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Abstract:

Keywords:

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has been
responsible for over 650,000 deaths worldwide. Transmission of SARS-CoV-2 occurs primarily
through airborne transmission or direct human contact, demonstrating the importance of
social distancing measures and the use of face masks to prevent infection. Nonetheless,
the persistence of coronavirus on surfaces means that disinfection is important to limit the
possibility of contact transmission. In this paper, the potential for various surfaces in show
caves to serve as sources for SARS-CoV-2 infection is examined. Given the isoelectric
potential (pI) of SARS and SARS-like coronaviruses, it is likely that they are adsorbed via
electrochemical interactions to (limestone) rock surfaces, where the high humidity, pH and
presence of biocarbonate ions will quickly lead to inactivation. Nonetheless, show caves contain
infrastructure made of other non-porous surfaces that are more permissive for maintaining
coronavirus viability. The 423 antiviral products approved by the US Environmental Protection
Agency (EPA) were curated into 23 antiviral chemistries, which were further classified based
on their potential to be hazardous, impact cave features or ecosystems, and those compounds
likely to have the minimum impact on caves. The results suggest that alcohols (70% ethanol),
organic acids (citric and lactic acid) and dilute hypochlorite represent the best disinfectants for
in-cave use on non-porous surfaces. These disinfectants are able to inactivate coronaviruses
in <5 min with minimal impact to cave features and ecosystems.
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INTRODUCTION
In December, 2019 a cluster of seven patients
suffering from an unusual pneumonia were admitted
to the Jin Yin-Tan Hospital in Wuhan, Hubei Province,
China (Zhou et al., 2020). Samples from five of these
patients were shown to contain a novel coronavirus,
initially termed 2019-nCoV (Zhou et al., 2020).
Subsequent sequencing of the genome of this novel
coronavirus demonstrated its high degree of similarity
to the virus responsible for the 2003 SARS outbreak,
and the virus was renamed SARS-CoV-2 (CoVICTV, 2020). This novel coronavirus is responsible
for a complex range of symptoms, characterized by
a persistent dry cough and fever, which can rapidly
progress to a severe disease (termed COVID-19) and
death, particularly in patients aged >60 years (CDC
Covid-19 Response Team, 2020; WHO, 2020).
The sustained, person-to-person spread of
SARS-CoV-2, exacerbated by a high incidence of
asymptomatic spread (James et al., 2020) has led to a
*bartonh@uakron.edu

global pandemic, with an excess of 16 million known
infections and over 650,000 deaths worldwide (Dong
et al., 2020), although serology studies suggest the
actual number of cases may exceed this number by
25- to 50-fold (Bendavid et al., 2020; Wilson, 2020).
In order to limit the spread of SARS-CoV-2, the US
Centers for Disease Control and Prevention (CDC)
have published a series of guidelines that include
social distancing, frequent handwashing and the
wearing of masks in public (for example, see: https://
www.cdc.gov/coronavirus/2019-ncov/preventgetting-sick/index.html). Within the United States,
many states also implemented ‘stay at home’ orders,
with re-opening occurring on a state-by-state timeline
(Adolph et al., 2020; Courtemanche et al., 2020).
Among the many businesses that have been
impacted by these ‘stay at home’ orders are
commercial show caves, which allow the general
public to visit caves under relatively safe conditions,
including artificial lighting and walkways. Worldwide
there are an estimated 1,500 show caves (Spate &
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Spate, 2014), with over 300 caves in the US. These
include commercial caves, along with federal and
state managed operations. In a 2013 survey, the 142
commercial show caves of the US National Caves
Association, demonstrated an economic impact of
>$220 million in annual revenue (Petrick & Chen,
2013), while commercial caves managed by the US
National Park Service generate almost $500 million
(Cullinane Thomas & Koontz, 2020). With almost 20
million visitors annually, these show caves provide
important educational and outreach activities related
to the history, geology and protection of cave biota in
the subsurface (Petrick & Chen, 2013).
Given the size of tour groups, relatively confined
conditions and potentially limited ventilation of caves,
reopening cave tours will require managers to adapt to
challenging social distancing and personal protective
equipment (PPE) recommendations (CDC, 2020).
An added complexity is related to how to disinfect
artificial cave infrastructure (such as handrails and
doors handles), while limiting the impact to native
ecosystems, which can be particularly sensitive to
chemical input (Barton, 2015). Human coronaviruses
are not novel, and it is estimated that coronaviruses
have been circulating within the human population
for over 1,000 years (Pyrc et al., 2006; Woo et al.,
2009). Before the emergence of SARS-CoV-2, there
were three circulating human coronaviruses (HCoV):
two (HCoV-229E and HCoV-OC43) are responsible
for up to 30% of common colds, while HCoV-NL63
is associated with respiratory diseases in children
(van der Hoek et al., 2004). Given the ubiquitous
nature of these viruses, coronavirus inactivation has
historically been included in the evaluation of many
commercial and household disinfectants.
While many commercial caves have adopted
protocols to disinfect surfaces and equipment to
prevent the spread of White-nose Syndrome in bats,
these approaches (which were developed to inactivate
fungal spores), are much more aggressive than are
necessary to inactivate an enveloped coronavirus
(Maris, 1990; Shelley et al., 2012). Indeed, exposure
of SARS-CoV-2 to environmental conditions can lead
to viral inactivation in as little as 3 hours, while
coronaviruses are up to 500-times more sensitive
to disinfectants as non-enveloped viruses (Maris,
1990; van Doremalen et al., 2020). Nonetheless, in
order to ensure the safety of visitors to show caves,
it is important to disinfect surfaces that are expected
to be touched by visitors. This paper examines
the known chemistry and sensitivity of human
coronaviruses to disinfectants and provides a number
of recommendations for effective disinfection, while
limiting potential impact to the cave environment.

