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A wide range of analytical techniques were used to investigate rock varnish from different locations (Negev,
Israel; Knersvlakte, South Africa; Death Valley and Mojave Desert, California): a 200 nm-femtosecond laser
ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS), an electron probe microanalyzer
(EPMA), focused ion beam (FIB) slicing, and scanning transmission X-ray microscopy–near edge X-ray absorp-
tion fine structure spectroscopy (STXM–NEXAFS). This combination enables comprehensive high-spatial-
resolution analysis of rock varnish. Femtosecond LA-ICP-MS and EPMAwere used for quantitative determination
of element concentrations. In-situ measurements were conducted on thick and thin sections with a resolution of
10–40 μmand 2 μm, respectively. The results demonstrate that some elements, such asMn, Co, Pb, Ni, and Cu, are
highly enriched in varnish relative to the upper continental crust (up to a factor of 100). The varnish composition
is not influenced by the composition of the underlying rock, which is witnessed by plots of MnO2 vs. SiO2 con-
tents. Furthermore, the Mn-free end members fall in the range of average dust compositions.
The varnishes from the various locations show distinct differences in some elemental ratios, in particular Mn/Fe
(0.3–25.1), Mn/Ba (4–170), Ni/Co (0.03–1.8) and Pb/Ni (0.4–23). The rare earth element (REE) patterns vary
with LaN/YbN = 3.5–12 and different degrees of Ce anomalies (Ce/Ce* = 1.5–5.3).
To study the internal structure of the varnish, 100–200 nmthick FIB sliceswere prepared andmappings of Fe,Mn,
N, CO3

2−, Ca, C, and Si at the nm scale performed. Banded internal structures of Mn, Fe and organic C were ob-
served in the Israeli and Californian samples, however, no Fe-rich layers are present in the SouthAfrican rock var-
nish samples. Furthermore, cavities were found that are partly filled by C, Fe, and Mn rich material. Internal
structures are different for varnish fromdifferent locations, whichmight reflect different types of genesis. The re-
sults of the combinedmicroanalytical techniques give important detailed insights towards unraveling the genesis
of rock varnish.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The genesis of rock varnish has been a matter of debate since 1812,
when Alexander von Humboldt first observed it at the cataracts of the
Orinoco River (Von Humboldt and Bonpland, 1819, Dorn et al., 2012a).
Meanwhile, similar rock varnishes have been observed in awide variety
of terrestrial environments and there have been quite a number of stud-
ies discussing the origin of these coatings. Both biological and inorganic
processes, as well as a combination of both, have been suggested.
, Germany.
Rock varnish is a black, sometimes red or brown, shiny layer on rock
surfaces, present on slowly weathering rocks, independent of their li-
thology (Engel and Sharp, 1958). The main components of varnish are
poorly crystallizedMn oxides (usually hollandite–todorokite, birnessite
and buserite, poorly crystallized phyllomanganates of unspecified types,
and Mn–Fe spinel), poorly crystallized Fe oxides (e.g., hematite, Fe2O3),
and clay minerals (Potter and Rossman, 1979; Garvie et al., 2008). The
clay mineral fraction in varnish, reaching up to 70% of the varnish vol-
ume (Thiagarajan and Lee, 2004) is most likely introduced by the atmo-
spheric deposition of dust (Thiagarajan and Lee, 2004), whereas the
origin and precipitation of Mn are not yet fully understood.

Manganese has an abundance of 0.1% (as Mn oxide, MnO) in the
upper continental crust, while it is enriched up to 40% (as MnO2) in
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rock varnish (Rudnick and Gao, 2003). Therefore, it has to be prefer-
entially reduced and dissolved from dust, and re-precipitated by ox-
idation for the formation of varnish. One suggestion is a chemical
reduction and precipitation under the pH (5.7) and Eh (~0.8) condi-
tions of rainwater (Thiagarajan and Lee, 2004). The second hypothe-
sis is biological reduction by Mn reducing bacteria (Perry and Kolb,
2004). SiO2 is also found in large amounts in varnish, as a component
of the clay mineral fraction and as silica glaze, and has been sug-
gested to be involved in varnish formation (Perry et al., 2006;
Wang et al., 2011). Varnish grows in almost every type of terrestrial
weathering environment (Krinsley et al., 2009; Krinsley et al., 2012),
but distinctive varnishes are found in arid to semi-arid desert cli-
mates. Desert varnish is of specific interest, since it has been sug-
gested as a possible paleoclimate archive (Perry and Adams, 1978;
Liu and Dorn, 1996). Since there are almost no climate archives pres-
ent in deserts, especially beyond the range of 14C dating, rock varnish
might be an important tool in bridging this gap (Broecker and Liu,
2001). An understanding of its genesis is therefore required.

Estimates of the growth rate of rock varnish vary between 1 and
640 μm per 1000 a (Liu and Broecker, 2000; Spilde et al., 2013), with
its maximum thickness rarely exceeding about 250 μm (Northup et al.,
2010). The growth rates seem to depend on the humidity of the envi-
ronment, with slower growth rates for desert climates (Krinsley et al.,
2012).

Many studies on varnish and its composition have been pub-
lished (Reneau et al., 1992; Thiagarajan and Lee, 2004; Dorn, 2008;
Goldsmith et al., 2014) with differing techniques. Detailed informa-
tion on used techniques are provided by. Krinsley et al. (2013).
However, only a few studies examined the major element distribu-
tion in combination with trace element measurements at the μm to
nm scale.

Since varnish is a micrometer-scale, thin crust, the aim of this paper
is to combine different microanalytical techniques to investigate sam-
ples from different locations, USA, Israel and South Africa, at μm to nm
scales. Each technique provides additional and complementary infor-
mation for understanding the structures within rock varnish:

– a femtosecond laser ablation-inductively coupled plasma-mass
spectrometer (fs LA-ICP-MS) with a spatial resolution of 10–40 μm
provides precise and accurate determination of major, and in partic-
ular, trace element concentrations,

– an electron probemicroanalyzer (EPMA) yieldsmajor elementmea-
surements at a scale of a few micrometers,
Fig. 1. Sampling locations of rock varnish, a) Mojave Desert, Califor
– scanning transmission X-ray microscopy–near edge X-ray adsorp-
tion fine structure spectroscopy (STXM–NEXAFS), using focused
ion beam(FIB)milled ultra-thin sections, contributes element distri-
bution mappings at the nanometer scale.

