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ABSTRACT

Six different electron microscope techniques imaged and analyzed boulder
and bedrock surfaces with glacially polished textures collected from the
margins of the Athabasca Glacier in Canada, Bunger Oasis of Antarc-
tica, Franz Josef Glacier in New Zealand, a Greenland outlet glacier, the
Ngozumpa Glacier in Nepal, and the Middle Palisade Glacier in Califor-
nia. The purpose of this pilot investigation involves developing a better
understanding of both rock decay and rock coating development at the
edge of retreating glaciers. Our hope is that others in the Association of
Pacific Coast Geographers will test some of the findings of this research
in their study areas. In research on rock decay, five different samples from
the six contexts revealed the presence of weathering rinds with varying
degrees of porosity ranging from 0.3 to 7.1 percent. An often-made as-
sumption, inconsistent with these data, is that recently exposed glaciated
rocks exist in a fresh or unaltered state and that progressive decay can be
monitored by measurement of weathering-rind thicknesses or Schmidt
Hammer measurements from this “initial state” The observed variability
in weathering-rind porosity thus creates an additional uncertainty factor
that could be incorporated into future studies of rock decay over time.
Several different types of rock coatings occurred on the studied surfaces,
including a newly recognized type of Mg-rich coating, iron films, rock
varnish, fungal mats, and silica glaze—where silica glaze was the most
commonly observed rock coating. The remobilized constituents of silica
glaze, rock varnish, and iron also migrate into the underlying weather-
ing rind to produce case hardening. Studies of rock varnish chemistry
revealed evidence of twentieth- and twenty-first-century anthropogenic
lead contamination in the upper micron of varnishes at the Greenland and
Middle Palisade Glacier sites.

Keywords: Anthropocene; dating method; glacial polish; lead pollu-
tion; paraglacial
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Introduction

THE STUDY OF CLIMATE CHANGE and its impact on glacial fluctuations some-
times involves the measurement of rock decay, collecting field-based data
on the state of rock decay on boulders in glacial moraines. Scholars in the
Pacific Coast region have studied glacial moraines for just such a purpose
for decades (e.g., Kesseli 1941; Whelan and Bach 2017). The purpose rests
in trying to correlate deposits in different glacial valleys or continental ice
lobes. Those studying rock decay, specifically the collection of field-based
data as an indicator of time, necessarily make an assumption regarding
recently deglaciated environments—that newly exposed rock surfaces exist
in a “fresh” or unaltered condition.

An assumed lack of rock decay at “time zero” allows a starting point for
such metrics as: (a) weathering-rind thickness (Burke and Birkeland 1979;
Chinn 1981; Colman and Pierce 1981; Colman and Pierce 1986; Burbank
and Cheng 1991; Ricker et al. 1993; Dabski and Tittenbrun 2013; Mills et
al. 2017); (b) Schmidt hammer testing (McCarroll 1989; McCarroll 1994;
Guglielmin et al. 2012; Dabski and Tittenbrun 2013; Kfapyta 2013; Foulkes
and Harrison 2014; Reznichenko et al. 2016; Wilson et al. 2016; Zasadni and
Klapyta 2016); as well as (c) using weathering rinds as an indicator of past
climates (Mahaney and Schwartz 2016) or preserving evidence of impact
events (Mahaney and Keiser 2013).

Abundant research, however, reveals that solutes in glacial meltwater
contain the products of rock-surface alteration prior to subaerial exposure
at the edge of retreating glaciers (Fairchild et al. 1999). Chemical decay of
rocks and minerals underneath glaciers results in highly variable abundances
of ion concentrations of Ca*, Mg**, Na*, K* ,HCO,", Cl", and SO ** (Brown
2002). Subglacial processes include biotite decay (Anders et al. 2003),
coupled oxidation of sulfide minerals and carbonate dissolution (Anderson
et al. 2000), and silicate mineral dissolution (Graly et al. 2014). Subglacial
decay under the Greenland ice sheet supplies substantial amounts of iron
to the ocean (Bhatia et al. 2013), and solutes derived from glaciers impact
global biogeochemical cycles (Wadham et al. 2013).