MATERIALS AND METHODS
To calculate the pI of coronaviruses, viral protein
sequences were obtained from the National Center for
Biotechnology Information (NCBI) protein database in
translated FASTA format (https://www.ncbi.nlm.nih.
gov/protein), including those for which whole viral
particle pI have been determined empirically. These

sequences included the enteric bovine coronavirus
spike protein (Bovine_CoV; accession NP_150077),
rat sialodacryoadenitis coronavirus spike protein
(RCoV-SDAV; accession AAF97738), bat SARS-like
betacoronavirus spike protein (BCoV-SARS; accession
ATO98157), bat SARS-like betacoronavirus BtRs
spike protein (BCoV-BtRs; accession QDF43825),
bat SARS-like betacoronavirus RaTG13 spike protein
(BCoV-RaTG13; accession QHR63300), human
betacoronavirus spike protein (HCoV-OC43; accession
YP_009555241), human betacoronavirus SARSCoV 2003 Urbani isolate spike protein (SARS-CoV;
accession AAP13441), human betacoronavirus SARSCoV-2 type isolate Wuhan-Hu-1 spike protein (SARSCoV-2 Wuhan-Hu-1; accession YP_009724390),
human betacoronavirus SARS-CoV-2 Australian
isolate spike protein (SARS-CoV-2 Australian;
accession QJR88869), human betacoronavirus
SARS-CoV-2 Jamaican isolate spike protein (SARSCoV-2 Jamaica; accession QJX70646), human
betacoronavirus SARS-CoV-2 New York City isolate
spike protein (SARS-CoV-2 CDC/USA; accession
QJQ27937), 1918 influenza A H1N1 hemagglutinin
(1918 Influenza H1N1; accession AAD17229), 2015
influenza A H5N8 hemagglutinin (2015 Influenza
H5N8; accession ALB07770), 2009 swine influenza
A H1N1 hemagglutinin (2009 Swine Flu H1N1;
accession ACD88516), rabies lyssavirus wolf isolate
surface glycoprotein (Rabies; accession AJP77607),
human poliovirus 1 strain Sabin VP0 polyprotein
(accession CAA24465). The isoelectric point was
calculated using the IPC isoelectric point calculator,
which uses 16 different algorithms to calculate pI
(Kozlowski, 2016). The average pI was plotted versus
protein molecular weight (kDa) in Excel and imported
into Adobe Illustrator 2020 to create the final plot.
The US Environmental Protection Agency (EPA)
List N registry of disinfectants for use against SARSCoV-2 was used to identify antiviral disinfectants
based on active ingredient (https://cfpub.epa.gov/
giwiz/disinfectants/index.cfm). The activity of each
compound against coronaviruses or enveloped
viruses in general was based on established antiviral
activity, with human health impact determined by
cross-referencing to a toxicology database (Poli et al.,
1979; McDonnell & Russell, 1999; Wolff et al., 2005;
Bateman et al., 2014; Kampf et al., 2020).