2. Analytical methods

2.1. Samples

Rock samples covered with varnish were collected at different
sampling sites in the Mojave Desert (California, USA, Fig. 1a), the
Negev Desert (Israel, Fig. 1b), and the Knersvlakte (South Africa,
Fig. 1c) during several field campaigns from 2010 to 2014. The
Mojave and Negev deserts have arid climates, while the Knersvlakte
is a semi-arid desert. Varnish samples were chosen in the field, giv-
ing preference to darker coatings whichwould therefore presumably
have a thicker varnish crust. All rocks from California and South
Africa were taken from the ground, and therefore consist of pebbles
and small rocks (a few to tens of centimeters) which had direct con-
tact to the underlying soil. The Israeli samples were collected as frag-
ments or chips from larger boulders (Table 1) and were subdivided
into those with a macroscopical botryoidal surface structure, and
those with a smooth and flat surface. The South African samples,
mostly pebbles of a few cm, had a black, shiny varnish crust with me-
tallic luster on their tops and a slightly duller tinge on the bottom
sides. The top and bottom sides of the rocks were often not fully
enclosed by the varnish, which appears to have grown from the
rock–soil–atmosphere contact upwards and downwards at the rock
surface. Neighboring varnish samples partially had lichen growing
on top. Most Californian samples were varnish-covered on their at-
mosphere facing side. The soil-facing side was usually covered by
an orange-red coating. No preferred growth direction or starting
point of varnish growth was observed.

Table 1 lists the specimens used for analysis together with informa-
tion about the sampling location, the underlying rock type, and the var-
nish thickness

2.2. Sample preparation

Thick sections (about 70 μm thick) were prepared for EPMA and
fs LA-ICP-MS measurements. For the EPMA measurements, the
thick sections were polished, in contrast to the samples for the fs
nia, USA, b) Negev Desert, Israel, c) Knersvlakte, South Africa.



Table 1
Varnish samples with information about their sampling location, underlying rock type, and maximum varnish thickness.

Sample
name

Country Location Rock type GPS coordinates Max. varnish
thickness

Sampling Lamination

IS13 V1a Israel Negev Desert,
Sde Boker

Quartz-rimmed
limestone

30°52′25.13″N, 34°47′3.8″E 130 μm Chip of a horizontal top of a
boulder about 25 cm above
the ground

Yes

IS13 V2aa Israel Negev Desert,
Sde Boker

Quartz-rimmed
limestone

30°52′25.13″N, 34°47′3.8″E 160 μm Chip of a boulder about 50 cm
above the ground

Yes

IS13 V3a Israel Negev Desert,
Sde Boker

Quartz-rimmed
limestone

30°52′25.13″N, 34°47′3.8″E 250 μm Chip of a boulder about 30 cm
above the ground

Yes

IS13 V4a Israel Negev Desert,
Sde Boker

Quartz-rimmed
limestone

30°52′25.13″N, 34°47′3.8″E 110 μm From the ground Yes

CA13 SWS1b California, USA Mojave Desert,
Stoddard Wells
South

Dacite with sperulites 34°44′28.62″N, 117°4′10.14″W 60 μm From the ground Yes

CA13 SWW1b California, USA Mojave Desert,
Stoddard Wells
West

Dacite with sperulites 34°45′13.8″N, 117°03′58.8″W 55 μm From the ground Yes

CA13 SWW3b California, USA Mojave Desert,
Stoddard Wells
West

Dacite with sperulites 34°45′13.8″N, 117°03′58.8″W 50 μm From the ground Yes

CA13 SWW4b California, USA Mojave Desert,
Stoddard Wells
West

Impure quartzite 34°46′19.74″N, 117°03′28.86″W 140 μm From the ground Yes

CA13 DV1b California, USA Death Valley Foid bearing andesite 36°21′16.798″N, 116°38′39″W 110 μm From the ground Yes
CA13 SCH45b California, USA Mojave Desert,

S of Death Valley
Junction

Foid bearing andesite 36°11′51.3″N, 116°22′27.6″W 50 μm From the ground yes

CA13 SS2b California, USA Mojave Desert,
Salt Spring

Impure quartzite 35°36′55″N, 116°38′39″W 70 μm From the ground Yes

CA WS-18c California, USA Death Valley Weathered magmatite 150 μm Yes
CA14 JC-8b California, USA Death Valley,

Johnson Canyon
Spotted slate 36°05′49.87″N, 116°51′30.32″W 80 μm From the ground Yes

CA14 DV11b California, USA Death Valley,
near Scotty's
Castle

Basanite 36°51′31″N, 117°15′59″W 60 μm From the ground Yes

SA10 #4a South Africa Knersvlakte Quartzite 31°16′45.2″S, 18°35′42.6″E 180 μm From the ground No
SA10 #8a South Africa Knersvlakte Quartzite 31°16′45.2″S, 18°35′42.6″E 180 μm From the ground No
SA10 #9a South Africa Knersvlakte Quartzite 31°16′45.2″S, 18°35′42.6″E 80 μm From the ground No
SA10 #12a South Africa Knersvlakte Quartzite 31°16′45.2″S, 18°35′42.6″E 300 μm From the ground No
SA13 mM-da South Africa Knersvlakte Quartzite 31°16′55.41″S, 18°35′17.8″E 120 μm From the ground No
SA13 mM-fa South Africa Knersvlakte Quartzite 31°16′55.41″S, 18°35′17.8″E 250 μm From the ground No

a Samples were provided and collected by Bettina Weber.
b Samples were provided and collected by Meinrat O. Andreae.
c Sample was provided by Tanzhuo Liu.
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LA-ICP-MS determination of major and trace elements, where
polishing was avoided to exclude trace-element contamination
from the polishing material. The roughness of the unpolished sur-
faces can be neglected for fs LA-ICP-MS measurements because the
pre-ablation step produced almost flat surfaces. Thin sections (25–
30 μm) were prepared to determine the lithology of the underlying
rocks. The varnish coatings were cut perpendicular to their layers
(Fig. 2a), whereby cross-sections through the sedimentation
sequence were exposed, similar to the procedure described by
Fig. 2. Sample preparation, a) CA14 JC-8 sample, cut perpendicular to the varnish coating, b) Exa
area marked for Pt deposition and ion beam sputtering on sample SA13 mM-f, d) SA13 mM-f a
Reneau et al. (1992). All thin and thick sections were prepared in
an enclosing resin prior to thinning.

FIB slices, similar to those produced of rock varnish by Krinsley et al.
(2013), were milled to sizes of about 50 × 30 μm and thicknesses of
about 100–200 nm to perform X-ray micro-spectroscopy in transmis-
sion mode. For this purpose, micro-basins, which contain thicker var-
nish, were selected by microscopy (Fig. 2b), located by scanning
electron microscopy (SEM) (Fig. 2c), and milled by a Ga+ ion beam
(Fig. 2d).
mple of amicro-basin chosenonCA14 JC-8 for FIB preparation, c) FIB sampling location and
fter FIB preparation, before liftout and thinning.



Table 2
Operating parameters used for the fs laser ablation system.

