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AB STRACT

Fossil remnants of bacteria involved in the enhancement of manganese and iron rarely occur within the micro-
stratigraphy of rock varnishes collected from warm desert environments, because varnish formation processes ulti-
mately destroy these microfossils through remobilization of Mn-Fe and reprecipitation in a clay-mineral matrix. In
contrast, Mn-Fe encrustations on budding bacteria commonly occur within varnishes that formed within just a
century along the Erie Barge Canal, New York. Nanoscale imagery and elemental analyses reveal that these budding
bacterial forms greatly enhance Mn, Fe, or both in encrustations surrounding hyphae and cells. The Mn and Fe
precipitates have a granular texture on the scale of !1 nm to ∼10 nm. The precipitates also have a stringy texture,
where strings are typically only a few nanometers wide. These in situ observations are consistent with expectations
from studies of budding-bacteria cultures and with the polygenetic model of varnish formation. Given that the Erie
Canal site presents the fastest known rate of varnishing, with typical thicknesses around 15 mm formed in a century,
only one or two budding bacteria encrusting Mn-Fe oxides each year would be sufficient to generate the observed Erie
Canal varnish. This contrasts with one bacterium growing every ∼400 y being needed to generate observed rates of
varnishing in typical warm desert settings.

Introduction

Aristovskaya (1961) described two species of bud-
ding bacteria able to enhance manganese and iron.
Hirsch and Conti (1964) then examined budding
and hyphae-producing bacteria (Labrenz 2004). One
of budding bacteria’s characteristics noted by Aris-
tovskaya, Hirsch, students, and colleagues involves
encrustation of cells with manganese and iron ox-
ides (Aristovskaya andZavarzin 1971; Aristovskaya
and Hirsch 1974; Hirsch 1974; Ghiorse and Hirsch
1979; Ghiorse 1984; Hirsch et al. 1995). Certainly,
budding bacteria are not the only type of bacteria or
fungi able to oxidize and enhance manganese (Neal-
son and Tebo 1980; Tebo et al. 2004, 2005; Nealson
2006), but budding bacteria are the focus of this

study because genera such asHyphomicrobium and
Pedomicrobium can continue to grow away from
Mn and Fe encrustation by budding cells from their
hyphae (Aristovskaya 1963; Tyler andMarshall 1967a,
1967b; Tebo et al. 2005; Braun et al. 2009).
Budding bacteria able to precipitate manganese

and iron oxides grow on rock varnishes found in
warm deserts, as noted through in situ observations
using a combination of secondary electron (SE) im-
agery and energy-dispersive spectroscopy of X-rays
(EDS; Krumbein 1969; Dorn and Oberlander 1981a,
1982; Krumbein and Jens 1981). Budding bacterial
forms concentrating Mn and Fe on rock varnishes
also occur in cold desert settings such as Tibet
(Krinsley et al. 2009; Wang et al. 2011), in Italy (Es-
posito et al. 2015), and along tropical rivers (Dorn
et al. 2012; Keim et al. 2015). In situ observations
also reveal that budding bacteria produce Mn-rich
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deposits on rocks in such varied environments as
mountain soils (Khak-mun 1966, 1968), acid mine
drainage (Tebo et al. 2005), and caves (Northrup
et al. 2003; Lozano and Rossi 2012). Culturing
studies indicate the presence of budding bacteria
Pedomicrobium sp. and Metallogenium sp. (Dorn
and Oberlander 1981a, 1982), a new species of Pe-
domicrobium (Taylor-George et al. 1983), and a
prostate budding bacterium similar in morphology
to Hyphomicrobium-Hyphomonas sp. (Palmer et al.
1985), andGeodermatophilus sp. has been sequenced,
can express a budding form (Ivanova et al. 2010),
and occurs in association with Mn oxidation in var-
nish (Hungate et al. 1987).

The occurrence of microbial fossils of budding
bacteria within varnish microstratigraphy, how-
ever, has not been reported previously. In general,
microfossils within varnish layers typically remains
quite rare in warm deserts (Dorn 1998, 2009; Dorn
and Krinsley 2011), because ongoing diagenesis mo-
bilizes the Mn and Fe from the casts of bacterial
cells. The Mn-Fe then moves into clay structures
(Dorn 1998, 2007; Krinsley 1998; Krinsley et al. 2013).
Anomalously fast-growing varnishes, such as those
found at the Fontana slag site in California, in con-
trast, contain an abundance of Mn-encrusted micro-
fossils within varnish (Dorn and Meek 1995).

The general significance of microbial enhance-
ment of Mn and Fe rests in a possible explanatory
mechanism for high concentrations of Mn-Fe oxides
found in rock (or desert) varnish (von Humboldt
1812; Linck 1900; Lucas 1905; Basedow 1914; Engel
and Sharp 1958; Dorn and Oberlander 1982). The
main contribution of this article rests in presenting
the first in situ evidence of budding bacterial forms
observed directly enhancing both Mn and Fe inside
varnish stratigraphy, using nanoscale electron mi-
croscope imagery and chemical analyses. A key to
this study is the natural laboratory of very rapid
varnish formation at an Erie BargeCanal study site in
New York, where rock varnish completely coats
quarried sandstone in a century.

