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a b s t r a c t
The rock varnish literature hosts an abundance of prima facie contradictory empirical data. Past and perhaps
future empirical contradictions, however, can be resolved by theoretical considerations of different spatial
and temporal scales of varnish diagenesis, as well as the geomorphic position of different types of varnishes.
For example, twentieth-century contamination by lead and other heavy metals has led to claims of
accumulation rates in the last century far more rapid than prior published empirical studies. A consideration
of spatial scales resolves this contradiction; nanoscale processes allow migration of lead into varnish
deposited well before the twentieth century time of heavy metal pollution. Evidence of nanometer-scale
disequilibrium in three samples led to claims that varnish cannot be used in paleoclimatic research; these data
rest in contrast to replicable patterns in varnish deposition observed by Dr. Tanzhuo Liu and others in over ten
thousand micro-sedimentary basins. This contraction can be resolved by understanding that the types of
varnishes studied differ and that processes differ substantially between the nanoscale and the micron scale. A
lack of evidence of Mn-oxidizers in genetic analyses contrasts with culturing studies and in situ evidence of
Mn-enhancement by bacteria. This contradiction has a likely resolution in vastly different temporal scales;
DNA material analyzed may be no older than 200 years, but in situ fossilized remains of bacteria may be
preserved for thousands of years recording palaeoecological conditions favoring growth of Mn-enhancing
bacteria.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The literature on rock varnish has a long tradition of dozens of
prima facie contradictions (Dorn, 1998). Prior to World War II, for
example, most investigators believed ﬁrmly that varnish constituents
were sweated out of the rock, and observations of weathering-rinds
under varnishes provided the empirical proof (Linck, 1901; Blake,
1905; Hume, 1925); others advocated an accretionary origin based on
evidence such as the presence of varnish on rocks without manganese
(Basedow, 1914). In another example, the notion that Mn–Fe-rich
varnishes were desert phenomena (Loew, 1876; Walther, 1891)
reached its pinnacle in the mid-1950s with the observation of varnish
formation within 25 years in the Mojave Desert; the interpretation,
therefore, was that deserts like the Mojave must be the ideal climate
of formation (Engel, 1957; Engel and Sharp, 1958). This was all
despite prior observations of very similar coatings in periglacial,
crenitic, temperate, tropical, Arctic and Antarctic environments (von
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Humboldt, 1812; Lucas, 1905; Linck, 1930; Klute and Krasser, 1940;
Longwell et al., 1950; Glazovskaya, 1952; Hunt, 1954). Still others
were convinced that the spatial contiguity of lichens and varnish
(Laudermilk, 1931) implied some importance for varnish genesis,
despite contradictory observations that these organisms were erosional or adventitious (Fry, 1926; Dragovich, 1986).
This paper explores the importance of epistemology in resolving
the most recent rounds of prima facie contradictions in empirical data
on rock varnish. We propose, following a tradition of philosophers of
science (Brown, 1996; Rhoads and Thorn, 1996; Fuller, 2000; Inkpen,
2004), that the epistemological (conceptual) framework of the investigator often drives interpretation. Conversely, changing how data
are examined can resolve some apparent contradictions. In order to be
clear, we acknowledge that this paper represents a critique from
the standpoint of the authors. Furthermore, we present our own
perspective of interpreting rock varnish data that is similar to the
abductive reasoning approach of analyzing “traces of the past”
(Inkpen, 2008). We interpret ﬁeld context and microscope imagery
in terms of relationships between ongoing accretion and postdepositional diagenesis (Fig. 1) (Krinsley et al., 1990; Dorn and
Krinsley, 1991; Krinsley and Dorn, 1991; Dorn et al., 1992; Dorn,
1998; Krinsley, 1998; Krinsley et al., 2009). In our research, we
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Fig. 1. Examples of an epistemological interpretation of rock varnish in terms of the tension between ongoing accretion and post-depositional diagenesis, using back-scattered
electron microscope imagery. Scale bars are indicated. A. Dust particles coming to rest on the surface of subaerial rock varnish from the Ashikule Basin, Kunlun Mountains, Tibet.
Diagenesis occurs at the very surface of varnish with mobilization of Pb and other contemporary heavy metals from particulate fallout (Dorn, 1998: 139; Fleisher et al., 1999; Hodge
et al., 2005; Wayne et al., 2006). B. Veins ﬁlled with Mn–Fe indicate post-depositional leaching and reprecipitation in this Death Valley varnish (cf. Krinsley et al., 1990: Figures K, Q,
T2, U, V1 and V2). C. The regular layering of this Death Valley varnish is interrupted by post-depositional cation-leaching (outlined area) that enhances porosity (Dorn and Krinsley,
1991; Krinsley and Dorn, 1991). D. When the underlying surface erodes under accreting varnish, post-depositional mobilization leads to the gradual inﬁltration of varnish
constituents into opening cracks and pores (cf. Krinsley et al., 1990: Figures B), in this example into biotite from the Ashikule Basin, Kunlun Mountains, Tibet.

analyze empirical data in the context of (1) spatial scale, (2) temporal
scales of processes, (3) type of rock varnish sampled, and (4) context
of the sample with respect to the geomorphic history of the study site.
Consideration of these four perspectives has helped to resolve prior
apparent contradictions in the rock varnish literature. For example,
secondary (Potter and Rossman, 1977), back-scattered (Krinsley et al.,
1990), and high resolution transmission electron microscopy (Krinsley
et al., 1995) at different scales all revealed distinct morphologic
contacts between subaerial rock varnish and the host rock; along
with geochemical studies (Thiagarajan and Lee, 2004), the source of
varnish constituents has been resolved as being external. Light and
scanning electron microscopic observations of varnish textures and a
careful exploration of a site's geomorphic context similarly led to the
discovery that the purported 25-year-old varnish was simply a preexisting desert pavement that partially reformed after road construction (Dorn and Oberlander, 1982; Elvidge, 1982). Careful ﬁeld, electron
microscope, and chemical observations revealed that, despite physical
proximity, acid-producing lithobionts are adventitious or erode
varnish (Dragovich, 1987, 1993; Allen et al., 2004). However, it wasn't
just the presence of empirical observations that led to these
resolutions, but rather consideration of spatio-temporal scale, rock
varnish type, and geomorphic site context. We further our argument
for applying an abductive reasoning (Inkpen, 2008) to varnish
research, emphasizing the importance of temporal and spatial scales,
in an examination of several prima facie contradictions with varnish
empirical data that have arisen in the last decade.