NWRFemto

Laser type Ti:sapphire
Wavelength [nm] 200
Pulse length [fs] 150
Energy density [J cm−2] 0.8
Spot size [μm] 10 (fast scan), 40 (slow scan)
Pulse repetition rate [Hz] 50
Scan time [s] 250, 350
Scan speed [μm s−1] 1 (slow scan), 5 (fast scan)
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2.3. Imaging

A Leica DM RX polarizing microscope was used for the investigation
of the varnish structure in thick sections and to observe ablated line
scans subsequent to the analysis (Fig. 3). The underlying rocks and the
approximate thicknesses of the varnish layers were determined by
thin sections with a polarizing microscope. Pictures were taken of
each thin and thick section, interesting sites were chosen and line
scans were then performed on the thick sections with the fs LA-ICP-
MS on these selected sites. Fig. 3 demonstrates themeasurement proce-
dure on a detailed image of two line scans, 40 μm and 10 μm wide,
which were produced by fs LA-ICP-MS. Objectives from 1.6 to 100
were used for internal structure examinations (1–10 μm range) of var-
nish. Back-scattered electron images were recorded by EPMA, to visual-
ize the samples by variations in back-scattering intensity resulting from
differing atomic numbers, Z, displaying internal structures. Further-
more, prepared FIB slices were imaged by SEM, to allow the comparison
of structures and element distribution by STXM–NEXAFS.

2.4. Femtosecond laser ablation-inductively coupled plasma-mass
spectrometry

Measurements were carried out at the Max Planck Institute for
Chemistry (Mainz, Germany). A combination of a ThermoFisher Ele-
ment 2 single-collector sector-field ICP-mass spectrometer and an ESI
fs laser ablation system NWRFemto with a wavelength of 200 nm, pro-
ducing laser pulses at 150 fs, was used. The fs LA-ICP-MS is especially
suitable for the analysis of small sample amounts (Macholdt et al.,
2014) and has the advantage of an almost matrix-independent calibra-
tion (Jochum et al., 2014). Important parameters of the ICP-MS and the
lasers are listed in Tables 2 and 3. Laser ablationwas conducted in a New
Wave Large Format Cell in a He atmosphere. This carrier gas wasmixed
with an Ar gas flow to transport the aerosols generated by ablation. The
washout time was about 30 s and the blank count rate was determined
prior to each ablation for about 15 s.

A new ThermoFisher medium mass resolution mode (2000) with
flat top peaks was chosen for all measurements, since in this way
many oxides and molecules from Ar, O, and the major compounds of
varnish produced in the plasma can be separated from the ions, giving
an improvement of the signal to blank ratio for many elements.

After pre-ablation, each samplewas scanned along a profile from the
underlying rock through the varnish into the embedding resin. The
Fig. 3. Thick (~70 μm) section of sample IS13 V2a imaged bymicroscopywith tracks from
two LA-ICP-MS line scans (40 μm and 10 μm wide lines). The image shows the results of
themeasurements along the narrower scan line. The graphs are not to scale to allow com-
parison. The factorswithwhich the element abundancesweremultiplied are 2 forMn, 300
for Co, and 500 for V.
varnish region was defined by high (≥2%) MnO2 abundances. Measure-
ments with exceptionally low count rates for all elements, an indicator
for holes and cracks, were excluded. To obtain a representative bulk
analysis for the varnish, the concentration for each measurement was
averaged over the profile from the underlying rock contact to the
resin. Bulk analyses were performed for the major elements (Na, Mg,
Al, Si, P, K, Ca, Ti, Mn, Fe) and 24 trace elements (isotopes used are listed
in Appendix A)with a scan speed of 1 μms−1, a spot size of 40 μmand a
time per pass of about 0.8 s, using a combination of magnetic and elec-
trical scan modes. Adjacent to these measurements, higher resolved
profilemeasurements of the “neighboring” elementswith similar atom-
ic masses, V, Cr, Mn, Fe, Co, Ni, and Cu, could be performed using solely
the fast electrical scanmode. In this case, a scan speed of 5 μms−1 and a
spot size of 10 μm were chosen. Since no suitable micro-analytical var-
nish referencematerial exists, the homogeneous GSE-1Gglass (GeoReM
database http://georem.mpch-mainz.gwdg.de) with high trace element
contents (ca. 500 μg g−1) and a basaltic matrix with 12.7% FeO and
590 μg g−1Mnwas used for calibration. It is applicable due to the nearly
matrix-independent calibration for fs LA-ICP-MS.

The element concentrations were determined by measuring the ion
intensities of the elements of interest using Al as the internal standard
(analogous to Goldsmith et al. (2014)). This element was measured by
EPMA on three to nine varnish samples from each location, analyzing
11–16 spots per sample. For further correction, a total oxide content of
about 95% was assumed, which was obtained from the EPMA results
of the samples. However, the concentrations of the higher-resolved pro-
filemeasurements by fast electrical scans are less precise, since no inter-
nal standard with constant amounts throughout the profiles was
available and no total oxide content could be assumed.

The concentration of an element of interest, EL, (mfEL) was calculat-
ed by a procedure described in Jochum et al. (2007). The precision
(RSD) of the fs LA-ICP-MS data, determined by three independent anal-
yses of the homogeneous GSE-1G glass, was about 3%. However, due to
the large sample heterogeneity, it wasmuch higher for the bulk varnish
analyses, determined by 12–30 independent analyses on each sample at
different locations, and varied between 25 and 80%. The measurement
accuracy, defined as the overall analytical uncertainty at the 95% confi-
dence level, is listed for each element in Appendix A. It was about 35%
for most elements. The detection limits, DLs (defined as three times
the standard deviation of the blank values), are listed in Table 4. The
DLs ranged between b0.01–1100 μg g−1 and 1–26 μg g−1 using spot
Table 3
Operating parameters of the Element2 ICP-MS.

rf power [W] 1270
Cooling gas flow rate [l min−1] 15
Auxiliary gas flow rate [l min−1] 1
Carrier gas (Ar) flow rate [l min−1] 0.8
Carrier gas (He) flow rate [l min−1] 0.7
Sample time [s] 0.002
Samples per peak 25
Mass window [%] 40
Time per pass [s] 0.2 (fast scan), 1.4 (slow scan)
Mass resolution 2000

http://georem.mpch-mainz.gwdg.de


Table 4
Detection limits of the fs LA-ICP-MS analysis. Data were evaluated from blank measure-
ments without sample material (DL = three times the variability of the blank). A: spot
size = 40 μm; scan speed = 1 μm s−1 (slow line scan); B: spot size = 10 μm; scan
speed = 5 μm s−1 (fast line scan).

A B

[μg g−1] [ng g−1] [μg g−1]

Na 150 La 7 V 1
Mg 25 Ce 80 Cr 5
Al 160 Pr 16 Mn 5
Si 1100 Nd 80 Fe 30
P 70 Sm b0.01 Co 1
K 50 Eu b0.01 Ni 20
Ca 320 Gd 55 Cu 5
Ti 7 Tb 13
Mn 20 Dy b0.01
Fe 90 Ho b0.01
Co 1 Er b0.01
Ni 40 Tm b0.01
Rb 0.8 Yb b0.01
Sr 0.7 Lu b0.01
Y 0.3 Pb 60
Cs 0.8 Th 5
Ba 0.4 U 5
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sizes of 40 μm and 10 μmand scan speeds of 1 μm s−1 and 5 μm s−1, re-
spectively (Table 4).

