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The high-resolution panchromatic stereo camera  
Terrain Mapping Camera-2 (TMC-2) on-board the 
Indian Chandrayaan-2 mission sends images of the 
lunar surface at 5 m resolution with a low to high sun-
angle from an altitude of 100 km. These images help 
identify subtle topographic variations and enable 
mapping of low-elevation landforms, one of which is a 
prominent ~220 km long wrinkle ridge called the  
Dorsa Geikie (DG) lying within Mare Fecunditatis. 
The favourable resolution of TMC-2 images and  
the digital elevation models provide opportunities for 
a detailed structural study of the DG and to reveal 
crustal shortening, cumulative contractional strain and 
palaeostress regime responsible for thrust faulting for 
the first time. The time of deformation and formation 
of dorsa is also estimated for a holistic spatio-
temporal understanding of deformation. This study 
presents initial analysis of the data received from 
TMC-2, and the accuracy of the results are likely to 
improve as the ingredients get amended and evolved 
in future. 
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THE Chandrayaan-2 mission of the Indian Space  

Research Organisation (ISRO) launched on 22 July 2019, 

was the second Indian Lunar Mission. The Terrain Map-

ping Camera-2 (TMC-2)1 on-board the Chandryaan-2 

mission is a panchromatic, 5-m resolution stereo imaging 

instrument. It has a spectral band of 0.5–0.75 m (pan-

chromatic) with along-track scanner having 20 km swath 

and is capable of generating 3D images of the lunar  

surface. On 15 October 2019, TMC-2 got an opportunity 

to image the lunar surface with a low sun-angle over 

Mare Fecunditatis from an altitude of ~100 km. This  

enhanced the subtle lunar topographic variations thus en-

abling delineation, mapping and morphometry of  

low-elevation landforms of the region. One such impor-

tant lunar tectonic feature is a wrinkle ridge called the 

Dorsa Geikie (DG)2, an arcuate wrinkle ridge (~1S to 

4S and 53.25E to 53.75E). Here we have made an  

effort to reconstruct the tectono-stratigraphic framework 

of the DG using ortho-images and digital elevation model 

(DEM). We estimated crustal deformation due to accu-

mulated strain, stress field and age of the DG. Wrinkle 

ridges, a known type of geomorphic feature on the  

terrestrial planets, form within the compressional stress 

regime. The wrinkle ridges originate due to fault-

propagation folding of the surface overlying blind thrust 

faults and are often envisaged as the superposition of a 

broad arch and asymmetric ridges3–5. On the Moon these 

tectonic features are found predominantly within the  

lunar mare6. Wrinkle ridges are present throughout  

the mare regions and might have formed even after the  

emplacement of the recent mare basalt units7,8. Origin of 

these ridges is usually attributed to shifting of the global 

stress field and its superposition on the local stress field 

from extensional to compressional as the Moon changed 

from net expansion to net contraction since it has started 

cooling post 3.6 Ga (refs 7–11). 

 Wrinkle ridge systems within Mare Fecunditatis are 

well developed, specially in the northern and eastern  

portions with varying levels of deformation (Figure 1)12. 

The Fecunditatis basin is pre-Nectarian and its basalts are 

of apparently middle to late-imbrian (3.8–3.2 Ga) in 

age13,14. The Luna 16 basalt samples indicate a narrow 

age range of 3.29–3.38 Ga for Fecunditatis15. 

 Some researchers have suggested the occurrence of 

three different volcanic phases responsible for geological 

evolution of this mare16. The thickness of the basalt layer 

in and around the centre of Mare Fecunditatis is thinner 

(0.5–0.8 km) compared to that (~4 km) along the peri-

phery of the basin, with maximum thickness of 4–5 km 

occurring towards the margin of the basin. The thickness 

of the mare basalt in Mare Fecunditatis is thinner com-

pared to other basins like the Tranquillitatis and Porcella-

rum10. Its southwestern edge is faulted by parallel arcuate 

grabens. Studies suggest that they might have originated 

due to the rejuvenation of radial fractures17. The DG is 
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the most conspicuous compressional deformational signa-

