
SCIENTIFIC CORRESPONDENCE 
 

CURRENT SCIENCE, VOL. 119, NO. 4, 25 AUGUST 2020 600 

interference. MIT was conducted by 
keeping the magnetic sensor on ground 
and then the UAV was flown at different 
heights from the sensor while recording 
magnetic data. A change of ~2 nT in 
magnetic data was observed when the 
UAV was flown at ~4 m and negligible 
change was found at more height than 
4 m. No change in magnetic data is ob-
served when the UAV was at a height of 
>6 m. Based on this experiment, a sepa-
ration of 5 m between the UAV and 
magnetic sensor was found suitable, 
which has been further validated during 
flight.  
 An east–west trending dyke having a 
variable width of 50–100 m and strike 
length of several kilometres near Yacha-
ram was chosen to test the UAV magne-
tometer along with ground magnetic 
survey. The dyke can be traced on either 
side of the Hyderabad–Nagarjuna Sagar 
road (on NH-65), 51 km from Hyderabad 
and 200 m north of Yacharam town. It is 
well exposed in the form of a geomor-
phic ridge at the test site and at places is 
covered by thin (<1 m) soil cover. The 
mafic dolerite dyke is a Proterozoic dyke 
intruding Neoarchean granite gneiss in a 
part of the Eastern Dharwar craton  
(Figure 1). In general, the area consists 
of several dykes of different orientations, 
size and ages. However, the Yacharam 
dyke is distinctly seen both in satellite 
images and on the ground, and therefore 
was chosen as the test area for the 
present study.  
 An area of 1 km × 0.6 km was selected 
as the test location with a N–S profile 
length of 900 m and line spacing of 50 m 
(Figure 2). Data were acquired at 5 sam-
ples/sec along 12 profile lines (L01 to 
L12), while the UAV was flown at a 
speed of 5 m/sec 35 m above the ground 
surface. Considering average topographic 

variations of about a metre over the 
study region, the height of the UAV was 
maintained at 35 m above the average 
height of the study area.  
 However, the UAV has an option of 
changing flight height during voyage and 
this can be planned at the starting time of 
flight. A ground magnetic survey was 
conducted along Line 02 prior to the 
drone magnetometer experiment for 
comparison of results. In addition, two 
lines, L02 and L04, were flown twice to 
test repeatability of data received from 
the UAV magnetometer. The standard 
deviation (SD) of repeat data along L02 
and L04 was computed for 954 locations. 
The average SD for L02 was 3.09 nT and 
for L04 it was 2.39 nT. This would fur-
ther improve with diurnal correction.  
 Figure 3 shows the data obtained from 
ground and UAV magnetic surveys along 
line L02. A good correlation with minor 
mismatch can be seen. This mismatch 
could be attributed to the GPS position 
accuracy in both surveys. The measure-
ment repeatability test was conducted 
along two lines (L02 and L04) and the 
comparison indicates good correlation 
(Figure 4).  
 The data acquired by the UAV magne-
tometer experiment were processed 
through WinGLink software (Figure 5). 
It was observed that the intensity of con-
tours trend in the E–W direction coincid-
ing with the strike of the dolerite dyke. 
The contour pattern clearly reveals the 
dyke and adjacent granitic terrain. The 
contours are dense with high magnetic 
gradient over the dyke, while they are 
diffuse away from the dyke. The dyke is 
well reflected in the central part of the 
contour map derived from the UAV 
magnetic data of the study area (Figure 
5). The results clearly distinguish the 
mafic dolerite dyke and granitic terrain 

in the test area. The present study has 
successfully demonstrated the capability 
of UAV-Magnetic survey, which is cost 
effective, faster and reliable. 
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Unique polyphase deformational structures of Lunawada  
metasedimentary rocks identified from remote sensing imagery 
 
The Mesoproterozoic metasedimentary 
rocks of the Lunawada Group in the 
Aravallis, northern Gujarat, India, exhi-
bit unique and spectacular outcrops of 
deformation structures in mesoscale1. 
Here we present an analysis of imagery 
from Sentinel-2 earth observation satel-
lite (courtesy: European Space Agency) 

to identify an array of unique deforma-
tional ‘meso’ structures from brittle–
ductile regime2,3, which indicates poly-
phase deformation over an area of ap-
proximately 70 km2. The array of defor-
mation structures in mesoscale also 
makes it a pertinent candidate ‘geosite’ 
for researchers of structural geology, 

