes in DC1 are located relatively close to the Gardner
volcano, have the smallest diameters (<7 km, median 3.28 km) and highest flank slopes
(>4°). Lavas that formed domes in DC1 are estimated to have relatively high plastic
viscosities (10°~107 Pa s) but the lowest effusion rates (<27 m® s~1). In contrast, domes in
DC2 to DC4 are relatively large in diameter (median values of 6.30, 11.40, and 22.72 km,
respectively) and have lower slopes (<4°).

To better account for the observed dome morphologies, we computed the values of
the magma rising speed, dike width and dike length that fed each dome, assuming that
the domes were formed by lava eruption from a single feeder dike [3]. The estimated
rising speeds of lavas that formed domes in DC1 range from 1078 to 107> m s~! (median
107% m s~ 1), and the estimated dike widths range from 34 to 177 m (median 99 m). Only
one dome with viscosity <10° Pa s in DCI1 fits the dike length calculation law, yielding a
value of 131 km. If we assume that the length of a dike approximately equals its vertical
extension, the basaltic magmas that formed the domes of DC1 originated from magmas
located deeply in the mantle (>100 km). The average crustal thickness of Gardner volcano
is ~21 km, estimated from Model 1 of Wieczorek et al. [40] using high-resolution GRAIL
gravity. The estimated rising speeds of magmas that formed domes in DC2 and DC3 are
1077 t0 102> m s~ ! (median 10~* m s~ !), which are much higher than those values of DC1.
The median dike widths and dike lengths are 25 m and 78 km for DC2, 43 m and 70 km for
DC3, which are much smaller than those values of DC1, respectively. The unique dome in
DC4 has a viscosity large than 10° Pa s (not suitable for dike length calculation), yielding a
dike width of 137 m. Comparing with domes of DC2 and DC4, magmas that formed domes
of DC1 are estimated to have had the lowest rising speeds but the largest dike widths and
dike lengths.

The magma temperature and composition govern its viscosity and, in turn, the steep-
ness of the domes. In general, steeper lunar domes were probably formed by more viscous
lavas of lower temperatures and higher crystalline contents than lunar domes with low
flank slopes (e.g., [1,13]). DC1 domes are smaller and steeper than domes of DC2 and
DC4, and considering their rheological characteristics, we could suggest that lavas forming
domes in DC1 originated from the deep mantle (>100 km in-depth), transporting slowly
through wide dikes, with temperature decreasing along long dikes, lava viscosities in-
creased, but effusion rate decreased. Domes of DC2 to DC4 are much larger and smoother
than domes of DC1. Lavas forming domes of DC2 and DC3 were stored at relatively
shallower mantle or crust-mantle interfaces, rising quickly through narrow dikes with
high effusive rates, forming smooth domes with large effusion areas. Though the magma
viscosities are possibly governed by compositional differences, there is no apparent relation
between plastic viscosities and TiO, and FeO contents (Figure A2).

Comparing with previous studies of surface model ages, DC1 to DC4 may represent
multiple magma activities related to either the Gardner volcano or Mare Tranquillitatis.
Dome no. 5 of DC1 is a representative dome with a central-pit crater, representing the
latest dome formation stage of the Gardner volcano, yielding a surface age of ~2.96 Ga
(Eratosthenian; [15]). Wilhelms [41] mapped dome features around the Gardner volcano
(including domes of DC1 to DC4) as Eratosthenian mare dome materials in an area of
Imbrian age basalts with surface model age around 3.6 Ga (Imbrian; [15,37]). Recently,
Schnuriger et al. [11] mapped domes near Arago, yielding their surface model ages of
~3.75 Ga to ~2.79 Ga for domes of DC2 to DC4, though the age ranges were constrained to
vary from 3.75 to 3.57 Ga by [37]. It is worth noting that domes of DC1 are strongly different
from domes of DC2 to DC4 in morphometric, spectral, and the estimated rheological
properties. DC1 domes are small, steep, and close to the Gardner volcano, with forming
lavas of high viscosities and low effusion rates, representing the youngest Eratosthenian
magmatic activities in the Gardner volcano. DC2 to DC4 domes are relatively large, smooth,
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and widely distributed, with forming lavas of relatively low viscosities and high effusion
rates, representing magmatic activities varying from Imbrian to Eratosthenian in the
northern Mare Tranquillitatis. Multistage magma eruptions with different surface ages of
the Gardner volcano [15] are related to domes annularly and radially around it. Fractures
and grabens like the Rima Cauchy and the Rupes Cauchy to the southeast of the Gardner
volcano can be surface expressions of feeder dikes that are likely to be lava sources [3] of
the domes around them.

