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Glass alteration in the presence of microorganisms has been a topic of research for over 150 years. Researchers from a variety of
disciplines, including material science, biology, chemistry, geology, physics, and cultural heritage materials preservation have
conducted experiments in this area to try and understand when, how, and why microorganism may interact and subsequently
influence the alteration of glass. The breadth and depth of these studies are the topic of this review. This review presents a detailed
history and a comprehensive overview of this field of research, while maintaining focus on the terrestrial alteration of
anthropogenic silicate glasses. Within this manuscript is a schema for bio-interaction with silicate glasses and an outline of an
evidence-based hypothesis on how these interactions may influence glass alteration processes. Topics discussed include microbial
colonization of glass, development, and interactions of biofilms with glass surface, abiotic vs. biotic alteration processes, and
sighatures of bio-alteration. Future research needs and a discussion of practical drivers for this research are summarized.
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INTRODUCTION

Glass is included in many of our modern and daily activities. We
wake up to glass-covered alarm clocks, eat breakfast in the
company of glass containers full of coffee or juice, transport our
children in cars with glass windows, communicate with our friends
and family through glass-covered cellphones, and sit in glass clad
buildings during our working hours. Every one of these interac-
tions and the thousands of others between a glass and its
surrounding environment may result in the colonization of its
surface by microorganisms. If the organisms are not removed in a
timely manner then their co-association with glass surfaces may
last seconds, minutes, weeks, hours, and even millennia’. Some of
these associations may be harmless or protective, others may be
more damaging, decreasing the durability and service life of a
glass. It is the latter interactions that have stimulated research on
this topic for the past few decades.

At the time of writing this manuscript, a significantly larger
number of studies have been conducted on abiotic alteration of
glass than on the biotic alteration of glass. This has been in part
due to the emphasis placed on abiotic alteration by certain
industries (e.g., nuclear waste disposal)*>. While abiotic-focused
research has provided many important insights®, it has addressed
only part of the cause of glass alteration in natural, non-sterile
environments. The other part, one which is underpinned by
biology, needs to be assessed as well. Understanding both abiotic
and biotic alteration, and how they interact can aid in the
development of a well-rounded model of glass alteration under
natural conditions. Insight into the synergy of these two processes
is especially important as international communities strive to place
glass-including-devices and structures in outer space’, send them
to other planets®, and dive them to the depths of our oceans’ for
longer periods of time than previously attempted. Knowing a
priori how and when these processes interact or override each
other could mean the difference between a successful or failed
mission.

Another driver for this review is the practice of vitrifying nuclear
waste and the legal requirement that nuclear waste producers

account for the long-term (thousands to tens-of-thousands of
years) durability of their vitrified products®. At some disposal sites
buried vitrified wastes may experience biotic contamination, as
well as adverse abiotic conditions®. Therefore, it is important that
biological parameters are considered in the disposal site
performance assessment models®. As previously stated, this
research community has accumulated vast knowledge of abiotic
alteration processes, but not of biotic ones. Fulfilling this need is a
focus of this review, which requires first a general understanding
of the current state-of-the-field of glass bio-alteration.

To date, few literature reviews have covered this research
topic'®'. The first detailed review was published in 1989 by
Newton and Davidson, whose work showed a specific interest in
the conservation of glass artifacts'%. Their chapter outlined both
the authors’ contributions to the field, as well as those by many
others whose work will be mentioned below. In 1991, a few years
after the release of Newton and Davidson'’s publication, Koestler
and Vedral released a comprehensive bibliography on the
biodeterioration of cultural property materials that included many
references to glass'>. Several years later, Drewello and Weissmann
published a more general overview that focused on the bio-
alteration of silicate glasses'®. More recently, in 2006 and 2016,
literature reviews were included in the academic theses of
Aouad'* and Shelley', respectively, and, in 2017, a brief overview
was published in a book by Pinna that focused on medieval
stained glass windows from Europe'®. Although no comprehen-
sive review has been compiled in the two decades since Drewello
and Weissmann (1997), many new manuscripts have been
published and various advances have been made in analytical
techniques for studying the phenomenon. In addition, and at the
present, no schema (such as that for stone and mineral)'”'® has
been proposed to hypothesize how and why terrestrial microbes
interact with and alter silicate glasses. This review aims to address
this gap.

This review opens with a brief historical timeline of research on
the bio-alteration of glass and closes with a discussion of the
general pathways by which bio-alteration may occur. A compre-
hensive list of glass colonizing organisms is not provided although
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a few key organisms are mentioned. The development of such a
list is a topic of future work. The historical timeline presented here
does not cite every paper published on the bio-alteration of glass,
but focuses on manuscripts that identify biological agents and
their possible mechanisms of action. An emphasis has been
placed on the alteration of silicate-based anthropogenic glasses,
but, and when appropriate, data on the bio-alteration of naturally
formed silicate glasses, predominately volcanic in origin, and
selected silicate minerals is also included. The alteration of glasses
designed for biological and medical applications (i.e., bioglasses) is
not discussed due to their vastly different alteration environment
and glass chemistries.

LITERATURE REVIEW AND HISTORICAL TIMELINE
1830's-1940’s

Microbial interactions with glass have been reported in the
literature to at least 1831, when the influential Swedish mycologist
Fries published his observations of lichen (fungi living in symbiotic
association with photosynthetic algae or cyanobacteria) growth
on church windows in Falsterbo, Sweden'®. More than 40 years
later (1879), the prolific British lichenologist Crombie noted,
“Vitricole Lichens (which, in this country, we have only observed
on broken pieces of bottles on garden wall tops, chiefly in
Scotland)...”?°. This statement was made in response to published
observations made by Nylander, who had observed prolific lichen
growth on glass exposed to nature for several years'. Similar
findings of microorganisms growing on glass were communicated
in 1881 by Egeling®?, and reiterated in 1913 by Fink?>.

In 1921, the English researcher Mellor published the first in a
series of papers and letters on biologically induced alteration of
anthropogenic glass®>*2%. A possible motivation for this under-
taking may be found in her 1923 article where she states, “
technical and practical knowledge of the stained glass artist
should be reinforced by the theoretical and laboratory studies of
the scientific worker"®. Mellor's papers were the culmination of
time spent examining the surfaces of medieval church windows
while abroad in France. In the papers, Mellor hypothesized a link
between the presence of lichens and the alteration of glass
surfaces®*?®, This theory was summarized in her 1923 Nature
paper®®, where she listed over 20 lichen species growing on the
glass panes and detailed the presence of pitting in the glass
surfaces under the organisms. The pits measured up to 5 mm wide
and almost 2 mm deep, and the number of pits varied both by the
species of lichen and by the color and type (chemical composi-
tion) of glass. These and other results from Mellor's research gave
credence to the then controversial theories of organism-induced
alteration of inorganic surfaces®’?%, and she was one of the first to
suggest a correlation between the composition of a glass and its
vulnerability to alteration?®.

Mellor's work is foundational to this field of inquiry but has only
been moderately cited over the years. Prior to the 1960’s, there are
a few citations to Mellor’s articles in the lichenology literature?®=2,
Post the 1960’s many of the citations to her papers are found in
publications by art restorers, conservators, and/or conservation
scientists and few microbiologists'*>73°, This appears to follow
the trend of an increasing interest in bio-alteration by the cultural
heritage field during this time period. Since the late 1980’s, several
geologists/geochemists have referenced her findings to emphasis
the diversity of surfaces that lichens colonize and their roles as
biological agents of geochemical processes (examples of these
publications include®*3®). A brief literature review reveals that
Mellor's work has become more popular within the last several
decades with almost a third of citations to her 1923 paper
occurring since 2000. In several of these modern papers, her
findings are utilized to compare lichen species observed on glass
with those “known” (as observed by Mellor) on naturally altered

npj Materials Degradation (2021) 11

glasses. Given the nature of the works which have cited her papers
an acknowledgment of Mellor’s role in establishing several of the
fundamental areas of inquiry for this field seems qualified.
Specifically, and as summarized in Fig. 1, Mellor’s work hypothe-
sized that:

(i) Different glass chemistries
observed conditions;
(i) Only certain kinds of organisms colonize glasses;
(iii) These organisms left alteration “signatures”
glasses; and
Alteration could be abiotic, biotic, or driven by both.

altered differently under

on the

(iv)

1940's-1960’s

Following Mellor's publications, there appear to be relatively few
publicly published articles on the bio-alteration of glass until the
1940's when glass manufacturers and scientists began to
document their frustrations around the alteration of optical
glasses. Many clinical and research lab reports from this time
detail biologically “fouled” (aka biofouling) and etched glass lenses
within expensive microscopes and optical instruments®~',
Biofouling was particularly problematic for microscopes exposed
to the hot and humid conditions of tropical or subtropic
environments*' ™3, Under these conditions, the glass pieces were
noted to deteriorate quickly. In some cases, the optics would
become “hazed” or “pitted” within 4-8 weeks***2. As noted, the
deterioration of the optics occasionally resulted in financial
hardship for researchers working in remote tropical outposts as
the shipment of replacement pieces was often expensive, difficult
to arrange, and could take many months to arrive. Researchers
attributed the bio-colonization to the presence of organic debris
on the surface of lenses and the presence of moisture; a problem
which they believed could be mitigated by routine cleaning and
good storage practices****, Recommended cleaning procedures
have included sterilization and application of fungicides, such as
meta-cresyl acetate (cresatin) or sodium ethylmercurithiosalicy-
late, to the glasses*¥*%*2 These treatments, while effective in the
short term, did not prevent recolonization from occurring over
time and had to be repeated regularly®®. Some researchers also
expressed concern that the cleaning agents themselves could
damage the surfaces of the glass*®. Given these limitations,
scientists have since proposed alternative approaches to keep
glass surfaces aseptic. Three of these developed methods that are
still in use today include adding small amounts of biocidic
elements (Pb, Ag, Cu, etc) to glass matrices®’, coating glass
surfaces with a thin layer of a metal oxide or metal®®, and reacting
the glass surface with biologically active compounds®®. Exposing
glass surfaces to gamma irradiation also was suggested as a
sterilization technique®°.