Study Site

Prior initial research into the nature of Mn-rich
rock coatings in New York identified an area along
the Erie Canal as a site of varnish growth within a
century (Krinsley et al. 2012). The sample(s) col-
lected for further study onNovember 25, 2014, came
from a fine-grained red Medina sandstone weigh-
ing approximately 9 kg and measuring 30.4 cm #
22.8 cm # 5.1 cm (fig. 1A). The clast is at the top of
the north bank on the Erie Canal Heritage Trail in
Holley, New York (43.2544827N, 78.0792117W).

The area has a humid continental climate heavily
influenced by both Lake Erie and Lake Ontario,
where between 710 and 1600 mm of precipitation
falls annually. Western New York is known for its
lake-effect snows, usually most active between No-
vember and February, that can result in highly local-
ized intense snow events. Average annual lake-effect
snows exceed 380 cm downwind of Lake Erie and 510
cmdownwind of LakeOntario. Average annual cloud
cover is 71%–75%.

The ErieCanal runs from east towest acrossmost
of New York State, 584 km from Albany to Buffalo,
having a north bank and a south bank. The sampled
north bank of the canal is the original tow path used
by early merchants, who had large barges loaded
with goods that were “towed” by mules or horses.
With the advent of steam-powered boats, wave wash
eroded the tow path and damaged the canal clay bed.
By 1905 a canal expansion project, authorized by the
New York State Legislature, utilized steam and later
diesel tugs and replaced the old Erie Canal in 1918
(Percy 1993).

Both banks of the larger canal were then lined
with 25–30-cm boulders that included the Medina
sandstone, granite, and limestone. Annual dredging
operations still ongoing to this day by canal main-
tenance workers use excavators (fig. 1D) to reclaim
riprap that tumbles to the bottom of the canal. This
dredging is done during winter months, when the
canal is drained of most of its water (fig. 1B). Clay
and silt at the bottom of the canal are also pulled up
with the reclaimed riprap and placed back into the
areas from where it had fallen from the banks. The
majority of the varnished sandstone and some gran-
ite rocks occur about 1.5 m above the canal water
line on a limited section approximately 55 cm wide
at the top of the north bank. Rocks below this level
and going to the water line appear relatively free of
varnish, perhaps related to frequent soakings from
the waves caused by passing boats. Another factor
related to dredging operations could be the place-
ment of dredged clays (fig. 1D) on sandstone surfaces
(fig. 2), since clays are known to be a key component
of varnish accretionary processes (Potter and Ross-
man 1977;Dorn andOberlander 1982; Krinsley et al.
1995; Israel et al. 1997; Krinsley 1998; Diaz et al.
2002; Probst et al. 2002).

Field surveys of the Erie Canal from Lockport to
Holley, New York, revealed the presence of rock
varnish onmany of the sandstone and granitic rocks
on the north bank (fig. 1C), although limestone
clasts lack varnish. The red and gray sandstones
derive from a quarry in the Medina Group of the
lower Silurian (Duke 1991; Brett et al. 1995). When
these fine-grained red and gray Medina sandstone
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Figure 1. The study area is between Lockport and Rochester along the Erie Canal, where the base map is the USGS
National Map. A, Varnished red sandstone boulder (arrow) selected for sampling. B, Wintertime view of riprap that
has fallen to the bottom of the drained canal and will be dredged up before the spring boating season begins.
C, Summer view of a varnished sandstones intermixed with unvarnished limestone riprap near the top of the canal.
D, Erie Canal dredging of riprap and the thick layer of clay and silt mixed in with the reclaimed riprap. A color version
of this figure is available online.



rocks were originally hand-drilled and blasted out
from local quarries in the early twentieth century
(with most quarries abandoned by 1920), they were
graded either as building stones or for use as riprap
along the banks of the canal. All the rock material
graded for use as riprap was originally hand-placed
on the banks by Erie Canal workers working from
barges.

Varnishing could have started immediately after
quarrying or well after quarrying, because it is dis-
tinctly possible that the process of clasts falling
down into the canal, followed by dredging, allowed
Mn/Fe oxidizers that could have originated in the
canal waters to inhabit rock surfaceswhile theywere
inundated. Thus, the maximum age of the Erie Barge
Canal varnishes would be a century. The minimum
age would be sometime before 2012, when the sec-
ond author initiated field observations.

Riprap on the north-facing south bank of the Erie
Canal does not host rock varnish. Sandstone blocks
in the quarries abandoned in the 1920s similarly do
not show any varnish development, and these quarry
exposures also face north. The lack of varnish devel-

opment in these more mesic settings could be due
to greater competition from lithobionts such as
fungi, algae, and moss that prefer the greater mois-
ture abundance that shaded locations offer.

Today all of the various rocks making up the rip-
rap lining the banks of the Erie Canal have some
degree of microbial weathering, with colonies of
cyanobacteria, fungi, lichens, and iron films appar-
ent to the naked eye. Canal maintenance workers
today replace old riprap with only dolomite, while
sandstone riprap fell out of use after the sandstone
quarries were abandoned by 1920. This makes the
Erie Canal a candidate for geomicrobiology studies
of in situ lithobiontic communities that can be
dated to within a century where a combination of
quarried sandstone, granite, and limestonewere orig-
inally used as riprap to line the canal banks against
erosion.

