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a b s t r a c t 

Rock varnishes are known to be fine, dark, glossy submicron films found in deserts bare rock surfaces. The oxides 

and hydroxides of manganese and iron bind together the clay minerals present in the varnish layer. The processes 

of oxide-hydroxide accumulation at varnish sites are due to iron and manganese oxidizing bacteria which may 

require clay minerals for additional nutrition. Quantification and identification of clay minerals in this biofilm 

is needed to understand its formation. Past attempts to analyze the mineralogical composition of rock varnish 

have led to inconclusive results as varnish is a submicron thin layer composed of a complex mineral matrix. The 

elimination of non-crystalline cementing groups comprising of free iron oxides is a key step in the identification 

of many types of clay minerals, particularly in soil/sediment mineral studies. 

• The Fe-Mn oxide-hydroxide coatings, acting as cementing materials, can be easily removed using a one-step 

reduction method employing Na 2 S 2 O 4 at 70 °C, leading to separation of clay minerals. 
• We have taken the lead from earlier reported Jackson (1958) method, wherein a combination of reagents was 

used such as sodium acetate, sodium citrate, hydrogen peroxide, sodium bicarbonate, and sodium dithionite 

for removing carbonate, organic carbon and Fe-Mn oxy-hydroxide coatings respectively from sediment grains 

to segregate individual grains from each other. 
• Our modification helps in the unveiling of clay minerals from a solid substrate and reports the X-ray diffraction 

peaks, which are elsewise hard to detect and therefore earlier studies are inconclusive. 
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Method details 

Background 

X-ray diffraction is an analytical technique widely used for crystalline phase identification 

including minerals [1] . However, naturally occurring non-crystallized materials such as amorphous 

phases and biomarkers sometimes mask the crystalline phases making the work challenging, as 

observed in various research operations across the globe. One such example is dropping the Mars-

XRD instrument from the ExoMars rover, in 2012 [2] , to curtail the payload of the ExoMars Mission.

Therefore, mineralogical analysis of varnish surfaces, or similar material existing on Mars rocks has 

always been a challenge, even for such escalated missions. Identification of mineral pattern on varnish

is not straightforward, because it is a complex mixture mainly composed of iron and manganese

oxides cemented with various clay minerals [3] . 

One more problem associated with iron and manganese elements is X-ray fluorescence 

phenomenon, which is an undesirable phenomenon in XRD, resulting in loss of a relatively large part

of the energy of the incident beam in the due process. This leads to lowering of the intensity of

the diffracted beam resulting in a high back- ground, making certain peaks undetectable, and hence

difficult to analyze on the diffractogram [4] . 

To develop a better understanding of rock varnish, the study of clay minerals cannot be ignored.

However, the separation of clay from sediments and soils, is an extensive and tedious process [5] . It is

also reported that the importance of clays in varnish formation has a vital impact on oxides formation

in the varnish layer [6] . Hence, it is necessary to remove amorphous coatings and crystals of free iron

and manganese oxides from varnish deposited on rock substrates because iron and manganese cause 

fluorescence of X-Ray diffractograms, obscuring the clay peaks [7] . 

Detailed methodology 

Rock varnish sample were collected ( Fig. 1 a) from Ladakh batholith boulder ( ∼85–45 Ma) [8–

10] and subjected to microscopic studies ( Fig. 1 b) to observe the surface thickness and morphology of

the varnish layer. Petrographic studies of thin sections of the rock varnish sample were conducted to

identify minerals of the rock varnish sample ( Fig. 1 c, d). However, mineral composition in the varnish

layer was not providing a complete array as observed in the host rock displaying the following:

Quartz, Plagioclase, Feldspar, Biotite, and Hornblende) ( Fig. 1 c, d). 

FESEM-EDS analysis (Field Emission Scanning Electron Microscopy-Energy Dispersive X-Ray 

Spectroscopy) was conducted on a thin section of rock varnish to see the morphological features of

layer and host rock along with its elemental composition ( Fig. 1 e, f). 

Further, a chip of rock varnish sample was subjected to electron microscopic analysis for 

detailed investigation of varnish layer and its host rock morphology ( Fig. 2 a) alongside chemical

characterization with multi-spot energy dispersive X-ray microanalysis ( Fig. 2 b, c).The weight 

percentage ratios of Si/Al calculated from multi-spot EDS analysis in the varnish layer corresponds 

to 1.34 with higher K content, substantiating presence of Illite in the layer. Moreover higher Mn and

Fe content in the varnish layer also suggest the presence of chlorite in the layer. Contrary to it, Si/Al

ratio in the host rock is ∼3.0, which confirms plagioclase phase [11 , 12] . Therefore, it is certain that
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Fig. 1. (a) Rock Varnish sample in the field; (b) Optical microscopic image of varnish Layer; (c) Thin section slide of a cross-section of varnish sample in plane-polarized Light at 10x; (d) 