From 1940 to 1960 research focused on describing visual
signatures of bio-alteration, finding the source cause(s) of
biological colonization, and the development of technologies
and methods of mitigation. In contrast to the previous period,
research appears to have been conducted by a mixture of industry
and academia. Descriptive terms for the alteration textures, such
as “etching”, “pitting”, and “hazing” appear within many publica-
tions from this time and echoes those previously utilized by
Mellor. They have continued to be popular through time with
many appearing in manuscripts from the 1990’s and 2000’s, by
Koestler et al.>", Staudigel et al.>2, Krumbien et al.'’, and Furnes
and Thorseth®*>%, the latter describing bio-alteration of deep sea
basaltic glasses.

It is curious to note that most of the classification of these
signatures occurred near simultaneously with the introduction of
more powerful microscopes and advanced imaging methods. That
is, the very instruments that may have been damaged by
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microbial activity—a factor driving this research in the mid-20th
century—made it possible to view these signatures of the
deterioration and associate them with the presence of the
organisms. Two significant advances in microscopic instruments
during this period which enabled this work include the patenting
of the electron microscope (EM) in 1940's by the Ruskas>® (for
which Ernst Ruska won a Nobel prize for in 1986 and that was
seminal to the creation of the scanning electron microscope
(SEM)) and the creation of confocal imaging by Minsky between

1831
Early record of glass
alteration by organisms
(Fries, 1831)

1878 - 1979
Several reports of
lichens growing on
glass in nature
(Crombie, 1878 - 79;
Nylander, 1879)

1920s
Mellor’s bio-alteration of
stained-glass windows published

1940’s
Rise of EM
(Ruska and Ruska)

1940s
Industrial interest in
bio-alteration of glass
appears in literature
(e.g., Hutchinson, 1947)

Combined characterization of
chemical and physical
signatures of bio-alteration

1978 - 1981
First experimental report of
bacterial colonization and
alteration of glass surfaces
(Perez y Jorba et al.)
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1955 and 1957 (refs. °®°7). In the 1960s, researchers would add
onto these techniques green fluorescent protein (GFP) tag-
ging®°°, which underwent further refinement in 1992 with the
first reporting cloning of the GFP gene®, and the development of
fluorescence imaging®’. Pairing microscopes with GFP has
enabled direct visualization and quantification of real-time,
biological activity on relevant time length scales, and made
measurement of alteration kinetics and mechanisms plausible in
the second half of the 20th century.

Brief Timeline

Visual ID of lichens on glasses
Differences in microbial populations based on
environment

Lists visual signatures of bio-
alteration (Mellor, 1921-24)

Notes variability in alteration extent
between different glass chemistries published

Synergistic affects of environment and
micro-organisms on extent of alteration
broached (e.g., Jones, 1945)

Expansion of bio-alteration
signature descriptors

Development of microbial
alteration deterrents
(e.g, Turner, 1946)

Increase in publications from cultural heritage
community (e.g., Winter 1965;Tennent, 1981)

Experimental proof of differences in
bio-alteration due to
different glass chemistries
(Perez y Jorba et al.; Koestler et al.)

1987
SEM imaging of organisms and
alteration signatures
on glass surfaces (Koestler et al.)

1990s

Significant increase in publications from
the geochemical community

Expansion of research on
environmental
interplay with microbial
alteration processes

2000’
Research emerging from
al waste commun

Present

Fig. 1

(basaltic glasses)

2002
First comprehensive list
of signatures of glass
alteration
(Furnes, 2002)

Experimental proof of protective and

destructive bio-alteration (Aouad,

2006; Stuadgiel et al., 1995)

Brief historical outline on the development of glass bio-alteration research from the 1800’s to present time. Colored lines indicate

events/developments that occurred in a set time period. Connections were assigned based on citations and/or listing of connections in public

documents.
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1960's-1990’s

As stated above, Mellor's work appears to become of significant
interest to fields outside of lichenology in the 1960’s. It was in this
decade that several papers, many of which utilized the
aforementioned microscopes, provided direct evidence for
Mellor's hypothesis that organisms alter glass. As with Mellor's
work, the greater part of this research focused on the natural
alteration of historical glasses®?. Some of the most cited papers,
and that provided additional credit to Mellor's other findings,
included those from the 1960’s from Prod’Homme®?, Winter®*, and
Kerner-Gang®, from the 1970’s Collongues et al.°® and Bettem-
bourg®?, and one from 1981 by Tennent®”. In the 80's, Perez y
Jorba et al. reported on the alteration of anthropogenic glass
under natural conditions by more than one type of organism,
providing some of the first evidence for the alteration of silicate
glass by bacteria®®. These authors noted circular pits associated
with fungal filaments in the altered regions of medieval glasses; a
finding that compliments those of Mellor's®®. Some of the altered
regions observed by Perez y Jorba and coworkers had evenly
spaced, concentric striations that occasionally were cracked and
backfilled with S- and Mn-rich materials. The researchers
suggested that these pits and striations were biotic in origin,
primarily caused by ferrous iron (Fe*)-oxidizing bacteria. Follow-
up laboratory experiments by Koestler et al. provided empirical
proof that Fe?"-oxidizing bacteria (specifically cyanobacteria) were
able to cause alterations similar to those observed by Perez y
Jorba et al>"%8, Koestler et al. also noted that potassium (aka
potash) silicate glasses were more susceptible to pit formation
than soda-lime silicate glasses, which exhibited more generalized
surface etching without pitting. These results were in-line with the
observation of Mellor that difference glass chemistries alter
differently.

As previously mentioned, SEM played a key role in these
research efforts. This may be due in part to the instrument being
more accessible and affordable to the general scientific research
community in the 1960’s and 1970's%®). SEMs of this time period
allowed micron-scale visualization and measurement (length and
depth) of the alteration textures on the glass surfaces, and their
comparison to the position, shape, and size of microorganisms.
From the early 1990’s onward it became near common practice for
researchers in geomicrobiology to identify organisms on the glass
surfaces by comparing SEM images with epifluorescence micro-
scopy images, where the organism was stained by a fluorescing
dye’®72, Other analytical methods used in conjunction with SEM
imaging included stable isotope analysis ('*C, '80)’%73, energy
dispersive spectroscopy or microprobe analysis®'?371727473
transmission electron microscopy (TEM)”>7%, and genomic analysis
through polymerase chain reaction (PCR) amplification”’. The
samples analyzed in these studies came from natural environ-
ments’®7% and from substrates altered under controlled labora-
tory conditions®'~%%3,

A major theme of this 30 years timespan was building upon
past knowledge and techniques. More observational and experi-
mental evidence was provided that dissimilar glass chemistries
alter differently under similar biotically exposed conditions, a
theory first posed by Mellor in the 1920’s. In addition, combining
fluorescent tagging methods, stable isotope analysis, and
elemental analysis with more mature imaging instrumentation
permitted researchers to develop a more nuanced understanding
of microbial colonization of glasses. Species growing on glasses
could be more accurately documented, identified, and correlated
with alteration phenomena with the use of micro-imaging®'®. As
a result, researchers began looking beyond fungi as the singular
source of glass alteration, leading to some of the first evidence for
bacterial alteration of glass®®. Descriptions of alteration expanded
beyond physical symptoms of degradation to include possible
chemical reactions between the organisms or their by-products
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with underlying glass surfaces''®, The latter is foundational to
modern studies of bio-alteration of glass as it indicated that it isn’t
only physical processes, but also chemical processes that could
have a significant impact on how glass alteration occurs. The
significant method and theory development from this timeframe
set the stage for the highly cited works from the geochemical
community on the bio-alteration of basaltic glasses in the 1990's.

1990’s to present

In the 1990's, Thorseth et al.>*737%, Torsvik et al.”®, Giovannoni
et al”', Fisk et al.”? (the preceding works in collaboration and
many in coauthorship with Harald Furnes), and Staudigel et al.>?
provided a more geochemical-focused approach to bio-alteration
studies. These researchers used microbial alteration textures (aka
signatures) on basaltic glass as evidence of epilithic and endolithic
microorganisms from ancient times. Although not focused on
anthropogenically produced silicate glasses, these publications are
important because they gave further weight to the idea that
observed alteration textures could be biotically produced”’®.

Another important paper from this time written by Staudigel
et al. broke with the decades long convention of describing bio-
alteration as predominately causing degradation of a glass and,
rather, discussed that it could also have the reverse affect—i.e,, it
could result in preservation”’. Subsequent research by Aouad et al.
in the 2000's provided additional evidence to support this idea,
although Aouad and coworkers did not agree with all of the prior
works’ methodology”””8. This research will be discussed in greater
detail in following sections.