2.5. Electron probe microanalysis

Quantitative measurements of major element concentrations were
conducted at the Institute of Geosciences at the Johannes Gutenberg
University (Mainz, Germany) using a JEOL JXA-8200 electron micro-
probe. The samples were diamond-polished, cleaned with petrol ether
in an ultrasonic bath and kept dry in a vacuum furnace before being
coated with ~20 nm of thermally evaporated carbon. The microprobe
was operated at an accelerating voltage of 15 kV, a beam current of
12 nA and a beam diameter of 2 μm. Five wavelength dispersive X-ray
spectrometers (WDS) were used to measure Kα lines of Mn, Na, Al, Cr,
Fe, Mg, Ti, K, Ca, and Si with peak counting times of 20 s. Natural and
synthetic phases (NaAlSi3O8, Al2O3, Cr2O3, Fe2O3, MgO, MnTiO3,
KAlSi3O8 and CaSiO3) were utilized as reference materials and for in-
strument stabilitymonitoring. For data correction the Phi-rho-zmethod
based on the CITZAF correction (Armstrong, 1991) was applied.

2.6. Scanning transmission X-ray microscopy–near edge X-ray adsorption
fine structure spectroscopy and focused ion beam sputtering

Focused ion beam (FIB) sputtering (milling) was performed at the
Max Planck Institute for Polymer Research (Mainz, Germany) using a
Nova600Nanolab FIB dual-beam instrument of FEI. Simultaneous SEM
microscopy was used to carefully determine and monitor the site of
milling. Selected micro-basins were used for the preparation of the
50 × 30 μm FIB slices. The samples were sputtered with Pt using Baltec
MED020 sputtering equipment to avoid charging effects during
electron- and ion radiation, and to acquire a stable image. Subsequent
to sputtering the whole sample with a 50 nm thick Pt coating, prepara-
tion sites were coated with an additional Pt layer, about 2 μm thick,
using beam-induced Pt deposition from a metallo-organic precursor
gas (1 nA at 30 kV). Milling was performed by Ga+-ion sputtering
with a resolution of about 10 nm. In a first milling step (20 nA, 30 kV),
two trenches on both sides of the Pt deposition were created, followed
by a second milling step at lower beam currents (7 nA and 5 nA at
30 kV) to receive flat surfaces of the pre-thinned, about 1 μm thick, la-
mella. After liftout, the samples were transferred to a TEM grid and
were attached onto it with a small Pt spot. Stepwise thinning and
polishing at further reduced ion beam currents (1 nA and 0.5 nA at
30 kV) produced lamellae with thicknesses of about 100–200 nm.
These thin slices and the transfer onto a TEMgrid are necessary formea-
surements by the STXM.

The STXM–NEXAFS analysis was conducted using two X-ray micro-
scopes: (i) the X-ray microscope at beamline 5.3.2.2 (Kilcoyne et al.,
2003) at the Advanced Light Source, Berkeley, CA, USA and (ii) the
MAXYMUS microscope at beamline UE46-PGM-2 (Follath et al., 2010)
at the synchrotron BESSY II, Helmholtz-Zentrum Berlin, Germany.
Both STXM instruments are equippedwith a high energy resolving grat-
ing (resolvingpower at the carbonK-edge: ALS E/ΔE ≤ 5000; BESSY II: E/
ΔE ≤ 8000), a Fresnel zone plate, providing a spatial resolution of about
30 nm, and phosphor-coated Lucite photomultiplier tubes for the detec-
tion of transmitted photons. In this study, STXM elemental maps of cer-
tain elements of interest (i.e., Fe, Mn, Ca, and C) are presented, which
have been recorded as images at discrete energies. Data were evaluated
with the Interactive Data Language (IDL) widget “Analysis of X-ray mi-
croscopy Images and Spectra” (aXis2000) and the overlay images
(Fig. 10) produced by Adobe Photoshop CS6.
3. Results and discussion

3.1. Imaging

Microscopic investigations revealed that the maximum thicknesses
of the coatings, deposited on different underlying rock types varied be-
tween 50 and 300 μm (see Table 1). They also show that the varnish
covers topographical highs of the sample surfaces, but is thicker in the
micro-basins (Liu and Broecker, 2013). The varnish material fills cracks
and fissures, intruding into the underlying rocks.

Internal structures of the varnish coatings were studied for compar-
ison and characterization. Since these structures are μm to nm in size,
they were visualized by the highly resolving techniques of SEM, using
backscattered electron (BSE) images on FIB slices, and EPMA, on thin
sections. In the microscopic view, cross sections of the South African
varnishes revealed stromatolitic structures (Fig. 4a), rock varnish fea-
tures observed before (Perry and Adams, 1978). Mineral grains up to
70 μm in size and cavities were identified within the South African var-
nish coating SA13 mM-f (Fig. 4b). Furthermore, up to 10 μm large min-
eral detritus, enveloped in depressions between protrusions of the
stromatolitic features, were observed, similar to those described by
Perry and Adams (1978) andDorn et al. (2013) in detail. The underlying
rocks of the South African samples are quartzite pebbles. The rocks un-
derneath the varnish coatings collected in Israel are limestoneswith sig-
nificant amounts of diatom fossils and varying amounts of quartz
minerals. At the surface, in direct contact with the varnish, the calcite
had been dissolved, leaving a SiO2 rich, insoluble matrix. The Israeli var-
nish has an orange to black and brown color and shows cauliflower
shaped internal structures (Fig. 4a). Mineral grains, which are only a
few micrometers in size, are incorporated in the varnish coatings IS13
V3 and V1. Close to the contact with the coating, cavities are present
within the varnish and the underlying rock (Fig. 4c, d). These cavities
andmineral grains can also be observed in the Californian varnish coat-
ing CA14 JC-8 (Fig. 4f). The Californian coatings are dark brown and
have smooth surfaces. Sample CA13 DV1 displays a wavy internal var-
nish structure in contact with the underlying rock, which is covered
by flat deposits (Fig. 4e). The interpretation provided by Reneau et al.
(1992),who suggested a higher trapping efficiency and higher accretion
rates for rougher, lower surfaces, which decrease to the top, producing
smoother surfaces over time, seems suitable to these observations.
The Californian samples exhibit multiple underlying rock types,
magmatites, metamorphites, and sediments (see Table 1). All varnish
coatings contain cavities and cracks, but while the cavities are b0.5 μm
for the Israeli and Californian samples, they can be up to 1 μm large in
the South African samples. However, it cannot be excluded that the
cracks are partially preparation artifacts.