Bacteria and other microorganisms also play a substantial role in sub-
glacial mineral decay (Skidmore et al. 2005, Graly et al. 2014), since bacteria
provide an important source of protons (Sharp et al. 1999). Oxidation of
iron in pyrite (Mitchell et al. 2013) provides energy for chemolithotrophic
bacteria (Boyd et al. 2014). Subglacial bacteria studied at Svalbard are che-
moheterotrophs that obtain energy by either organic or inorganic sources
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and thus retain the ability to react quickly to more-favorable conditions
(Kastovska et al. 2007). Microorganisms appear to be more important
beneath small valley glaciers (Wadham et al. 2010). In contrast, longer melt-
water residence times underneath ice sheets enhance silicate dissolution due
to abiotic processes (Wadham et al. 2010) that are magnified by the ability of
glaciers to generate an abundance of fine-grained rock flour that increases
the surface area exposed to chemical reactions (Anderson 2007).

The assumption of unaltered rock surfaces at the retreating margins of
glaciers and observed high solute loads in glacial meltwater might or might
not be incompatible. The rapid movement of water over small particles of
glacial flour could potentially be responsible for observed dissolution rates
in glaciated areas typically near or higher than continental averages (Tranter
2003).

Thus, this pilot study takes a different approach to evaluating the
assumption of fresh rock at the margins of retreating glaciers. Rather than
examining meltwater, in situ electron microscope examination of random
samples of rock surfaces provides a different perspective on the state of rock
decay for samples collected from the retreating margins of the Athabasca
Glacier in Canada, Bunger Oasis of Antarctica, Franz Josef Glacier in New
Zealand, a Greenland outlet glacier, the Ngozumpa Glacier in Nepal, and
the Middle Palisade Glacier in California.

The first research problem posed in this study is whether in situ electron
microscopy reveals evidence of rock surface alteration at the margins of
retreating glaciers. The idea is to avoid samples that may have been exposed
for decades, but only examine samples that have glacially polished textures
collected at the glacier margin.

The second research problem deals with the nature of rock coatings on
recently exposed rocks at glacier margins. Rock coating samples offer an
opportunity to explore whether twentieth- and twenty-first-century anthro-
pogenic lead might be contaminating recently exposed glacier margins, since
the iron and manganese hydroxides in rock coatings record the deposition
of anthropogenic lead (Dorn 1998; Spilde et al. 2013).

Study Sites and Sample Selection

The six glacier margins studied here contain different glacial and geologi-
cal contexts (Table 1) that include ice sheet and alpine glacier margins and
different rock types. Figure 1 exemplifies a field site—at the margin of a
medial moraine of a Greenland outlet glacier. In each study site context,



DoRN AND JEONG: Rock Coating and Weathering-Rind Development 69

five different samples with surface areas of about 10 cm?* were selected from
boulders or bedrock with glacially polished textures.

Table 1.—Sites where rock surfaces with a surface texture of glacial polish
were collected in contact with the retreating margins of glacial ice.

Glacier Coordinates Rock Type Surface
Athabasca Glacier, Canada 52.2085,-117.2343  limestone* bedrock
Bunger Hills, Antarctica -66.1957,100.6689  quartz monzonite  boulder
Franz Josef Gl., New Zealand  -43.4489,170.1743  schist boulder
Greenland outlet glacier - 63.5540,-50.5853  gneiss boulder
Ngozumpa Glacier, Nepal 28.0069, 86.6898 gneiss boulder
Middle Palisade Glacier, USA  37.0772,-118.4722  granodiorite bedrock

*samples included zones with silicified nodules

Figure 1.—Greenland outlet glacier study site on a medial moraine, identifying the first
five boulders seen with a distinctive glacial polish texture in arandom walk of the glacier
margin.
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The selection of the particular surfaces necessarily involved a random
sampling strategy. Random sampling minimizes bias in selecting rock sur-
faces for subsequent analyses. For till boulders at the margins of ice, a walk
was started at a randomly selected spot. The first five boulders with clear
evidence of a glacially polished texture were sampled at their highest point
above the ground. For glacially polished bedrock in contact with glacier
ice, a coin was tossed. After bouncing and rolling, the location where the
coin came to a stop was sampled with a rock hammer and chisel. The only
exception to this sample selection process was the Bunger Hills, where R.
Gerson (Hebrew University) generously supplied multiple samples from
different boulders. Five of these samples with glacially polished textures
were then selected randomly using dice.

Methods

Secondary electron (SE) microscopy, back-scattered electron (BSE) micros-
copy, high resolution transmission electron microscopy (HRTEM), energy
dispersive spectroscopy (EDS), and wavelength dispersive spectroscopy
(WDS) analyzed the samples (Reed 2005; Humphreys et al. 2014) collected
from six margins of retreating glaciers (Table 1).