RESULTS
To date the majority of SARS-CoV-2 infections
in humans occur through direct human contact or
through respiratory droplets and aerosols (Prather
et al., 2020; Santarpia et al., 2020; Stadnytskyi et
al., 2020). Nonetheless, the detection of SARS-CoV-2
on surfaces means that they can provide a potential
source for contact transmission, particularly in the
case of non-porous surfaces, such as plastics, glass
and metal (Sattar & Springthorpe, 1996; Wolff et
al., 2005; Dietz et al., 2020; van Doremalen et al.,
2020; Santarpia et al., 2020). The likelihood of porous
surfaces, such as the host rock (limestone) of the cave
to serve as a potential surface for contact transmission
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was examined by comparing the known geochemistry
of calcite with coronavirus particle chemistry.
Broadly, the isoelectric point (pI) is a measure of
average charge. While the pI is generally calculated
or measured for individual proteins to determine
the strength of electrostatic interactions, it has also
been used to determine the sorption characteristics
of whole virus particles (virions) to mineral surfaces
(Miller et al., 1944; Carlson Jr et al., 1968; Moore
et al., 1981). In this study, the pI of coronaviruses,
SARS-like coronaviruses and SARS-CoV/SARSCoV-2 surface proteins were compared to other
enveloped RNA viruses where empirical pI values
also exist (Fig. 1). In the case of influenza A virus,
the pI was calculated based on the dominant surface
protein, hemagglutinin, to obtain a value of 6.0 - 6.8
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depending on viral strain, which included the source
of the 1918 Spanish flu pandemic, the 2009 swine flu
pandemic, and a 2015 bird flu (Fig. 1). As influenza
includes other surface proteins along with a negatively
charged phospholipid bilayer, this obtained value
was compared to the measured pI for the entire viral
particle, which is 5.0 to 5.9 (Miller et al., 1944; Vajda
et al., 2016). Similar to coronaviruses, rabies has
a dominant glycoprotein with a calculated pI of 7.6
(Fig. 1), which has been measured as pI 7.0 for the
whole viral particle (Atanasiu et al., 1979). Therefore,
while the dominant surface proteins cannot give a
net surface charge for the whole virus particle, the pI
values likely underestimate the net negative charge of
the virus by 0.5 - 1.0 pI units (Lakshminarayanaiah &
Murayama, 1975; Pekker & Shneider, 2015).

Fig. 1. Calculated isoelectric point (pI) values versus molecular weight for the dominant surface proteins of enveloped RNA viruses, including
coronaviruses, influenza A and rabies. The average calculated pI is plotted for these viruses, along with the measured, whole virion particle pI
values for influenza A and rabies.

For coronaviruses, the pI of the spike protein was
determined for animal coronaviruses (bovine and rat),
along with circulating human betacoronavirus (HCoVOC43), the SARS-like bat coronaviruses (BCoV_
RaTG13, BCoV-SARS and BCoV-BtRs) and human
SARS viruses (SARS-CoV/SARS-CoV-2). In the case
of SARS-CoV-2, representative virus spike proteins
were used from four geographically separate isolates
(Fig. 1). The data indicate a consistent clustering of
the coronaviruses with a pI between 4.9 and 6.1,
although as stated, due to membrane chemistry, this
value is likely to be lower for the whole virus particle
(Pekker & Shneider, 2015). These data suggest
that the SARS and SARS-like coronaviruses have
a net negative charge, which will result in a strong
electrostatic attraction between the virus and calcium
carbonate surfaces, such as limestone and concrete.
There are a number of artificial, non-porous
surfaces (plastics, metal and glass) in show caves that
form the tour infrastructure (i.e., handrails and door
handles). Given that coronaviruses can persist longer
on these surfaces, especially at cooler temperatures
and in the absence of sunlight, these surfaces
should be disinfected to limit the possibility of
contact spread (Wolff et al., 2005; Kampf et al., 2020;

Ratnesar-Shumate et al., 2020). An evaluation of the
423 products recommended by the US EPA for use
against SARS-CoV-2 was carried out. This multitude
of products was reduced to 27 antiviral chemistries
(Table 1), of which four were removed from further
consideration: the antimicrobial activity of sodium
chloride depends on its interaction with hypochlorous
acid to produce sodium hypochlorite, sodium
carbonate is used to stabilize sodium hypochlorite,
and ammonium carbonate and bicarbonate are used
as pH neutralizing agents (McDonnell & Russell,
1999). The remaining 23 antiviral chemistries were
further grouped into four categories for the potential
of in-cave use based on potential impact descriptions:
1) potentially toxic under cave conditions; 2) chemical
impact; 3) reduced impact; and 4) lowest impact
(Table 1). As a reference, mechanism of action in viral
inactivation (mechanism), effective concentrations
(active concentration) and contact time for antiviral
activity (contact time) by these chemistries are shown.
Potentially toxic
A number of the oxidants recommended by the EPA
should be avoided in cave settings due their strong
biocidal activities, which can either negatively affect
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Chemical
impact