Fig. 4. a), c), e): Backscattered electron (BSE) images of varnish thick sections, revealing structureswith differing average atomic numbers, Z, a) SA13mM-f, c) IS13 V3, e) CA13DV1. All BSE
images were taken by an EPMAwith an accelerating voltage of 15 kV and a beam current of 12 nA. Images b), d), f) are SEM images of FIB slices, revealing topographic structures, such as
cracks, holes, and mineral inclusions, with b) SA13 mM-f, d) IS13 V1, and f) CA14 JC-8. All SEM images were produced by an FIB instrument with an accelerating voltage between 2 and
5 kV. All FIB slices had been coated on their top side by Pt, which is imaged as a light line on top of the samples and the graymatrix above. Rock-to-varnish and varnish-to-Pt boundaries are
marked by white, dashed lines.
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3.2. Major and trace element determination by fs LA-ICP-MS

3.2.1. Bulk analysis of major and trace elements
Appendix A shows the average analytical results for each sample.

Some characteristic element enrichments are plotted in Fig. 5, where
the values are normalized to those of the upper continental crust
(Rudnick and Gao, 2003) and arranged approximately according to de-
creasing enrichments in the varnish samples. In addition to the highMn
concentrations, Pb, Co, Ce, Ni, and Ba are also enriched in all varnish
samples. High Ba values have also been observed by Garvie et al.
(2008). Barium is known to be capable of incorporation intomanganese
oxihydroxide structures, e.g., in hollandite (Post, 1999). The high en-
richment of Ni, Co, and Pb is presumably due to the high adsorption po-
tential of theMn oxihydroxides (Thiagarajan and Lee, 2004). The source
of these elements might be dust that was leached by rain or dew
(Thiagarajan and Lee, 2004). An atmospheric contribution to the var-
nish genesis was previously verified for Pb, Hg (Nowinski et al., 2010;
Nowinski et al., 2013), and 210Po (Hodge et al., 2005) enrichments in
the outer varnish layers, elements that were emitted by nuclear testing
sites, coal-fired power plants and smelters. The enrichments in Ce, also
observed in the REE patterns as positive Ce anomalies (Fig. 6), may be
caused by the change from a REE-leaching reducing environment
(Ce3+) to an oxidizing environment (Ce4+) where Ce(IV) can precipi-
tate or be adsorbed to δ-MnO2 or Fe oxihydroxides (Ohta and Kawabe,
2001). It strengthens the hypothesis of an aqueous atmospheric deposi-
tion as a source of these elements, previously suggested for varnish
samples from the Mojave Desert and Death Valley (Thiagarajan and
Lee, 2004), it might be an indicator for direct oxidation of Ce by
birnessite (Post, 1999) or for the role of Mn-oxides as repositories of
trace elements presumably derived from atmospheric aerosols (Garvie



Fig. 6. Chondrite-normalized REE concentrations in the varnish samples. The patterns
show a distinct positive Ce anomaly and a negative Eu anomaly. The samples from Israel
and California are very similar, enriched in light REE (LaN/YbN=11–12) andwith a signif-
icant positive Ce anomaly (Ce/Ce*= 2.1–5.3). The South African samples have lower light
REE enrichments with LaN/YbN = ~3.5 and less positive Ce anomalies (Ce/Ce* = ~1.5)
than the other samples. The negative Eu anomaly is similar for all samples (Eu/Eu* =
0.6–0.7).
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et al., 2008). A positive correlation betweenMn and Cewas observed for
all Californian and Israeli varnish samples. However, no correlation was
present for any South African varnish sample.

The element abundances agree well with literature values of rock
varnish (Fig. 5, gray shaded area) published for California (Thiagarajan
and Lee, 2004), Utah (Wayne et al., 2006), Nevada (Wayne et al., 2006)
and Israel (Goldsmith et al., 2014). However, not all element values
were provided by the manuscripts, hindering a direct comparison. The
enrichments of most elements are similar, with some exceptions, such
as Ti, Al, and Mg, for which few literature values are provided in these
manuscripts. The differences between the Israeli and the Californian
samples of this work are mostly restricted to the elements Ni and Pb,
while the South African samples differ from the other locations with re-
gard to several elements, such as Mn, Co, Ce, and Ba (Fig. 5). The Califor-
nian samples were subdivided into two groups, California A (CAWS-18,
CA13 SS2, CA13 SCH45, CA13 DV1) and California B (CA13 SWS1, CA13
SWW1, CA13 SWW3, CA13 SWW4), depending on their major and
trace element composition (see Appendix A). Interestingly, no chemical
difference can be seen between the Israeli samples that showed different
macroscopical surface structures (smooth and botryoidal). The REE re-
sults (Fig. 6) were normalized to a chondritic composition, and display
positive Ce and negative Eu anomalies in all samples. The REE patterns
of the samples from Israel and California are very similar, enriched in
light REE (LaN/YbN = 11–12) and with significant positive Ce anomalies
(Ce/Ce* = 2.1–5.3). The South African samples have significantly lower
light REE contents (LaN/YbN = ~3.5) and less positive Ce anomalies
(Ce/Ce* = ~1.5) than the other samples. The negative Eu anomaly is of
about the same order for all samples (Eu/Eu* = 0.6–0.7). The ratios
of Mn/Fe (3.1–25.1 South Africa, 0.4–0.6 Israel, 0.3–1.2 California A
and 0.9–2 California B), Mn/Ba (112–170 South Africa, 5–9.9 Israel,
12–28 California A and 4–11 California B), Ni/Co (0.03–2.1 South
Africa, 1.1–1.8 Israel, 0.4–0.7 California A and 0.2–0.4 California
B) and Pb/Ni (1.1–1.3 South Africa, 0.4–0.8 Israel, 4–13 California A,
and 4–23 California B) exhibit strong variations between different
locations. Fig. 7 demonstrates that these ratios are suitable for
distinguishing between the locations of the varnish samples analyzed
in this work. Possible reasons for these differences might be differing
genesis, but also diverging dust source compositions, ages, climates,
Fig. 5. Element abundances normalized to the values for the upper continental crust
(Rudnick and Gao, 2003). Displayed are the enrichment factors of selected elements in
the varnish. Elements are arranged approximately according to decreasing enrichment
in the varnish samples. The differences between the Israeli samples and the Californian
samples aremost striking for the elements Ni and Pb, while the South African samples de-
viate for several elements, such as Mn, Co, Ce, and Ba. Within the Californian samples one
can distinguish between the mean results of the samples CA WS-18, CA13 SS2, CA13
SCH45 and, CA13 DV1 (California A) and those of the samples CA13 SWS1, CA13 SWW1,
CA13 SWW3 and CA13 SWW4 (California B). The gray shaded area represents the range
of literature rock varnish values (Thiagarajan and Lee, 2004;Wayne et al., 2006; Goldsmith
et al., 2014).
rain or dew amounts or pH conditions during their growth, or even a
combination of them (Engel and Sharp, 1958; Broecker and Liu, 2001).

