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1  |  INTRODUC TION

Chlorine is among the most common elements on Earth (Graedel 
& Keene, 1996). In the ocean, chlorine is the most abundant dis-
solved element (Bonifacie et al., 2008). In soils, chlorine accounts for 
0.01%– 0.5% of the mass of organic matter and is the most common 
element in organic molecules after carbon, hydrogen, oxygen, sul-
fur, nitrogen, and phosphorous (Oberg, 2002; Öberg, 2003; Redon 
et al., 2012). As the most bioavailable halogen, within living cells, 
chlorine can be as abundant as sulfur and is the most abundant neg-
atively charged ion (Kirk, 2012; Milo & Phillips, 2017; Novoselov 
et al., 2017). Chlorine is even present in trace atmospheric gases 

(Keppler et al., 2005; Wang et al., 2019). In every habitat on Earth, 
life and chlorine interact.

Chlorine is distinguished from other elements by a very high 
electronegativity and has the highest electron affinity of any ele-
ment. Those properties result from only one electron being needed 
to complete a chlorine atom's outer electron shell and the high num-
ber of protons relative to the number of electron orbitals. High elec-
tron affinity makes molecular chlorine very reactive. Consequently, 
chlorine is typically found in reduced forms: chloride (Cl−), gaseous 
hydrogen chloride (HCl), which in water forms the strong acid hydro-
chloric acid (HCl), and organic chlorine (R- Cl), wherein chlorine forms 
a single chemical bond, typically with carbon. High electronegativity, 
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Abstract
Chlorine has important roles in the Earth's systems. In different forms, it helps balance 
the charge and osmotic potential of cells, provides energy for microorganisms, mobi-
lizes metals in geologic fluids, alters the salinity of waters, and degrades atmospheric 
ozone. Despite this importance, there has not been a comprehensive summary of 
chlorine's geobiology. Here, we unite different areas of recent research to describe a 
biogeochemical cycle for chlorine. Chlorine enters the biosphere through volcanism 
and weathering of rocks and is sequestered by subduction and the formation of evap-
orite sediments from inland seas. In the biosphere, chlorine is converted between 
solid, dissolved, and gaseous states and in oxidation states ranging from −1 to +7, 
with the soluble, reduced chloride ion as its most common form. Living organisms and 
chemical reactions change chlorine's form through oxidation and reduction and the 
addition and removal of chlorine from organic molecules. Chlorine can be transported 
through the atmosphere, and the highest oxidation states of chlorine are produced 
by reactions between sunlight and trace chlorine gases. Partial oxidation of chlorine 
occurs across the biosphere and creates reactive chlorine species that contribute to 
the oxidative stress experienced by living cells. A unified view of this chlorine cycle 
demonstrates connections between chlorine biology, chemistry, and geology that af-
fect life on the Earth.
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higher than any element other than fluorine and oxygen, makes chlo-
rine produce a large charge separation in chemical bonds. Despite its 
preference for electrons, chlorine can be found in an oxidized state 
in the oxyanions hypochlorite (ClO−), chlorite (ClO−

2
), chlorate (ClO−

3
 ), 

perchlorate (ClO−

4
), and in gases such as chlorine dioxide (ClO2).

All the above chlorine molecules can be found in nature (Table 1; 
Field, 2016; Gribble, 1992; Oberg, 2002). The common misconcep-
tion that chlorine- containing molecules are unnatural may be due to 
the notable reactivity or, conversely, the inertness of synthetic chlo-
rine chemicals. Molecular chlorine was used as a corrosive chemi-
cal weapon in the first world war (Kirk, 2012). Hypochlorous acid, 
molecular chlorine, and chlorine dioxide are used as disinfectants 
(Kirk, 2012). Chlorine oxyanions constitute fireworks and propel-
lants for spacecraft (Youngblut et al., 2016). Small organic chlorine 
chemicals are used as solvents, like trichloroethylene (C2HCl3), or 
precursors to polymers, like vinyl chloride (C2H3Cl) for making 
polyvinylchloride (“PVC”; Atashgahi, Liebensteiner, et al., 2018). 
Chlorofluorocarbons, a type of volatile organic chlorine compound, 
were widely used as a refrigerant until their international regulation 
following the discovery that it degrades the ozone layer (Molina & 
Molins, 1992). Many pharmaceuticals are modified with chlorine 
to alter their activity in the human body (Agarwal et al., 2017). 
Because of these and other uses of synthetic chlorine, scientists had 
once assumed that biochemical reactions involving chlorine were 

accidents of biology or newly evolved traits (Magnuson et al., 2000; 
Petty, 1961), not the result of evolution over billions of years.