graduate and postgraduate students and 
geology enthusiasts.  
 The Lunawada Group is mostly consti-
tuted of quartzite and metapellites4–6. 
The microstructural evidences of defor-
mation in these rocks have been studied 
in details7–9. Quartzites occur as high 
ridges, whereas brown schist forms 
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low-lying subdued topography. The Lu-
nawada rocks have been subjected to up-
per greenschist to amphibolite facies 
metaphorphism10,11. This topographical 
variation makes the rocks discernible 
from remotely sensed satellite imagery. 
Further, the satellite imagery also pro-
vides a synoptic view of the entire re-
gion, thereby enabling identification of 
the mesoscale structures in order of 
~500 m to 2 km, which otherwise is dif-
ficult to visualize in an inter relatable 
manner during field traverses. 
 The Sentinel-2 satellite acquires images 
of the earth in the visible (V) and near-
infrared (NIR) to the shortwave infrared 
(SWIR) regions of the electromagnetic 
spectrum (Table 1)12. Of these, the three 
RGB bands (blue (~493 nm), green 
(560 nm), and red (~665 nm)) and NIR 
band (~833 nm) are acquired in 10 m 
ground resolution, with a swath of 290 km, 
making the imagery pertinent for regional 
geological studies. We have downloaded 
the Level 1C imagery from Copernicus 
Open Access Hub (previously known as 
Sentinels Scientific Data Hub; source: 
https://scihub.copernicus.eu/) in GeoTIFF 
format12. The Level-1C processing in-
cludes radiometric and geometric correc-
tions along with orthorectification to 
generate highly accurate geolocated 
products (12.5 m at 95.5% confidence)12. 
The image has been further processed  
using standard contrast stretching algo-
rithms (e.g. histogram stretch) and then 
stacked in multibands (band 4: band 3: 
band 2 = red: green: blue), thus generat-
ing a true colour composite image of the 
region for analysis. 
 A synoptic view of the region, as seen 
from the satellite imagery, is given in 
Figure 1, with the individual structures 

annotated in 1 : 25,000–1 : 50,000 scale 
(inset, Figure 1 a–f ). ‘Rootless’ intra-
folial folds are tight isoclinal to over-
turned folds resulting from synchronous 
shear2,13–15. In this region, a number of 
such intrafolial folds are developed within 
the quartzite layer (Figure 1 a–c). In  
addition, the folded quartzite ridges show 
Z-fold (Figure 1 d), M-fold (Figure 1 e) 
and S-fold (Figure 1 f ) geometries. 
 Along with the folded geometries, brit-
tle–ductile structures are manifested in 
the region in mesoscale. Possible S–C 
structure (Figure 1 g) and flanking struc-
ture/fold (Figure 1 g) are observed to be 
manifested by the quartzite and meta-
pelite bands. The S–C structure was first 
described by Lister and Snoke16 in  
microscale. However, occurrence of the 
same in the meso- to megascale is a rarity. 
Herein, a possible mesoscale S–C  
structure is defined within the folded  
quartzite–metapelite rocks (vergence to-
wards SE)2,13. The folded quartzite bands 
are sheared from the top to SE, attributed 
by the sub-parallel S structures, which 
transect at an angle to the C fracture 
planes, along NW–SE (Figure 1 g). Later, 
the S–C structure is dislocated by a fault. 
 Flanking structures (or flanking folds) 
in shear zones were first reported by 
Passchier17 and subsequently studied in 
detail by others13,14,18–21. We observe that 
the quartzite bands have had undergone 
poly-phase folding and subsequently the 
fold limbs are offset by faults, exhibiting 
a possible mesoscale flanking structure 
(Figure 1 h). The host element (HE) of 
the flanking structure is defined by qua-
rtzite layers with the cross-cutting ele-
ment (CE) being the fracture plane. HE 
shows sinistral displacement across CE. 
From a combination of slip direction and 

drag of host element, the flanking struc-
ture may be classified as ‘reverse A type’ 
flanking fold (according to figure 2 of 
Exner et al.22).  
 Minimum three deformation events 
have been reported within the rocks of 
the Lunawada Group in this area1,11. 
Synoptic view provided by the imagery 
supports these observations. The first de-
formation (D1) produced regional schis-
tosity forming mica schist and quartzite 
bands parallel to the schistosity. This  
also resulted in the dominant NNE–SSW 
to NE–SW trending folds (F1). The 
second deformation (D2) phase may have 
obliterated or modified the imprints of 
older folds (resulting in the occurrence of 
the ‘rootless’ intrafolial folds) and led to 
folding of the limbs of F1 (thus forming 
F2). Axial trace of F1 folds are co-
trending to F2, and hence are co-axial. A 
possible non-coaxial nature of the third 
deformation (D3) resulted in NW–SE 
faults/fractures with S–C structures and 
flanking fold defined by the fold limbs. 
 The region falls north of Lunawada 
village, left embankment of Kadana  
reservoir in Gujarat. It is bounded by 
23°20′50.10″N–23°25′39.70″N lat. and 
73°44′42.04″E–73°50′39.14″E long. Fur-
ther analysis of synoptic satellite im-
agery reveals significant information 
about fold geometries, brittle–ductile  
deformation structures and their inter-
relations. 
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Band 4 – Red 0.665 10 
Band 5 – Vegetation red edge 0.705 20 
Band 6 – Vegetation red edge 0.740 20 
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Uranium and associated polymetallic mineralization in  
Palaeoproterozoic Khetabari Formation of Bomdila Group,  
Laggi Gamlin area, West Siang district, Arunachal Pradesh, India 
 