The distribution patterns of DC1 to DC4 suggest that domes formation may have
been controlled by tectonic structures, such as impact-induced faults/dikes formed by the
Imbrium basin [3]. A conduit accompanied by a dike swarm above an intrusive body can
form these concentric or radial faults (e.g., [42]), lava domes, and shields. Young domes of
DC1 and DC2 are more likely controlled by the faults that have been formed by the Gardner
volcano, representing its latest volcanic activities. Domes of DC3 and DC4 are more likely
controlled by faults/dikes formed by previous large impact basins (e.g., Imbrium basin, [3]).
The huge underlying feeder dike identified by gravity gradients [43] bordering the PKT
would be conducive to the magma ascent of either the Gardner volcano [15] or the Mare
Tranquillitatis. The shield-building eruptions of domes could come directly from the
mantle, driven by basin or crater loading-induced stress in dikes [44], or from shallow
magma bodies created by intrusion-trapping loading stresses (e.g., [45]).

It is worth noting that TiO, in mare basalts provides an indication of TiO, enrichment
in underlying mantle source regions. Coupled with surface age data for various mare
units can help us to understand the thermal evolution of the mantle [27]. Early mare
eruptions (>2.6 Ga) with large TiO, variations suggest multiple melt sources with a wide
range of TiO; concentrations (0 to 10 wt %) in the Mare Tranquillitatis. However, TiO,
contents obtained from different instruments show obvious offsets in the studied region
(up to 6.9 wt % between TiO, contents obtained from Clementine and Wide-Angle Camera
UVVIS reflectance [27]).

5. Summary and Conclusions

To figure out the dominant features of lunar dome clustering and their relationship
with local magmatic activities on the Moon, we have applied an integrated RAC-FCM
algorithm (an unsupervised machine-learning method) to domes in both the Gardner
volcano and its adjacent northern Mare Tranquillitatis. Based on high-resolution lunar
images and spectral data, we have carefully identified 54 domes in the study region and
extracted five morphometric (D, A, H, SV, and Slope) and two spectral (FeO and TiO,
content) features for each dome. Rheological features of domes, including lava viscosity,
effusion rate, and duration time, and the dike formation parameters, were calculated for
dome-forming lava explanations.

Our study shows that D, A, SV, and Slope are four optimum morphologic features for
lunar domes clustering. Based on these four features, the 54 studied domes can be grouped
into four dome clusters (DC1 to DC4). DC1 domes are relatively small, steep, and close
to the Gardner volcano, with forming lavas estimated to be of high viscosities and low
effusion rates, representing the latest Eratosthenian dome formation stage of the Gardner
volcano. Domes of DC2 to DC4 are relatively large, smooth, and widely distributed, with
forming lavas estimated to be of low viscosities and high effusion rates, representing
magmatic activities varying from Imbrian to Eratosthenian in the northern Mare Tranquilli-
tatis. Different morphometric properties of dome clusters combined with varied surface
ages suggest multistage magmatic activities of both the Gardner volcano and its adjacent
northern Mare Tranquillitatis. RAC-FCM in this study provides an independent way to
select the representative features of dome clustering and improves our understanding of
the relationship between domes and their local magma activities.

Height, FeO and TiO, contents are also useful features for clustering if we consider
the unique condition of data divisibility, and the clustering results are certainly consistent
with previous studies using both spectral and morphometric properties [2]. The optimum
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combination (D, A, SV, and Slope) is selected by further considering a balance between
sufficient clusters and dome numbers. Though H is not selected in this combination, its
information is highly represented by other morphometric features (D, A and SV). FeO and
TiO; contents are not necessary for optimum dome classification in the study region, which
is probably due to the large TiO, variations (multiple melt sources with a wide range of TiO,
concentrations) for early mare eruptions (>2.6 Ga) in the Mare Tranquillitatis [27]. Future
work will include an extension of our analysis to a larger number of mare domes in more
volcanic complex regions with high-resolution remote-sensing datasets. Such analyses may
help to gain more detailed insight into the global and regional magmatic activities.
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Figure A2. Graphs showing the variation of (a) FeO vs. TiO,, (b) diameter vs. TiO,, (c) area vs. TiO,, (d)
surface volume vs. TiO,, (e) average flank slope vs. TiO,, (f) plastic viscosity vs. TiO,, (g) effusion rate
vs. TiO,, and (h) duration vs. TiO; of 54 domes in both the Gardner volcano and mare Tranquillitatis.