Methods

The process of sample preparation for imaging with
scanning transmission electronmicroscopy (STEM)
and analysis with EDS starts with a polished cross
section observed with SE and back-scattered elec-
tron (BSE) microscope imagery. The second stage of
sample preparation involves making cuts with a
dual-beam focused ion beam (DB-FIB) to allow the
in situ Omniprobe device (Ditto et al. 2012) to ma-
nipulate samples. The third stage involves thinning
with the DB-FIB to make the sample thin enough
to transmit the electron beam and image in STEM.
We used an FEI 80–300-kV Image-Corrected Titan
equipped with a 30-mm2 EDAX X-ray detector.

The EDS analyses of multiple points in different
locations around a thinned sample allow a semi-
quantitative understanding of elemental variations.
Most of the peaks in the EDS spectra are artifacts
associated with sample preparation—from Cu in the
TEM grid, Ga and Pt are involved in sample prepa-
ration. The porous and heterogeneous nature of
varnish does not allow a strict quantitative deter-
mination of elemental mass percentages within the
sample. Quantitative analysis requires the use of
samples with equivalent working distance, accel-
erating voltage, sampling volume, surface charac-
teristics, back-scattering efficiency, electron stop-
ping power, and characteristics of X-ray absorption
and secondary fluorescence (Richie 2013) and not
only would account for matrix effects but also would
include the use of internal or external standard cali-
bration procedures, quantification or control for back-
ground, sensitivity coefficients, and binary influ-
ence coefficients from matrix effects (de Vries and
Vrebos 2002; Skoog et al. 2007). However, EDS can

Figure 2. The dredged-up, unconsolidated sediment rest-
ing on the surfaces of quartz consists of clay-sized particles
in discrete “pods” that are typically a fewmicrons in length
and a few hundred nanometers in thickness, seen in this
back-scattered electron image. These laminar materials re-
semble clay minerals in their texture and energy-dispersive
spectroscopy elemental spectra, as exemplified by an anal-
ysis at the position labeled 1.
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record semiquantitative and relative trends in ele-
mental composition across the sample, allowing a
reasonable comparison Mn and Fe in EDS spectra.
To aid in reader interpretation, we add annotations
to the EDS spectra so that the major peaks can be
identified more easily.

Results

Figure 3 and table 1 present a micron-scale over-
view of a typical area of rock varnish observed at the
Erie Canal study site. Note thatMn and Fe are fairly
evenly distributed throughout this varnish cross
section, as revealed by the EDS dot maps (fig. 3B,
3C). In the semiquantitative EDS analyses, Mg-Al-Si
abundance is consistent with the presence of clay
minerals as a binding agent, even though Mn and Fe
are in greater abundance than is found in typicalwarm,
arid varnishes (Dorn 1998). Table 1 reveals that lead is
present at concentrations that are typicallymore than

10 times those seen in Holocene and Pleistocene var-
nishes, and this is typical for twentieth-century var-
nishes because Mn and Fe oxides scavenge lead from
anthropogenic sources (Dorn 1998, 2014; Fleisher
et al. 1999; Nowinski et al. 2010; Spilde et al. 2013).
Note the abrupt textural and chemical boundary
between the varnish and the underlying rock (fig. 3),
illustrating the accretionary nature of this varnish.
Figure 4 presents budding-bacteria hyphae-like

forms similar to those noted previously on the sur-
faces of rock varnish (Dorn and Oberlander 1981a,
1981b, 1982; Krumbein and Jens 1981; Krinsley
et al. 2009; Wang et al. 2011; Dorn et al. 2012).
While many hyphae-like forms occur on varnish
surfaces, great enrichment in Mn, Fe, or both is di-
agnostic of budding bacteria (Aristovskaya and Za-
varzin 1971; Aristovskaya and Hirsch 1974; Hirsch
1974;Ghiorse andHirsch 1979;Ghiorse 1984;Hirsch
et al. 1995). For the Erie Canal varnish, EDS analyses
on hyphae-like forms show comparative enrichment

Figure 3. Typical rock varnish accumulating on quartz along the Erie Barge Canal study site, as viewed in cross
section with back-scattered electron microscopy (A), and energy-dispersive spectroscopy dot maps of Mn (B) and Fe
(C). A color version of this figure is available online.
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in Fe (fig. 4A1) relative to adjacent varnish (fig. 4A2)
and also comparative enrichment in Mn (fig. 4B1)
relative to adjacent varnish (fig. 4B2).