In the early 2000's Furnes et al. summarized their groups
findings from the 90's>*. In this paper, the authors listed five
features commonly found on volcanic glasses that have under-
gone biotic alteration>*:

(i) An alteration surface with “bio-generated textures” that are
granular and/or tubular, and related in shapes and sizes with
microorganisms;

(ii) An association of filament texture with the shapes
mentioned in i;

(iii) A presence of DNA and RNA in or near these textures (young
samples only);

(iv) An association of C and N with the textures, particularly near
the alteration front; and

(v) A presence of C isotopes and in relevant bio-fractions of '°C
and '3C isotopes in the alteration front.

Although these features were identified in natural glasses
altered in marine settings, they can and have been applied to the
analysis of naturally altered anthropogenic glasses (for an example
see””). Like the past works of Krumbein et al.", Perez y Jorba
et al®® and Koestler et al®', this research highlighted that
biogenic alteration signatures could be both physical and
chemical in nature. Furnes et al. also made the important inclusion
of using stable isotope analysis to try and separate biotic
alteration from abiotic alteration. This analysis method can require
mg to g sample sizes, and can be challenging on altered glass
materials given the small (sometimes pum/ug or smaller sized) and
localized formation of some alteration textures. At this length
scale, the detection of biogenic C, N, or S or minerals may be more
easily achieved, although source attribution may be difficult to
ascribe.

As noted by the above researchers and in several other papers
from the 80’s and 90’s, the hypothesized and experimentally
tested processes by which organisms may cause localized
alteration textures include microbially induced variations in
solution pH and microbially produced ligand/glass surface
interactions>>>>7*778% For the former process, the impact of
organisms could be significant as local pH is known to effect the
rate of glass alteration®' 2. In addition, a 1996 study by Welch and
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Ullman reported that organic acids produced by microbes as part
of their metabolic pathways were more effective at altering
silicates than inorganic acids at the same pH (cited by Furnes et al.
in the 2002 review)®*. For the latter process several organic ligands
that can be biologically secreted have been reported to interact
with silicates'>®>%°, Examples of these molecules include oxalic
acid, citric acid, 2- keto-gluconic acid, tartaric acid, and salicylic 2-3
dihydoxybenzoic acids. Microbes that secrete Fe-binding ligands,
such as multi-cation-chelating siderophores, have also been found
to increase the dissolution rates of basaltic glasses if the preferred
valence of Fe is present®”®8 Some researchers have suggested
that these chemicals (organic acids/bases and ligands) allow
organisms attacking a glass surface to remove elements that are
otherwise depleted in their local environment'"’”. The common-
ality of this effect is a current topic of debate and is discussed in
more detail in the biochemical alteration section of this review.

Another heavily deliberated topic for this period is whether
such observed signatures are truly biotic in origin or if they
occurred due to abiotic reactions that were subsequently mixed
with biotic material. This sentiment had been previously and
briefly discussed by Mellor®*, reiterated by Koestler et al."’,
Stuadigel et al.”” in the 1990's along with others'', and appears to
have come to the forefront of discussion in the 2000's (for
example, see refs. '*#9). Coming from the field of municipal waste
glass durability, the mid-2000's research of Aouad and Aouad et al.
suggested that abiotic processes could have produced textures
similar to those previously ascribed to biotic processes’®?. In his
papers and his dissertation, Aouad suggested that bio-alteration
of glass is relatively rare and that the bio-attributed alteration
patterns found on most volcanic glasses may have occurred
abiotically'*. He also asserted that bio-alteration textures are not
consistently observed on naturally altered samples; a statement
which parallels early criticisms of Brill and Hood’s theories of
dating using glass alteration layers®’ by Newton®2. In a response
to Banerjee and Muehlenbach®® attributing tubular textures on
volcanic glass to bio-alteration, Aouad noted that the textures
could have formed through abiotic leaching in a less durable
region of the glass'*. To test this hypothesis, Aouad ran a series of
experiments on silicate glasses under controlled biotic and abiotic
conditions. For these glasses and the given experimental setup, a
greater extent of alteration was found to occur under abiotic
rather than biotic conditions'*®°. Aouad et al. also showed
through elemental release rates that biofilms (i.e., cells embedded
in a matrix of extracellular polymeric substance (EPS)) can act as a
protective layer, slowing the rate of glass alteration, and extend
the lifetime of the glass. Biofilms and EPSs are discussed at a
greater depth below.

The difficulty of making mechanism origin assignments has
been further detailed in a 2007 paper by Benzerara et al®® This
study focused on colocalized identification of a glass derived
element (e.g., Fe) with a biotic associated element (e.g., C) and
extended the analyses to include elemental redox measurements.
This was completed with focused ion beam milling, TEM, scanning
transmission X-ray microscopy, near-edge X-ray absorption fine
structure spectroscopy, and electron energy loss spectroscopy.
The features investigated were <5 um wide channels and =30 nm
wide alteration layers in naturally altered basalt glasses. Although,
the findings of this study were geologically interesting—showing
direct evidence for oxidized Fe in the channels, a result contrary to
prior, albeit lower resolution research on similar materials—they
could not conclusively prove that the alteration was biotically
produced®. Dimensional measurements of the channels indicated
that the channels could be “compatible with a biogenic origin”®.

Research into the biological alteration of glass surfaces has
continued to grow since the early 2000’s. Many studies, such as
those by Schabereiter-Gurtne et al.**, Carmona et al.”>, Marvasi
et al>®, Pifar et al’®®’, Rodrigues et al.’®, and Shelley' have
attributed textures on naturally altered, historical glasses to
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biologically induced alteration. More recently, this field of inquiry
has expanded into the realm of nuclear waste glass durabilit
research and the assessment of glass alteration analogs® ',
Glass alteration analogs are historical glasses (natural or anthro-
pogenic) which have altered under natural conditions, and that
are studied to help inform and provide context for glass alteration
models'®®. These models are being utilized by the nuclear waste
glass communities to predict the service life of synthesized
glasses'®,

In the 1990’s and 2000’s, glass bio-alteration research reached
into the fields of geology®*>*7%748° municipal waste dispo-
sal'®, and nuclear waste glass durability research®®9%1°1102 with
these shifts have come the revival of the discussion on how to
identify biotic alteration from abiotic alteration on naturally
altered glasses. Techniques such as stable isotope analysis and
select, biologically relevant element detection were proposed
and utilized to meet this challenge®*®. Research communities
also began dialog on and providing greater experimental
support for the alteration rate-slowing properties of organisms
and biofilms’”%°. Parallel to this, research into effects of
biogenically produced organic acids on glass alteration rates
grew as did interest in the altering effects of siderophore-
producing organisms'"'**77_ The interplay of physical and
chemical alteration processes on glass alteration processes has
arisen as an open question in the field'"'***889% 3long with a
growing need to understand what kinds of organisms colonize
and alter glass””2*%7,

Review of relevant literature as completed above suggests that
there were four major theories proposed for this field from the
early 1800’s onward. These theories are presented in no specific
order below:

() The alteration of glass by microorganisms can be identified
by chemical and/or physical “signatures”;

(i) The alteration of glass can occur via a multitude of
microorganisms (bacteria, fungi, and others);

(iii) The alteration of glass by organisms can occur in multiple
types of natural environments and be (partially) reproduced
in the laboratory; and

(iv) Abiotic environmental factors can play a synergistic role
with microorganisms during alteration processes.

Many of these theories were seeded in the 1920's work of
Mellor**2%, expanded upon or utilized by researchers in
industry*!, academia®’, and in the field of cultural heritage
preservation®®® since at least the 1940’s, and had been carried
forward in 1990's by these groups along with the geochemical
community®>”’%74, Unlike most previous research efforts, the
geochemical community focused on the bio-alteration of sea
altered, natural glasses as opposed to man-made glasses.
Although applied to different glass chemistries and environments,
the geochemical approach used by these researchers helped
establish analytical methods that aid in separating biotic alteration
from abiotic alteration'*. These avenues of investigation have
since been built upon through carefully designed experiments
and state-of-the-art imaging and bio-assessment instrumentation
and techniques in the fields of cultural heritage preservation and
vitrified waste disposal®®'°2. Findings from these research efforts
are foundational to pursuing the current “big” questions of this
field; some of which have been addressed more recently by those
in fields of cultural heritage science®” and waste disposal’®%89°,
These questions will be covered in more detail below and are
outlined on a historical timeline in Fig. 1.

TOPICS OF GLASS BIO-ALTERATION

With a review of relevant literature and introduction to the general
concepts of the field complete, it is now possible to develop
deeper discussions of the specialized topics in glass bio-alteration.
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Fig. 2 Steps of bio-colonization of glass surfaces. Brown layer = organic material, green shapes = microorganism, green/brown layer =
biofilm, purple shapes = minerals. Figure is not to scale and is only a graphical interpretation.

The first topic to be addressed is the need for a general schema
that outlines the steps of the bio-alteration of glass. The second is
to discuss the effects and synergies of biotic and abiotic processes.
Third is to examine the special case of biofilms and biofilm
formation, followed by an outline of the process(es) of bio-
alteration. Finally, chemical and physical signatures of alteration
are to be addressed in greater detail than above and the role of
time in bio-alteration processes will be discussed. These topics are
addressed in the remainder of this manuscript.