Potentially
toxic under
cave conditions
(CH2CH2CH2OH)2
C5H8O2
H2O2
R4N+
HCl
C6H5OH

HOCH2CH2OCH2CH2OCH2CH2OH
C12H25C6H4.SO3H
Ag+

Glutaraldehyde

Hydrogen peroxide

Quaternary ammonium

Hydrochloric acid
(liquid/gas)

Phenol

Triethylene glycol

Dodecylbenzenesulfonic
acid

Silver (ions)

Membrane
disruption
Protein
inactivation
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250 ppm

0.1%%

50 ppm

0.02%

Membrane
disruption
Alcohol

7%

0.10%

Membrane
disruption
pH

0.50%

8%

Protein
crosslinking
Oxidant

-

500 ppm

500 ppm

1%

0.20%

0.02%

Active Conc

Alcohol

Oxidant

C3Cl2N3NaO3

1,2-Hexanediol

Oxidant

Na2CO3·1.5H2O2

Oxidant
Oxidant

CH3COOOH

Peroxyacetic acid

Oxidant

Mechanism

Antiviral activity

KOHSO4

ClO2

Chlorine dioxide

Potassium
peroxymonosulfate
Sodium carbonate
peroxyhydrate
Sodium
dichloroisocyanurate

Chemistry

Compound

Table 1. Approved EPA compounds with antiviral activity against human coronaviruses.

30 min

5 min

2.5 min

5 min

1 min

5 min

3 min

15 s

-

2 min

60 min

1 min

10 min

1 min

Contact
Time

I, R

I, R

R

I, R

I, R

I, R

I

I

I

I, R

I, R

I, R

I, R

I, R

Axen 30

Ecolab CW32A

3 min

0.5 min

5 min

5 min

10 min

3 min

5 min

Synersys**
Sani-cloth
Germicidal
Lysol Brand
Toilet Bowl
Cleaner
Sporicidin
Towelettes
Scrubbing
bubbles

10 min

10 min
Synergize

PELS 422‡

1 min

10 min

Sterilex Ultra
Powder
Klorsept

10 min

1 min

10 min

Contact
Time

Virkon S**

Maguard 1522

Electro-Biocide

Usage* Example Brand||

EPA recommendations

-

-

-

1.56%

-

0.23%

-

7%

-

-

-

-

-

-

Wipe
Conc#

Minoshima,
2016

Jean, 2003†

Rudnick, 2009§

Wolff, 2005

Sattar, 1989

Wolff, 2005

Wolff, 2005

Kampf, 2020

-

Bloomfield, 1990

Nakano, 1998

Wolff, 2005

Becker, 2017†

Lim, 2010†

Ref
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CH3CHOHCOOH

Lactic acid

C2H5OH

Ethanol

C3H7OH

C6H8O7

Citric acid

Isopropanol

NaClO

Sodium hypochlorite

CH2COCOOH

NaClO2

Sodium chlorite

Glycolic acid

HClO

Hypochlorous acid

Information compiled from https://cfpub.epa.gov/giwiz/disinfectants/index.cfm
*
= I:Certified for institutional or R: residential use;
†
= Determined on non-enveloped viruses;
‡
= EPA approval only, no published details;
§
= Data published for air disinfection by gas;
||
= Where possible, identified products were wipes;
#
= Concentration of active ingredient in identified wipes;
**
= Products for which MSDS sheets warn about soil interactions;