Figures 5–7 present the first observations of
budding-bacteria hyphae forms that are encrusted
inMn and Fe fromwithin internal layers of varnish.
Figure 5 is derived from a depth of ∼5 mm beneath
the varnish surface, while figure 6 came from a
depth of ∼8 mm and figure 7 from a depth of ∼10 mm.
In figures 5 and 6, hyphae forms emerge from cocci
forms that are also oxide encrusted. The hyphae
forms (figs. 5–7) are considerably smaller than the
original hyphae; ongoing diagenesis appears to have
remobilized Mn and Fe, and this would facilitate
some compression of the form once the bacterium
itself died. In all cases, the imaged hyphae forms are
not the bacteria but casts of the former hyphae now
encrusted in Mn and Fe oxides, where the nanoscale

Table 1. Energy-Dispersive Spectroscopy Semiquanti-
tative Analysis of the Erie Canal Varnish Acquired in
a 10-mm Square Placed in the Center of the Varnish
Imaged in Figure 4

Element Line type Wt% Wt% 1j error

C K series 2.79 .18
O K series 44.04 .15
Mg K series .86 .03
Al K series 4.09 .04
Si K series 7.93 .05
P K series .74 .05
K K series .83 .02
Ca K series 1.48 .03
Ti K series .19 .03
Mn K series 26.05 .12
Fe K series 8.21 .09
Zn L series 1.65 .07
Ba L series .95 .08
Pb M series .17 .08

Total 100.00

Figure 4. A, The surface of Erie Canal varnish, examined with secondary electrons and energy-dispersive spec-
troscopy (EDS), shows hyphae-like forms encrusted in Fe (point 1) greatly enriched compared to typical EDS spot
analyses on adjacent varnish (point 2). B, Other hyphae-like forms or fragments of forms reveal a great enrichment in
Mn and some Fe (point 1) compared to typical EDS spot analyses of adjacent varnish (point 2).
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Figure 5. Budding-bacteria hyphae form emerging from a cocci form. The energy-dispersive spectroscopy (EDS)
spectrum measured in the box consists mostly of artifacts associated with mounting and preparation of the sample,
and thus these artifact peaks are unlabeled. Additional annotation of the EDS spectrum with a larger font identifies
the composition of the hyphae form as mostly Mn and Fe, with some Si and Ca.



texture of the oxides is granular in figures 5 and 6
and stringy in figure 7.

In addition to budding-bacteria hyphae forms,
EDS measured nanoscale chemical variations in a
cross section of a cocci bacterial form (fig. 8). Again,
this bacterial form is considerably smaller than it
would have been as a live bacterium encrusted by
oxides, because ongoing remobilization of the oxide
cast facilitates compression and shrinkage from an
original diameter of likely ∼1 mm. The bacterial cast
observed in cross section reveals a granular texture
where the granules vary in size from !1 to ∼10 nm.
The elemental chemistry varies from place to place,
with EDS spots 1 and 2 being greatly enriched inMn
while EDS spots 3 and 4 are rich in Fe (fig. 8).

While most of the observed Erie Canal varnish
does not have amicrostromatolitic form (e.g.,fig. 3),
stromatolite-like textures do exist—as seen in cross

section with BSE microscopy (fig. 9). The sum EDS
spectrum for the overall form is quite similar to that
for clay-rich varnishes found in warm deserts (Dorn
and Oberlander 1982). The nanoscale laminations
seen in BSE images do not appear to contain Mn-
poor/Mn-rich banding, as revealed by consistent pat-
terns in the Mn and Fe dot maps. The outer few mi-
crons contain pores (fig. 9A, 9C) that are partially
filled with stringy textures of Mn-rich material
(fig. 9B, 9D). These Mn-rich stringy textures could
have originated from bacterial precipitates that are
now experiencing mobilization of the Mn-Fe precip-
itated material.

TheMn-rich stringy textures observed infigures 7
and 9 could potentially be the original texture of
theMn-Fe bacteria precipitate. Figure 10 illustrates
that stringy textures can also be dominated by Fe
(fig. 10A), have similar abundances of Mn and Fe

Figure 6. Budding-bacteria hyphae form (point 1) emerging from a cocci form (point 2). The energy-dispersive
spectroscopy (EDS) spectra consist mostly of peaks associated with mounting and preparation of the sample, and thus
artifacts are not labeled. Larger-font annotation of the EDS spectra identifies the composition of the hyphae form at
point 1 as consisting of largeMn and P peaks, withmuch smaller Fe, Al, and Ca peaks. The spectrum of point 2 contains
much less P than those of point 1.
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Figure 7. Budding-bacteria hyphae form resting conformably between varnish layers that accreted on the underlying
quartz mineral. Dashed lines identify the hyphae form, and the solid line indicates the location of an energy-
dispersive spectroscopy transect measuring nanoscale changes in atomic weight percent, dominated by Mn and, to a
lesser extent, Fe.



(fig. 10B), or be dominated by Mn (figs. 7, 9, 10B).
Alternatively, the stringy texture could be a con-
sequence of dissolution of the original bacterial
oxide precipitates. After the original precipitated
material dissolves, it reprecipitates and alters the
texture of the clay minerals, as seen in figure 11.

Discussion

This discussion links our results to four themes in
prior scholarship. First, our nanoscale observations
of budding-bacteria forms able to precipitate Mn,
Fe, or both with granular and stringy textures res-
onate with observations of similar textures associ-
ated with budding bacteria in culturing studies. The

second theme is that our results support the poly-
genetic model of varnish formation that mixes bi-
otic and chemical processes. The third theme elab-
orates on prior observations that there are far more
potential agents of varnish formation than could be
explained by the thickness of varnish deposits—and
we discuss the implications of the “varnish rate para-
dox” in the context of the Erie Canal results. The
last aspect of the discussion focuses on implications
of these findings for interpreting dark Mn-rich coat-
ings in warm deserts and on Mars.