General steps of bio-alteration

A general bio-alteration schema for silicate glass may be described
in five general steps. These steps have been adapted from content
presented in'®'% and are outlined in Fig. 2. This is a more detailed
schema than that outlined in the review by Drewello and
Weissmann'®, and, as depicted in Fig. 2, is circular and can
branch or terminate at any given step. The time lapse between
one step and the next is variable and system dependent. Having a
detailed scheme is important as it provides a general timeline with
key development points for microbial interaction with glass; each
of which could be studied in order to gain a better understanding
of how biological glass alteration temporally progresses. The
proposed steps of the schema are:

() The substrate builds up organic material;

(ii) The substrate is colonized by microbial (bacterial and/or
fungal) spores and/or other propagules (i.e., filaments or
fragments) with or without physical attachment;
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(iii) The colony or community grows and reproduces, and
frequently develops a biofilm morphology(s);

(iv) The organism and/or biofilm biomineralize; and

(v) The organism(s) and/or biofilm detaches—if this occurs then
these steps may be reinitiated®'.

Beginning with step i, microbial growth is promoted by organic
nutrient sources on the surface of an inorganic material'®.
However, some evidence suggests that microorganisms may be
sustained (at least temporarily) on select glass types without the
presence of traditional nutrients or other energy sources’’.
Generally, and most likely regardless of nutrient source, coloniza-
tion will occur concurrently with or following the release of
hydrolyzed ions from the glass surface'®. Once a colony is
established (step ii), the microbial community size and diversity
may increase (step iii), with growth and reproduction rates
dependent on the species, water availability, temperature, and
nutrients®'%, An organism’s attachment and continued interac-
tion with a glass surface may be dictated by biochemical
interactions and biophysical interactions. Anchoring may occur
through the microorganism’s EPSs. An established, growing
colony may eventually form a biofilm of structured EPS (step iii)
that may begin to mineralize (step iv). When the colony shrinks or
dies, it can cause physical stress on the glass surface and/or
possibly detach. This may occur synchronously with delamination
of all or part of the glass alteration volume (step v). Some of these
steps may occur very quickly, some within a few seconds, and
some over months, years, or even decades.
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Abiotic and biotic alteration

Given the outline above, bio-alteration may be integrated into the
current, abiotic glass alteration schema. The abiotic process of
glass alteration has been described by Vienna et al.* and Gin'%
and will not be extensively reiterated here. It begins with the
attack of surface silanols and siloxanes by dissociated species of
water, OH ™, and H™, and follows with the release of glass-forming
elements such as Si, alkali, and alkaline earth elements, and, if
present, boron (B). Other elements may also be released, but at
lower concentrations. As glass-forming elements move into the
altering solution, more water-derived ions can penetrate the glass
surface and interact with freshly exposed bulk glass. Surface attack
by water species can be nearly instantaneous with glass
solidification, i.e., just post quenching of the melt'®’, and requires
only that silanols be present on the glass surface and accessible to
water molecules in the environment. Almost as quickly, organic
materials may contact the glass surface and begin building up,
possibly, although not likely, allowing for immediate microbial
colonization. It is important to note that for both biotic and abiotic
alteration to occur water must be present. Within 20 h of first
exposure, wild bacteria can establish and reproduce to form a
colony on a surface'®®. During this timeframe and under abiotic
and ambient conditions, most silicate glasses would still be
undergoing initial (forward) glass alteration processes®. Signifi-
cantly longer amounts of time (e.g., days) are needed for fungal
reproduction'®®. Whether microbial colonization occurs or not, a
glass can continue to alter in response to surrounding abiotic
conditions (driven by pH, solution chemistry, etc.). If the glass is
colonized, the likelihood of which can increase over time with
continued exposure to organics and biological agents, then glass
alteration may be affected by the organisms’ local interactions
with the glass surface®. Interestingly, the presence of the glass
substrate may also influence the growth rate of the colonizing
organisms''®. Although abiotic processes of alteration may
override biotic ones, as alluded to in'?, studies of bacterial growth
on inorganic substrates indicate scenarios in which biotic
processes can dominate'"*°, Over long timescales (months, years,
decades, and beyond), glass alteration rates are probably dictated
by both, with biotic and abiotic processes waxing and waning in
intensity with time, and in response to environmental stimuli.

With it established that organisms can inhabit glass surfaces,
it is now necessary to discuss the likelihood of such colonization
and subsequent substrate alteration. It is well known that
organisms will colonize almost any earth mineral®, particularly
those that contain elements that are of nutritional value'®'"",
and bio-colonization is likely to occur under almost any
condition where organisms can live —on basaltic glass on the
ocean floor to interior glass in space stations orbiting the earth.
However, as is mentioned above and will be elucidated below,
colonization does not always lead to bio-alteration. How often it
does, and at what frequency has been and still is an open
question for the field. A major challenge to answering this query
stems from the issue of separating out biotic alteration process
from abiotic alteration processes during alteration experiments.
As previously stated, these processes can occur concurrently
and, sometimes, result in similar alteration signatures’®. Despite
these challenges, the processes of bio-alteration can and have
been studied, examples of which can be found in**°"°°, Success
of such studies seems to depend on addressing a series of
questions:

(i) What type(s) of organism(s) have colonized?
(i) What is the type(s) of organisms driving alteration, or is it
caused by abiotic factors?
(iii) When did colonization take place?
(iv) How did the organism(s) interact with the surface?
(v) How long, and with what frequency did the organisms
interact with the surface?
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(vi) How do the rates and mechanisms of alteration change with
biotic and abiotic factors? and

(vii) When is the biofilm/organism protective and when is it
destructive?

The remainder of this manuscript focuses on developing
responses to these questions and outlining areas needing more
research with the aim of providing a foundation upon which this
issue of the likelihood of bio-alteration can be more fully addressed.

Extracellular polymeric substances and biofilms

Understanding bio-alteration processes requires an introduction
to EPSs and biofilms, as they are frequently identified and
discussed in the glass bio-alteration literature as growing on bio-
altered glass (see Fig. 3 for an example, other examples can be
found in'***°%). They are also a primary point of interaction
between organisms and glass surfaces. EPS and biofilm character-
istics associated with specific organisms and their potential effects
on glass alteration will be addressed in future associated
publications. As debated by Staudigel et al”” in 1995 and
mentioned in 1987 by Koestler et al>', biofilms and EPSs on
glass may either prevent or exacerbate alteration of glass surfaces.
Older bio-alteration literature>*®®* and several newer publica-
tions'""">"1? provided experimental evidence of the destructive
effects of biofilms and EPSs on glass. However, within the past few
decades Aouad’®, Aouad et al.?8, and Bachelet et al.""3 presented
significant physical evidence that biofilms can be protective.
Therefore, a definition and general outline of EPS, and biofilm
structure and function is needed to better understand their
sometimes contradictory effects on glass surfaces.

EPSs are hydrated biopolymers that occur with a singular or a
grouping of embedded microorganisms''*. Their primary compo-
nents are exopolysaccharides and proteins''>. Minor components
are lipids, DNA, and humic substances. They are excreted by many
microbes and either remain attached to the outside of the
microbe’s cell wall or are secreted onto a surface. They form the
building materials of bacterial colonies, making up =50%-90% of
the organic carbon in a biofilm structure''®. They give the
functionality, structural integrity, and biophysical and biochemical
properties to a biofilm>"'"7,

Biofilm constituents include EPSs, water, organic acids, lipids,
enzymes, DNA, and organophosphates''*. The concentration and
types of these organics may not be consistent throughout the
biofilm''®, This is in part due to the biofilm’s heterogenous
architecture that is the result of a variety of microcolonies within
its organic mass''°. Different kinds of microbes are often found at
the bottom of a biofilm (i.e,, inorganic substrate and solution/
biofilm interface), as compared those in the middle of a biofilm. As
microcolonies are also not spatial nor temporally static (see’*° for
an example), so neither are biofilms.

A biofilm can limit solute diffusion and restrict the movement of
water and nutrients into or out its embedded microorganisms
through the properties of its EPSs and proteins' '°. Biofilms can be
strongly hydrating; holding on to and releasing water and
nutrients (i.e., reactive solutes) to its microbial communities''.
Solutes can move through or around a biofilm either by diffusion
or convection. Diffusion occurs due to random molecular motion,
is often slow, and dominates under low flow or dry conditions'?".
It is also the transport mechanism for solutes to a cell surface and
cell clusters'®". Convection is a faster process resulting from and
dictated by bulk fluid flow under a pressure gradient'??. When
solution channels are present in a film, solute transport can be
affected by both advection (a type of convection) within the
channels and diffusion across the remaining biomass'?%. Limits to
diffusion within a biofilm lead to solute and even physiological
gradients that maintain biofilm heterogeneity '2'.

Another important aspect of biofilms that influences glass
alteration is their ability to adhere to surfaces. The extent of
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Fig. 3 Bloﬁlm that has partially biomineralized on the surface on glassy material from an ancient, vitrified Swedish Hillfort, Broborg.