Lowest impact

Reduced impact

CH(CH3)2CH3C6H3OH

Thymol

Acid

Alcohol

Acid

Alcohol

Acid

Oxidant

Oxidant

Oxidant

Membrane
disruption

5%

70%

5%

70%

0.20%

0.20%

0.05%

150 ppm

2%

10 min

30 s

10 min

30 s

10 min

5 min

1 min

1 min

2h

I, R

I

R

I, R

I, R

I, R

I

I, R

I, R

Hygeia

Caviwipes

Opti-cide Max
Wipes
Glyclean Hard
Surface

CleanCide Wipe

Selectrocide
2L500
Sani-Cloth
Bleach

Cleansmart

Benefect
Botanical
Towelette

5 min

3 min

10 min

1 min

5 min

1 min

10 min

10 min

10 min

-

70%

-

70%

0.60%

0.65%

-

-

0.10%

Poli, 1978

Kampf, 2020

Poli, 1978

Kampf, 2020

Krug, 2011

Wolff, 2005

Kampf, 2020

Chander, 2012

Sanchez, 2015
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endemic species (and human visitors), or are highly
corrosive (McDonnell & Russell, 1999). Indeed, many
of these compounds are only recommended for use in
healthcare or industrial settings due to such safety
considerations. Of these oxidants, chlorine dioxide
can produce a poisonous gas at room temperature,
and even at low concentrations is a strong irritant of
mucous membranes (Bateman et al., 2014). Similar
oxidants include peroxyacetic acid, potassium
peroxymonosulfate, sodium corbanote peroxyhydrate,
and sodium cholorisocyanurate (McDonnell & Russell,
1999; Bateman et al., 2014). While glutaraldehyde
and 1,2-hexanediol are effective disinfectants at low
concentrations, without adequate ventilation (as
would be expected in cave environments) they have
the potential to be strong irritants (Bateman et al.,
2014). Finally, while hydrogen peroxide breaks down
into the relatively inert oxygen and water, it is highly
corrosive and reacts with iron in the Fenton reaction
to generate dangerous hydroxyl radicals that cause
severe damage in biological molecules, and DNA in
particular (Rafat Husain et al., 1987; Winterbourn,
1995). Cave sediments commonly contain iron-oxides
(comprised of goethite and ferrihydrite) as a residue
of past cave-forming processes, which give cave
sediments and muds their characteristic brown-tored coloration (Palmer, 2007; White, 2007; Blatnik
et al., 2020). Indeed, these iron-rich deposits have
proven invaluable in paleomagnetic studies to age
many cave features (Luiszer, 2009; Blatnik et al.,
2020). The average iron content of cave sediments has
been estimated to range between 0.1–2.0% (Sasowsky
& Mylroie, 2004; Sasowsky, pers. comm., 2020), and
given that Fe(III) can be recycled to Fe(II) by microbial
activity in cave sediments, this suggests that even
trace iron in the environment is sufficient to catalyze
the Fenton reaction (Schwertmann, 1991; Parker et
al., 2018).
High impact
Several of the compounds recommended for
disinfection have the potential for a significant impact
on the cave environment, either through interactions
with host rock chemistry or microbial ecosystems.
With regard to host rock chemistry, hydrochloric
acid is an aggressive acid that readily dissolves
limestone and is particularly problematic in regard to
speleothem damage. Caves are also nutrient-limited
environments, particularly in regard to nitrogen
(Barton, 2015), and while a number of ammoniumbased compounds are likely to be safe and effective,
the introduction of excess nitrogen can be particularly
detrimental to microbial system dynamics (Barton,
2015; Hershey & Barton, 2018). A notable example
of such impact is in Lascaux Cave, where introduced
quaternary ammonium compounds (quats) has
resulted in excessively high nitrogen content in
cave sediments, dramatically altering the normal
microbiology of the cave and leading to damage to the
important Neolithic paintings (Bastian et al., 2009).
Similarly, the low levels of organic carbon found in
caves (<0.5 mg/L) makes them sensitive to organic
input (Barton, 2015). A number of the recommended

disinfectants are based on reactive aromatic and longchain hydrocarbons (including phenol, triethylene
glycol, and dodecylbenzenesulfonic acid), which are
likely to introduce unreasonably high levels of organic
carbon contamination (Barton, 2015). Finally, while
transition metals are common trace elements in
limestone, silver ions (which have strong antimicrobial
activity) are not naturally broken down, leading to
extended contamination in sediments and resultant
changes in microbial community structure (Klaine et
al., 2008).
Reduced impact
The EPA disinfectant list contains a number of
effective compounds that are likely to have other,
undesired consequences. Among these is thymol,
which has a strong, antiseptic odor, while a 1:10
solution of household bleach (hypochlorite), sodium
chlorite or hypochlorous acid (which dissociate to
form hypochlorite) have a strong chlorine smell that
can be intense without adequate ventilation. Thus,
while these compounds are safe and effective at
low concentrations, their use may be limited simply
through the tolerance of visitors and staff.
Lowest impact
The EPA list contains a number of antimicrobial
agents that have chemistries similar to organic
compounds naturally found in caves, including citric
and lactic acid (Bullen et al., 2008). These compounds
are made during microbial metabolic processes
(overflow metabolism) and include alcohols, allowing
them to be easily broken down by native microbial
communities (Xu et al., 1999; Vemuri et al., 2006);
however, as with other organic carbon, their excessive
use will alter microbial community structure (Barton,
2015; Hershey & Barton, 2018). Such compounds
also have the least likelihood of being problematic
if tourists were to pick them up on their hands, for
example, citric acid is found in oranges, while ethanol
and isopropanol quickly volatilize into the atmosphere.