Literature rock varnish element ratios from California, Nevada and
Utah (Thiagarajan and Lee, 2004; Wayne et al., 2006) fall into the
range of the Californian and Israeli rock varnish ratios from our studies.
Interestingly, literature element ratios falling into the range of this stud-
ies Israeli rock varnish samples arewithout exception samples collected
in the Cima volcanic field in the Mojave Desert (Thiagarajan and Lee,
2004). Literature values from the Death Valley (Thiagarajan and Lee,
2004), Nevada (Wayne et al., 2006) and Utah (Wayne et al., 2006)
plot in the fields of this studies Californian rock varnish element ratios.

3.2.2. Profiles
Profile patterns ofMn and Fewithin varnish have been used by some

authors as paleoclimate reconstruction tools (Liu and Dorn, 1996),
where Mn rich (25–45% MnO) layers are interpreted as wet periods,
Mn poor layers (5–15% MnO) as dry periods, and layers containing
moderate amounts of Mn (15–25% MnO) as periods of climatic
transition between extremely dry and extremely wet conditions
Fig. 7. Pb/Ni vs. Mn/Ba values for the three sampling locations. The data for the different
sampling locations plot well separated from each other and can therefore be easily distin-
guished. The gray shaded area represents the range of literature rock varnish values
(Thiagarajan and Lee, 2004, Wayne et al., 2006).



64 D.S. Macholdt et al. / Chemical Geology 411 (2015) 57–68
(Dorn, 1984; Liu and Broecker, 2013). However, these layers are
extremely thin and only longer wet or dry periods can be detected
by fs LA-ICP-MS with its spatial resolution of 10 μm.

Therefore, 7 to 15 high resolution MnO2 and Fe2O3 profile mea-
surements were conducted on each varnish thick section (Fig. 3).
The profile patterns vary within each sample, a variation that might
be influenced by the deposition process, but also by sample inhomo-
geneities, such as thickness differences, cavities, and mineral grain
inclusions (see Fig. 4). Although there is a large scatter in the profile
measurements, it is insignificant compared to the differences be-
tween the three sampling locations. This is shown in Fig. 8, where
for each location one profile is plotted, representing a “typical” pro-
file of the location (Fig. 8a, b, d). Most of the measured values of
rock and resin are left out for clarity. Fig. 8 c shows the values for
the MnO2/Fe2O3 ratios, which differ significantly for the different lo-
cations. Typically ratios are b1 for Californian and Israeli samples for
most parts of the profiles, and 10–200 for the South African samples,
with variations within the profiles.

The typical Californian profile (Fig. 8b) shows a high Fe abundance
(about 20%) close to the underlying rock, with MnO2 concentrations of
about 2%. About 20 μm closer to the rim, or varnish surface, the MnO2

and Fe2O3 amounts rise, forming small plateaus with about 4% MnO2

and 45% Fe2O3 (no. 1 in Fig. 8b). About 5 μm further outward the
Fe2O3 concentration rises to 50% and the MnO2 concentration increases
significantly to 25% (no. 2 in Fig. 8b). At the outer rim of the varnish,
MnO2 and Fe2O3 have approximately the same abundance, with high
Fe2O3 and MnO2 concentrations of up to 50% (no. 3 in Fig. 8b).

The Israeli samples (Fig. 8c) showvariations of theMnO2 valueswith
significant peaks forMn and Fe. They reveal a higher total value of Fe2O3

throughout the profiles than the Californian samples.Manganese and Fe
show common highs for some peaks, but for others, especially in the
youngest and oldest varnish layers, Fe is enriched without a simulta-
neous Mn enrichment at the same location. The South African profiles
Fig. 8. Typical profiles of a) South African, b) Californian, and c) Israeli varnish samples are plott
a), b), and c). All measurements were performed by fs LA-ICP-MS with a scan speed of 5 μm s−
(Fig. 8a) show significantly higher abundances of MnO2 compared to
Fe2O3. The MnO2/Fe2O3 ratios are about 40 (Fig. 8d), and for some sam-
ples even up to 180 (not displayed). These profiles show no recurring
peaks at the same distances from the rim that could be used as
paleoclimate indicators. The profile patterns here might mostly depend
onmineral inclusions and cavities, both ofwhich are highly abundant in
the South African samples (Fig. 4a, b). These South African rock varnish
samples show therefore no internal Mn–Fe-rich VMLs (varnish
microlaminations).

3.3. Major element analysis by electron probe microanalysis

The spatial resolution of the electron probe microanalysis is higher
(~2 μm) than that of the fs LA-ICP-MS (10–40 μm). Since solid and ho-
mogeneous areas with few mineral grains or cavities were analyzed
by EPMA, the results represent the composition of areas containing
more cementing material, which is enriched in MnO2. The data, there-
fore, show significantly higher MnO2 values than those obtained by fs
LA-ICP-MS (Fig. 9, Table 5). However, the values of both analytical
methods from the same varnish sample lie on the same trend line in a
MnO2 vs. SiO2 plot. These plots suggest linear mixing series between
Mn/Fe oxide-rich components and Mn-free silicate end members for
each sample. The correlation lines converge towards a similar SiO2 con-
tent for theMn-free endmembers, in the range of average dust compo-
sitions (50–75%,Moreno et al., 2006; Castillo et al., 2008). The individual
end member values may be characteristic for the composition of the
dust involved (Fig. 9). This value is lower for the Israeli samples
(about 50% SiO2) than for the South African and Californian varnish
samples (about 60–65% SiO2). A reason for this difference might be a
SiO2-poor dust composition of the Israeli varnish source. Recent Israeli
dust has SiO2 amounts of about 38% (Goldsmith et al., 2014), while re-
cent air-borne material from the CoxcombMountains has much higher
SiO2 values of approximately 51% (Engel and Sharp, 1958). There is no
edwith their MnO2 and Fe2O₃ concentrations. d) displays theMnO2/Fe2O₃ ratios of profiles
1 and a spot size of 10 μm.
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indication for a relationship between the SiO2 content of the end mem-
ber and the SiO2 value of the underlying rock (Fig. 9), in contrast to the
conclusions stated by Engel and Sharp (1958). This is especially obvious
for the samples IS13 V1 and SA13 mM-f, where the quartzite in contact
with the coating has a composition of almost 100% SiO2.