Samples®®

were analyzed with a FEI Helios NanoLab 660 (Hillsboro, OR) FIB-SEM with an energy dispersive spectrometer (EDS; EDAX Newark,

NJ). An accelerating voltage of 5 kV-10kV, and a working distance of ~4 mm was used in the analyses of these materials. Imaging was
performed with an Everhart-Thornley secondary electron (SE) detector in field-free conditions, and through-the-lens detectors (TLD) for SE

and back-scatter electron (BSE) imaging in immersion mode.

adhesion is determined by the chemical properties of their
EPSs'23. EPSs contain functional groups that are strongly polar and
anionic, such as carboxylates (-COO™) and phosphates (-PO,>7).
These groups may react with Si species on a glass surface in a
fashion similar to that of OH™ in the formation of silanols®, but
instead form silicate esters. The esters may react further with the
glass network, resulting in dissolution. In addition, if amino acids
are constituents in the EPS, they may undergo complexation
reactions with the glass surface through their zwitterionic
structures. In this scenario, a positively charged portion of an
amino acid is electrostatically attracted to a negatively charged,
deprotonated silanol site on the glass surface. The negatively
charged section of the acid can then rotate to and connect with a
nearby positively charged site. Research by Ehrlich et al. has
suggested this is a viable reaction path for organosilanols on the
surface of colloidal silica, although the pH of the solution had to
be carefully constrained to achieve successful complexation®
Biomineralization is the process by which minerals (mostly
carbonates) are formed in biofilms. This mineralization is relevant
to microbial interaction with glass as mineralized biofilms are
often found on glasses altered at or in contact with a soil layer (see
Fig. 3). Although relatively few studies have examined biominer-
alization as part of glass alteration (for example, see'?*'%),
research by Jantzen and coworkers has shown that inorganic
crystallization processes associated with a resumption of alteration
during abiotic alteration may significantly increase the overall
amount of dissolved glass'?°. Resumption of alteration is defined
as an increase in the glass alteration rate following a leveling off
period (referred to in the literature as the residual rate regime). It is
possible that biomineralization of a biofilm could have a similar
effect. The biogenic minerals could incorporate elements released
from the glass matrix; a reaction which then might result in
unsaturated conditions at the glass alteration front and drive the
release of those elements to a higher rate. The biomineralization
process may either enhance a biofilm’s structure or destabilize it,
with the effect being dependent largely on the mineralization
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mechanism. The two fundamental mechanisms of biomineraliza-
tion are biologically induced and organic matrix-mediated
mineralization'?’. This second category was redefined by Mann
in 1983 as biologically controlled mineralization'?.

Biologically induced mineralization is the result of indirect
interactions between an organism and its surrounding environ-
ment, and vary in type and amount by the nature of the
interaction'?”. The organism(s) may influence the growth of such
minerals through pH, pCO,, and the type of chemicals it secrets
into the precipitation volume. The resulting biogenic minerals
tend to be morphologically heterogeneous and variable in the
amounts of bound water and trace elements incorporated into
their crystalline structures'®. According to Weiner and Dove, this
variability is not always distinct from that of minerals produced
abiotically, making it difficult to predict a mineral’s source (biotic
or abiotic)'3°. External morphologies or additional identification of
organic binders between crystals may have to been assessed to
determine origin.

Biologically controlled mineralization occurs when an organism
directly controls mineral nucleation, morphology, growth, and
deposition through cellular activities'?®. In a recent book on this
topic, Mann relates these processes to those which produce
bones, shells, and teeth'*'. Weiner and Dove state that this
process may occur extra-, inter-, or intracellularly relative to the
cells actively controlling the process'*°. Extracellular mineraliza-
tion occurs outside the cell, intercellular mineralization occurs
between cells of the same or different organisms, and intracellular
mineralization occurs inside the cell within specialized vesicles or
vacuoles. Minerals produced intracellularly may be exported
outside the cell or released during cell lysis'*°. The morphology
of the minerals may be organism(s) or biofilm specific' 127128130,
and may vary during biofilm/organism growth and development
(see’? for the case of gypsum and calcite formation by a
cyanobacterium). Several examples of biogenic minerals produced
from the bio-alteration of glass are listed in Table 1.
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Table 1. Outline of experimentally determined factors that influence bacterial adhesion to glass surfaces.

Parameter effecting bacterial adhesion to glass surface Correlated with bacterial adhesion? If yes, positive (+) or negative (—) Citation
correlation.

lonic strength of solution Yes, + 137

Lipopolysaccharide lengths in Gram-negative bacteria Not tested for correlation, but there was a positive relationship 137
between adhesion and parameter

EPS production Not tested for correlation, but there was a positive relationship 137
between adhesion and parameter

Surface free energy Yes, + 137

Glass surface charge No 137

Surface roughness A positive relationship between adhesion and parameter for rougher '’
surfaces, not statistically significant

Zeta potential of bacteria (bacterial cell surface charge) Yes, — 134137

Glass surface water contact angle (hydrophobicity of ~ Yes, + —in", but +

substrate) in'34

Bacterial surface water contact angle No 137

PROCESSES OF BIO-ALTERATION

BIOCHEMICAL

Alteration resulting from chemical interactions, and
causing the removal of elements from a glass surface

PASSIVE

When an organism excretes
chemicals as part of its natural
life-cycle, which may result in
the release of elements from a

glass matrix.

ACTIVE

When an organism excretes
chemicals in order to
remove/release specitic
elements from the glass matrix.

BIOPHYSICAL

Alteration resulting from physical forces and
causing mechanical stress to a glass surface.

GENERAL
CELL SPECIFIC
STRUCTURES PHYSIOCHEMICAL
FORCES

Attachment or interaction via
biological structure, including
EPSs, appendages, fimbria,
pili, etc...

Attachment or interaction via
chemical bonding, including van
der Waals Forces and Hydrogen
Bonding

Fig. 4 Outline of processes of bio-alteration. Hierarchial organization of general factors of silicate glass bio-alteration. Although discussed
seperately here, biochemical and biophysical processes are most likely synergistic in nature.

Processes of bio-alteration

With establishment of the nature and general functionality of a
biofilm, it is possible to discuss how biofilms and their embedded
organisms may cause alteration of glass surfaces. Both Perez y
Jorba® and Krumbien'' allude to two general processes of bio-
alteration:

(i) Biophysical, resulting from physical forces; and
(i) Biochemical, resulting from chemical interactions.

In separating the biophysical and the biochemical contributions
to alteration processes, the authors highlighted the distinct
functions a glass may provide for an organism and/or biofilm.
That is, it may be a physical support, a nutrient source, or both. To
better comprehend how and when glass—organism(s) interactions
occur it is necessary to understand an organism’s attachment
processes and its metabolic needs. This topic is the subject of
future work. Here, the processes are described more generally and
historical insight into how they were developed is provided.
A summary outline of the processes is provided in Fig. 4 to
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accompany this content. It is important to note that although
discussed separately in this and other manuscripts (for example,
see'"®®) in nature biophysical and biochemical processes are
most likely synergistic.

Biophysically induced alteration occurs when an organism’s/
biofilm'’s interaction with a surface results in mechanical stress. For
individual organisms, these effects can be localized, but for
biofilms they may be more global. These biophysical interactions
do not directly cause the chemical leaching of elements from a
glass substrate. Rather, the attachment of a microorganism(s) to a
glass can causes its surface to mechanically alter. Non-biotic
examples of biophysical alteration include fissuring or spalling of a
glass surfaces due to humidity cycling and as illustrated in
refs. >34 Similar biophysical forces have been observed on
marble surfaces, where fungi are proposed to cause preexisting
fissures to increase in size'*.

Microorganism may induce mechanical stress when they
adhere, expand or shrink, and/or detach from an anchoring
substrate®>. Two mechanisms for microorganisms attaching to
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surfaces have been discussed by van Loosdrecht et al.'**: general
physiochemical forces or cell-specific structures (appendages,
fimbria, pili, etc.). Both mechanisms can produce mechanical stress,
albeit on different length scales. Adhesion by physiochemical forces
usually precedes interaction by cell-specific structures'*’. The
adhesion process begins with long distance attraction between
the organism and the surface (van der Waals forces), and, if they
become sufficiently close, may be followed by short distance
attraction (steric repulsion and H-bonding). Once the organism
contacts the surface it may anchor through the production of EPSs
that work as a bridging material between the organism and the
surface’®, If there are no cell-specific structures, or if they are
unavailable, then adhesion may be driven by the physiochemical
forces and attachment by EPSs, as described above'**.

Biophysical interactions may be modeled, in part, by physio-
chemical parameters. This is because many microorganisms (e.g.,
bacteria) may be approximated as hydrated colloids'**. As
reviewed by Bos et al.'*® and discussed by van Loosdrecht
., physiochemical attachment may be influenced by surface
(substrate and organism) hydrophobicity, charge distribution,
solution chemistry (i.e, pH and ionic strength), contact angle,
and roughness. Most cell surfaces are negatively charged, and
their hydrophobicity varies over the cell’s life cycle. In contrast,
silicate glass surfaces are usually hydrophilic'**'*?, with the
degree of the glass’s surface hydrophilicity being related to its
composition'?®, atomic topology'*®, and exposure conditions'*°,
among other factors. The contact angle between water and a
surface is sometimes considered a proxy for its hydrophobi-
city'**'%7. Generally, bacteria adhere more strongly to hydro-
phobic surfaces (e.g., metals oxides) than hydrophilic surfaces
(e.g., salts)’**'37. In addition, the extent to which bacteria will
adhere to glass surfaces has been found to be negatively
correlated with a bacterium’s zeta potential’**'%’. The zeta
potential is the electric charge of the bacteria at the shear plane.
It is widely used as a proxy for bacterial cell surface charge. For
Gram-negative bacteria, increased adhesion to a glass surface may
occur if the bacteria have long chain lipopolysaccharides and if
they produce a significant amount of EPSs'’. Increased surface
roughness'' and a higher ionic strength in the altering solution (1
mM-100 mM)'>” have been determined to increase bacterial
adhesion. A list of the parameters that affect bacterial adhesion to
silicate glass, compiled mainly from the work of Li and Logan'®’,
are summarized in Table 1.