DISCUSSION
One of the concerns regarding COVID-19 in caves
was the potential of SARS-CoV-2 to survive longterm under the temperature, humidity and low light
conditions of caves, including whether the rock surfaces
could serve as a source of possible transmission
(R. Toomey, personal communication, 2020). While
there are currently no studies that have specifically
examined the persistence of coronaviruses in caves,
these viruses have been tested under a number of
conditions that mimic the cave environment. Human
coronaviruses (HCoV-229E and OC43) and SARSCoV have been shown to rapidly lose infectivity in high
humidity (>50%) (Kim et al., 2007; Chan et al., 2011;
Dietz et al., 2020). This inactivation is believed to occur
through two processes: 1) high humidity prevents the
dehydration of droplets to reduce particle size, which is
necessary for the virus to remain buoyant and promote
person-to-person spread (Stadnytskyi et al., 2020);
and 2) high humidity destabilizes the polar residues
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in the viral envelope, which is critical to maintaining
viral infectivity (Yang & Marr, 2012). Given the high
humidity of caves environments (>95%), this suggests
rapid inactivation will occur (Wigley & Brown, 1976).
Nonetheless, coronaviruses do persist longer at cooler
temperatures and in the absence of sunlight, and the
impact of high relative humidity and geochemistry
should not be considered an inherent inactivation
approach that negates the need to disinfect surfaces
that visitors touch (Ratnesar-Shumate et al., 2020;
van Doremalen et al., 2020).
A significant amount of work has explored virus
adsorption and inactivation in mineral substrates,
particularly for poliovirus, which was historically a
dangerous groundwater pathogen (Poli et al., 1979;
Murray & Parks, 1980; Moore et al., 1981). Poliovirus
has a calculated capsid pI of 6.4 and a measured
pI of 5.9, similar to that of coronaviruses (Carlson
Jr et al., 1968; Murray & Parks, 1980). The anionic
surface charge (net negative charge) of the virus
predicts how the particle will interact and adsorb to
surfaces, which is governed by general electrodynamic
potentials (Murray & Parks, 1980). The surface
charge of limestone is derived from the potential of the
ions in solution on the surface of the rock, which is
dominated by the cation Ca2+ (although HCO3-, CO32-,
H+ and OH- ions contribute to surface chemistry), and
has been empirically shown to have a pI between 8.0
to 9.5, with commonly measured pH values of 8.3
(Somasundaran & Agar, 1967; Banks et al., 2010).
This net positive charge will strongly attract negatively
charged coronavirus particles, with electrochemical
interactions causing strong adsorption through
hydrogen bonding and van der Waals forces (Murray
and Parks, 1980). The stronger the difference in
electrochemical charge between surfaces (with pI
as a proxy) the stronger this attraction, which will
outweigh the impact of pH (Carlson Jr et al., 1968;
Murray and Parks, 1980; Moore et al., 1981). Indeed,
strong poliovirus attraction has been demonstrated on
positively charged iron oxide and dolomite surfaces,
indicating that limestone surfaces and iron-rich cave
sediments are capable of binding high levels of SARSCoV-2 particles (Murray & Parks, 1980; Moore et
al., 1981). Further, bicarbonates and high pH (>8.0)
readily inactivate coronaviruses, both of which are
satisfied on limestone surfaces (Moore et al., 1981;
Lamarre & Talbot, 1989).
Past work on disinfection in cave environments
have been focused on WNS disinfection or the removal
of algal and cyanobacterial growth around artificial
lighting (lampenflora; Boston, 2006; Mulec & Kosi,
2009; Shelley et al., 2012; Meyer et al., 2017). Among
the disinfectants identified for use against SARSCoV-2, only quaternary ammonium compounds and
hypochlorite were recommended for WNS disinfection
protocols (Table 1), while hypochlorite and high
concentrations of hydrogen peroxide (15 wt/%) are
recommended for lampenflora (Shelley et al., 2012;
Meyer et al., 2017). Enveloped viruses are much more
sensitive to inactivation than fungal spores or algal
cysts and such aggressive approaches to disinfection
are unnecessary (Maillard, 2001). Indeed, enveloped
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viruses such as coronaviruses are 500-times more
sensitive to hypochlorite than non-enveloped viruses,
and are also sensitive to a range of chemistries that
would have no impact on WNS or algae, including
weak acids, alkalis, or alcohol-dehydration (Table 1;
Poli et al., 1979; Wolff et al., 2005; Kampf et al., 2020).
This provides a variety of compounds that have the
potential to inactive coronaviruses on surfaces and
prevent contact transmission, as indicated by the 423
products identified by the EPA.
Special consideration on the use
of hydrogen peroxide
Past researchers have recommended the use of
hydrogen peroxide in caves, due to its lack of odor and
ability to break down into inert H2O and O2 (Boston,
2006; Boston et al., 2006; Mulec & Kosi, 2009);
however, in the presence of reduced or oxidized iron,
the Fenton reaction produces hydroxyl radicals (Eq. 1)