Millimeter-diameter chips of the samples were examined with SE, BSE,
and EDS to develop a better understanding of rock decay and rock coat-
ings. Where EDS detected the presence of lead, WDS of a JEOL superprobe
electron microanalyzer quantified lead abundance under operating condi-
tions of 20 nA, a take-off angle of 40°, accelerating voltage of 15kv, and a
300-second counting time to increase sensitivity to a detection limit of about
0.03 percent weight PbO.

Five millimeter-diameter chips from each of the five samples from
each study sites were subsampled and turned into polished cross-sections.
A JEOL superprobe then acquired BSE imagery at a scale of 1000x with a
cross-sectional area of 2 mm?® for each of the five samples. Using methods
detailed previously (Dorn 1995; Gordon and Brady 2002), digital image
processing of the BSE imagery measures porosity of the weathering rind.
The porosity includes intra-mineral pores and pores along mineral-grain
boundaries. Though porosity data are calculated to hundredths of a percent
using Image ] software, a conservative solution in dealing with different pore
types is to round off to the nearest tenth of a percent.

A separate experiment was carried out at the Middle Palisade Glacier,
California. A ceramic plate was abraded with coarse sandpaper and then



DoRN AND JEONG: Rock Coating and Weathering-Rind Development 71

covered with a thin layer of epoxy mixed with bentonite clay, that was then
polished with 0.1pm aluminum paste. The ceramic plate was then placed
underneath the glacier by fixing it to bedrock. The plate was retrieved after
five years for study with electron microscopy to examine any changes.

Results

Despite the appearance of “fresh” rock surfaces with glacially polished sur-
face textures, all samples from all six sites (Table 1) showed some evidence
of rock-surface alteration, ranging from mineral decay to the accretion of
different types of rock coatings when viewed at micrometer and nanome-
ter scales. The results that follow are preliminary in that they represent the
analysis of only a few samples. However, these results illustrate a variety of
alteration processes at the retreating margins of glaciers.

Case Hardening of Weathering Rinds

Case hardening necessarily involves two different processes: alteration and
dissolution of minerals beneath the surface in a weathering rind; and the
accumulation of an indurating agent at the rock surface that can hold the
decayed material in place. Three types of hardening agents were found.
Silica glaze (Figure 2) and manganiferous rock varnish (Figure 3) formed
micron-scale indurating agents. Thin silica glaze (e.g., Figure 2) was much
more common as a case-hardening agent at all sites, while rock varnish
acted as an indurating agent only at the Bungar Hills and Greenland sites.
In addition, iron translocated into the Bungar Hills sample and impregnated
the weathering rind to a depth of about 0.25 mm (Figure 4).
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Figure 2.—(a) BSE image of a silica glaze with trace amounts of Na, Mg, Al, and
Mn that indurates a weathering rind at the Franz Josef Glacier. The white arrow
identifies the location of the EDS analysis shown in image (b). Starting out as
schist, the weathering rind contains abundant porosity and the alteration
products of mineral decay.



DoRN AND JEONG: Rock Coating and Weathering-Rind Development 73

r«+frrrgfrrr¢,7rrr. v r,fkf,e/e n 7 vr e 7r {779 r9ere|FprerYr . 1

0 1 2 3 Kev4 S B 7

Figure 3.—(a) BSE image of a rock varnish indurating a weathering rind at the Bunger
Hills, Antarctica. The white arrow identifies the location the EDS analysis shown inimage
(b). Starting out as a quartz monzonite, the weathering rind contains abundant porosity
in the host quartz mineral.
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| Figure 4.—The Bungar
Hills, Antarctica, samples
containathickiron-rich case
hardeningofthe weathering
rind. (a) BSE image of the
outer0.3mmofgranodiorite
where pore spaces in the
weathering rind have been
filled in with iron with minor
amounts of aluminum,
silicon, phosphorus, sulfur
and potassium. (b) This EDS
analysis is representative of
other EDS measurements
of this fairly homogeneous
iron-rich case hardening.
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Porosity of Weathering Rinds

BSE imagery of case hardening (Figures 2a and 3a) also clearly reveals the
presence of rock decay in weathering rinds. Digital image processing of
2 mm?* of BSE imagery for each of the five samples collected from the six
different sites provides a quantitative understanding of the dissolution—all in
weathering rinds underneath glacially polished surface textures. The results



DoRN AND JEONG: Rock Coating and Weathering-Rind Development 75

reveal considerable variability (Table 2). Still, these findings show that none
of the analyzed rocks are truly “fresh” or “unaltered rock”

Table 2.—Total porosity in 2 mm? of weathering rinds of glacially polished
rocks at the retreating margin of six glaciers.