3.4. Element distribution maps

For each location, one or two samples were prepared as ultra-thin
FIB slices to analyze the distribution of certain elements and molecules
(i.e., Mn, Fe, Ca, and CO3

2−) in the varnish at the nm scale by STXM–
NEXAFS. Since theNEXAFS spectra at the X-ray absorption edge are spe-
cific to functional groups and bonding states, C-, N-, and O-NEXAFS
spectra were measured in addition. These elements and their bonding
types can be indicators of a biological origin. A systematic investigation
of the NEXAFS spectroscopy will be the focus of a future study. An or-
ganic carbon signal was detected in all samples, but no significant N
was found in any mapped area. This might be an indicator for the ab-
sence of living matter, but N might also have been leached by water in
strongly decomposed biological matter, or it might even be present in
concentrations below the detection limit of STXM (1–3 mol% in humic
substances in soil). CaCO3 was excluded as a possible C-phase by selec-
tive measurements of CO3

2− for each sample.
Fig. 10a displays the enrichment of Fe and Mn in a cross section

through the varnish layer of the Israeli sample IS13 V1. Manganese
and Fe show distinctive layers throughout the coating (at scales of
about 100–500 nm), running parallel to the rock surface. This feature
can be interpreted as an indicator for the sedimentary origin of the coat-
ing and the thin layers are similar to those observed by Liu and Broecker
(2013), which were used for paleoclimate reconstruction. Some larger
Ca-containing mineral grains (~500 nm) are mapped in sample IS13
Fig. 9. EPMA and fs LA-ICP-MS MnO2 vs. SiO2 plots with trend lines for one sample from
each sampling location. No indication of a relationship between the SiO2 concentration
of themanganese free endmember and that of the rock in contact to the varnish is evident.
All plots converge towards SiO2 values in the range of average dust compositions (Moreno
et al., 2006; Castillo et al., 2008).
V1 (Fig. 10a), whereas cavities are rare in this sample. The dense struc-
ture of the Israeli sample is pervaded by cracks and fissures compared to
varnish from other locations (Fig. 10b, c). Carbon in the Israeli sample
IS13 V1 is mostly present as a lining of cavities underneath the varnish
crust in the underlying rock, and along the cracks and fissures within
the varnish (Fig. 10d). This feature is distinct from the samples collected
in California (Fig. 10e) and South Africa (Fig. 10f), where carbon occurs
in layers or chaotic patterns.

The cavities in the underlying rock of sample IS13 V1 also show lin-
ings ofMn and Fe, and similar cavities were also observed in the Califor-
nian FIB slice, with similar element abundances (Fig. 10 g). These
cavities are of specific interest, since they occur in a quartz rich lime-
stone (IS13 V1), as well as in a basaltic rock (CA14 DV11). Their genesis
might be similar to the submicron deposited Mn–Fe skins described by
Garvie et al. (2008), subsequent to mineral decay in the less stable un-
derlying rocks (Dorn et al., 2013), and is referred to as case hardening
(Dorn, 2008).

The Californian samples display homogeneously distributed cavities
inside the varnish (Fig. 10c) similar to those observed by Krinsley et al.
(2013). In sample CA14 JC-8, Fe-containing minerals were mapped in
some of these cavities which were a few hundred nanometers in size
and are displayed as green areas (Fig. 10c). In the varnish FIB samples
CA14 JC-8 and CA14 DV11, Mn and Fe show distinct layers parallel to
the rock surface (Fig. 10c and g), similar to the layering previously ob-
served in a FIB slices of a Death Valley sample (Krinsley et al., 2013)
and furthermore used as paleoclimate reconstruction tools (Perry and
Adams, 1978). A carbon-rich band, ~1 μm thick, is evident in the ultra-
thin section of sample CA14 JC-8 (Fig. 10c, e). In the lower part of this
sample, C is present as thin (~100 nm) rippled layers or chaotic struc-
tures (Fig. 10e). These bands are layers with higher abundances of or-
ganics, which could be residues of organisms that grew on the former
varnish surfaces, as proposed by Wang et al. (2011), or organic-rich
dust that was deposited with the sedimentation process, and that was
incorporated during the varnish genesis.

The South African sample SA13 mM-f contains numerous large (up
to 5 μm long) mineral grains, many of them containing Fe (Fig. 10b,
h). Large cavities of several μm are irregularly distributed throughout
the sample. Structures defined by elevated Fe andMn contents are pres-
ent, but seem to be mainly an effect of density variations rather than
compositional differences. Calcium is enriched in the upper part of the
FIB slice as layers, following a cauliflower-like structure (Fig. 10 h) sim-
ilar to those observed in rock varnish FIB slices before (Krinsley et al.,
2013). Carbon is present throughout the sample, but is especially
enriched in the lining of cavities (Fig. 10f). A possible interpretation is
that the cavities were formerly filled by organic material that decayed
leaving cavities with organic C signatures at their rims.

3.5. Structures at the nm to μm scale

The combination of different analytical techniques at different scales
demonstrates considerable variability within the coatings. The tech-
niques used were the fs LA-ICP-MS with 10–40 μm spatial resolution,
the EPMA with 2 μm resolution, and the STXM–NEXAFS with a resolu-
tion of about 30 nm. Layerings in the Israeli and Californian rock varnish
samples can be observed at each scale, with the thinnest detected Mn
layers in the 100–500 nm range. These layers have similar extensions
to those observed by Liu and Broecker (2013), who interpreted them
as indicators for climate fluctuations and as a paleoclimate reconstruc-
tion tool for the Quaternary period. A layer of 100–500 nm thickness
could represent an age interval of about 100–500 years, assuming a
growth rate of 1 μm per 1000 a. These intervals are in the range of typ-
ical climate fluctuations during the Holocene.

The Israeli and Californian samples seemvery similar regarding their
elemental composition at the 10–40 μm scale, but differ for selected el-
emental abundances, such as Ni and Pb (Fig. 7). The Californian samples
can furthermore be subdivided into California A and B, based on their



Table 5
Concentrations of major elements in the varnishes, obtained by EPMA measurements.