2. Towards resolving the contradiction of heavy metal
contamination versus slow rates of formation
Rock varnish is known to form within a few decades to centuries
in wet locations such as boulders along tropical rivers, periglacial
talus, scarps in moist areas, and slag piles that do not host an abundance of acid-producing lithobionts such as lichens (Lucas, 1905;
Klute and Krasser, 1940; Buchun et al., 1986; Dorn and Meek, 1995).
In warm deserts, however, a century of anecdotal observations of
Quaternary and anthropogenic rock surfaces suggests it takes perhaps
104 years to coat completely many rock surfaces (Schweinfurth, 1903;
Basedow, 1914; Blackwelder, 1948; Iskander, 1952; Denny, 1965;
Hayden, 1976). It was not, however, until the compilation of the
microlamination data set by Liu and colleagues (Liu and Broecker,
2000; Liu et al., 2000; Zhou et al., 2000; Liu, 2003; Liu and Broecker,
2007, 2008a,b; Liu, 2010) that it was possible to obtain rates of
accretion of varnish formed on subaerial surfaces in warm desert
environments. Knowing the age of the underlying geomorphic surface
and thicknesses of varnishes accumulated in over 10,000 microsedimentary basins led to the ﬁrst comprehensive understanding
of accumulation rates; subaerial Mn-rich varnish in the Basin and
Range of the western USA, for example, accretes at the order of a few
micrometers per millennia (Dorn, 1998; Liu and Broecker, 2000).
In contrast, there has been growing evidence of rapid 20th century
formation of varnish through studies of trace metals. A “spike” in lead
was ﬁrst seen in the upper micron of varnishes in the Sonoran Desert
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(Dorn, 1998: 139). Then, CS-137 and Pb-210 were measured in rock
varnish samples collected throughout the western USA; since Pb-210
only has a half life of 22 years and Cs-137 was absent prior to nuclear
weapons testing, varnish formation would have to be rapid enough
to accommodate these observations (Fleisher et al., 1999). Detection
of alpha particles from Po-210 coming from the surfaces of rock
varnish poses the same problem (Hodge et al., 2005). Finding an
abundance of lead in the uppermost varnish collected from the Four
Corners region, interpreted to be from recent activity of coal-ﬁred
power plants (Wayne et al., 2006) or smelters (Spilde et al., 2007) also
points to 20th century varnish accumulation. Similarly, research in
metropolitan Phoenix has revealed an abundance of lead in the
surface-most micron(s) of varnish (Dorn, 2010), likely from automotive pollution.
For at least three of these metal studies (Dorn, 1998; Fleisher et al.,
1999; Dorn, 2010), the same subaerial type of rock varnish was
collected and from the similar site context of surfaces exposed by
erosion; these are the same sampling considerations as those studied
for microlaminations (Liu and Broecker, 2000). Thus, the apparent
empirical contraction cannot be explained by analyzing different
types of varnishes or by analyzing varnishes collected from different
geomorphic contexts.
One potential resolution of this apparent contradiction rests in
consideration of spatial scale, in particular processes that occur at
submicron scales. Mn–Fe oxyhydroxides are well-known scavengers
of trace metals (Gulson et al., 1992; Dong et al., 2002; Thiagarajan and
Lee, 2004). As iron oxides are notoriously unstable at the nanoscale
(Navrotsky et al., 2008), water moving over the surface of varnish,
interacting with dust (e.g. Fig. 1A), could simply supply the trace
metals that are then scavenged by Mn–Fe oxides undergoing stability
crossovers (Thiagarajan and Lee, 2004). The missing link requires,
however, that Mn–Fe oxides in varnish not be in equilibrium at the
nanoscale, facilitating ongoing scavenging of trace metals.
The polygenetic model of varnish formation explicitly depends on
a lack of equilibrium at the nanometer scale (Potter, 1979; Krinsley,
1998; McKeown and Post, 2001; Dorn, 2007). Using HRTEM imagery
for evidence, Mn and Fe appear to be mobilized from bacteria-sized
sheaths and into the feathered edges of clay minerals (Dorn, 1998;
Krinsley, 1998; Dorn, 2007). Nanoscale alteration, however, does not
cease with the initial cementation of clay minerals (Dorn, 2007). As
McKeown and Post (2001: 712) explained: “even if analysis methods
are improved, the situation will remain complicated by the ﬂexibility
and great variety of Mn oxide structures. The common elements of
these structures enable them to easily intergrow with and transform
with one another. Furthermore, many of the phases, particularly the
layered structures, readily exchange interlayer cations in response to
even slight changes in chemistry on a microscale”. Thus, 20th century
contamination does not have to require “a growth rate of 36 μm per
millennia” (Spilde et al., 2007), but rather just the scavenging of trace
elements by Mn–Fe-oxyhydroxides that accreted previously and are
in a nanometer-scale disequilibrium. This disequilibrium allows the
ongoing addition of heavy metal pollutants into previously accreted
varnish.
3. Towards resolving the issue of paleoenvironmental
interpretation of varnish microlaminations
The contrast between the light and scanning electron microscope
observations of microsedimentary basins (Liu and Broecker, 2000;
Liu et al., 2000; Zhou et al., 2000; Liu, 2003; Liu and Broecker, 2007,
2008a,b; Liu, 2010), and the opposing conclusion reached by Garvie
et al. (2008) that paleoenvironmental interpretations of varnish are
specious, exemplify the relevance of an epistemological perspective.
The “Mount Everest” of varnish data sets is the over 10,000 rock
varnish-ﬁlled millimeter-scale depressions analyzed by T. Liu and
collaborators. Using a mix of light microscopy, X-ray mapping, back-
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scattered electron microscopy, T. Liu and colleagues only analyzed
varnishes carefully sampled from subaerial rock varnishes at the
rock–atmosphere interface, well above soil surfaces, and from geomorphic positions that could not have originated in a rock fracture —
information provided in their methodological discussions. Liu and
colleagues have been careful to point out that they avoided meterscale geomorphic conditions that would lead to varnish instability, as
well as centimeter-scale microenvironmental conditions that would
lead to biogeochemical mobilization of varnish constituents (Liu and
Broecker, 2000; Liu et al., 2000; Zhou et al., 2000; Liu, 2003; Liu and
Broecker, 2007, 2008a,b; Liu, 2010). In other words, Liu and colleagues
clearly established the spatial and temporal scales of samples of a
speciﬁc type of rock varnish collected from very speciﬁc geomorphic
settings. No other data set published about varnish comes within two
orders of magnitude of the number samples studied to reach the
conclusion that millennial-scale paleoenvironmental changes are recorded by micrometer-scale rock varnish microlaminations.
To challenge the work of Liu and colleagues, as well as others who
similarly advocate the ability to identify paleoenvironmental ﬂuctuations from rock varnish (Drake et al., 1993; Cremaschi, 1996; PatykKara et al., 1997; Plakht et al., 2000; Lee and Bland, 2003; Dorn, 2007;
Zerboni and Cremaschi, 2007; Zerboni, 2008), Garvie et al. (2008,
2009) follow the geoscience tradition of using a method “that he
or she selects as appropriate to the job at hand” (Frodeman, 1995:
966). The title of Garvie et al. (2009), a “microscopists view of desert
varnish from the Sonoran Desert,” acknowledges an epistemology
that is personally familiar – in this case interpreting high resolution
transmission electron microscopy (HRTEM) – to reach a conclusion that “[o]ur results suggest continuing adjustment of varnish to
changing environmental conditions, compromising its reliability as a
paleoenvironmental indicator.” Garvie et al. (2008) analyzed only
three samples. For these samples, they (1) do not specify the type of
rock varnishes they collected, and (2) do not explain whether or not
their sample came from a geomorphic position that was formerly a
rock fracture (Coudé-Gaussen et al., 1984; Villa et al., 1995; Dorn,
1998; Cerveny et al., 2006).
The contrast in epistemology could not be greater, and the
resolution to this apparent conﬂict rests in placing empirical data in,
its spatial scale, the context of an understanding of the temporal scale
of processes, the context of the type of rock varnish sampled, and the
context of the sample with respect to the geomorphic history of the
study site.
Certainly, everyone cited above sampled some type of rock varnish, but that is not very helpful. This is not a trivial issue. There exists
a wide variety of different types of rock varnishes (e.g. see Dorn,
1998: 223). For example, Garvie et al.'s (2008) sample 1 is from
a site context that would not be used by Liu and colleagues for
paleoenvironmental analysis (Liu and Broecker, 2000; Liu et al., 2000;
Zhou et al., 2000; Liu, 2003; Liu and Broecker, 2007, 2008a,b; Liu,
2010), because it derives from too small a desert pavement clast
(Garvie et al., 2008). The photograph of varnish shown in Garvie et al.
(2009: Figure A) shows ground-line band varnish, a unique type of
varnish recognized by Engel and Sharp (1958); such a sample is
completely unsuitable for paleoenvironmental analysis because it is
heavily inﬂuenced by soil effects. Upon visitation to their sample sites
2 and 3, without knowing the exact spot of sampling, we can only
state that both sites have varnishes with a large abundance of
microcolonial fungi (Dragovich, 1993) and a high abundance of
varnishes that originated in rock fractures (Coudé-Gaussen et al.,
1984; Villa et al., 1995; Dorn, 1998; Cerveny et al., 2006).
Consider three reasonable scenarios that are entirely possible
given the abundance of these conditions in the general area where
Garvie et al. (2008) collected samples 2 and 3. Scenario 1: if the
analyzed sections came from a position on the rock within a few
millimeters of microcolonial fungi that are ubiquitous at these
sampling locales (Fig. 2A), disequilibrium from organic acids
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Fig. 2. Reasons why disequilibrium would be an expectation for many rock varnishes at
the collection sites of Garvie et al. (2008). (A) SE image of microcolonial fungi,
dissolving a pit into varnish collected near Site 3 of Garvie et al. (2008). (B) BSE image of
zones of cation leaching, outlined by the dashed lines, indicating more intense water
ﬂow in varnish collected near Site 3 of Garvie et al. (2008). In this image, varnish rests
on magnetite (bright mineral), and quartz (darker mineral).