As helpful as these models are for understanding microbial
attachment to glass, they are limited. In 2004, Li and Logan
suggested that better, or at least additional, models are needed to
characterize how bacteria attach to inorganic surfaces'®’. Currently,
there is a thermodynamic model'*? and a “classical” DLVO
(Derjaguin, Landau, Verwey, Overbeek) theory (partially based on
the work of van Oss et al. starting in the 1980's, e.g.'*®). Possible
new models (including variations upon the previous two) have been
reviewed thoroughly by Bos et al.’*® and by Sharma and Rao'**, and
will not be discussed in greater detail here. However, Vadillo-
Rodriguez and Logan brought these reviewed models into question
because they treat surfaces as having a relatively homogeneous
distribution of active adhesion sites'**. Experimental results reported
in the afore-listed citation suggest that the active sites are more
heterogeneously distributed than previously thought, and that the
models need to be updated. The extent of such heterogeneity could
be estimated from the ratio of active to inactive surface sites (-Si-OH,
-Si-O-Si-, and Si-O-X) for bacteria adhesion. Measurement of these
ratios could be achieved by analytical methods (by NMR, FT-IR, etc.),
or possibly by topological constraint modeling*°.

Attachment, expansion, shrinkage, and detachment of a
microorganism from a glass surface as described above can be
the result of variations in an organism’s EPS gene expression—
which can be induced by surface contact itself'*’, the hydration/
dehydration of the biofilm'®, and film's stiffness'*%. In regards to
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gene expression, first bacteria sense a surface before attaching to
it, a process that triggers the expression of several essential
genes'*. Similar processes of regulated gene expression have
been found during swarming, growth, and migration of a
microbial community on a surface'®. The details of these
processes are organism specific (e.g., is different for Gram-
negative bacteria vs. Gram-positive bacteria vs. fungi)'*’, and will
be discussed in relation to each organism type in a future
publication.

The effects of hydration/dehydration of biofilms on glass
surfaces can be just as complicated, and often are conflated with
the viscoelasticity (i.e., stiffness) of the biofilm'*>. However, and in
general, when a biofilm hydrates it expands, which may cause
tension stress to an underlying, inorganic surface’*®. When a
biofilm dehydrated it contracts, which may cause compressive
stress to a surface. If the mechanical strength of the inorganic
surface varies from one region to the next, hydration/dehydration
may cause shear stresses to develop. Repeated hydration/
dehydration cycles can result in fatigue in a glass alteration layer
and may cause mechanical failure. Comparing the viscoelasticity
of the biofilm to the strength of the surface may predict how
quickly and to what extent this physical alteration may occur'>'.

Biochemical alteration occurs when glass-forming elements are
removed from a surface due to a chemical environment that is
produced and/or mediated by an organism. Biochemical alteration
may be divided into the two categories: passive alteration and
active alteration. The naming convention used here is consistent,
albeit contextually different (i.e., applied to glass alteration rather
than mineral formation), with that proposed by Ehrlich in his 1998
review'>2 In passive alteration, an organism excretes chemicals
that are part of its normal life cycle (e.g., metabolites such as
carbon dioxide, organic acids, or the EPSs of biofilms), which may
or may not induce dissolution of the contacted glass surface.
Alternatively, in active alteration an organism excretes chemicals
directly (e.g., siderophores) to remove elements from the glass.
Extracted elements such as Fe, Mn, Mg, and P may be of
nutritional benefit of the organism. It is generally presumed that
passive alteration is more common than active alteration';
however, there have been examples of possible active alteration
presented in the literature where experiments were conducted for
long timeframes (>100 days) without the “amendment” of
nutrients for the altering microorganisms’’. These processes need
not be mutually exclusive and may even be synergetic.

The chemical environment of the biofilm (pH, ionic strength,
chemical composition, etc.) is a factor for whether chemical
alteration will occur passively, actively, or by a mixture of both
pathways, and should also be discussed. Studies on biofouled
glass electrodes suggests that species within a biofilm can
produce buffering substances that can shift the pH of an
interfacial solution'>>. These shifts are most likely localized as
biofilms are chemically heterogenous; a feature due to metabolic
activities of inhabiting species and solute diffusion'>*. They can
also be transient as biofilm chemical gradients can vary with time
and environmental conditions.

Under laboratory conditions, the concentration of biogenic
buffers produced have also been related to the amount of
buffering chemicals added at the beginning of an experiment'®>,
In nature, such ex situ buffer agents could be introduced by other
organisms or changes in the macro-environment (e.g., rainfall,
flooding, fires, etc.). In research on Arthrobacter-inhabited biofilms,
Fe-rich and Fe-poor silicate glass and mineral samples aged under
buffered conditions were measured to have no significant pH
change (<0.04) within the biofilms grown on silicate substrates,
but a significant pH change (0.27-1.08) was measured for the
same samples aged in unbuffered conditions'>®. Depending on
the starting pH of the alteration solution, the activity of the
microorganisms in this environment, and the chemistry of the
glass, a pH shift of 1 unit, as suggested by Liermann et al.”>*, could
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have a significant effect on glass alteration rates, particularly
during the first stage of glass alteration®. As cautioned by the
authors of the study'®®, the measured differences in the
unbuffered scenarios may not be as large in a natural setting,
but a change could be expected under unsaturated conditions
with acid producing microbes. The organic acids detected in the
buffered solutions includes acetic, formic, oxalic, and citric
acids'®, with more formic and acetic acids being detected in
the post-alteration solutions of the low-Fe silicate glass.

Beyond organic acids, other biogenic chemicals can be present
in biofilms and their surrounding chemical environment. For
example, and in the previously described study, rates of
dissolution can also be affected by the presence of side-
rophores'>. Siderophores are organic compounds that bind
(chelate) and transport Fe to microorganisms. Some siderophores
can also bind and transport other essential elements such as Mo,
V, Zn, and Mn'®®. Siderophores can be produced by fungi,
bacteria, and lichen under a variety of conditions as Fe, and these
other elements are necessary nutrients for most organisms. As
suggested by Callot et al. and Perez et al., siderophores may play
an important role in the biogenic etching, and subsequent release
of Fe from both crystalline and amorphous Fe bearing solids under
extreme conditions®®®”. Siderophore production, as described
here, is an example of active biochemical alteration.

Whether biochemical alteration happens actively or passively, one
defining indicator of it occurring is the depletion of certain elements
from a glass surface. Depleted elements may include Si, Al, alkali and
alkaline earth metals, and transition metals (Fe, Mn, Ti, etc). As
already stated, it can be very difficult to determine if elemental
depletion under natural conditions is the result of biotic or abiotic
processes'***%5157 although it is likely that both play a role®2
Several recent studies suggest that there may be differences
between the two processes in the types and concentrations of
elements released from a glass'*'>>3, with increased Fe and Mg
release rates being noted by Aouad for glasses (basaltic and
industrial chemistries) altered by isolated and lab grown Pseudo-
monas aeruginosa. Aouad also found (for experiments run >100 days)
that the concentration of most elements were lower in the altering
solution for the biotically altered vs. abiotically altered test glasses
(see Table 2)'. For select glass chemistries tested, the rate of (most)
elemental release under sterile conditions was found to be
26%-79% greater than those measured in the biotic experiments'.
These dissolved elements were predominately found in the altering
solution, glass alteration layer, and, if alteration was completed
under biotic conditions, the biofilm layer. The concentrations of Si,
Mg, Ca, Fe, and K were higher in the solid alteration layers for the
biologically exposed glasses as compared those altered under
abiotic conditions'. In addition, and for biotically altered glasses,
the biofilms were enriched in Ni, Co, Pb, Cd, Cs, Th, Ba, and Zn, with
the exception of one altered glass (SON68, the inactive French
reference nuclear waste glass)'?. A summary of elemental concen-
tration in altering solutions vs. alteration layers vs. the biofilms is
provided in the Table 2.

Other glass alteration experiments that have followed elemen-
tal release rate were conducted on basaltic glasses using bacteria
from a natural deposit (Surtsey tuff) by Thorseth et al. and using
microorganisms native to seawater by Staudigel et al’*%.
Thorseth et al. observed bacterial and biofilm attachment to the
glass substrates within the first 46 days of exposure and indicators
of glass alteration after 181 days>. The newly formed biofilms
accumulated both Al and Si, most likely from the glass, along with
many other elements (e.g., Na, Fe, and Ca) that could have been
sourced from either the glass or growth medium®3. Thorseth et al.
noted that concentrations of these elements varied over the
course of and between sets of experiments, attributing the
observation to variations in the microbial community itself. After
394 days, the bacteria had taken up very little Si (an element
which only could have come from the glass) inside their cells; a
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Table 2. Summary of leached elements for biotic and abiotic glass
alteration experiments on silicate glasses. Summarized from ref. ',
Biotic alteration Abiotic alteration
Elements Elements of lower Elements Elements of lower
enriched in concentration in  enriched in concentration in
biofilm leach solution alteration layer leach solution
Si
Mg
Ca
K Si
Ni Sr (trace) Mg
Co Ba (trace) Ca
Pb Ni Fe Fe
cd Co K Zr (trace)
Cs Cr (trace) Sr (trace)
Th Zn (trace) Cr (trace)
Ba Cu (trace) Cu (trace)
Zn Pb Zr (trace)
U (trace) U (trace)
Cd (trace)
Cs
Th (trace)

finding similar to Aouad'. Both Thorseth’s and Aouad’s studies
underline the important experimental practice for glass bio-
alteration studies of conducting elemental release inventories
with not only altering solution samples, but also with produced
solids, biofilms, and (possibly) the microorganisms in the study.