Na2O SiO2 K2O TiO2 Fe2O3 AI2O3 MgO CaO Cr2O3 MnO2

SA10 #4 [wt %] 0.97 17.40 2.32 0.20 4.69 8.29 1.06 0.60 0.04 54.09
RSD [%] 28 46 15 52 52 39 24 13 59 23
SA10 #8 [wt %] 1.47 9.52 3.51 0.07 2.58 4.27 0.88 0.38 0.05 71.51
RSD [%] 9 40 11 71 45 41 32 19 76 11
SA13 mM-d [wt %] 0.83 10.29 2.44 0.11 3.52 5.95 1.99 1.58 0.04 60.07
RSD [%] 23 59 14 77 56 57 15 16 47 21
SA13 mM-f [wt %] 0.96 14.35 3.73 0.05 2.24 3.39 0.82 0.43 0.03 68.50
RSD [%] 29 52 13 68 50 49 38 34 87 15.12
Average South Africa [wt %] 0.91 12.29 3.05 0.10 3.01 5.73 1.26 1.11 0.03 63.56
RSD [%] 33 30 21 46 29 32 42 51 36 12
CA13 SWW1 [wt %] 0.37 33.32 1.92 0.44 10.80 19.56 2.16 0.84 0.04 18.04
RSD [%] 50 4 12 24 14 3 9 13 36 13
CA13 SWW3 [wt %] 0.29 30.22 1.81 0.44 12.25 19.58 2.21 1.17 0.04 19.46
RSD [%] 28 5 10 22 19 4 8 17 77 16
CA13 SS2 [wt %] 0.30 31.52 1.95 0.50 20.82 17.34 2.84 1.22 0.02 10.46
RSD [%] 21 32 48 43 93 27 29 27 87 60
CA13 DV1 [wt %] 0.44 28.78 1.70 0.58 15.69 19.15 2.19 1.18 0.04 16.90
RSD [%] 35 14 12 29 36 8 16 31 63 46
Average California [wt %] 0.31 27.89 1.65 0.51 14.18 18.19 2.12 1.15 0.04 19.27
RSD [%] 25 19 19 12 27 10 23 13 21 34
IS13 V1 [wt %] 0.25 39.01 1.67 0.74 12.68 20.13 2.53 1.30 0.04 9.67
RSD [%] 18 6 8 25 11 9 7 16 50 32
IS13 V2a [wt %] 0.26 35.97 1.61 0.72 14.02 19.69 2.38 1.58 0.05 9.00
RSD [%] 40 8 10 35 9 4 10 14 55 28
IS13 V3 [wt %] 0.22 32.80 1.34 0.63 10.13 17.40 2.99 1.88 0.04 17.11
RSD [%] 25 9 15 54 18 9 7 21 57 36
Average Israel [wt %] 0.24 35.93 1.54 0.70 12.28 19.08 2.63 1.59 0.04 11.92
RSD [%] 10 9 11 8 16 8 12 18 9 38
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elemental abundances. Interestingly, these two groups were collected
from two differing sampling areas within California, which are located
120–250 km apart from each other (see Table 1). An explanation
might therefore be a slightly different composition of the varnish dust
source. Nevertheless, all Californian samples have significantly higher
Pb concentrations than the samples from Israel and South Africa
(about 10 times more). The explanation therefore might be a larger Pb
input by human activity in this area, for example from the previous
use of leaded gasoline or from power plants (Nowinski et al., 2010;
Dorn et al., 2012b).

By combining EPMA with its 2 μm spatial resolution, and fs LA-ICP-
MS, each analyzed varnish coating can be extrapolated back to amanga-
nese free endmember, which differs for the various sampling locations.
Furthermore, future fs LA-ICP-MSmeasurements provide the possibility
to add compositional variations to areas of a given climate. Adding
STXM–NEXAFS at the nm scale, layers in the nm range can also be ob-
served, and C abundances and speciation can be detected and
characterized.

4. Conclusions

Rock varnishes show chemical and structural features at the μm to
nm scale. Themost striking ones are layerings, mineral grain inclusions,
and cavities within the varnish. Internal layerings in the 100–500 nm
range within the coatings are defined by differing Mn, Fe, and C abun-
dances. Cavities lined by Mn, Fe, and C rich material were found in the
underlying rocks of the Californian and Israeli samples, close to and in
contact with the varnish coating. The South African samples differ
from those from the other analyzed locations at all scales, based on ele-
mental ratios and internal structureswithoutMn and Fe layering, larger
mineral grains, and bigger cavities than the other samples.

The SiO2 contents of the Mn free end members are independent of
the composition of the underlying rock. The SiO2 concentrations in
these Mn free end members are similar to those in dust from different
locations, with 50–75% SiO2 (Moreno et al., 2006; Castillo et al., 2008).
The Israeli end member is at the lower end of the range (about 50%)
and the Californian and South African end members are in the middle
of the range of dust values (about 60%).
The analyzed coatings fromdifferent regions can be distinguished by
their elemental ratios. The Californian samples can be further separated
into two sub-regions that are about 120–250 km apart. Bulk analyses of
the coatings show that of the major elements, only Mn and Fe are
enriched in comparison to the upper continental crust (Rudnick and
Gao, 2003), whereas many trace elements, such as Pb, Co, Ni, Ba, the
REEs, U, Th, and Y, are significantly enriched. These enrichments occur
in all samples, but differ in their magnitude. Ratio plots of Pb/Ni vs.
Mn/Ba show similarities within one sampling location and significant
differences between the various regions. The MnO2/Fe2O3 ratios show
significant differences (a factor of 10 to 100) between the South
African varnish samples and those collected in Israel and California.
However, a significant positive Ce anomaly was detected in all samples,
which might be an indicator for a direct atmospheric deposition of the
REEs, and therefore an atmospheric contribution to the origin of all var-
nish coatings analyzed. A positive correlation between Ce and Mn was
observed for the Israeli and Californian varnish samples, though no cor-
relation was found concerning the South African rock varnish samples.

Carbon was found in every analyzed FIB sample, but in the Israeli
sample it was found solely along cracks and fissures. In this sample
the carbon could have been introduced subsequent to the varnish gen-
esis, unlike in the other samples, where C was detected as layers or cav-
ity linings. The C signatures, analyzed by STXM–NEXAFS, are dominated
by carboxylate functionalities and are therefore indicators of a biological
contribution to the varnish composition. Whether these organic contri-
butions triggered the varnish growth, or if the availability of a solid and
stable inorganic crust allowed organisms to accrete, or if the organic
material was incorporated from particles with an atmospheric origin
cannot be determined up to now.

Profile plots of the varnish measurements perpendicular to its
growth direction display nicely the transition metal variations within
the varnish. Such profiles display internal features, such as layerings
within the varnish, and may be used for paleoclimate reconstruction
(Dorn, 1984; Liu and Broecker, 2013). The profiles varywithin one loca-
tion and evenwithin one rock, and differ significantly between different
sampling countries.

The differences in structure and chemical composition found in our
samples suggest at least two different groups of the analyzed varnish,



Fig. 10. FIB slices with element maps to display the elemental distribution. Color keys for the multi-element maps: red: Mn; green: Fe; blue: C; yellow: Ca. a) FIB slice of IS13 V1 with
mapped varnish area and cavity fillings. b) FIB slice of SA13mM-fwith selectedmapped areas. h)Map of thewhole FIB-prepared varnish SA13mM-f. c) FIB slice of CA14 JC-8with selected
mapped area. g) FIB-prepared varnish sample CA14DV11withmapped cavityfilling and thin varnish. d), e), f) C-mapsof the samples, Cmapped inblue. d) sample IS13V1, e) sample CA14
JC-8, f) sample SA13 mM-f. The Pt coating on top of the samples (displayed in the FIB slices as a light colored cover with a gray topping) shows C enrichments that are not related to the
varnish but to the metallo-organic Pt precursor.
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one represented by the South African samples, the other by the
Californian and Israeli samples. One may even distinguish three catego-
ries, where the Israeli samples represent a third, carbon-poor category.
Further investigations are necessary to see whether the differences ob-
served here can be generalized to other regions, and how they can be
used to resolve the enigma of the formation of rock varnishes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.06.023.
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