ture amongst the wrinkle ridges systems (Dorsum Cush-

man, Dorsa Cayeux, Dorsa Cato, Dorsa Mawson and 

Dorsa Andrusov) in its vicinity in a vast region of Mare 

Fecunditatis and therefore, a structural study of this  

wrinkle ridge is of utmost importance in order to unveil  

the deformation history of the region (Figure 2). This 

ridge represents a broad arc and is a very low multiple-

branched ropey ridge18. Any detailed study of this wrin-

kle ridge, except a preliminary estimate of the palaeo-

stress regime responsible for its formation and crustal 

contraction across it19, is so far absent. The main focus of 

this study is to describe the structural geometry, accumu-

lated strain, palaeostress regime and age of formation  

of the dorsa/wrinkle ridge system. Syntheses of the  

geological information generated have helped us to  

comment on the evolution of the DG and its implications 

in the deformation of the adjoining area within Mare  

Fecunditatis. 

Data used and methodology 

Images (5 m/pixel) and DEM (10 m/pixel) generated by 

TMC-2 on-board Chandrayaan-2, global mosaic of images 

by the Lunar Reconnaissance Orbiter Camera–Wide  

 

 

 
 

Figure 1. Mare Fecunditatis. Wrinkle ridges within the area are 
shown. Image ID: Lunar_LRO_LROC-WAC_Mosaic_global_100m_ 
June2013; 100 m/pixel. 

Angle Camera (LROC-WAC; 100 m/pixel resolution),  

Lunar Orbiter Laser Altimeter Digital Elevation Model 

images (LOLA DEM; 114 m pixel resolution) and LOLA 

colour shade topography images were used in this study 

to identify the DG and its morphological properties for 

delineating the structural geology. LRO consists of one 

wide-angle camera and two narrow-angle cameras for  

assessment of landing site in metres up to smaller scales 

and wavering of polar illumination20,21. The LOLA, an-

other payload on-board LROC gives an insight about the 

topography (DEM) and slope of the lunar surface global-

ly22,23. TMC-2 ortho-images (ch2_tmc_ndn_2019 

1015T102125154360840_d_oth_blr) along with LROC-

WAC images (Lunar_LRO_LROC-WAC_Mosaic_global_ 

100m_June2013; 100 m/pixel) were used in this study for 

age determination, identification and trend analysis of the 

DG while TMC-2 DEM (ch2_tmc_ndn_20191015T 

102125154360840_d_oth_blr), LOLA DEM image (Lunar_ 

LRO_LOLA_Global_LDEM_118m_Mar2014_) and LOLA 

colour shade image (Lunar_LRO_LOLA_ClrShade_ 

Global_128ppd_V04) were used for several analyses  

including estimation of elevation offset, displacement-

length scaling and crustal contraction. The LROC WAC 

image (Lunar_LRO_LROC-WAC_Mosaic_global_100m_ 

June2013) with 100 m/pixel resolution was used to esti-

mate the age of the DG using crater size–frequency dis-

tribution (CSFD), particularly buffered crater counting  

 

 

 
 

Figure 2. The Dorsa Geikie (DG). Image ID: Lunar_LRO_LROC- 
WAC_Mosaic_global_100m_June2013; 100 m/pixel. 
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(BCC)24–26 using production function (PF) and chronology 

function (CF) for the Moon27. Crater Tools add-on in 

ArcGIS was used to map the craters, as three-point  

inscribed circles, post-dating the DG which was mapped 

as a polygon. It exports the georeferenced image data for 

plotting in Craterstats II software. The data generated 

were statistically analysed using the CraterStats II  

software24. 

 For wrinkle ridges, relationships have been earlier  

recognized individually between cross-section geometry, 

kinematic models, depth-to-detachment, and strain accu-

mulated due to thrusting4,28–35. 