(Dragovich, 1993) would be the expectation. Scenario 2: if Garvie
et al.'s (2008) sections came from locales within a few millimeters of
porous, cation leaching locations (Fig. 2B) (Krinsley et al., 1990; Dorn
and Krinsley, 1991), disequilibrium and “Mn-rich rimmed pores”
(cf. Garvie et al., 2008) through proximity to excessive intravarnish
water ﬂow would be expected (see Fig. J in Krinsley et al., 1990). Since
Garvie et al. analyzed samples with “crosscutting Mn-stringers” and
“Mn oxides ﬁlling cracks”, Krinsley et al. (1990) and Krinsley (1998:
Figure 4) established previously that these stringers form in conduits
for water ﬂow and reprecipitation of Mn–Fe oxides — thus disequilibrium through greater intravarnish water ﬂow would be
expected. Scenario 3: if Garvie et al. (2008) collected varnish that
originated in a rock joint, exposed by spalling (Coudé-Gaussen et al.,
1984; Villa et al., 1995; Dorn, 1998; Cerveny et al., 2006), then
disequilibrium through an adjustment to the subaerial environment
would be expected. Liu and colleagues are explicit in that they do
not interpret paleoenvironmental changes from varnishes in these

contexts (Liu and Broecker, 2000; Liu et al., 2000; Zhou et al., 2000;
Liu, 2003; Liu and Broecker, 2007, 2008a,b; Liu, 2010).
Still, if we assume that Garvie et al. (2008) actually collected the
exact same type of rock varnish used in paleoenvironmental research,
and that they collected samples from a comparable geomorphic
context of uncoated rock faces exposed by erosional processes, considerations of spatial scale resolves seemingly contradictory data. The
polygenetic model of varnish formation and its supporting evidence
(Potter, 1979; Krinsley, 1998; Dorn, 2007) require disequilibrium
between Mn, Fe and clay minerals, where nanometer-scale shifting
of Mn and Fe is the key in the weathering of clay minerals and
cementing clays together. Although not discussed by Garvie et al.
(2008, 2009), Krinsley (1998), Dorn (1998, 2007) and McKeown and
Post (2001: 712) previously argued for ongoing nanoscale alteration
of Mn-oxide structures in varnish. Garvie et al.'s (2008) observations
of ongoing nanometer-scale disequilibrium, thus, simply provide
conﬁrming evidence of the polygenetic model of varnish formation
(Potter, 1979; Dorn, 1998; Krinsley, 1998; Dorn, 2007).
Ongoing disequilibrium inside the micrometer-scale layers of varnish microlaminations analyzed by Liu and colleagues, however, does
not invalidate paleoclimatic interpretations of those microlaminations.
As Krinsley (1998, p. 721) explained: “at the spatial scale of microns…
some varnish appears quite stable with distinct layering patterns… At
the spatial scale of nanometers as viewed with HRTEM, varnish appears
to be in an open system… This is analogous to automobiles moving in
a crowded parking lot, with oxides moving around until they ﬁnd a
suitable parking space in clay minerals.” Just because cars keep moving
around inside a parking lot does not mean that the parking lot itself is
unstable as evidenced by analyses examining both micrometer and
nanometer scales (Fig. 3).
We have not seen in our research (Fig. 3; Dorn, 1998; Krinsley,
1998; Dorn, 2007) or in the literature, nor did Garvie et al. (2008,
2009) present in their papers, evidence that movement of Mn or Fe
at the nanometer-scale systematically prevents a replicable interpretation of distinct micrometer-scale layering units identiﬁed by Liu and
colleagues in their analysis of over 10,000 sedimentary microbasins
(Liu and Broecker, 2000; Liu et al., 2000; Zhou et al., 2000; Liu, 2003;
Liu and Broecker, 2007, 2008a,b; Liu, 2010). Thus, the empirical data
indicating nanometer-scale disequilibrium in rock varnish can be fully