Thin section slide of a cross-section of varnish sample in crossed polarized Light at 10x; (e) FE-SEM (Scanning electron microscopy) image of a thin section of the Rock varnish sample at 

200x depicting contrast morphology between layer and host rock; (f) Multi-spot EDS analysis of rock varnish thin section showing different elements present in the varnish layer viz. Si, 

Al, Mg, K, Ca, O with (Mn, Fe) enrichment and host rock showing (Na, Al, Si, Mg, O, K). 
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Fig. 2. (a) Detailed examination of the Rock varnish sample using FE-SEM imaging at 450x revealed layered morphology of 

varnish layer affixed on host rock with boundary delimitation between varnish layer and host rock; (b, c) Multi-spot elemental 

analysis of rock varnish layer and host rock exhibit different elemental presence in the varnish layer and host rock. 
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here is no altered film formed during the scrapping process, confirming no cross contamination from

he drilling bit used. 

Identification of clay minerals in the petrographic analysis has been difficult to study in the past

ue to their very fine sheet structure and subtle variation in chemical composition between these

inerals and among other silicates [13] , therefore, to further confirm the minerals of the varnish layer

eparated from the rock substrate, it was subjected to X-ray diffraction studies. A specific methodology

roposed by Jackson [14] was applied to study the complex mineralogical matrix of the varnish

ample. Our one-step reduction methodology, slightly different from the Jackson method, where a

ombination of chemical reagents was used, is depicted in Fig. 3 . 

The steps followed are given below: 

 The rock varnish sample was extracted carefully using Dremel Micro drill (Model no. 800 Dremel)

with diamond coated coarse bit to avoid contamination while scrapping out the varnish layer from

the underlying host rock [15] and stored in a small Eppendorf tube. 

 The drilled sample was subjected to Powder XRD on a silicon substrate zero background holder on

an X-Ray Diffractometer (PANalytical Xpert’3 Powder) and was irradiated with (Cu K α1 = 1.540598

Å; K α2 = 1.54 4 426 Å). 

 The diffraction pattern was reported from 5 ˚ to 70 ˚ of 2 θ range (step size ( ̊2 θ ) = 0.0130, scan

time = 32 s per step), at room temperature. 

 As a result, the corresponding XRD diffractogram of the varnish layer of rock surface was formulated

( Fig. 5 a). 

 Subsequently, 0.2 g of the drilled sample was transferred to a clean and dry beaker. 

 Next, the beaker was placed on a magnetic stirrer with a hot plate with a temperature set to 70 °C.

 Once the temperature is attained, 1% Na 2 S 2 O 4 solution was transferred dropwise to the beaker

containing the powdered sample, and the reaction was set up for 1 h at 70 °C. 

 After 1 h, the reaction mixture was centrifuged at 2500 rpm for 6 min. Following this, the filtrate

was discarded and the obtained residue was washed with deionized water 3 times with constant

shaking. 

 After washing the sample, it was subjected to centrifugation again. 

 Finally, the residue was dried in the oven at 40 °C. This dried and treated sample was then analyzed

on an X-ray diffractometer and its diffractogram was obtained ( Fig. 5 b) 

 To confirm the clay mineral signatures obtained under treated sample diffractogram ( Fig. 5 b), steps

5 to 9 were repeated with a requisite amount of drilled sample to prepare oriented clay slides, as

emphasized by Moore & Reynolds (1997). 

 The clay fractions prepared by centrifugation technique were transferred to a glass substrate. 

 Air-dried, heated and ethylene-glycol solvated slides were prepared and positioned on a XRD stage.

( Fig. 4 a, b) 

 Eventually, these oriented samples were positioned on XRD stage and run on the diffractometer

(air-dried) and then analyzed again following various treatments such as solvation with ethylene

glycol, and heating to a specified temperature of 550 °C for 1 h. ( Fig. 4 a, b) 

 The diffraction pattern for each clay slide (air-dried, heated, glycolated) was recorded with step size

( °2 θ ) = 0.0130, scan time = 48 s per step ( Fig. 6 a–c) and presence of clay minerals was confirmed

respectively. 

ethod validation 

The formulated method was validated and found to be successful as we compared the X-Ray

iffractograms of the pre-treated rock varnish sample with the reduced rock varnish sample ( Fig. 5 a,

). The contrasting behavior was evident that the X-ray peaks corresponding to the clay minerals

resent in the rock varnish layer were now distinguishably visible ( Fig. 5 b), which were otherwise

ncognito/not clear ( Fig. 5 a). Additionally, the pre-treated varnish sample show peaks corresponding

o Quartz, Plagioclase, and Manganese hydroxide matched with (ICDD/ PDF-4 database file No. 01-