 The strikes of the associated fault planes are derived 

from the orientation of the wrinkle ridge axis36. It is  

suggested that the maximum displacement-length (Dmax-L) 

scaling can be used for interpretation of long-term equi-

librium stress field in the studied region and also for  

understanding the kinematic control on the growth/ 

evolution of the wrinkle ridge6,31. Fault displacement is 

found to be maximum (Dmax) at the middle of fault  

surface, and there is zero displacement at the tipline of 

the fault surface32. This scaling method implies that  

a fault population with uniform rock properties maintains 

a constant Dmax-L ratio29,37. A Dmax-L ratio of ~0.012 rep-

resents thrust faults present on the Moon, whereas it in-

creases up to ~0.023 for the lunar lobate scarps7,8,38. 

Study of fault displacement profiles can provide infor-

mation on the slip of the propagating faults and a reflec-

tion of their evolution4,29,31,32,39. 

 Five topographic profiles were extracted through 

ArcGIS software using the ‘line’ and the ‘create profile 

graph’ button from TMC-2 DEM superposed on LOLA 

DEM data (Figures 3 and 4). The initial and final lengths 

from each profile were calculated using the profile  

curves and simple Moon coordinate system distance  

methods40,41. We used the mathematical distance formula 

to find the distance of a line between any two points A 

and B. The equation for the length of a straight line  

vector between points 

 

 A = (x1, y1) and B = (x2, y2) is: 
 

  2
2 2

1 2 1{( – )  ) ,( – }x x y yd    (1) 

 

Equation (1) was applied to the shortening/contraction  

estimation across the DG when it comes to measuring  

the initial and final lengths from the topographic  

profiles. The initial length is represented as the length of 

the curve line in the topographic profiles of the wrinkle 

ridges. 

 In order to estimate the curve length, we divided the 

curve line into infinitesimal number of equal segments 

with end-points bearing coordinates according to the co-

ordinate system utilized for the same (for this study we 

used the simple cylindrical Moon projection). The  

coordinates were saved in Microsoft Excel format  

(see Supplementary Material). The sum of all infini-

tesimal lengths was taken simultaneously along the  

curve. The length was measured mathematically by  

distance equation based on Pythagoras theorem. The  

final length is the horizontal distance between end- 

points of the profile curve. The line-and-length shorten-

ing of the surface across the wrinkle ridge estimated 

along the section lines is equal to initial length minus  

final length41. 

 Various structural features depict a deformation  

style where displacement is found above a region of the 

detachment zone. Compression causes a regional uplift-

ment creating an excess area (area constant across all  

regions) and deformation in the lower detachment/ 

basement zone42. Estimation of depth-to-detachment on 

planetary bodies is ambiguous to an extent, but the  

principle applied to determine the depth is same as in the 

terrestrial bodies. 

 Topographic profiles with vertical offsets well represent 

the asymmetry of fault-propagation fold profiles. Topo-

graphic profiles along traces of the DG similar to Figure 

4 d and e, extracted through ArcGIS were used for the  

estimation. Such asymmetric profiles indicate fault-pro-

pagated folds4. For fault tip, we drew a line from the origin 

at an angle of 25, considering gentle inclination of the 

thrust faults in the absence of any subsurface data and 

following previous works on thrust faults in terrestrial 

planets6,7,43,44. We also drew an imaginary vertical  

 

 

 
 

 
 

Figure 3. DG and transects (a–a, b–b, c–c, d–d and e–e) along 
which profile sections of the DG were extracted for morphometric  
analyses Image ID: ch2_tmc_ndn_20191015T102125154360840_ 
d_oth_blr; 10 m/pixel resolution and Lunar_LRO_LOLA_Global_ 
LDEM_118m_Mar2014_; 114 m pixel resolution. 

https://www.currentscience.ac.in/Volumes/121/01/0094-suppl.xls
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Figure 4. Topographic profiles across the DG extracted along section lines shown in Figure 3. 

 

 
 

Figure 5. Interpretation of minimum depth to detachment using the blind thrust  concept; double arrow gives the distance to depth using eq. (1). 

 

 

 
 

Figure 6. Section lines across the DG and adjoining wrinkle ridges. 
Topographic profiles along these section lines are presented  
in Figure 7. Image ID: Lunar_LRO_LROC-WAC_Mosaic_global_ 
100m_June2013; with 100 m/pixel resolution. 

line perpendicular from the tip of the fault down- 

wards (dip = 25) till it met the horizontal axis. The coor-

dinates of the end-points were used in eq. (1) and Figure 

5 to estimate the depth-to-detachment of the wrinkle 

ridge. 