Fig. 3. Mn-rich and Fe-rich microlaminae of rock varnish from the Coso Range of eastern California. The left image is a light microscope image of alternating Mn-rich and Fe-rich
layers that are approximately 60 μm thick. The upper right image is a HRTEM view of the most recent Mn-poor layer dominated by clay minerals. In contrast, the most recent Mn-rich
layer directly underneath still displays the granular texture of bacterial casts that are nanoscale remobilizing into adjacent clay minerals. Although nanoscale movement occurs
within the micrometer-scale microlamination, nanoscale disequilibria do not interfere with the ability to interpret VML using the calibrations of Liu and colleagues.
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compatible with paleoenvironmental micrometer-scale interpretations of rock varnish microlaminations.
4. Towards resolving the contradiction of DNA versus cultural and
in situ studies
Varnish researchers have employed four general types of strategies to understand the role of organisms in the genesis of rock varnish:
ﬁeld observations; culturing; in situ observations; and analysis of
organics in bulk samples. Prior to World War II researchers used
ﬁeld studies to connect pollen dispersal (White, 1924) and lichens
(Laudermilk, 1931) to deduce varnish genesis.
A number of researchers cultivated bacteria and fungi genera from
varnish (Krumbein, 1969; Dorn and Oberlander, 1982; Taylor-George
et al., 1983; Palmer et al., 1985; Hungate et al., 1987; Staley et al.,
1991; Adams et al., 1992; Grote and Krumbein, 1992; Eppard et al.,
1996; Sterﬂinger et al., 1999; Perry et al., 2004; Northup et al., 2010).
There have also been some small degrees of success in attempting to
use cultivated microorganisms to generate some semblance of
laboratory varnish (Dorn and Oberlander, 1982; Perry and Kolb,
2003).
Analyses of ‘bulk samples’ (i.e., those requiring the scraping of
varnish and underlying weathering rind and rock material) have
included analysis of amino acids (Warsheid, 1990; Nagy et al., 1991;
Perry and Kolb, 2003; Perry et al., 2003), isotopic analysis (Dorn and
DeNiro, 1985), analysis of fatty acid methyl esters (Schelble et al.,
2005), phospholipid fatty acids (Kuhlman et al., 2006a), and extraction of genetic material for phylogenetic insight (Eppard et al., 1996;
Perry et al., 2004; Kuhlman et al., 2005; Spilde et al., 2005; Benzerara
et al., 2006; Kuhlman et al., 2006a,b; Northup et al., 2010).
In situ studies use light (Francis, 1921; Hunt, 1954; Perﬁl'ev et al.,
1965; Khak-mun, 1966; Peck, 1986), secondary electron (Dorn and
Oberlander, 1982; Dorn et al., 1992; Flood et al., 2003; Allen et al.,
2004; Dorn, 2007; Northup et al., 2010), back-scattered electron
(Dorn and Meek, 1995; Dorn, 1998; Krinsley et al., 2009), and
transmission electron (Dorn, 1998; Krinsley, 1998; Probst et al., 2001;
Perry and Kolb, 2003) microscopy, often in tandem with X-ray
elemental analyses. A general observation persists with in situ studies,
however, that bacteria are infrequently seen on varnish surfaces
located on subaerial desert rock surfaces and even less frequently
observed as fossils in cross-sections (Jones, 1991; Dorn and Meek,
1995; Dorn, 1998; Krinsley, 1998; Probst et al., 2002; Perry et al.,
2004; Krinsley et al., 2009).
Within this burgeoning literature, increasingly tied to funding the
search for life on Mars (Perry and Kolb, 2003, 2004; Kuhlman et al.,
2006a; Perry and Lynne, 2006; Kuhlman and McKay, 2007; Perry et al.,
2007; Northup et al., 2010), two very clear contradictions have
emerged in the past few years. Whereas in situ and cultivation studies
suggest an important role for microorganisms in the oxidation and
ﬁxation of Mn and Fe, bulk sample studies have largely failed to reveal
Mn-oxidizing organisms. For example, while Kuhlman et al. (2006b:
1710) explain that it is possible that some organisms might be “able to
oxidize iron and/or manganese,” they “did not observe organisms
known to be involved in metal oxidation.”
The second apparent contradiction rests in the shear number of
implicated cultivated genera and organics measured in bulk samples.
If even a small percentage of the cultivated genera or measured bulk
organics somehow play a role in varnish genesis, rates of formation
would be orders of magnitude greater than those seen (Dorn, 1998;
Liu and Broecker, 2000). If all suspected agents in the published
literature help make varnish, then samples from desert rock surfaces
should be forming within years to decades and should entomb the
types of abundant fossil forms seen in other Mn–Fe deposits (Francis,
1921; Ferris et al., 1987; Konhauser et al., 1994; Chafetz et al., 1998;
Kennedy et al., 2003). Such a rapidly-forming sample of rock varnish
with entombed Mn-oxidizing fossils has been described at a slag pile
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(Dorn and Meek, 1995), but a slag pile differs substantially from
conditions found on natural desert rock surfaces; the slag pile has an
unusual circumstance of abundant moisture and the paucity of fungal
and lichen competitors to bacteria.
We present two possible resolutions to these prima facie
contradictions.
One resolution is to reject the role of microorganisms in the
enhancement of manganese in varnish (Linck, 1901; Engel and Sharp,
1958; Moore and Elvidge, 1982; Smith and Whalley, 1988; Perry et al.,
2006). Abiotic formation of varnish requires small pH ﬂuctuations
(Krauskopf, 1957) to explain the tremendous enrichment of Mn in
varnish. Or, nanoparticles of the iron oxide hematite can catalyze the
oxidation of Mn2+ forming nanoscale manganese minerals (Hochella
et al., 2008).
Although the abiotic processes to explain Mn oxidation proposed
decades ago (Krauskopf, 1957; Engel and Sharp, 1958) and more
recently (Madden and Hochella, 2005) have not been falsiﬁed, the
geomorphic distribution of varnish poses at least eleven obstacles
reviewed elsewhere (Dorn, 1998: 242–243). Perhaps the largest
objection to abiotic enhancement of Mn is the slow temporal scale of
varnish accretion — on the order of just a few microns per millennia
(Dorn, 1998: 230; Liu and Broecker, 2000). Varnishes that have
experienced erosional events – indicated by unconformities – are not
used in calculating these rates; thus the measured rates do appear to
represent only sequential gain.
If Mn is truly enhanced abiotically, varnish accretion should be
much faster. Each year, carbonic acid in rainfall falls on dust that has
accumulated on varnished surfaces. The abiotic explanation for
varnishing is that carbonic acid wetting leaches Mn out of the dust,
to be concentrated in varnish through a slight increase in pH as the
rain evaporates. Given known dust deposition rates and concentrations of Mn in the dust, abiotic leaching and precipitation would
generate varnishes 102 to 104 times faster than observed (Dorn, 2007:
265). Similarly, there would be no known reason why nanoparticle
hematite catalyzing events of Mn-oxidation would limit the rate
of varnish accretion to micrometers per millennia. While abiotic
varnishes should form far more rapidly than is observed, this is not a
disqualiﬁcation of the hypothesis. Rather, it is an invitation to explain
why the proposed abiotic processes should be slowed down several
orders of magnitude.
A second resolution to both apparent contradictions rests in
changing epistemological perspectives by focusing on timescale and
not method. Field, laboratory, bulk and in situ research strategies can
be reclassiﬁed into those methods that analyze organic matter less
than a few hundred years old and those that analyze material that
could be thousands of years old, or more.
There is very little information published on the residence time of
the sorts of bulk (scraped-off powders) organics used to analyze
amino acids, fatty acid methyl esters, phospholipids fatty acid, and
DNA or RNA analyses. The literature on AMS 14C dating of varnish
is not helpful because of the chemical pretreatments done on all
published samples. We have one unpublished measurement on an
untreated powdered varnish sample from the Mojave Desert, scraped
from the Manix Basin; the powdered varnish yielded a 14C age of
111.30% (ETH 12881) or essentially post-bomb carbon. Independent
insight comes from the high abundance of labile amino acids and the
lack of D-alloisoleucine; considering racemization under the extremely high temperatures found on desert rocks, Perry et al. (2003: 436)
deduced that a bulk sample would have a bulk age of “possibly less
than 200 years old”. If these speculative insights on residence time are
within a factor of ﬁve of reality, then what we have all been doing is
analogous to taking “snap shots”. The millennial pace of uniformitarianism in rock varnish formation makes it conceivable that every
single published cultivation and bulk organic analysis has simply
documented adventitious information, not truly relevant to how
microbes might form rock varnish.
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Failing to ﬁnd genetic material from Mn-oxidizing microbes in
phylogenetic analyses of a single rock sample is also expected — if the
analyzed genetic material is truly post-bomb (as suggested by the
above radiocarbon age) or less than 200 years old (as suggested by
Perry et al., 2003). Furthermore, ongoing oxidation of organic matter
and decay of even bacterial sheaths (Dorn, 1998; Krinsley, 1998; Dorn,
2007) combined with evidence for diagenetic alteration of organic
matter in a rock varnish environment (Dorn, 1997; Frink and Dorn,
2002; Cohen-Ofri et al., 2006) could make ﬁnding fossil DNA problematic. Conversely, if Mn-oxidizing microbes were found in every
bulk sample, rates of varnish formation would be much faster than
observed in deserts.
Why would an essentially random grab bag sampling strategy
(Eppard et al., 1996; Perry et al., 2004; Kuhlman et al., 2005; Spilde
et al., 2005; Benzerara et al., 2006; Kuhlman et al., 2006a,b) be expected
to yield Mn-oxidizers? The fundamental problem, not yet explored
in varnish research, is that no systematic microbial geographic insight
exists on the types of micro- and macro-environments where Mnenhancing bacteria occur. It would take an epistemological shift for
microbial ecologists to treat the problem like phytogeographers,
employing stratiﬁed random sampling schemes of analyzing genetic
material from dozens of samples from different environmental contexts to properly assess the microbial hypothesis of Mn-enhancement
through genetic analyses.
In a speculative thought exercise, it might be that varnish grows so
slowly because paleoenvironmental ﬂuctuations bring the niche of
varnish-forming organisms over a rock surface only once every few