Table Al. Morphometrical comparison of domes with corresponding locations.

Domes Identified in This Paper Domes from Woéhler et al. [2] Differences

No Lon. Lat. D H No.* Lon. Lat. D H Lon. Lat. D H
) ©) ©) (km) (m) ) ) ©) (km) (m) ) ©) (km) (m)
21 30.75 14.34 10.89 380 C8 30.72 14.40 12.50 270 0.03 —-0.06 —1.61 110
25 35.89 14.21 7.20 137 c7 35.86 14.18 8.50 110 0.03 0.03 —1.30 27
40 27.46 18.98 2.75 126 SC2 27.50 18.90 1.70 60 —0.04 0.08 1.05 66
41 27.63 18.65 217 123 SC1 27.60 18.60 2.30 72 0.03 0.05 —0.13 51
42 31.92 10.71 7.21 82 Cé6 3197  10.76 7.70 50 —-0.05 —-0.05 —049 32
43 33.04 10.54 9.46 135 C5 33.02 10.56 11.10 100 0.02 —-0.02 -—-1l.64 35
44 20.77 9.26 6.66 108 A6 20.79 9.22 9.50 50 —0.02 0.04 —2.84 58
45 20.92 8.96 9.81 121 A5 20.96 8.88 8.40 45 —0.04 0.08 1.41 76
46 21.25 8.55 11.49 141 A4 21.27 8.65 11.10 65 -0.02 -0.10 0.39 76
47 36.95 8.50 10.05 96 C4 36.78 8.85 13.30 50 0.17 —-035 325 46
48 22.05 7.71 4.69 123 Al 21.96 7.66 5.60 45 0.09 0.05 —091 78
49 21.60 7.55 22.72 498 A2 21.70 7.56 25.40 330 —-0.10 —-0.01 —2.68 168
50 36.78 7.51 11.61 320 C3 36.73 7.58 17.00 190 0.05 -0.07 =539 130
51 34.48 7.24 4.19 54 C9 34.66 7.06 13.30 15 —0.18 0.18 -9.11 39
52 38.32 7.23 10.81 142 C2 38.32 7.23 12.20 125 0.00 0.00 —1.39 17
53 37.62 7.13 6.00 80 C1 37.48 7.11 8.10 25 0.14 0.02 —2.10 55
54 19.97 6.13 16.28 332 A3 20.07 6.24 23.60 270 -0.10 —-011 -7.32 62

No.* stands for dome numbers in Wohler et al. [2]. Lon., Lat., D, H are representative of longitude, latitude, diameter, and height of domes.



Remote Sens. 2021, 13, 845

23 of 24

Table A2. Feature correlation coefficients of all the 54 domes.

D (km) A (km?) H (m) SV (km?) Slope (°) FeO (wt %)  TiO, (wt %)

D (km) 1.00 0.95 0.78 0.58 —0.45 0.13 0.22
A (km?) 0.95 1.00 0.92 0.65 —0.28 0.14 0.24
H (m) 0.78 0.92 1.00 0.77 —0.04 0.09 0.22
SV (km?3) 0.58 0.65 0.77 1.00 0.38 -0.13 0.03

Slope (°) —0.45 —0.28 —0.04 0.38 1.00 —0.21 —0.14
FeO (wt %) 0.13 0.14 0.09 —-0.13 —0.21 1.00 0.94
TiO, (wt %) 0.22 0.24 0.22 0.03 —0.14 0.94 1.00

Table A3. The significance level of the feature correlation coefficients of all the 54 domes.

D (km) A (km?) H (m) SV (km?) Slope (°) FeO (wt %) TiO; (wt %)

D (km) 1.00 0.00 0.00 0.00 0.00 0.34 0.11
A (km?3) 0.00 1.00 0.00 0.00 0.04 0.30 0.08
H (m) 0.00 0.00 1.00 0.00 0.76 0.50 0.11
SV (km®) 0.00 0.00 0.00 1.00 0.00 0.34 0.82
Slope (°) 0.00 0.04 0.76 0.00 1.00 0.12 0.33
FeO (wt %) 0.34 0.30 0.50 0.34 0.12 1.00 0.00
TiO, (Wt %) 0.11 0.08 0.11 0.82 0.33 0.00 1.00
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