 Morphometric analyses of wrinkle ridges were also 

carried out to estimate the degree of compression or  

contractional strain of the mare region, as the wrinkle 

ridges are the only large-scale compressional structures 

present mostly within the mare45. Four wrinkle ridges in 

proximity of the DG (the DG and three adjacent unnamed 

ridges) were considered to estimate the maximum  

displacement-length ratio (Dmax-L ratio) and the total con-

tractional strain accumulated in the area in its (the DG) near 

bound, including the nature of the fault involved (Figure 

6)6,46. The reason for selection of the wrinkle ridges was 

based on their adjacency and similarity in alignment that 

could reflect a single compressional regime. Assuming, in 

the absence of subsurface data, that the slope angle or dip 

of the thrust fault responsible for formation of the wrinkle 

ridge is 25 (refs 6, 43 and 44)  

 

 D = Vertical offset (m)/sin  26,29 (2) 
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Figure 7. Topographic profiles of the DG and adjoining wrinkle ridges along the section lines shown in Figure 6.  

 

To attain the objective of Dmax-L scaling, profiles show-

ing maximum vertical offset (m) across the four wrinkle 

ridges (Figures 6 and 7) were selected to estimate D from 

eq. (2) above;  was taken as 25. The lengths of horizon-

tal traces of the wrinkle ridges observed through DEM 

and global mosaic were considered as the length (L) and 

measured using ArcGIS measurement tool36,47. 

 The Dmax-L plot was obtained using Microsoft Excel. 

 Studies have shown that Dmax-L scaling applied to  

terrestrial faults can also be applied to faults on planetary 

bodies and is represented by 
 

 Dmax = cLn, (3) 
 

where n > 1 and c is a constant reflecting material proper-

ties6,29,48. For faults developed in uniform rock materials, 

the relationship is found to be linear as29 
 

 Dmax = L, (4) 
 

where  = c (constant). 

 The contractional strain () for the DG together with 

the adjoining wrinkle ridges in Mare Fecunditatis was 

calculated using the following equation 
 

 

1

cos( )
,

n

k k

k

D L
A






   (5) 

 

where  is the slope of the fault (taken as 25 for the 

thrust fault)6,43, A the area studied and n is total number 

of faults46. 

 In order to decipher the orientation of principal stresses 

in the palaeo-stress regime responsible for the origin of 

the thrust fault beneath the dorsa the Anderson’s theory 

of faulting that relates the principal stresses with the fault 

plane was followed44. The orientations of the segments of 

the wrinkle ridge axes were measured in ArcGIS software 

and used in the estimation of the palaeo-stress direction 

in the T-Tecto 3.0 open source software49. 

 It has been proposed that wrinkle ridges had formed in 

the late stage of deformation of the lunar surface35,50. 

However, no consensus on their lower and upper age lim-

its has been reached so far7,8,51. In order to determine the 

age of such tectonic features CSFD is the most widely 

used technique for estimation of the age of planetary sur-

faces24,25,52–54. In the CSFD technique, all superimposed 

craters with their centres located inside a geologically 

homogeneous area chosen for determination of age  

are considered for counting. Crater statistics obtained by 

crater counting is then fitted with a known crater produc-

tion function24. In order to obtain the absolute age, the 

crater frequency for certain crater sizes is then combined 

with the chronology function27. The BCC, a modified 

CSFD technique, is used to estimate the age of the 

DG25,54. In principle, BCC is categorically used for esti-

mation of age of linear features (fluvial, tectonic and  

crater-rims) which commonly have limited number of  

superimposed impact craters26,53–56. The original BCC 

technique has been modified by selecting specific areas 

where the craters postdating the linear features are  

only considered25,54,55. In this study BCC, excluding  

the secondary craters, with buffer width of 1.5 times the  

crater radii of the DG has been done using ArcGIS crater 

tools add-on and the age analysis done with CraterStats II 

software24–26. The total buffered area from where the  

craters were counted is 1.97  103 sq. km and the range of 

radius of the craters is 300 m to 3 km. 