Percent porosity
in weathering rinds

Glacier Rock Type Surface of the five samples
Athabascia Glacier, limestone with  bedrock  0.5%, 1.3%, 2.2%, 2.9%, 4.0%
Canada silicified nodules
Bunger Hills, Antarctica quartz boulders  3.5%, 4.4%, 4.9%, 5.2%, 7.1%
monzonite

Franz Josef Glacier, schist boulders  0.3% 0.6%, 0.6%, 1.1%, 1.5%
New Zealand
Greenland outlet gneiss boulders  2.0%, 2.7%, 3.3%, 4.5%, 4.8%
glacier
Ngozumpa Glacier, gneiss boulders  0.6%, 0.7%, 0.7%, 0.9%, 0.9%
Nepal
Middle Palisade granodiorite bedrock  0.2%, 0.2%, 0.5%, 1.1%, 3.6%
Glacier, USA

Lead Contamination

Initial EDS analyses of two sites revealed detectable lead concentrations in
the surface-most layer of rock varnishes: the Greenland outlet glacier and the
Middle Palisade Glacier. Figure 5 exemplifies WDS microprobe profiles from
the surface down into varnish where lead abundance falls to background
levels beneath the upper micron. While most of the lead appears to be too
dispersed to image even with HRTEM, a few cases exist where the lead ap-
pears to be concentrated in <10 nm sized particles (Figure 6).
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Figure 5.—BSE images of cross-sections of rock varnishes where the surface most layer
is contaminated with lead. Each WDS measurement point is about 0.5 um apart, and
this means that these is spatial overlap in the focused beam analyses. Less than 0.03%
lead is background, below the limit of detection. (a) Greenland outlet glacier sample; (b)
Middle Palisade Glacier sample.
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A ceramic plate placed beneath the Middle Palisade Glacier formed rock
varnish within five years (Figure 7). The elemental chemistry of this rock
varnish, as analyzed by EDS, is the same as varnish occurring on boulders
exposed at the glacier margin. A few nanoscale spots on rock varnish revealed
the presence of high lead abundances, but only at the scale of what appears
to be <50 nm. Erosional striations caused by the movement of particles over
the ceramic plate appear to stand out as positive relief features in Figure 7.
This is because the very surface of the covered ceramic plate exposed to the
glacier was composed of a mixture of epoxy and bentonite clay that was then
polished. Movement of particles over this soft surface resulted in a “plowing”
action that generated the positive relief seen in the Figure 7a.
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Fungal Mat

All of the glacially pol-
ished boulders from
the Franz Josef Glacier
hosted fungal mats
(e.g., Figure 8). These
mats were not uni-
form over the boulders
and were typically less
than 2 mm in diam-
eter. Irregularly spaced
portions of the fungal
mats contained iron-
and clay-rich portions
that have an elemental
chemistry similar to
Mn-poor/Fe-rich rock
varnish (Figure 8b and
8c). No other sites
hosted fungal mats.

Figure 8.—Fungal mat
growing on a boulder at
the margin of the Franz
Josef Glacier. (a) SE image
(b) HRTEM image of the
contactbetweenfungiand
theunderlying plagioclase
mineral. (c) EDS analysis
acquired from the letter
c in image (b). This EDS
signature is similar to Mn-
poorrockvarnish, withthe
exception of the strong
carbon peak.

APCG YEARBOOK « Volume 80 « 2018
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Silica Glaze

Silica glaze is the most common type of rock coating found at the six sam-
pling sites. Most of the silica glaze consists of micron-thin coatings (e.g.,
Figure 2). However, thicker silica glazes did occur at the Bungar Hills,
Greenland outlet, and Ngozumpa Glacier sites. Figure 9 includes the two
observed textures of silica glaze: finely laminated and more massive in BSE
appearance. While the EDS image in Figure 9b is for a finely laminated
texture, this EDS spectra is typical of most of the silica glazes observed.