Erie Canal Results Meet Expectations from Culturing
Studies. Cultured budding bacteria are able to con-
centrate Mn, Fe, or both together (Aristovskaya and
Zavarzin 1971; Aristovskaya and Hirsch 1974; Hirsch

Figure 8. Bacterial cocci form observed in cross section. Points 1–4 in A identify the different locations of energy-
dispersive spectroscopy (EDS) measurements, and B and C show close-ups of the granular textures associated with
EDS points 2 and 1, respectively. Most of the peaks in these EDS spectra are artifacts associated with sample prep-
aration, and thus these artifact peaks are unlabeled. Major peaks such as Ca, Mn, and Fe are annotated in a larger font.
Points 1 and 2 are dominated by Mn, while points 3 and 4 are dominated by Fe.
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1974;Ghiorse andHirsch 1979;Ghiorse 1984;Hirsch
et al. 1995; Braun et al. 2009).

Most bacteria surfaces are charged at neutral pH because
of the ionization of the reactive chemical groups which
stud them . . . many bacteria can concentrate dilute en-
vironmental metals . . . and initiate the development of
fine-grained minerals. . . . Eventually biofilms become
so mineralized that the shape and form of the constitu-
ent bacteria are preserved and embedded. (Beveridge
1997, p. 378)

The specifics of precipitation processes appears to
involve electron transfers to extracellular substrates
(Hartshorne et al. 2009). The oxides might also be
involved in protecting bacteria from ultraviolet

(UV) radiation damage and desiccation (Daly et al.
2010).
In prior observations at the micron scale, EDS

spectra revealed enhancements of both Mn and Fe
compared to adjacent varnish (Dorn and Oberlander
1981a, 1981b, 1982; Krumbein and Jens 1981). In con-
trast, our nanoscale observations reveal areas ofMn-
rich precipitates within a few nanometers of Fe-rich
precipitates within single cocci forms (fig. 8) and
among different types of deposits (fig. 10). These
nanoscale observations that budding bacteria precip-
itate varying amounts of Mn and Fe correspond to
observations in the culturing literature of budding
bacteria (Aristovskaya and Zavarzin 1971; Aristov-
skaya and Hirsch 1974; Hirsch 1974; Ghiorse and

Figure 9. A stromatolitic form observed in back-scattered electron (BSE) microscopy in cross section is dominated by
Mn, as revealed by the energy-dispersive spectroscopy (EDS) map sum spectrum. EDS dot maps of Mn and Fe reveal
that the observed nanoscale laminae do not favor Mn or Fe. Instead, variations in brightness are caused by clay-rich
darker layers. Close-ups of pore spaces in the outer micron of the varnish in A and C reveal the presence of Mn-rich
stringy textures that could be bacterial precipitates undergoing dissolution from the mobilization of the Mn-Fe. A
color version of this figure is available online.

Journal of Geology 327V A RN I S H BUDD I NG B ACT E R I A



Hirsch 1979; Ghiorse 1984; Hirsch et al. 1995; Braun
et al. 2009).

Prior nanoscale observations of bacterial remains
inwarmdesert settings show only granular textures
for Mn-Fe encrustations of bacterial cells (Krinsley
et al. 1995; Krinsley 1998; Dorn 2007; Dorn et al.
2012, 2013; Larson and Dorn 2012). Granular tex-
tures are also observed in the culturing literature on
budding bacteria (Aristovskaya and Zavarzin 1971;
Aristovskaya and Hirsch 1974; Hirsch 1974; Ghiorse
and Hirsch 1979; Ghiorse 1984; Hirsch et al. 1995;
Braun et al. 2009).

In addition, the literature associated with bac-
terial precipitation of Mn and Fe shows the pres-
ence of stringy textures (Gebers and Beese 1988;
van Waasbergen et al. 1996; Larsen et al. 1999;
Villalobos et al. 2003). We observe here for the first
time stringy textures that can be Mn rich, Fe rich,
or both Mn and Fe enriched (figs. 7, 9, 10). These
stringy forms appear similar to birnessite (Mn2O4),
noted through in situ observations of varnish (Krum-
bein and Jens 1981) and culturing experiments (Lear-
man et al. 2011). The mobilization and reprecipita-
tion ofMn and Fe at the nanoscale has been recognized
widely as a part of the varnishing process (Krinsley
et al. 1995, 2009, 2013; Krinsley 1998; Dorn et al.
2012, 2013; Macholdt et al. 2015). We note, there-
fore, that the stringy textures observed in this study

(figs. 7, 9, 10) could potentially be a product of this
ongoing diagenesis.