centuries or millennia. In this “shifting niche” hypothesis, there might
be a particular environmental setting favorable for colonization
and for optimization for microbial Mn-enhancement. Although it
is unlikely that the microbial niche relates to the surrounding
vegetation, Fig. 4A is useful in illustrating the sorts of dramatic
changes that can take place in a setting now known to be a harsh arid
setting. For the sake of this thought exercise, if the Mn-varnish makers
activate only during an assemblage of Utah juniper–sagebrush
combined with Halophytic desertscrub (cf. Fig. 4A), then the Mnrich laminae in Fig. 4C and D would only grow when this “shifting
niche” occupied the site. Sampling for DNA, that had oxidized
centuries ago, would be fruitless, because the shift in varnish accretion
styles can be sudden, as illustrated by a sudden transition from Mnrich laminae to Mn-poor dust accretion (e.g. Fig. 4B). Other evidence
of varnish undergoing a sudden transition rests in the punctuated
nature of the Mn-rich microlaminae (e.g. Fig. 4C and D). The point of
this speculation is that genetic analyses of grab bag samples, not
knowing the temporal longevity of the genetic material and not
understanding the spatial context of Mn-enhancing organisms, could
be like playing the lottery. This “shifting niche” hypothesis would be
testable through a sampling strategy of bulk organics in the surﬁcial
layers of varnishes formed in different contemporary environmental
contexts.
The methods that do provide data relevant to the millennial
timescale of varnish formation in hot deserts are ﬁeld and in situ
observations. Finding in situ Mn-enhancing bacteria (Fig. 5) only
infrequently on desert rock surfaces (Taylor-George et al., 1983; Jones,

Fig. 4. Thought exercise on interpreting Mn-rich microlaminae. (A). Idealized diagram illustrating general phytogeographic changes from the last glacial maximum to the Holocene
at the Grand Canyon, Arizona, courtesy of NOAA (Betancourt, 2001). (B) High resolution back-scattered electron microscope image of varnish from the Ashikule Basin, Tibet,
illustrating a sudden transition from Mn-rich varnish to the surﬁcial Mn-poor layer. (C) and (D) show illustrations of varnish microlaminations from petroglyphs engraved along the
Snake River, Idaho, where image widths are about 20 μm.
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Fig. 5. Examples of infrequent occurrences of in situ Mn-enhancement by bacterial-forms in cross-section (A) and on surfaces (B) of subaerial rock varnishes. (A) Sample from
Ashikule Basin, Tibet; the Mn-spiked EDS (A2) derives from a ca. 1–2 μm spot on the upper right fossil bacterial form and compares with the defocused beam of just varnish (A1).
(B) Sample collected by R. Gerson from Dry Valleys, Ross Desert, Antarctica; EDS on ~ l–2-μm spot on cocci-bacterial forms (B2) has much higher abundance of Mn than defocused
~ 30 μm spot analysis of adjacent varnish material (B1). The arrow in B parallels a possible hyphae from a budding-bacteria form.

1991; Dorn and Meek, 1995; Dorn, 1998; Perry et al., 2004; Krinsley
et al., 2009) is an expectation of slow varnish accretion rates. The even
less frequent occurrence of bacterial-forms that are encrusted in Mn
and Fe in cross-section studies (Dorn and Meek, 1995; Dorn, 1998:
243–245; Krinsley, 1998; Allen et al., 2004) is similarly a reﬂection of
the slow pace of uniformitarianism in rock varnish accretion.
5. Conclusion
We argue that varnish researchers have, during the past two centuries suggested or even clearly asserted that their new data contradict prior ﬁndings. Yet, if many of these empiricists had employed a
broader epistemological perspective, such prima facie contradictions
could often be resolved simply by considering the type of varnish
collected, the geomorphic context of the collection site, and especially
the spatial and temporal scales of varnish processes.
Acknowledgements
We thank Patrick O'Hara, Sam Boggs, two anonymous reviewers,
and the editors of this issue for their fruitful feedback.
References
Adams, J.B., Palmer, F., Staley, J.T., 1992. Rock weathering in deserts: mobilization and
concentration of ferric iron by microorganisms. Geomicrobiology Journal 10,
99–114.
Allen, C., Probst, L.W., Flood, B.E., Longazo, T.G., Scheble, R.T., Westall, F., 2004. Meridiani
Planum hematite deposit and the search for evidence of life on Mars — iron
mineralization of microorganisms in rock varnish. Icarus 171, 20–30.
Basedow, H., 1914. Aboriginal rock carvings of great antiquity in South Australia.
Journal of the Royal Anthropological Institute 44, 195–211.

Benzerara, K., Chapon, V., Moreira, D., Lopez-Garcia, P., Guyot, F., Heulin, T., 2006.
Microbial diversity on the Tatahouine meteorite. Meteoritics & Planetary Science
41, 1259–1265.
Betancourt, J., 2001. Plant zonation with elevation on the Colorado Plateau from the last
glacial to the present. NOAA Paleoclimatology Paleo Slide Set. http://www.ncdc.
noaa.gov/paleo/slides/slideset/16/16_320_slide.html.
Blackwelder, E., 1948. Historical signiﬁcance of desert lacquer. Geological Society of
America Bulletin 59, 1367.
Blake, W.P., 1905. Superﬁcial blackening and discoloration of rocks especially in desert
regions. Transactions of the American Institute of Mining Engineers 35, 371–375.
Brown, H.I., 1996. The methodological roles of theory in science. In: Rhoads, B.L., Thorn,
C.E. (Eds.), The Scientiﬁc Nature of Geomorphology. Proceedings of the 27th
Binghamton Symposium in Geomorphology. Wiley, Chichester, pp. 3–20.
Buchun, Z., Yuhua, L., Shunmin, G., Wallace, R.E., Bucknam, R.C., Hanks, T.C., 1986. Fault
scarps related to the 1739 earthquake and seismicity of the Yinchuan graben,
Ningzia Huizu Zizhiqu, China. Bulletin of the Seismological Society of America 76,
1253–1287.
Cerveny, N.V., Kaldenberg, R., Reed, J., Whitley, D.S., Simon, J., Dorn, R.I., 2006. A new
strategy for analyzing the chronometry of constructed rock features in deserts.
Geoarchaeology 21, 181–203.
Chafetz, H.S., Akdim, B., Julia, R., Reid, A., 1998. Mn- and Fe-rich black travertine shrubs:
bacterially (and nanobacterially) induced precipitates. Journal of Sedimentary
Research 68, 404–412.
Cohen-Ofri, I., Weiner, L., Boaretto, E., Mintz, G., Weiner, S., 2006. Modern and fossil
charcoal: aspects of structure and diagenesis. Journal of Archaeological Science 33,
428–439.
Coudé-Gaussen, G., Rognon, P., Federoff, N., 1984. Piegeage de poussières éoliennes
dans des ﬁssures de granitoides due Sinai oriental. Comptes Rendus de l'Academie
des Sciences de Paris II 298, 369–374.
Cremaschi, M., 1996. The desert varnish in the Messak Sattafet (Fezzan, Libryan Sahara),
age, archaeological context and paleo-environmental implication. Geoarchaeology
11, 393–421.
Denny, C.S., 1965. Alluvial fans in the Death Valley region of California and Nevada. U.S.
Geological Survey Professional Paper, 466.
Dong, D., Hua, X., Zhonghua, L., 2002. Lead adsorption to metal oxides and organic material
of freshwater surface coatings determined using a novel selective extraction method.
Environmental Pollution 119, 317–321.
Dorn, R.I., 1997. Constraining the age of the Côa valley (Portugal) engravings with
radiocarbon dating. Antiquity 71, 105–115.
Dorn, R.I., 1998. Rock Coatings. Elsevier, Amsterdam. 429 pp.