Figure 9.—Silica glaze from the Ngozumpa Glacier, Nepal. (a) BSE image showing two
textures of silica glaze accreted on the underlying glacially polished surface. The upper
texture shows fine laminations, while the lower texture appears more massive. (b) EDS
of the finely laminated texture. (c) Higher resolution BSE image (from the arrow tip in
image (a) of the contact between quartz in the underlying rock and the overlying silica
glaze. (d) A higher-resolution BSE image at the location identified with a d in image (a).
Note the nanoscale laminations in the upper half of image d and a more chaotic texture
underneath at the nanoscale. This more chaotic texture has a more massive appearance
at lower resolutions, such as image (a).
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Mg-rich Coating on Glacial Polish

Glacially polished limestone (with silica nodules) sampled from underneath
the Athabasca Glacier hosted two types of rock coatings not reported previ-
ously in scholarship. One coating appears to be an iron film, but with a very
strong enrichment in magnesium (Figure 10). This interpretation is based
on EDS spectra (Figures 10c and 10d) that were quite similar in different
analyses of the coating. If one ignores the strong Mg (and Ca) peak, the rest
of the EDS spectra would be similar to a Fe-rich/Mn-poor rock varnish that
contains abundant clay minerals (strong Al and Si peaks). However, the very
strong Mg and moderately high Ca peaks have not been found previously in
other examples of Fe-rich varnishes. One speculative interpretation is that
the very strong peak of Mg stands out as an anomaly that could be explained
by crystals of mixed magnesite (MgCO,) and ankerite [Ca(Fe,Mg,Mn)
(CO,),] that could explain the very high Mg peak, the iron, and also the
layered texture. The desiccation cracks (Figures 10a and c) cracking could
be an artifact of the carbon coating process, or it could be an original surface
micromorphology. The pedestal in Figure 11b with similar sized peaks for
Ca and Mg, however, could be dolomite.

A glacially polished silicified nodule collected from underneath the
Athabasca Glacier also showed the presence of the Mg-rich coating (Figure
11a) with an EDS spectra (Figure 11b) similar to the coating observed on
the limestone (Figure 10). There are two differences: the coating exists only
as a micron-scale patch (see letter b in Figure 11a); and the relative height
of the calcium peak is much less than in Figure 10. In addition, pedestals
(Figure 11c) with an EDS spectra similar to manganiferous rock varnish
(Figure 11d) dot the surface of the silicified nodules. The lower-resolution
image 11a identifies one of the Mn-rich pedestals with the letter ¢, and that
pedestal is shown with nanoscale detail in Figure 11c.
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Discussion

Electron microscope examination of recently exposed boulders and bed-
rock—all with a surface texture of glacially polished rock from six different
arctic and alpine glacier margins—reveals the presence of several differ-
ent rock coatings and the development of weathering rinds on all studied
surfaces. This section links these initial results of this pilot study to prior
scholarship.

Rock Surface Decay

There exists some potential of these preliminary findings to impact research
on the timing of late-Holocene glacial events in California, Oregon, Wash-
ington, and Alaska. At issue is the most recent of glacial advances, the late
Holocene (Porter and Denton 1967; Scuderi 1987), as well as advances and
retreats of small glaciers in the twentieth century (Dyurgerov and Meier
2000), since weathering rinds have been used to generate relative ages
throughout the Pacific Coast region (e.g., Porter 1975).

Paraglacial rock decay can progress rapidly in both periglacial and para-
glacial settings (Dixon et al. 1984; Ballantyne and Benn 1994; Thorn et al.
2001; Dixon et al. 2002; French and Guglielmin 2002; Dixon and Thorn 2005;
Thorn et al. 2006; Dixon 2013) by both abiotic decay processes (Anderson
etal. 2000) and microorganism-generated decay (Etienne 2002; Etienne and
Dupont 2002; Guglielmin et al. 2005; Borin et al. 2010). Such rapid decay
has been also documented physically through microrelief measurements
(Dabski 2015).

Thus, the presence of weathering rinds (Figures 2 and 3) with varying
degrees of porosity (Table 2) should not be a surprise, even if no prior rock-
surface porosity data are available at the retreating margins of glaciers. What
cannot be discerned, however, is whether dissolution and mineral alteration
took place: (a) subglacially before, during, or after glacial polishing of the
studied surfaces; (b) on boulder perimeters during glacial transport; or (c)
on the margins of the retreating glaciers. There is no way to rule out altera-
tion in any of these contexts.