Palaeoproterozoic Khetabari Formation 
of Bomdila Group in Arunachal Pradesh, 
India is an N–S to NE–SW trending  
volcano-sedimentary sequence. It strati-
graphically overlies the Se La Group and 
is exposed in the western limb of Siang 
antiform (Figure 1 a). The Khetabari 
Formation comprises calc–silicate rocks/ 
marble, carbonaceous phyllite, magnetite 
quartzite, quartzite/schistose quartzite 
and mica schist (Figure 1 b and c) with 
some concordant and discordant basic 
intrusions. It is thrusted over the Palaeo-
proterozoic Tenga Formation in the east-
ern margin1. Intrusive Ziro granite gneiss 
(1536–1914 Ma) is exposed along its 
western margin2. Multiple episodes of 
deformation have affected the Khetabari 
Formation. F1 folds well-preserved in 
massive and schistose quartzites, show 
tight to isoclinal, reclined to recumbent 
geometry and their axial planes generally 
show N–S to NNE–SSW strike. The 
most pervasive planar fabric S1 is deve-
loped parallel to the axial plane of the F1 
folds, and is predominantly parallel to 
the S0 plane. The F2 folds have co-
axially refolded the axial planes of F1 
folds giving rise to type-III interference 
patterns. Crenulation cleavage (S2) is  
related to F2 folding. Steeply plunging, 
inclined, open folds of the third genera-
tion superposed on earlier folds have  

N–S axial planes. N–S to NNE–SSW 
trending fault has given rise to fault 
breccia. Sigmoidal magnetite grains indi-
cate sinistral shearing. In the shear 
zones, elongated quartz grains and S–C 
fabrics are noted. These structures have 
played a vital role in the circulation of 
mineralizing fluids in the Khetabari 
Formation, and have served as locales for 
uranium and associated polymetallic  
mineralization (Figure 2 a and b).  
 Exploration efforts over the last few 
decades in Arunachal Pradesh by the 
Atomic Minerals Directorate for Explo-
ration and Research, Shillong have  
resulted in locating several uranium and 
associated polymetallic occurrences in the 
Khetabari Formation. Sie Rimi-Noko-
Lete Nala3,4, Gamkak-Tapeyor5 and Kau 
Nala6 are a few examples. They demon-
strate the importance of structurally  
controlled uranium and associated poly-
metallic mineralization in the Khetabari 
Formation. Subsurface exploration at 
Noko Nala–Kardo–Badak area has estab-
lished subsurface continuity of uranium 
mineralization in magnetite–calcite schist 
over a strike length of 1200 m with grade 
up to 0.036 %eU3O8 and thickness up to 
8.1 m (ref. 4).  
 Here we provide details of recently  
located uranium and associated sulphide 
mineralization in a breccia zone (Laggi 

Gamlin-1; LGM-1) and in sheared mag-
netite quartzite (Laggi Gamlin-2; LGM-
2) at Laggi Gamlin, West Siang district, 
Arunachal Pradesh (Figure 1).  
 The uranium mineralization of LGM-1 
is hosted by breccia and is located in the 
first-order creek section about 900 m 
SSW of Laggi Gamlin village. The 1–
10 m wide mineralization zone here is 
traced along the N–S strike over a length 
of 150 m. The strike coincides with the 
axial plane strike of F3 folds in the area. 
The breccia consists of few millimetres 
to more than 5 cm-sized calcite clasts 
cemented by ferruginous matter (Figure 
2 a). The study reveals that ferruginous 
cement is radioactive. Thirteen samples 
of ferruginous breccia have assayed 
0.009–0.027 (av. 0.012) %U3O8 and 
<0.005% ThO2.  
 Petromineralogical study shows that 
breccia has developed from precursor 
calc–silicate rock/marble. It has angular 
clasts of calcitic marble which are  
cemented by a matrix composed of mag-
netite, hematite, K-feldspar and quartz 
(Figure 3 a). Accessory minerals are  
pyrite, chalcopyrite and rutile. Uranium 
occurs in the adsorbed state in magnetite 
and hematite in the matrix/cement of the 
brecciated marble.  
 The LGM-2 uranium mineralization is 
in sheared magnetite quartzite. Uranium 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