98

R.I. Dorn, D. Krinsley / Geomorphology 130 (2011) 91–99

Dorn, R.I., 2007. Rock varnish. In: Nash, D.J., McLaren, S.J. (Eds.), Geochemical Sediments
and Landscapes. Blackwell, London, pp. 246–297.
Dorn, R.I., 2010. Debris ﬂows from small catchments of the Ma Ha Tuak Range,
Metropolitan Phoenix, Arizona. Geomorphology 120, 339–352.
Dorn, R.I., DeNiro, M.J., 1985. Stable carbon isotope ratios of rock varnish organic
matter: a new paleoenvironmental indicator. Science 227, 1472–1474.
Dorn, R.I., Krinsley, D.H., 1991. Cation-leaching sites in rock varnish. Geology 19,
1077–1080.
Dorn, R.I., Meek, N., 1995. Rapid formation of rock varnish and other rock coatings on
slag deposits near Fontana. Earth Surface Processes and Landforms 20, 547–560.
Dorn, R.I., Oberlander, T.M., 1982. Rock varnish. Progress in Physical Geography 6,
317–367.
Dorn, R.I., Krinsley, D.H., Liu, T., Anderson, S., Clark, J., Cahill, T.A., Gill, T.E., 1992.
Manganese-rich rock varnish does occur in Antarctica. Chemical Geology 99, 289–298.
Dragovich, D., 1986. Weathering of desert varnish by lichens. 21st I.A.G. Proceedings,
pp. 407–412.
Dragovich, D., 1987. Weathering of desert varnish by lichens. In: Conacher, A. (Ed.),
Readings in Australian Geography. Proceedings of the 21st IAG Conference, Perth,
pp. 407–412.
Dragovich, D., 1993. Distribution and chemical composition of microcolonial fungi and
rock coatings from arid Australia. Physical Geography 14, 323–341.
Drake, N.A., Heydeman, M.T., White, K.H., 1993. Distribution and formation of rock
varnish in southern Tunisia. Earth Surface Processes and Landforms 18, 31–41.
Elvidge, C.D., 1982. Reexamination of the rate of desert varnish formation reported
south of Barstow, California. Earth Surface Processes and Landforms 7, 345–348.
Engel, C.G., 1957. Desert varnish. M. Sc. Thesis, University of California at Los Angeles,
Los Angeles, 46 pp.
Engel, C.G., Sharp, R.S., 1958. Chemical data on desert varnish. Geological Society of
America Bulletin 69, 487–518.
Eppard, M., Krumbein, W.E., Koch, C., Rhiel, E., Staley, J.T., Stackebrandt, E., 1996.
Morphological, physiological, and molecular characterization of actinomycetes
isolated from dry soil, rocks, and monument surfaces. Archives of Microbiology
166, 12–22.
Ferris, F.G., Fyfe, W.S., Beveridge, T.J., 1987. Manganese oxide deposition in a hot spring
microbial mat. Geomicrobiology Journal 5, 33–42.
Fleisher, M., Liu, T., Broecker, W., Moore, W., 1999. A clue regarding the origin of rock
varnish. Geophysical Research Letters 26 (1), 103–106.
Flood, B.E., Allen, C., Longazo, T., 2003. Microbial fossils detected in desert varnish.
Astrobiology 2 (4), 608.
Francis, W.D., 1921. The origin of black coatings of iron and manganese oxides on rocks.
Proceedings of the Royal Society of Queensland 32, 110–116.
Frink, D.S., Dorn, R.I., 2002. Beyond taphonomy: pedogenic transformations of the
archaeological record in monumental earthworks. Journal of the Arizona-Nevada
Academy of Sciences 34, 24–44.
Frodeman, R., 1995. Geological reasoning: geology as an interpretive and historical
science. Geological Society of America Bulletin 107, 960–968.
Fry, E.J., 1926. The mechanical actions of the corticolous lichens. Annals of Botany 40,
397–417.
Fuller, S., 2000. Thomas Kuhn: a Philosophical History for our Times. University Chicago
Press, Chicago. 496 pp.
Garvie, L.A.J., Burt, D.M., Buseck, P.R., 2008. Nanometer-scale complexity, growth, and
diagenesis in desert varnish. Geology 36, 215–218.
Garvie, L.A.J., Burt, D.M., Buseck, P.R., 2009. A microscopists view of desert varnish from
the Sonoran Desert. Lunar and Planetary Science Conference, 40 (1344.pdf).
Glazovskaya, M.A., 1952. Facteurs biologiques de l'altération dans les hautes montagnes.
Priroda (Moscow) 12, 106–110.
Grote, G., Krumbein, W.E., 1992. Microbial precipitation of manganese by bacteria and
fungi from desert rock and rock varnish. Geomicrobiology 10, 49–57.
Gulson, B.L., Church, S., Mizon, K., Meier, A., 1992. Lead isotopes in iron and manganese
oxide coatings and their use as an exploration guide for concealed mineralization.
Applied Geochemistry 7, 495–511.
Hayden, J., 1976. Pre-altithermal archaeology in the Sierra Pinacate, Sonora, Mexico.
American Antiquity 41, 274–289.
Hochella, M.F., Lower, S.K., Maurice, P.A., Penn, R.L., Sahai, N., Sparks, D.L., Twining, B.S.,
2008. Nanominerals, mineral nanoparticles, and earth systems. Science 319,
1631–1635.
Hodge, V.F., Farmer, D.E., Diaz, T.A., Orndorff, R.L., 2005. Prompt detection of alpha
particles from Po-210: another clue to the origin of rock varnish? Journal of
Environmental Radioactivity 78, 331–342.
Hume, W.F., 1925. The Surface Features of Egypt, their Determining Causes and
Relation to Geologic Structure. Geology of Egypt, Volume 1. Government Press,
Cairo, pp. 143–161.
Hungate, B., Danin, A., Pellerin, N.B., Stemmler, J., Kjellander, P., Adams, J.B., Staley, J.T.,
1987. Characterization of manganese-oxidizing (MnII –N MnIV) bacteria from
Negev Desert rock varnish: implications in desert varnish formation. Canadian
Journal of Microbiology 33, 939–943.
Hunt, C.B., 1954. Desert varnish. Science 120, 183–184.
Inkpen, R.J., 2004. Science, Philosophy and Physical Geography. Routledge, London. 336 pp.
Inkpen, R.J., 2008. Explaining the past in the geosciences. Philosophia 36, 495–507.
Iskander, Z., 1952. Desert varnish and mortar of the Rhomboidal pyramid at Dahshur.
Annales du Service des Antiquités de l'Egypt 52, 271–274.
Jones, C.E., 1991. Characteristics and origin of rock varnish from the hyperarid coastal
deserts of northern Peru. Quaternary Research 35, 116–129.
Kennedy, C.B., Scott, S.D., Ferris, F.G., 2003. Characterization of bacteriogenic iron
oxide deposits from Axial Volcano, Juan de Fuca Ridge, Northeast Paciﬁc Ocean.
Geomicrobiology Journal 20, 199–214.