and other reactive species (including hydroxides and
hydroperoxyls; Eq. 2):
Fe 2+ + H2O2 → Fe 3+ + HO • + OH −  (1)
Fe 3+ + H2O2 → Fe 2+ + HOO • + H +  (2)
The reactive species are dangerous to biological
systems, causing extensive DNA damage and
mutagenesis,
even
at
pmol
concentrations
(Winterbourn, 1995). This activity can be accentuated
in cave environments by the microbially-enhanced
dissolution of iron oxides, which is promoted under
the mineral grain size and chemistry of iron-rich
sediments similar to those in caves (Schwertmann,
1991; Parker et al., 2018). Indeed, in the past,
researchers who have demonstrated the successful
use of hydrogen peroxide to remove lampenflora, only
did so when high concentration solutions (>15%) were
used, which required the use of protective respirators
and goggles given the poor ventilation in caves
and noxious gases produced (Meyer et al., 2017).
Given the extreme reactivity and corrosive activity
of hydrogen peroxide (which can attack limestone
surfaces as well as metals; Mulec & Kosi, 2009) and
given that even trace levels of hydroxyl radicals can
be acutely toxic (one of the reasons human cells have
such effective iron-scavenging mechanisms is limit
the Fenton reaction from the tiny amounts of H2O2
generated during cellular respiration; Barbouti et al.,
2001; Imlay, 2008), extreme caution should therefore
be used if choosing to use hydrogen peroxide in
caves, as highlighted by the MSDS sheets for these
products: when compiling the MSDS data for Table 1,
only the strong oxidant potassium peroxymonosulfate
(Virkon S) and hydrogen peroxide (Synersys) contain
explicit warnings to avoid interaction with soils (for
example, compare http://www.fourupack.com/myfile.
aspx?doc=48328_SynersysSporicidalDisinfectantP
ART_A_and_B_SDS.pdf%7c2 and https://media3.
cleanfreak.com/documents/sds/lysol-all-purposecleaner-with-bleach.pdf). Nonetheless, all of the
chemicals on the EPA List N are effective against
coronaviruses and hydrogen peroxide may be
appropriate for use on glass or plastic surfaces if their
reaction with cave sediments is prevented.
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CONCLUSIONS
To date, there are no recorded cases of COVID-19
transmission have been identified as the result of
surface contact transmission (Dietz et al., 2020)
and the majority of cases can be traced to airborne
transmission or direct human contact, demonstrating
the importance of social distancing measures and the
use of face masks (Prather et al., 2020; Santarpia et
al., 2020; Stadnytskyi et al., 2020). The calculated
pI of SARS-CoV-2 suggests that in caves the virus
would be adsorbed onto limestone surfaces, further
reducing the likelihood that these surfaces could
serve as a source of virus transfer (Fig. 1). In addition,
the high humidity of caves and chemistry of limestone
surfaces (including inactivating bicarbonates and
high pH) are likely to rapidly inactivate adsorbed
coronavirus particles, suggesting that the limestone/
rock surfaces or concrete walkways pose no specific
danger for contact transmission. Nonetheless, nonporous surfaces (such as plastics, metals and glass)
are more permissive to coronavirus viability and
tourist operators should focus on disinfection of
infrastructure from these materials that visitors will
touch. Given the 423 antiviral agents recommended by
the EPA, the following compounds are recommended
for use in caves (Table 1):
Alcohols: Ethanol is naturally produced by microbial
metabolism and has been shown to sorb to calcium
carbonate, suggesting it is common in caves (Bullen et
al., 2008). An effective concentration of 70% ethanol
will inactivate coronaviruses by dehydration in 5 min
(Wolff et al., 2005).
Organic acids: The viral cell envelope of coronaviruses
is particularly sensitive to destabilization by acids
(Poli et al., 1979; Lamarre & Talbot, 1989). These
organic acids, such as citric acid, share similarity in
chemistry to organic acids that are naturally found in
caves (Bullen et al., 2008)
Hypochlorite: While hypochlorite can produce a
chlorine smell, even at low concentrations hypochlorite
is one of the most effective disinfectants against
coronaviruses (Maillard, 2001): a 1:50 dilution of
household bleach (final concentration 0.12%) will
inactivate coronaviruses in <5 min (Maillard, 2001;
Wolff et al., 2005). While chlorine ions are likely to
impact cave fauna (Boston, 2006), a study using
0.5% HOCl to treat lampenflora (which is higher than
the recommended 0.1% to inactivate coronaviruses)
demonstrated no increased impact on a cave adapted
indicator species (the springtail Tomocerus celsus;
Meyer et al., 2017). Others have suggested that
hypochlorite leaves an oxidizing residue within caves
(Boston et al., 2006). The reaction of hypochlorite with
limestone (Eq. 3):
CaCO3 + 2NaOCl → Na2CO3 + Ca(ClO)2  (3)
produces
sodium
bicarbonate
and
calcium
hypochlorite. While calcium bicarbonate is fairly
innocuous (and is a common food additive), calcium
hypochlorite is more reactive and is used as a
whitening agent in laundry detergent (it is identified as
a white, powdery residue that smell weakly of bleach