75-8320, 0 0-0 03-0499, 04-005-8804) respectively on PANalytical High Score Software. 
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Fig. 3. The methodology proposed by He [7] is primarily used in removing the coatings of carbonates, organics, and Fe-Mn oxide-hydroxide in soil and sediments, which resulted in 

aggregates and coagulation of grains, however, the rock varnish is mainly Fe-Mn rich layer and therefore, the proposed one-step method is sufficient to serve the purpose. 
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Fig. 4. (a) Preparation of oriented clay slides on glass substrate from reduced varnish layer with air dried, heated (at 550 °C), 

glycolated fractions respectively; (b) Mounting of prepared clay slides onto the multipurpose flat XRD stage. 
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Fig. 5. (a) XRD diffractogram showing the mineralogy of varnish layer present on the host rock; (b) XRD diffractogram of 

reduced varnish layer depicting the presence of various clay minerals, which is otherwise unclear because of the complex 

mineralogical moiety of the varnish layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to confirm the clay minerals signatures obtained from treated varnish sample ( Fig. 5 b),

which was XRD pattern from an air-dried random specimen, it is always better to validate the results

by preparation of oriented clay slides [16 , 17] . 

Therefore, air-dried, heated and glycolated clay slides ( Fig. 6 a–c) displayed Chlorite, Illite as the

main components of clay minerals in the rock varnish sample ( Table 1 ) present in the complex moiety

of the rock varnish layer along with the other non-clay minerals as deduced in ( Fig. 5 b). 

To substantiate the difference between chlorite and kaolinite minerals, heat treatment was 

performed resulting in retention of 7.0 Å diffraction peak and increase in intensity of 14.1 Å (001)

peak in chlorite. Additional basal reflection d = (001) is constant for Illite = 10 Å, and is recognized

on X-ray diffractogram by its strong first-order basal (001) peak at ∼10 Å and successive second

order (002) peak, follows an integral order of reflection showing peak at ∼5.0 Å [18] . A supportive

verification of illite can be deduced from the glycolated fraction which shows almost no expansion on

ethylene glycol solvation and no shift is observed [19] . 

Additionally, crystallinity index (IC) of basal peak for Illite generally expressed in °�2 θ ( �2 θ= XRD

angle) was calculated by measuring the Full width half maxima (FWHM) of ∼10 Å peak [20] , and

was found to be 0.35 °�2 θ . It is suggestive of anchizonal metamorphism signatures that results from

discrete mineral reactions visible specifically in clay minerals thereby confirming the presence of Illite 

fractions [21–23] . 

Further, phase identification and peak indexing of chlorite and Illite in the varnish layer were

obtained by matching the crystallographic information file from COD ID: 90 0 0132 and 9013718 using

crystallography open database [24 , 25] . 
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Fig. 6. Complete XRD patterns for (a) air-dried; (b) heated (at 550 °C); (c) EG-solvation clay fractions of treated varnish layer 

sample with inset image clearly showing the diffraction peaks at lower angles. 

Table 1 

XRD diffraction peaks for the clay minerals present in Reduced varnish sample slides [28] . 

S. No. REDUCED VARNISH SAMPLE 

Mineral d-spacing ( ̊A) Degree (2 �) 

1 Chlorite (001) 14.1 6.1 

2 Illite (001) 10.0 8.7 

3 Chlorite (002) 7.08 12.4 

4 Illite (002) 5.0 17.7 
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Rietveld analysis [26] of the complete experimental XRD pattern was done on the powdered

arnish layer sample ( Fig. 7 a) using High score software [27] and the pattern was matched with

tandard known CIF files from ICDD and ICSD databases viz. 00-022–0675(Microcline-Feldspar), 01-

87–2096(Quartz), 98–008–7657(Albite), 98–020–1648(Anorthite), 98–015–2289(Birnissite), 98–018–

569(Muscovite) phases with respective percentages of the mineral phases present in the sample as

hown in ( Fig. 7 a).The differences were minimized with the application of a refinement procedure

hich can been seen in form of difference plot between experimental and calculated pattern ( Fig. 7 b)

he results obtained showed a good fit with agreement indices values viz. χ2 = 1.6; R p (%) = 7.8;

 wp (%) = 10.8; R exp (%) = 6.5. Detailed information about the CIF files and parameters used for

efinement is given in the supplementary file (Rietveld supplementary). 

Therefore, it can be concluded that the successful reduction of varnish layer with Na 2 S 2 O 4

esulted in leaching out of amorphous Fe/Mn oxides thereby paving way for recording a clear XRD
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Fig. 7. (a) Rietveld refined Powder XRD pattern showing the mineral phases present in the rock varnish sample; (b) Difference 

plot between experimental and calculated XRD pattern for Rietveld refinement. 

 

 

Diffractogram of the clay minerals ( Fig. 6 ) and provides a better understanding of the minerals,

otherwise subdued due to complex mineralogical moiety in rock varnishes. 
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