What is clear from these results, however, is that those who use weath-
ering-rind thicknesses or Schmidt hammer testing as an indicator of time
since deglaciation (Guglielmin et al. 2012; Dabski and Tittenbrun 2013;
Reznichenko et al. 2016; Zasadni and Klapyta 2016; Mills et al. 2017) can
no longer assume an initial condition of “fresh rock” with no prior decay.
Table 2 reveals the presence of porosity in all weathering rinds, that in
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turn can potentially influence both weathering rind appearance and also
Schmidt hammer testing. Table 2 reveals that porosity varies considerably
from boulder to boulder or bedrock surface to bedrock surface. This initial
variability thus creates an additional uncertainty factor for studies involving
weathering-rind thickness and Schmidt Hammer testing.

Lead Contamination

Lead pollution is a global issue that results when micrometer-scale and nano-
scale lead particles get transported via rain drops, and hence frequently are
found in soils and plants near roadways (Motto et al. 1970; Patterson 1980;
Agrawal etal. 1981; Newsome et al. 1997) and in regolith pores near highways
(Fein et al. 1999). Although lead pollution concentrates near locations of
emission such as highways and smelters, lead distribution occurs globally
through atmospheric processes as evidenced by lead pollution occurrences
in Danish bogs (Andersen 1994) and ice (Boutron et al. 1994) distant from
emission sources.

Oxides and hydroxides of iron and manganese scavenge lead (Jenne
1968; Gulson et al. 1992; Coston et al. 1995; Dong et al. 2002; Adams et
al. 2009). This basic observation led to an investigation of whether lead
contaminates the surface-most layer in rock varnish with the basic finding
as follows:

Lead accumulates in rock varnishes and dust films on desert surfaces.
Electron microprobe profiles reveal that lead is a contaminant in the
uppermost surfaces of rock varnishes, but these concentrations drop to
background levels below the very surface of natural rock coatings that
have formed since lead additives were introduced into gasoline in 1922.
(Dorn, 1998: 139)

Since this initial finding, lead emitted by automobile exhaust has been
found in the surface-most layer of varnish (Fleisher et al. 1999), including
in eastern California areas distant from cities (Broecker and Liu 2001).
Similarly, other research has documented contamination by lead and other
heavy-metal contaminants in the surface-most layer of rock varnish (Thiaga-
rajan and Lee 2004; Hodge et al. 2005; Wayne et al. 2006; Spilde et al. 2007;
Nowinski et al. 2010; Hoar et al. 2011; Nowinski et al. 2012; Spilde et al. 2013).

Nanoscale iron and manganese are likely the key to lead fixation in
surficial rock varnish. As lead diffuses into varnish (Figure 5), recently de-
posited varnish experiences ongoing instability at the nanoscale, as oxides
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and hydroxides of iron and manganese move a few nanometers from bacte-
rial casts into clay minerals (Dorn 2013; Krinsley et al. 2013; Krinsley et al.
2017). Atmospheric fallout of lead that encounters rock varnish (Figures 6
and 7) interacts with this ongoing nanoscale instability as nanoscale Mn-Fe
particles cement clay minerals to form varnish (Dorn 1998; Dorn 2007).
The lead is then scavenged by the precipitating nanoscale Mn-Fe particles.
Three new findings regarding lead interaction with rock varnish are
new to this study. First, the ceramic plate study (Figure 7) documents that
lead adsorption can occur in as little as five years and in subglacial settings.
Second, lead is contaminating varnish even in remote environments like
Greenland (Figure 5). Third, presence of lead as a twentieth-century con-
taminant on developed weathering rinds supports the observation of recent
exposure of glacial boulders with already-developed weathering rinds.