when scratched). Under acidic conditions, calcium
hypochlorite is protonated to hypochlorous acid, which
is a strong oxidant; however, limestone buffers the
surface chemistry to an alkaline pH 8.3. Thus, while
care should be taken to avoid generating conditions
that produce high concentrations of hypochlorite in
caves, the underlying chemistry of bleach in caves is
preferable to the nitrogen introduction of quats and
much safer than the potential damage of hydrogen
peroxide to human health.
In recommending these compounds for in-cave
use, it should be noted that all disinfectants have the
ability to negatively impact cave microbiota (Estévez
et al., 2019). To limit the unnecessary introduction of
these compounds into caves, the lowest concentration
necessary to inactivate SARS-CoV-2 should be
used (Table 1), as increased concentrations provide
no additional antiviral activity, and in the case of
alcohols, higher concentrations actually have reduced
antiviral activity. To limit impact, disinfecting wipes
have a number of advantages over the use of sprayed
liquid disinfectants, these include: 1) stabilization of
disinfection chemistry in wipes means that they are lesslikely to produce aerosols or off gas into the environment,
particularly in the case of flammable substrates (Tyan
et al., 2019); 2) wipes contain disinfectants that have
already been diluted to the working concentration on
an appropriate adsorbant, reducing the likelihood
of excessive chemical introduction; 3) wipes are
convenient to carry into the caves (including on tours)
and are unlikely to unnecessarily introduce chemicals
or organics to the environment through spraying or
accidental spills; and 4) the use of wipes are unlikely
to leave excessive residues on surfaces.
The recommended disinfectants in Table 1 have been
curated to identify those available as wipes, including
the advised contact time for coronavirus inactivation
and concentration of active ingredient (derived from
the MSDS) for each chemistry when compared to
published laboratory inactivation studies. In many
cases, due to the underlying chemistry, wipes may
not appropriate (Table 1), are unavailable during
the epidemic, or may not represent a cost-effective
approach to disinfection. In this case, the full list
of EPA database, which is searchable using active
ingredients, should be used to identify alternatives
(https://www.epa.gov/pesticide-registration/list-ndisinfectants-use-against-sars-cov-2). Regardless of
choice, these procedures are suggested to limit the
potential for contact transmission of SARS-CoV-2 in
a way that minimizes impact on the cave ecosystem;
however, given the generally poor ventilation in caves,
they in no way negate the continued need for social
distancing and face masks to limit transmission of
this dangerous virus.
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