Erie Canal Results Consistent with Polygenetic Model
of Varnish Formation. The polygenetic model of var-
nish formation (Dorn 1998, 2007; Krinsley 1998; Krins-
ley et al. 2013) starts with bacteria concentrating
Mn and Fe (figs. 4–10). Then, theMn-Fe precipitates
begin to dissolve, and this facilitates shrinkage and
breaks apart the bacterial casts of Mn and Fe. The
Mn and Fe then are reprecipitated in association
with clay minerals (fig. 11), where birnessite-family
minerals dominate manganese in rock vanish (Pot-
ter and Rossman 1977, 1978, 1979a, 1979b, 1979c;
Potter 1979;McKeown and Post 2001). In this study,
bacterial deposits appear to have stringy and granu-
lar textures that release nanoscale Mn-Fe to deposit
between clay minerals (fig. 11). Potter (1979) argued
for this step:

Deposition of the manganese and iron oxides within the
clay matrix might then cement the clay layer . . . the
hexagonal arrangement of the oxygen in either the tet-
rahedral or octahedral layers of the clay minerals could
form a suitable template for crystallization of the lay-
ered structures of birnessite. The average 0–0 distance of
the tetrahedral layer is 3.00 Å in illite-montmorillonite
mixed-layered clays, which differs only 3.4 percent from
the 2.90 Å distance of the hexagonally closed-packed
oxygens in birnessite. (p. 174–175)

Figure 10. Stringy textures associated with bacterial forms can have an Fe-rich energy-dispersive spectroscopy (EDS)
spectrum (A), an EDS spectrum with similar peak sizes for Mn and Fe (B), or an Mn-rich EDS spectrum (C). The boxes
identify the areas measured for the EDS spectra. Most of the peaks in these spectra are artifacts of sample preparation
(and are unlabeled), and the major peaks of Al, Si, Ca, Mn, and Fe are labeled with a larger font.
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Potter’s explanation for the importance of clay min-
erals is supported by these findings and other high-
resolution nanoscale data (Dorn 1998; Krinsley 1998;
Dorn et al. 2012; Krinsley et al. 2013).
McKeown and Post (2001) go on to explain that

Mn oxides in varnish undergo transformations even
after precipitation in clay minerals:

Even if analysis methods are improved, the situation
will remain complicated by the flexibility and great va-
riety 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. (p. 712)

Varnishing thus starts with bacterial encrustation
of Mn-Fe but relies on nanoscale mobilization and
reprecipitation of the oxides in associationwith clay

minerals. This ongoing diagenesis shifts Mn-Fe at
the nanoscale, even though the laminations ob-
served at the micron scale are stable for millennia
(Liu and Broecker 2013).

The Varnish Rate Paradox. This portion of the
discussion connects the Erie Canal findings to a
“varnish rate paradox” identified previously (Dorn
2007; Dorn and Krinsley 2011). An explanation of
this paradox starts with the basic observation that
typical varnishes formed in warm deserts grow at
rates of microns per millennium (Dorn 1998; Liu
and Broecker 2000). The most rapidly forming var-
nishes at the Erie Canal, the Fontana slag deposit
(Dorn and Meek 1995), and other locations (Spilde
et al. 2013; Dorn 2014) are exceptions.
The second part of the rate paradox rests on the

observation that all but one of the proposed mech-
anisms of varnish formationwould generate rates of
accretion far greater than those observed in nature:

Figure 11. Precipitation of Mn and Fe appears to alter the texture of clay mineral fragments. A, 1-mm-long energy-
dispersive spectrometry transect from position 1 to position 2 (ending on quartz with a strong Si signature). The
transect runs through areas where Mn and Fe trade off as the dominant element in atomic weight percent (other than
oxygen, which is not shown). Higher-resolution images B and C show “pods” of clay mineral structures in different
states of alteration through the precipitation of Mn and Fe. B identifies very altered (va) and slightly altered (sa)
features in the Mn-rich zone, while C identifies a moderately altered (ma) feature in the Fe-rich zone.

Journal of Geology 329V A RN I S H BUDD I NG B ACT E R I A



(1) abiotic processes to enhance Mn in varnish,
(2) organisms noted to oxidize Mn and Fe in cultur-
ing studies to generate varnish, and (3) organic ma-
terial extracted in bulk samples (e.g., DNA and other
studies) to generate varnish.We analyze each of these
three mechanisms in turn to explain why a rate-
limiting step does not exist.

1. The idea of varnish formation through abiotic
oxidation of Mn has remained unfalsified for the
past 6 decades (Engel 1957; Krauskopf 1957; Engel
and Sharp 1958) and has remained in the varnish
literature (Hooke et al. 1969; Haberland 1975; Whal-
ley 1983; Soleilhavoup 2011). Still, the geomorphic
distributionof rockvarnishposes at least 11obstacles
(Dorn 1998, p. 242–243) that have yet to be analyzed
by proponents of the abiotic hypothesis. Each year,
carbonic acid in rainfall falls on dust that has accu-
mulated on varnished surfaces in warm deserts, and
the abiotic hypothesis requires that this weak acid
leachMn out of the dust, followed by reprecipitation
through slight increases in pH as water evaporates.
Dorn (2007, p. 265) calculated that known rates of dust
deposition in a typical warm desert setting and con-
centrations of Mn in this dust would generate var-
nishes 100–10,000 times faster than empirical rates of
varnishing on the order of microns per millennium
(Dorn 1998; Liu and Broecker 2000). More recent
variations on this abiotic hypothesis (Madden and
Hochella 2005; Goldsmith et al. 2014) similarly do
not contain a rate-limiting step. Thus, if abiotic pro-
cesses generate varnish, rateswould be several orders
of magnitudemore rapid than empirical observations.