Rock Coatings
While many think of rock coatings as a subaerial accretion, they can also have
a subglacial origin as evidenced by Mn-rich birnessite subglacial coatings
of the Jackson Glacier in Montana and Khumbu Glacier in Nepal (Potter
and Rossman 1979), as well as observations of ferromanganese rock varnish
formation in Norway (Whalley et al. 1990). Silica glaze formed subglacially
may result from processes associated with “sliding ice” (Hallet 1975). Iron
films have been reported in association with subglacial meltwaters (Ander-
son and Sollid 1971; Whalley 1984; Drewry 1986). Subglacial carbonate
coatings (Hallet 1976; Bernard 1979; Souchez and Lemmens 1985; Liu et al.
2005) can be deposited in microlaminations and also cementing rock frag-
ments (Carter et al. 2003; Liu et al. 2005). Microscopic observations indicate
textures associated with cryogenic calcite crystallization (Sharp et al. 1990)
and perhaps cryogenic involvement in iron and silica precipitation as well
(Vogt 1990; Vogt and Corte 1996). Given this prior scholarship, the rock
coatings observed in Figures 2 through 11 could be inherited from a subgla-
cial environment or could be forming at the retreating margins of glaciers.
Several new observations about rock coatings emerged in this study.
First, fungi in a paraglacial setting next to the Franz Josef Glacier in New
Zealand are able to generate elemental constituents similar to Mn-poor/
Fe-rich rock varnish within the mat (Figure 8). Second, I am unaware of an
elemental signature for the rock coatings observed underneath the Athabasca
Glacier, Canada (Figure 10 and 11b), with such a strong Mg peak combined
with elements similar to Mn-poor rock varnish. Third, the nanoscale growth
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form as observed in Figure 11c with an elemental chemistry of rock var-
nish (Figure 11d) appears similar to budding bacteria cast forms that are
implicated in varnish formation (Dorn and Oberlander 1982) and occur
within varnishes formed along the Erie Canal (Krinsley et al. 2017). Third,
silica glaze (Figures 2 and 9) is the most common paraglacial rock coating
observed in the six paraglacial settings studied here. Fourth, silica glaze, rock
varnish, and iron can also act as indurating case-hardening agents (Dorn
2004) on the retreating margins of glaciers.

Conclusions

The general notion that physical processes of rock decay dominate over
chemical and biochemical processes of rock decay has long been debunked
for cold climates, including paraglacial settings (Pope et al. 1995). In these
environments, soil scientists, physical geographers, surficial geologists, and
Quaternary scientists often study weathering rinds in paraglacial settings. A
common assumption made in these studies is that abrasive processes such
as glacial polishing removes pre-existing rock decay and exposes a “fresh
surface”

Micrometer and nanometer-scale examination of glacially polished sam-
ples exposed at the retreating margins of six glaciers revealed the presence
of weathering-rind porosity in all samples and in highly variable amounts.
This is a preliminary finding, because of the relatively low number of samples
analyzed. Also, there is a need to analyze in detail the status of weathering of
clasts still embedded in the glacier prior to deposition. Still, the presence of
weathering-rind porosity suggests a possible need for establishing an initial
state of rock decay before interpreting results of Schmidt Hammer testing
or weathering-rind measurements on glacial moraines.

Natural coatings are analogous to cumulic soils in that they record en-
vironmental processes occurring at the earth’s surface. Glacially polished
rock exposed at the retreating margins of the Athabasca Glacier in Canada,
Bunger Oasis of Antarctica, Franz Josef Glacier in New Zealand, a Greenland
outlet glacier, Ngozumpa Glacier in Nepal, and the Middle Palisade Glacier
in California display a range of rock coatings, including a newly type of Mg-
rich coating, iron films, rock varnish, fungal mats, and silica glaze as the
most common coating. Silica glaze, rock varnish, and iron film constituents
are able to impregnate the weathering rind and generate a case-hardening
effect. Although samples were collected within a few meters from ice on
glacially polished surfaces, rock coatings occurred on all surfaces rang-
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ing from micrometer- to millimeters-scale in size. Ceramic plates placed
in contact with the Middle Palisade Glacier in California developed rock
varnish with an elemental composition similar to varnish found on nearby
exposed glacially polished rock.

Because manganiferous rock varnish is a known scavenger of heavy
metals, including lead, coatings exposed by ongoing glacial ablation are able
to record anthropogenic air pollution. Evidence of twentieth- and twenty-
first-century anthropogenic contamination from lead occurred in the top
micrometer of rock varnish collected from recently deglaciated boulders
exposed on a medial moraine of a Greenland ice sheet outlet glacier, from
recently deglaciated boulders found on the margin of the Middle Palisade
Glacier in California, and also rock varnish formed on a ceramic plate placed
underneath the Middle Palisade Glacier for five years. Thus, an Anthropo-
cene signal of lead pollution contaminates rock surfaces on the retreating
margins of even remote glaciers and ice sheets.

Given the long history of research into glacial advances in the Pacific
Coast region (e.g., Kesseli 1941; Whelan and Bach 2017), and since a number
of retreating glaciers now exist, we hope that findings of this pilot research
might generate further research within the region.
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