Khak-mun, T., 1966. Iron- and manganese-oxidizing microorganisms in soils of South
Sakhalin. Microbiology 36 (2), 276–281.
Klute, F., Krasser, L.M., 1940. Über wüstenlackbildung im Hochgebirge. Petermanns
Geographische Mitteilungen 86, 21–22.
Konhauser, K.O., Fyfe, W.S., Schultze-Lam, S., Ferris, F.G., Beveridge, T.J., 1994. Iron
phosphate precipitation by epilithic microbial bioﬁlms in Arctic Canada. Canadian
Journal of Earth Sciences 31, 1320–1324.
Krauskopf, K.B., 1957. Separation of manganese from iron in sedimentary processes.
Geochimica et Cosmochimica Acta 12, 61–84.
Krinsley, D., 1998. Models of rock varnish formation constrained by high resolution
transmission electron microscopy. Sedimentology 45, 711–725.
Krinsley, D., Dorn, R.I., 1991. New eyes on eastern California rock varnish. California
Geology 44 (5), 107–115.
Krinsley, D., Dorn, R.I., Anderson, S., 1990. Factors that may interfere with the dating of
rock varnish. Physical Geography 11, 97–119.
Krinsley, D.H., Dorn, R.I., Tovey, N.K., 1995. Nanometer-scale layering in rock varnish:
implications for genesis and paleoenvironmental interpretation. Journal of Geology
103, 106–113.
Krinsley, D., Dorn, R.I., DiGregorio, B.E., 2009. Astrobiological implications of rock
varnish in Tibet. Astrobiology 9, 551–562.
Krumbein, W.E., 1969. Über den Einﬂuss der Mikroﬂora auf die Exogene Dynamik
(Verwitterung und Krustenbildung). Geologische Rundschau 58, 333–363.
Kuhlman, K.R., McKay, C.P., 2007. Occurrence of rock varnish at Yungay, Atacama
Desert, Chile. Lunar and Planetary Science 38 (2251.pdf).
Kuhlman, K.R., Allenbach, L.B., Ball, C.L., Fusco, W.G., La_Duc, M.T., Kuhlman, G.M.,
Anderson, R.C., Stuecker, T., Erickson, I.K., Benardini, J., Crawford, R.L., 2005.
Enumeration, isolation, and characterization of ultraviolet (UV-C) resistant bacteria
from rock varnish in the Whipple Mountains, California. Icarus 174, 585–595.
Kuhlman, K.R., Fusco, W.G., Duc, M.T.L., Allenbach, L.B., Ball, C.L., Kuhlman, G.M.,
Anderson, R.C., Erickson, K., Stuecker, T., Benardini, J., Strap, J.L., Crawford, R.L.,
2006a. Diversity of microorganisms within rock varnish in the Whipple Mountains,
California. Applied and Environmental Microbiology 72, 1708–1715.
Kuhlman, K.R., McKay, C.P., Venkat, P., La Duc, M.T., Kulman, G.M., Principe, E., 2006b.
Microbial fauna associated with rock varnish at Yungay, Atacama Desert, Chile.
Astrobiology 6, 153–154.
Laudermilk, J.D., 1931. On the origin of desert varnish. American Journal of Science 21,
51–66.
Lee, M.R., Bland, P.A., 2003. Dating climatic change in hot deserts using desert varnish
on meteorite ﬁnds. Earth and Planetary Science Letters 206, 187–198.
Linck, G., 1901. Über die dunkelen Rinden der Gesteine der Wüste. Jenaische Zeitschrift
für Naturwissenschaft 35, 329–336.
Linck, G., 1930. Die Schutzrinden. Handbuch der Bodenlehre 3, 490–505.
Liu, T., 2003. Blind testing of rock varnish microstratigraphy as a chronometric
indicator: results on late Quaternary lava ﬂows in the Mojave Desert, California.
Geomorphology 53, 209–234.
Liu, T., 2010. VML dating lab. http://www.vmldating.com/ last accessed 1 May 2010.
Liu, T., Broecker, W.S., 2000. How fast does rock varnish grow? Geology 28, 183–186.
Liu, T., Broecker, W.S., 2007. Holocene rock varnish microstratigraphy and its
chronometric application in drylands of western USA. Geomorphology 84, 1–21.
Liu, T., Broecker, W.S., 2008a. Rock varish evidence for latest Pleistocene millennialscale wet events in the drylands of western United States. Geology 36, 403–406.
Liu, T., Broecker, W.S., 2008b. Rock varnish microlamination dating of late Quaternary
geomorphic features in the drylands of the western USA. Geomorphology 93,
501–523.
Liu, T., Broecker, W.S., Bell, J.W., Mandeville, C., 2000. Terminal Pleistocene wet
event recorded in rock varnish from the Las Vegas Valley, southern Nevada.
Palaeogeography, Palaeoclimatology, Palaeoecology 161, 423–433.
Loew, O., 1876. Appendix JJ, U.S. Geographic and Geological Surveys West of the One
Hundredth Meridian. Annual Report. Chief of Engineers, Washington D.C., p. 179.
Longwell, C.R., Knopf, A., Flint, R.F., 1950. Physical Geology, Third edition. Wiley,
New York.
Lucas, A., 1905. The Blackened Rocks of the Nile Cataracts and of the Egyptian Deserts.
National Printing Department, Cairo. 58 pp.
Madden, A.S., Hochella, M.F., 2005. A test of geochemical reactivity as a function
of mineral size: manganese oxidation promoted by hematite nanoparticles.
Geochimica et Cosmochimica Acta 69, 389–398.
McKeown, D.A., Post, J.E., 2001. Characterization of manganese oxide mineralogy in
rock varnish and dendrites using X-ray absorption spectroscopy. American
Mineralogist 86, 701–713.
Moore, C.B., Elvidge, C.D., 1982. Desert varnish. In: Bender, G.L. (Ed.), Reference
Handbook on the Deserts of North America. Greenwood Press, Westport, CT,
pp. 527–536.
Nagy, B., Nagy, L.A., Rigali, M.J., Jones, W.D., Krinsley, D.H., Sinclair, N., 1991. Rock
varnish in the Sonoran Desert: microbiologically mediated accumulation of
manganiferous sediments. Sedimentology 38, 1153–1171.
Navrotsky, A., Mazeina, L., Majzlan, J., 2008. Size-driven structural and thermodynamic
complexity in iron oxides. Science 319, 1635–1638.
Northup, D.E., Snider, J.R., Spilde, M.N., Porter, M.L., van de Kamp, J.L., Boston, P.J.,
Nyberg, A.M., Bargar, J.R., 2010. Diversity of rock varnish bacterial communities
from Black Canyon, New Mexico. Journal of Geophysical Research 115 (G02007).
doi:10.1029/2009JG001107.
Palmer, F.E., Staley, J.T., Murray, R.G.E., Counsell, T., Adams, J.B., 1985. Identiﬁcation of
manganese-oxidizing bacteria from desert varnish. Geomicrobiology Journal 4,
343–360.
Patyk-Kara, N.G., Gorelikova, N.V., Plakht, J., Nechelyustov, G.N., Chizhova, I.A., 1997.
Desert varnish as an indicator of the age of Quaternary formations (Makhtesh