The need for this practice has been briefly discussed in the 1998
paper by Stuadigel et al®2. In this publication, the authors
reported that the presence of microorganisms accelerated basaltic
glass alteration. This statement was supported by their finding of
increased Sr in produced sediments. Surprisingly, they did not
observe an increase in Si in the alteration solution from the biotic
experiments as compared to the abiotic experiments, a common
indicator of glass alteration. Rather, a significant decrease was
measured for Si release for both biotic experiments. The authors’
attributed this result to either to the glass having a low release
rate in the provided conditions or its immediate precipitation or
(possibly biotic) utilization. A completely inventory of Si in these
locations, which appears to not have been possible at the writing
of their publication, may have provided more clarity on observed
alteration processes.

These reports on occasionally contradictory elemental release
rates naturally leads to a discussion of the true significance of such
findings for biotic experiments. Generally, the leaching of an
element from a glass under biotic conditions does not conclu-
sively prove that the element was leached biotically. In a similar
respect, just because an element that could be metabolized by an
organism is leached does not mean that it will be metabolized.
Aouad attributes a similar sentiment to Crovisier (as quoted in'?):

“Ce n’est pas parce que je vois des moutons
dans une grotte que je dois conclure que les
moutons creusent la pierre.”

(It's not because | see sheep in a cave that |
must conclude that the sheep dig the stone)

npj Materials Degradation (2021) 11
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Table 3.

Minerals and clays identified on or related to naturally altered glasses (focus on anthropogenic glasses).

Unknown/formation
driver or not listed

Group Mineral

Listed as possibly formed due to
biological interaction

Listed as possibly abiotically
induced

173-177

Sulfates Syngenite [K,Ca(S0,),-H,0]

Polyhalite [K,Ca,Mg 158174176
(504)42H50]
Gorgeyte
[K2504’5CaSO4‘H20]

Gypsum [CaSO,4-2H,0]
Arcanite [K;SO4]
Anglesite [PbSO,] 10

Calcite [CaCO3] 174,175,177,181

176

173,174,177

174,175
Carbonates

173

Weddellite [CaC,04-2H,0]
Whewellite [CaC,04-H,0]
K,CO3

Ankerite [Ca(Fe,Mg,Mn)
(CO3)J]

Eitelite [Na,Mg(COs),]
Cerussite [PbCOs]
Chukanovite [Fe(OH),COs]
Siderite [FeCOs]
Amorphous (SiO,)

Quartz [SiO,] 173174

74 Smectite;
175 palygorskite;
stevensite;

173
174,175

174

174
174
184
184

Silicates 174

Clays

185
186
Phosphates 174

KePeO12:3H,0
K,CaPsO1g:6H,0
K3P309
(Fe,Mg,Mn)3P0O,4-8H,0
CayP,05-2H,0

Sylvite (KCI)

Bixbyite [(Mn,Fe),05]
Hematite [Fe,0s3]
Pyrite [FeS,]

Mn,03

Pb-permanganate
[PbMn0O4]

Metallic lead (Pb)

174
174
174
174

Chlorides 174

Metals, metal
oxides and sulfides

%8 Mn variety
174

186
174,175

174

174

Found with associated fungal
hyphae, but listed as abiotically
induced_10,158,178,‘|79

180 10,179

Can be if accompanied by the 179

formation of weddellite and
whewellite—>%12>182
11,67,112,158,182,183

67,112,158,182,183

124

54

glasses are included.

Note - indicated minerals were listed in corresponding citations, but may not have been primary reporting source. Minerals from marine and terrain altered

As outlined by Furnes in>*, determination of glass alteration by
bioactivity requires identification of specific indicators of an
organisms’ interaction with a glass surface and its removed
elements. Changes in elemental released rates can be one such
indicator, but should be assessed in the context of others for
determination of source cause (i.e., biotic or abiotic). Examples of
other indicators (or signatures) could include the presence of
biogenic minerals®*®®1>8 (see Table 3), or the enrichment within
an organism of an element with isotopic ratios of the glass and/or
altering solution.

npj Materials Degradation (2021) 11

Signatures of bio-alteration

Visual signatures of bio-alteration on glass surfaces has been
extensively discussed in the literature and will only be briefly
mentioned here. These signatures include pitting, tubes, and
surface etching, along with half-circle alteration patterns visible
only in cross section''?>°1>48993101.157 Tha shapes and sizes of
these features may be related to the type of organism(s) observed
interacting with the glass surface®®*3. An example of pitting and
half-circle alteration patterns is shown in Fig. 5A, B, and was found
in a cross section of a naturally altered vitrified hillfort glass®'°".
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Fig. 5 Near-surface alteration of glass and pitting of glassy material from an ancient vitrified Swedish Hillfort, Broborg. Samples'®* were
analyzed with a FEI Helios NanoLab 660 (Hillsboro, OR) FIB-SEM with an energy dispersive spectrometer (EDS; EDAX Newark, NJ, example
shown in image B). An accelerating voltage of 5 kV-10 kV, and a working distance of ~4 mm were used in the analyses. Image A was collected
on a FIB sample with a JEOL ARM200F (JEOL, Peabody, MA) in scanning transmission electron microscope (STEM) mode operated at 200 keV.
Image B was collected with an Everhart-Thornley secondary electron (SE) detector in field-free conditions, and through-the-lens detectors
(TLD) for SE and back-scatter electron (BSE) imaging in immersion mode using the above listed conditions. Images reproduced from Weaver

et al.”. Left image was reproduced with permission from'°?

The association of these textures with a biologically relevant
materials (biofilms, fimbria, etc) and biologically produced
chemical residuals can aid in their assignment to biological
sources.

Another indicator is the enrichment or depletion of biologically
relevant elements in or near the glass alteration layer, and the
formation of biologically produced minerals'®'*2, This section will
predominately focus on the latter topic as the release of individual
elements has been presented in detail above. Examples of
biologically relevant elements that are part of microbial life cycles
and associated with glass alteration can include H, C, O, N, S, P, K,
Ca, Mg, and Si and select transition metals (i.e, Mn and Fe)'*°. The
biogenic minerals incorporating these elements can be divided
into five main groups: carbonates, sulfates, silicates (including
clays), phosphates, and metals, metal oxides and sulfides. Their
formation has been previously outlined above. For each group
example, minerals that have been identified on altered glasses are
listed in Table 3.

Some of biogenic-like minerals are formed on glasses altered
under abiotic conditions, thus care should be taken in ascribing
their source as abiotic or biotic when they have been produced
under unknown or uncontrolled altering conditions'*°. For
example, calcite minerals were found on the surface of medieval
glass windows in Spain'?®. Although the surface was exposed to
microorganisms, calcite was determined to be abiotic in origin
because there were no calcium oxalates present near the deposits.
If both calcite and calcium oxalates had been present, then they
would had been most likely biotic in origin. This context of the
surrounding environment including associated minerals is impor-
tant when predicting mineral sources.

Clays, a common product found on abiotically altered glasses,
also may be produced biotically. Cuadros et al.'** studied
microbially induced clays formed from Fe- and Mg-rich rhyolitic
glasses under a variety of solution conditions. They reported the
importance of glass chemistry in determining the type of
alteration products that formed, but also that clays formed in
the biofilms covering the glass samples. The authors suggested
that the clay was formed as Fe absorption onto the microorgan-
isms’ cell walls and EPS structures, and the reaction of the Fe with
dissolved Si and Al in the glass-altering solution or held within the
biofilms'?*. The extent and rate of clay formation was suggested
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(although not measured) to be related to the porosity of the
biofilm and temporal changes in its architecture.

Bio-alteration and time

Such temporal changes in biofilms and organism activity is of
significance to glass bio-alteration research and is very dependent
on both the life cycles of the organisms and rates of biotic
exposure. As stated above, exposure of glass surfaces by ambient
organic material and microorganisms can occur as soon as the
glass begins to cool from its molten state. Based on exposure rates
and other environmental factors, microbes could begin to
colonize a surface within minutes, but also hours, years, or never
occur at all. Indeed, others have noted detailed examples in which
Roman glass samples excavated from a naturally dry environment
showed little to no indication of alteration even after more than a
thousand years of exposure'®. If colonization does occur,
laboratory evidence suggests that bio-alteration processes can
be detected within days®®. For example, within three days, and
with only bacteria present, Aouad et al. noted that there was a
significant increase in the amount of Fe released into solution as
compared to an abiotic control sample®®. The authors attributed
this release to the production of a chelating agent (pyoverdine) by
the bacteria. This same chelating agent was detected after six days
in alteration experiments on synthetic basaltic glasses during a
different study by Perez et al.®’. Three to six days is significantly
less than the months Staudgiel et al’’. reported for the formation
of biofilms in their studies of the alteration of man-made glasses
using naturally sourced (i.e., seawater) solutions inoculated with
bacteria.