Results 

Table 1 represents the line-and-length contraction of the 

surface across the DG. Average contraction percentage  

of the DG was 1.89%, which is in conformity with the
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Table 2. Estimation of maximum displacement, vertical offset and  

  length for Dmax-L scaling 

Wrinkle ridge  

profile number 

 

Length (m) 

 

Vertical offset (m) 

Displacement  

(m) 
 

 f–f 85,379 130 307.61 

g–g 250,090 800 1,892.96 

h–h 95,801 180 425.92 

i–i 330,214 1,100 2,602.82 

 

 

 
 

Figure 8. Maximum displacement versus length scaling for the DG 
and adjoining ridges. 

 

 

average total accumulated contraction across the lunar 

wrinkle ridges (–0.26% to 3.6%)57. The contraction  

percentage was minimum at mid profile, while the  

shortening value was maximum towards the southern end 

of the DG. 

 The Dmax-L scaling ratio utilizing four wrinkle ridges 

(Figure 6) was estimated to be 0.009 as determined from 

the following equation (Figure 8) 
 

 y = 0.0094x – 479.59, R2 = 0.9997. (6) 
 

Equation (6) is a linear regression equation that predicts 

the relationship between two variables (here displacement 

on faults and length of faults; length of the wrinkle ridge 
is taken as the length of the fault underneath) and R2 value 

determines the intensity of the relationship. Values of R2 

close to or equal to 1 indicate strong relationship between 

the two variables58. Table 2 shows that fault displacement 

is directly proportional to the length of the fault trace,  

indicating a single fault and uniform rock material in 

which the fault was formed29,32. 

 With  = 0.009 as determined from the maximum  

displacement scaling plot and fault dip  = 25; the  

contractional strain was estimated to be 0.60%; the value 

is relatively higher than ~0.36% and ~0.14% for wrinkle 

ridges in Mare Serenitatis and Mare Tranquillitatis  

respectively6. 

 Depth-to-detachment of the thrust fault beneath the DG 

was found to be in the range 91–150 m along the fault 

trace. With crustal thickness of Mare Fecunditatis in the 

vicinity of the DG being 500–800 m, the estimated values 

of depth to detachment might be a possibility. Also, the 

Dmax-L plot with a constant value of R2 = 0.997  

(Figure 8) conforms to the plot type suggested for thrust 

faults59,60 which dip towards SW, as understood from  

elevation offsets61. 

 Estimation of the palaeostress regime responsible for 

the formation of this wrinkle ridge showed that the  

maximum principal stress (1) was ENE–WSW trending 

horizontal and the minimum principal stress was vertical 

(Figure 9). 

 The age of the DG was estimated to be in the range 

3.1–3.4 Ga, where 3.4 Ga is the maximum best fit with 

buffer width of 1.5 times the crater radii and crater count 

of 180 (Figures 10 and 11). 

Discussion 

Wrinkle ridges are surface expressions of thrust faulting 

which resulted from compressional stress. Wrinkle ridges 

on the Moon that continued to form since 3.5 to ~1.2 Ga 

occur within and around the mare7. The DG, therefore, 

like any other wrinkle ridge on the lunar surface is repre-

sentative of the long history of global contraction which 

was dominantly basin localized. The ridges are often 

linked, capped or coupled by smaller second order  

wrinkle ridges62. The basin of Mare Fecunditatis is  

pre-Nectarian (4.9–3.8 Ga), while the mare age is middle 

to late Imbrian14. Initiation of mare volcanism in the  

Fecunditatis basin occurred at ~3.68 Ga (ref. 35). 