2. Culturing studies of genera oxidizing Mn and
Fe in varnish note a great number of different organ-
isms (Krumbein 1969; Dorn and Oberlander 1981a;
Krumbein and Jens 1981; Billy and Blanc 1982; Staley
et al. 1983, 1991; Taylor-George et al. 1983; Palmer
et al. 1985; Hungate et al. 1987; Adams et al. 1992;
Grote and Krumbein 1992; Eppard et al. 1996; Ster-
flinger et al. 1999; Perry et al. 2004a, 2004b; Northup
et al. 2010). If all of these organisms assist in the for-
mation of varnish, rates should be as fast as those
of other nonvarnish Mn-Fe deposits (Francis 1921;
Ferris et al. 1987; Konhauser et al. 1994; Kennedy et al.
2003)—several orders of magnitude faster than empir-
ical observations of warm desert varnishes.

3. Different sorts of studies have analyzed “bulk”
samples requiring the scraping of varnish (and un-
derlying weathering rind and rock material). These
studies have reported on the presence of a variety of
types of organic material, including amino acids
(Warsheid 1990; Nagy et al. 1991; Perry et al. 2003;
Perry and Kolb 2003), isotopes of carbon (Dorn and
DeNiro 1985), fatty acid methyl esters (Schelble
et al. 2005), and genetic material providing phylo-

genetic insight (Eppard et al. 1996; Perry et al. 2004a;
Kuhlman et al. 2005, 2006a, 2006b, 2008; Benzerara
et al. 2006; Northup et al. 2010; Esposito et al. 2015).
All of these analyses reveal that a wide variety of
organisms exist on,within, andunder rock varnishes,
and if only a small fraction of these were involved in
varnishing, rates would be much faster than empiri-
cally observed.

The solution to the paradox, that varnish typi-
cally forms slowly despite the lack of a rate-limiting
step in proposed mechanisms of Mn enhancement,
must rest in a severe rate-limiting step associated
with Mn and Fe enhancement. At the present time,
scholarship on rock (or desert) varnish offers only
one piece of empirical insight into this issue: the
rarity of direct in situ observations of bacteria en-
hancing Mn and Fe on varnish surfaces (fig. 5;
Taylor-George et al. 1983; Jones 1991; Dorn et al.
1992; Dorn 1998; Krinsley et al. 2009, 2012; Wang
et al. 2011). Even less frequent are in situ obser-
vations of bacterial forms encrusted in Mn and Fe
within varnish microstratigraphies (Dorn and Meek
1995; Dorn 1998; Krinsley 1998; Flood et al. 2003;
Allen et al. 2004; Krinsley et al. 2009, 2013).

These rare in situ observations are sufficient to
explain the slow rates of varnishing observed in
deserts (Dorn and Krinsley 2011). The following
assumptions allow an estimate of how many bac-
terial cells encrusted in oxides would be required to
generate varnishes found in warm deserts: (1) one
bacterial cast composed of Mn-Fe oxides consists of
a thickness of ∼100 nm of oxides on both sides of a
cell (Dorn 1998, p. 244–245); (2) a typical varnish
formed in warm deserts consists of 70% clay min-
erals (Potter and Rossman 1977); and (3) a reasonably
typical thickness of warm desert varnishes that are
∼10,000 y old would be ∼20 mm (Liu and Broecker
2000, 2008; Dorn 2012). By redistributing the 100 nm
of oxides into clayminerals, one bacteriumwould be
responsible for∼800 nmof varnishmaterial. To then
generate 20 mm would require only about 25 oxide-
encrusted cells, or 1 oxide-encrusted bacterial cell in
about 400 y. If we vary these assumptions and con-
sider different rates of ongoing diagenesis that re-
moves Mn-Fe from varnish and redeposits it in the
underlying weathering rind (Gordon and Dorn 2005;
Dorn et al. 2013), the number of oxide-encrusted
cells required to produce varnish could vary by an
order of magnitude in either direction. However, the
conclusion remains clear: only a few bacteria every
century to millennium would be needed to generate
typical observed rates of varnishing in warm deserts.

If the extremely rare occurrence of oxide-encrusted
bacteria is the rate-limiting step needed to explain
the “varnish rate paradox,” then the Erie Canal var-
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nishing site showing very rapid rates of varnishing
poses an interesting assessment of the paradox. The
nanoscale imagery of this study reveals amuchmore
accurate portrayal of the thickness of the oxide cast
associated with budding-bacteria hyphae or cocci;
thicknesses range between 20 and 400 nm. In the
Erie Canal varnishes, oxides are much more abun-
dant than in typical warm desert settings, with typ-
ical ratios of oxides to clays of about 1∶1. With a
thickness of 50 nm for a bacterial cast, 1 bacterium
would potentially generate∼100nmof varnish.With
a varnish thickness of ∼15 mm, 150 bacteria1clays
would be required to generate the raw varnish ma-
terial. With an age of 100 y, it would only take 1–2
bacteria growing each year to generate the observed
Erie Canal varnishing.With thicker encrustations or
with a greater abundance of clays, even fewer bac-
teria would be required.
If each bacterium lived and processed Mn and Fe

for 10 d, the chances of “catching a bacterium in the
act” at the Erie Canal (e.g., fig. 4) would be highly
unlikely, at somewhere around 2%–3%. Similarly,
if each bacterium responsible for varnishes found in
warm deserts lived and processedMn and Fe for 10 d,
the chances of actually observing the Mn-Fe enhance-
mentwould 10 d out of ∼400 y, or somewhere on the
order of 1 d in 15,000.