R.I. Dorn, D. Krinsley / Geomorphology 130 (2011) 91–99
Ramon Depression, Central Negev). Transactions (Doklady) of the Russian Academy
of Sciences/Earth Science Sections 353A, 348–351.
Peck, S.B., 1986. Bacterial deposition of iron and manganese oxides in North American
caves. NSS Bulletin 48, 26–30.
Perﬁl'ev, B.V., Gabe, D.R., Gal'perina, A.M., Rabinovich, V.A., Sapotnitskii, A.A., Sherman, É.É.,
Troshanov, É.P., 1965. Applied Capillary Microscopy. The Role of Microorganisms in
the Formation of Iron–Manganese Deposits. Consultants Bureau, New York. 233 pp.
Perry, R.S., Kolb, V.M., 2003. Biological and organic constituents of desert varnish:
review and new hypotheses. In: Hoover, R.B., Rozanov, A.Y. (Eds.), Instruments,
Methods, and Missions for Astrobiology VII. SPIE, Bellingham, pp. 202–217.
Perry, R.S., Kolb, V.M., 2004. From Darwin to Mars: desert varnish as a model for
preservation of complex (bio)chemical systems. Proceedings of SPIE 5163.
Perry, R.S., Lynne, B.Y., 2006. New insights into natural records of planetary surface
environments: the role of silica in the formation and diagenesis of desert varnish
and siliceous sinter. Lunar and Planetary Science 37, 1292.
Perry, R.S., Engel, M., Botta, O., Staley, J.T., 2003. Amino acid analyses of desert varnish
from the Sonoran and Mojave deserts. Geomicrobiology Journal 20, 427–438.
Perry, R.S., Dodsworth, J., Staley, J.T., Engel, M.H., 2004. Bacterial Diversity in Desert
Varnish, Third European Workshop on Exo/Astrobiology, Mars: the Search for Life.
European Space Agency Publications, Netherlands, pp. 259–260.
Perry, R.S., Lynne, B.Y., Sephton, M.A., Kolb, V.M., Perry, C.C., Staley, J.T., 2006. Baking
black opal in the desert sun: the importance of silica in desert varnish. Geology 34,
537–540.
Perry, R.S., Mcloughlin, N., Lynne, B.Y., Sephton, M.A., Oliver, J.D., Perry, C.C., Campbell, K.,
Engel, M.H., Farmer, J.D., Brasier, M., Staley, J.T., 2007. Deﬁning biominerals and
organic minerals: direct and indirect indicators of life. Sedimentary Geology 201,
157–179.
Plakht, J., Patyk-Kara, N., Gorelikova, N., 2000. Terrace pediments in Makhtesh Ramon,
central Negev, Israel. Earth Surface Processes and Landforms 25, 29–30.
Potter, R.M., 1979. The tetravalent manganese oxides: clariﬁcation of their structural
variations and relationships and characterization of their occurrence in the
terrestrial weathering environment as desert varnish and other manganese oxides.
Ph.D. Dissertation. Ph.D. Dissertation Thesis, California Institute of Technology,
Pasadena, 245 pp.
Potter, R.M., Rossman, G.R., 1977. Desert varnish: the importance of clay minerals.
Science 196, 1446–1448.
Probst, L., Thomas-Keprta, K., Allen, C., 2001. Desert varnish: preservation of microfossils
and biofabric (Earth and Mars?). GSA abstracts with programs. http://gsa.confex.
com/gsa/2001AM/ﬁnalprogram/abstract_27826.htm.
Probst, L.W., Allen, C.C., Thomas-Keprta, K.L., Clemett, S.J., Longazo, T.G., NelmanGonzalez, M.A., Sams, C., 2002. Desert varnish — preservation of biofabrics and
implications for Mars. Lunar and Planetary Science 33 (1764.pdf).
Rhoads, B.L., Thorn, C.E., 1996. Towards a philosophy of geomorphology. In: Rhoads, B.L.,
Thorn, C.E. (Eds.), The Scientiﬁc Nature of Geomorphology. Proceedings of the 27th
Binghamton Symposium in Geomorphology. Wiley, Chichester, pp. 115–143.
Schelble, R., McDonald, G., Hall, J., Nealson, K., 2005. Community structure comparison using FAME analysis of desert varnish and soil, Mojave Desert, California.
Geomicrobiology Journal 22, 353–360.

99

Schweinfurth, G., 1903. Aegyptische tierbilder als Kieselartefakte. Die Umschau 7, 806.
Smith, B.J., Whalley, W.B., 1988. A note on the characteristics and possible origins of
desert varnishes from southeast Morocco. Earth Surface Processes and Landforms
13, 251–258.
Spilde, M.N., Boston, P.J., Northup, D., Dichosa, A., 2005. Surface and subsurface
manganese microbial environments. Geological Society of America Abstracts with
Programs 37 (7) (October 16–19 Meeting), p. 267.
Spilde, M.N., Boston, P.J., Northup, D.E., 2007. Growth rate of rock varnish determined
from high lead concentrations on rocks at Socorro, New Mexico. Geological Society
of America Abstracts with Programs 39 (6), 105.
Staley, J.T., Adams, J.B., Palmer, F.E., 1991. Desert varnish: a biological perspective. Soil
Biochemistry 7, 173–195.
Sterﬂinger, K., Krumbein, W.E., Lallau, T., Rullkötter, J., 1999. Microbially mediated
orange patination of rock surfaces. Ancient Biomolecules 3, 51–65.
Taylor-George, S., Palmer, F.E., Staley, J.T., Borns, D.J., Curtiss, B., Adams, J.B., 1983. Fungi
and bacteria involved in desert varnish formation. Microbial Ecology 9, 227–245.
Thiagarajan, N., Lee, C.A., 2004. Trace-element evidence for the origin of desert varnish
by direct aqueous atmospheric deposition. Earth and Planetary Science Letters 224,
131–141.
Villa, N., Dorn, R.I., Clark, J., 1995. Fine material in rock fractures: aeolian dust or
weathering? In: Tchakerian, V. (Ed.), Desert Aeolian Processes. Chapman & Hall,
London, pp. 219–231.
von Humboldt, A., 1812. Personal Narrative of Travels to the Equinoctial Regions of
America during the Years 1799–1804 V. II. (Translated and Edited by T. Ross in
1907) George Bell & Sons, London. 521 pp.
Walther, J., 1891. Die Denudation in der Wüste. Akademi der Wissenschaften:
Mathematischk-Physicalische Klasse. Abhandlungen 16, 435–461.
Warsheid, T., 1990. Untersuchungen zur Biodeterioration von Sandsteinen unter
besonderer Berücksichtigung der chemoorganotrophen Bakterien. Ph.D. Dissertation Thesis, Universität Oldenburg, Oldenburg.
Wayne, D.M., Diaz, T.A., Fairhurst, R.J., Orndorff, R.L., Pete, D.V., 2006. Direct majorand trace-element analyses of rock varnish by high resolution laser ablation
inductively-coupled plasma mass spectrometry (LA-ICPMS). Applied Geochemistry
21, 1410–1431.
White, C.H., 1924. Desert varnish. American Journal of Science 7, 413–420.
Zerboni, A., 2008. Holocene rock varnish on the Messak plateau (Libyan Sahara):
chronology of weathering processes. Geomorphology 102, 640–651.
Zerboni, A., Cremaschi, M., 2007. Rock varnish on the Messak plateau (Libyan Sahara):
chronology of weathering processes. Geophysical Research Abstracts 9(SRef-ID:
1607-7962/gra/EGU2007-A-08829), p. 08829.
Zhou, B.G., Liu, T., Zhang, Y.M., 2000. Rock varnish microlaminations from northern
Tianshan, Xinjiang and their paleoclimatic implications. Chinese Science Bulletin
45, 372–376.