 Therefore, the DG (3.4 Ga; with crater counts of 180 in 

this study) might have formed ~0.28 Ga after the initia-

tion of basaltic volcanism in the Fecunditatis basin. Since 

the basin is very old and degraded, many wrinkle ridges 

have also been mutilated, submerged and estimation of 

linear dimension is always an uncertainty. However, 

DEMs from TMC-2 and LOLA have helped trace the  

Table 1. Estimation of line-and-length contraction of the surface across the Dorsa Geikie 

Wrinkle ridge  

profiles 

Initial length,  

L0 (m) 

Final length,  

L1 (m) 

Contraction  

(m) = L0 – L1 

 

Contraction (%) 
 

a–a 8,805.917 8,666.081 139.8363 1.59 

b–b 8,928.111 8,788.805 139.3056 1.56 

c–c 12,168.47 12,074 94.05437 0.77 

d–d 6,513.986 6,381.684 132.3023 2.03 

e–e 8,684.698 8,377.746 306.9519 3.53 

Average contraction (%) 1.896 
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horizontal extension of the DG. The DG stands as an  

early formed wrinkle ridge in the lunar mare as indicated 

by our CSFD estimate. Apart from the tidal recession and 

diurnal tidal stresses, the onset of global contraction  

post 3.6 Ga is generally considered as a combination of 

 

 

 
 

Figure 9. Stereographic projection showing orientation of principal 
stresses in the palaeostress regime responsible for origin of the trust 
fault that caused the formation of the DG. Each great circle represents a 
small segment of the fault with strike parallel to a mapped straight 
segment of the wrinkle ridge axis. Dip of fault is assumed as 25.  
Thin arrows within the projection indicate slip lines. Total number of 
data is 11. Trend data of the DG axis are presented in Supplementary 
Material. 

 

 

 
 

Figure 10. Crater count on the DG for buffered crater counting 
(BCC) approach, buffering with 1.5 times crater radii. Image ID:  
Lunar_LRO_LROC-WAC_Mosaic_global_100m_June2013 with 100 m/ 
pixel resolution. 

flexural slip folding (isostasy) and local/global compres-

sional stresses which may be responsible for the for-

mation of the DG9,10,63. Compressional forces mainly 

acted in the ENE–WSW direction and in large scales as 

can be seen from the wrinkle ridge population in the east-

ern part of Mare Fecunditatis. Shortening percentage var-

ied  

between 0.77 and 3.53 for the DG. Depth-to-detachment 

estimate reflects that the crust is thin. Also, Dmax-L ratio 

of thrust faults on the Moon was found to be in the range 

0.001–0.012 based on the 25 dip angle of the thrust 

fault6–8. Such studies are important for understanding the 

global contractional strain experienced by the wrinkle 

ridges on the Moon, obtained from thrust fault mapping64. 

Higher values of contractional strain (0.60%) in the  

studied area of the wrinkle ridges in Mare Fecunditatis 

indicate more intense and/or more prolonged active com-

pressional stress in ENE–WSW orientation. Also, the 

Dmax-L plot with the constant value of R2 = 0.997 con-

forms with the plot type designed for major thrust 

faults31,59,60. In maximum displacement-length scaling 

method, a single large fault is often indicated if dis-

placement increases with increase in the length of the 

structural feature (thrust fault here)29. Such results might 

also involve different fault growth mechanisms and 

greater mechanical interaction, including strain localiza-

tion on larger thrust faults31. This study reveals that an 

isolated, single, large thrust fault was responsible for the 

formation of the DG through upward arching of  

 

 
 

Figure 11. The crater size-frequency distributions and derived model 
age of the DG determined using BCC method with 1.5 times crater  

radii as the buffer width. Crater retention age N(1) = 3.49  10–3. PF, 

Production function; CF, Chronology function. 

https://www.currentscience.ac.in/Volumes/121/01/0094-suppl.xls
https://www.currentscience.ac.in/Volumes/121/01/0094-suppl.xls
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surface by fault-propagated fold mechanism which is 

shortening accomplished by folding4 causing an average 

1.89% crustal contraction across the dorsa (Table 1).  

Also, the linear relationship in maximum displacement-

length scaling indicates uniform rock material. Although, 

this study is an initial analysis of the data received from 

TMC-2, it presents a detailed account of the structural 

evolution of the DG. Such analysis could be done for all 

possible wrinkle ridges on the Moon so as to determine 

the quantum of overall lunar shrinkage in the past. 
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