Mn-Rich Rock Varnish in Warm Deserts and on
Mars. The rarity of fossil casts of Mn-rich bacteria
in warm deserts (Dorn 1998, 2009; Dorn and Krins-
ley 2011), with the exception of anomalously fast-
growing varnishes (Dorn and Meek 1995), could be
explained most simply by the high UV exposure,
heat, and xeric conditions experienced by exposed
rock surfaces (Dorn and Oberlander 1982; Viles
1995). In this hypothesis, microenvironments with
greater moisture foster the growth of competing
lithobionts, such as microcolonial fungi and lichens
(Dragovich 1987; Dorn 2010). The observed rock
varnish on the south-facing north side of the Erie
Canal exists at an angle of about 457; thus, our hy-
pothesis is that this microenvironmental setting
provides the maximum possible UV and solar radi-
ation exposure and allows the rock surfaces to dry
out sufficiently to reduce lithobiont competition to
the budding bacteria.
The number one National Aeronautics and Space

Administration (NASA) goal for Mars exploration
rests in determining whether Mars ever supported
life (MEPAG 2015). Accordingly, important sub-
goals include determining “if localities having high
combined potential for modern habitability and
biosignature presence host evidence for extant life”
and in testing “for the presence of possibly biogenic
physical structures, from microscopic (micron-scale)

to macroscopic (meter-scale), combining morpholog-
ical, mineralogical, and chemical information where
possible” (MEPAG2015, p. 11).
The question of rock varnish on Mars has per-

sisted since NASA’s Viking Lander program (Guin-
ness et al. 1996),when its cameras spotted shiny, dark
rock coatings. Other NASA missions also reported
similar sitings associated with Mars Pathfinder in
1997 (Kraft and Greeley 2000) and the twinMars Ex-
ploration Rovers in 2007 (Arvidson et al. 2014). Con-
firmation of thin, dark coatings rich in Mn on the
surface of rocks in Gale Crater on Mars occurred in
2012 via NASA’s Mars Science Laboratory Curiosity
(Lanza et al. 2014). The connection between Mars’s
rock varnish and the search for life (DiGregorio 2002)
would likely follow a similar path as that on Earth—
evaluating abiotic and biotic mechanisms for Mn
enhancement.
While abiotic processes could concentrate Mn on

Mars (Ming et al. 2015), this and prior research
(Krumbein and Jens 1981; Grote and Krumbein
1992; Krinsley 1998; Krinsley and Rusk 2000; Krins-
ley et al. 2009, 2012) emphasizes the importance of
microstratigraphic analyses at the micron scale and
nanoscale for determining whether biotic processes
are involved in terrestrial Mn-rich rock varnish for-
mation. Thus, future discussions on the significance
of Mn-rich rock coatings and the search for life on
Mars might require similar nanoscale microstrati-
graphic insight.

Conclusion

Sandstone blocks quarried and placed along the Erie
Canal of upper New York State in ∼1918 developed
rock varnishes with a typical thickness of ∼15 mm.
In contrast to typical warm desert varnish with a
ratio of clays to Mn-Fe oxides of 2∶1, this ratio is
about 1∶1 in Erie Canal varnish. The greater abun-
dance of Mn-Fe is due to a greater abundance of
microbial fossils of budding bacteria. Nanoscale
imagery and EDS analyses of Mn-Fe encrustations
around cocci cells and budding forms reveal that
these casts can have granular or stringy textures.
Similar to findings of culturing studies of budding
bacteria, some of the cellular encrustations are
composed only of mostly Mn, some are enriched
only in Fe, and some are enriched in both Mn and
Fe. After Mn-Fe is mobilized from these budding-
bacteria casts, the Mn-Fe is deposited a few nano-
meters away in a matrix of clay minerals.
Four general explanations exist to explain the

Mn-Fe enrichment in rock (or desert) varnish: (1) a
polygenetic model, where the rare occurrence of
budding bacteria enhances enough Mn and Fe to
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remobilize into clay minerals, cementing the clay-
oxide matrix to rock surfaces; (2) abiotic processes
that enhance Mn to sufficient levels to generate
varnish; (3) a host of different Mn-Fe bacteria and
fungi cultured from varnish all combine to con-
tribute to varnishing; (4) a wide variety of different
bacteria and organic matter that might be involved
in varnish formation, as suggested by studies of
bulk organic matter and phylogenetic studies of
varnish material. Of these explanations, only the
polygenetic model has a rate-limiting step that ex-
plains the very slow rate of varnishing of microns
per millennium observed in warm deserts.

This study provides support for the polygenetic
model by studying a site where varnishing rates are
2 orders of magnitude greater than those in warm

deserts. Considering vertical rates of accretion, only
150 Mn-Fe-encrusted budding-bacteria cells would
be required to provide the ∼15-mm-thick Erie Canal
varnish. This would take only 1–2 bacteria growing
each year. In contrast, one budding-bacterium cast
every 400 y would be needed to explain a ∼20-mm-
thick, 10,000-y-old warm desert varnish.
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