Physical manifestation of changes in glass alteration rates due
to the presence of a biofilm can take considerably longer. In many
studies, the timescale of the formation of physical signatures of
alteration (pitting and etching) corresponds with the weeks,
months, or years needed for biofilm formation'*””. Once
established biofilms can persist on surfaces anytime from a few
days to decades, a feature that is in part due to their ability to
dynamically respond to environment changes'®'™'®3. This fact
suggests that bio-alteration rates for systems, including biofilms
should be studied on several timescales—hours, days, months,
and years—so as to make an accurate assessment of the extent
and impact of bio-alteration on glass over time.
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SUMMARY AND FUTURE RESEARCH NEEDS
Synergistics of abiotic and biotic alteration

As outlined in Fig. 1, there are several overarching concepts which
have been developed in this field since the early 1800's. One is
that natural alteration of silicate glass is a synergism between
abiotic and biotic sources of alteration, and their chemical and
physical processes. However, and as pointed out by researchers
from Mellor*® to Aouad’, these sources of alteration appear to
occur in parallel, with one possibly dominating during one time
period and then the other dominating during another time period.
As argued above and elsewhere, “signatures” of these sources may
be similar if not indistinguishable, thus making identification of a
primary driver difficult. Questions to be addressed on this topic
are:

(i) Under what conditions does biotic alteration outperform
abiotic alteration and vice versa?

(i) What are the synergistic effects of one process on the
other? and

(iii) How do the timescales of these alteration processes change
overall glass alteration rates?

An evolution in current glass alteration sample monitoring
methods and analyses is needed to answer these questions as
most current methods do no follow both organic and inorganic
elemental release rates in real time or in situ. Such needed
methodology has been already outlined for ex situ samples (see
Furnes et al.>* and Benzerara et al.®®), but these techniques need
to be extended for use during active experiments. One way in
which this could be achieved is by coupling micro-level isotopic
analysis methods, such as sensitive high-resolution ion microp-
robe with reverse geometry (SHRIMP-RG)'®* with microscopy to
colocate on glass surfaces organisms and alteration textures, and
to test their alteration layers for biologically relevant N isotopic
enrichment in real time.

Time

Additional work is needed to develop a deeper comprehension of
the temporal component of glass bio-alteration. This should be
completed on timescales relative to the lifetimes of organisms
(minutes to years) and biofilms (months to years). Questions to be
addressed on this topic include:

(i) How long does an organism need to interact with a glass to
cause significant alteration?

(i) How does an organism’s life cycle and life cycle length affect
glass alteration processes, and, by extension, rates of
degradation?

To date only a handful of studies on select silicate glass
chemistries have addressed the timing of alteration (for examples,
see®'?278) and more work needs to be completed on a greater
variety of glass chemistries and alteration relevant microorgan-
isms. Having this information can assist in development of a more
global and better time-resolved schema for bio-alteration of glass.
This would be greatly aided by tests done at finer timescales
(hours and days) and for longer periods of time (>six months),
using data analyzed from organisms, bioproducts, surfaces and
solutions, and coupled with microorganism abundance and
frequencies in mixed colonies and biofilms, using DNA and RNA
sequencing. The analysis of surfaces and solutions should include
not only inorganic components (Si, Al, Fe, etc.), but also organic
ones (N, C, S, P, organic molecules, etc.). In addition, transition
metal redox reactions may have a temporal differentiation in
systems that involve bacteria, playing a greater role in early
dissolution and sorption processes than later®®. Therefore, tests
like those proposed above, but with the inclusion of redox analysis
(preferably on the micrometer or lower scale and colocated to
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areas of biological activity), coupled with the detection of organic
molecules should be conducted.

Colony diversity

As mentioned upon above, another topic to address is that of
alteration processes in mixed-species colonies. In nature, many
types of microorganisms are embedded in a single biofilm and the
frequency and abundance of individual types may influence how
glasses alter’”. From this knowledge arises this question: what is
the effect of colony composition on glass alteration processes and
rates? This question can be tricky to address as it will have an
interplay with the above discussed issue of microbial residence
time and can be affected by changes in the external environment
(addressed below). Successful execution of this research will
require pinpointing the effects of keystone microbial species and
mixed colonies.

Water in the biofilm

Most of the above questions have been stated regarding singular
organisms or colonies; however, similar questions should be asked
for biofilms. The dynamics of microbial populations and the
development of EPSs and other substances to the establishment
of a biofilm are still not well understood. This is a question larger
than the focus of this review, and, therefore, needs to be reduced
to sub-questions that are specific to the current topic. On such
subtopic is water—the substance through which glass alteration is
mediated. An example question in this area is: how do EPSs and
the resulting biofilm take-up, hold, and release water? As EPSs and
biofilms are characterized by water retention and desiccation
tolerance, understanding their water uptake is important to
gaining insight into their interactions with glass surfaces.

Just as important as knowing how water is regulated in biofilms
is knowing what it contains. Water within a biofilm can include a
vast inventory of organic molecules, organisms, and inorganic
materials'®. Some of these substances can affect the pH and
chemical activity of water. Several abiotic glass alteration studies
have shown that shifts in pH and composition can affect glass
alteration rates or/and processes®*'%¢'%”_ Thus, the chemistry of
water within a biofilm should also be considered when discussing
the physical containment and transport of water within a biofilm.

Biofilm architecture and alteration rates

Another query for research that can dictate the presence of water
in biofilms is: how do individual biofilms become heterogeneous
in terms of hydrophilicity and hydrophobicity? The degree of
heterogeneity and the mechanisms that produce it are not well
understood''?, although it is hypothesized to be related to
diffusion gradients of reactive solutes (i.e., nutrients) within a
film'2", Biofilms are inherently porous and may act as molecular/
elemental sieves, selectively taking up, moving, and exporting
elements and molecules, thus forming the chemical gradients.
This may be a positive feature of the film as it may act as a
protective interface to the glass', but this has only been shown
for a handful of systems and needs further study with a larger
variety of microorganisms.

In answering the above two questions, it may then be possible
to then address the bigger issue of: how do biofilms influence
glass alteration processes? As previously stated and cited, it has
been experimentally demonstrated that as biofilms mature and
generate biogenic minerals they may protect a glass from the
outside environment®. This may be observed as a reduction in
the extraction of elements from the glass surface', or an
inhibition of the “pumping mechanism” (i.e, the movement of
elements out of the glass and into the unsaturated, alteration
solution) that has been identified as a significant factor in glass
alteration'?%. Alternatively, it may accelerate glass alteration as is
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known to occur with select glass chemistries under abiotic
conditions?%'%8 and is suggested to occur under biotic condi-
tions>2. More tests which involve judiciously controlled biofilm
growth on glass with careful monitoring of biological, biogenic,
and inorganic components, such as those conducted by Aouad'*
are needed to answer these questions. These tests also need to be
completed with relevant microorganisms and as multiple repli-
cates. Replication will be particularly important in order to gain
insight into the true variance of bio-alteration rates; a necessary
and key parameter for incorporating results from these alteration
studies into long-term glass alteration models.

Impact of external environment

One more important question to ask is: what effect do changes in
an external environment have on glass bio-alteration rates? It is an
open question whether organisms exposed to very dry climates
alter glass in the same manner as those exposed to very wet
climates. As described above, most colonies undergo hydration/
dehydration cycles at least on a seasonal basis. How much does
this change in available water affect the rate of glass alteration
and are the changes predominately physical or chemical in
nature? Knowing the frequency and impact of these wetting and
drying events can provide a more insight into how silicate glasses
alter under natural, seasonal cycles.

As expressed above, there is a significant number of questions
to be answered on this topic. It is at this point many researchers
may ask why should such work be undertaken? The drivers for
completing this work appear to be motivated by a combination of
scientific curiosity and economic necessity. Beyond the relevance
to the issue of nuclear waste glass disposal, as herein described in
detail, and in regards to the latter, microbial alteration is
recognized as a key to reclamation of precious transition and
rare earth metals from manufactured materials, including
glasses'®%, If the mechanisms of alteration were better under-
stood, microorganisms might be more efficiently harnessed for
the bioremediation or abatement of toxic metals (e.g., Pb, Hg, Ar)
from the large quantity of glass that is produced for electronic
devices'’°. At the same time, the need for antimicrobial glass is
increasing, with a projected market growth of over 6% by 2023, in
the areas of medicine, energy production (solar cells), food
production, and military hardware (i.e., hand-held technology and
motor vehicles)'”". These areas of economic growth suggest that
research on biological alteration will continue to expand in the
coming years'’?, and, therefore, provide a practical basis for why
these questions should be addressed.

CONCLUSION

This review presents a historical timeline of publications on the
topic of bio-induced glass alteration. A general outline of how
organisms interact with silicate glass surfaces either through
biophysical and/or biochemical processes, and developed from
these and other relevant publications is provided. In this review,
biophysically alteration is defined as a process where mechanical
stresses cause alteration to a glass surface. Biochemical alteration
is defined as a process where chemicals produced by micro-
organisms’ cause leaching of elements from a glass surface. The
leaching of these elements can either be passive, occurring as a
result of an organism’s normal metabolic activity, or active,
occurring as a result of an organism producing enzymes or
chemicals to mediate the removal of select elements from glass.
One overarching topic of discussion in this literature has been the
chemical and physical signatures of these different alteration
processes. Possible signatures of biological alteration may include
the leaching of certain biologically relevant elements, the biogenic
formation of minerals, and the presence of pitting or etching
textures on the surface of glasses in association with enriched
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organic materials. However, research suggests that these features
are not always clear indicators of biological alteration, and there
are questions about when and under what conditions biotic
alteration dominates abiotic alteration of glass surfaces. These
questions can be addressed, in part, by investigating the types of
organisms that colonize glass, the topic of a future publication.
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