Chlorine is, in fact, converted between different chemi-
cal forms by natural processes in a global biogeochemical cycle 
(Figure 1). Chlorine is released from and returned to rock, added 
and removed from organic molecules, volatilized and degraded by 
sunlight, and oxidized and reduced both biotically and abiotically, 
with important implications for life on Earth at each step (Agarwal 
et al., 2017; Atashgahi, Liebensteiner, et al., 2018; Gray et al., 2013; 
Harlov & Aranovich, 2018; Oberg, 2002; Simpson et al., 2015; 
Winterton, 2000). Unfortunately, these different processes have 
been uncovered through largely separate lines of research, obscur-
ing the connections between them.

This review provides an overview of the biogeochemical chlo-
rine cycle to connect disparate disciplines and help identify gaps 
for further study. The major biological, chemical, and geological 
processes of the chlorine cycle are covered, without estimated 
quantities for reservoirs and fluxes that can be found in existing re-
views (Harlov & Aranovich, 2018; Öberg, 2003; Schafer et al., 2007; 
Simpson et al., 2015; Svensson et al., 2021; Wang et al., 2019; 
Winterbourn, 2008; Winterton, 2000; Youngblut et al., 2016), and 
instead with a greater emphasis on fundamental concepts. The goal 
of this review is to provide a broad understanding of the chlorine 
cycle's wide- reaching influence on life on Earth.

Type Molecule Name
Oxid. 
State

Halide ion Cl−/HCl Chloride/hydrochloric acid (pKa −6.3) −1

Oxyanion / 
oxyacid

ClO−/HOCl Hypochlorite/hypochlorous acid (pKa 7.5) +1

ClO2
−/HClO2 Chlorite/chlorous acid (pKa 2.0) +3

ClO3
−/HClO3 Chlorate/chloric acid (pKa −1.0) +5

ClO4
−/HClO4 Perchlorate/perchloric acid (pKa −8.7) +7

Organochlorine R- Cl Organic chlorine (various) −1

R- NHxCly Organic chloramines (various) −1

Gas CH3Cl Chloromethane (methyl chloride) −1

CHCl3 Chloroform −1

HCl Hydrogen chloride −1

ClNO2 Nitryl chloride −1

Cl2 Molecular chlorine 0

ClONO2 Chlorine nitrate +1

ClO2 Chlorine dioxide +2

Mineral NaCl Halite −1

KCl Sylvite −1

Ca5(PO4)3(OH,F,Cl) Apatite −1

K(Mg,Fe)3AlSi3O10(F
,OH,Cl)

Biotite −1

Note: Only a small fraction of the total number of compounds is shown. Because a large variety 
of organochlorine compounds exist, “R” is used to denote a bond to a carbon atom in an organic 
group. Formal oxidation state is shown for chlorine in each molecule, and the negative log of the 
acid dissociation constant (pKa), which indicates an acid's strength, is shown for select molecules.

TA B L E  1  Common chlorine- containing 
molecules in nature
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2  |  CHLORIDE

Nearly all chlorine atoms on this planet were made in the explosion 
of white dwarf stars and massive stars billions of years ago (Frebel 
et al., 2005). Chlorine is still formed today, in trace amounts, from the 
collision of cosmic rays with the nuclei of other elements in Earth's 
rocks and atmosphere, producing chlorine's only naturally occurring 
radioactive isotope, 36Cl, which has a half- life of 301,000 years (Audi 
et al., 2017; Zreda et al., 1991). Yet the stable isotopes formed from 
stellar explosions, 35Cl and 37Cl, comprise essentially all— 75.76% 
and 24.24%, respectively— of the chlorine atoms on Earth (Barnes & 
Sharp, 2017). How material is formed can change the relative abun-
dance of these isotopes (Barnes & Sharp, 2017; Eggenkamp, 2014). 
For example, Earth contains less chlorine— and relatively less of the 
lighter isotope 35Cl— than certain meteorites, suggesting the planet 
lost a majority of its chlorine to space during its formation (Sharp & 
Draper, 2013). Without this loss of chlorine, Earth's oceans would 
have had a much higher chloride (Cl−) concentration, making the 
planet much less habitable for the development of life (Sharp & 
Draper, 2013).

Chloride is the most common form of chlorine in the biosphere. 
As an anion, chloride is a highly mobile component of geologic fluids, 
where it helps solubilize metal cations (Harlov & Aranovich, 2018). It 
enters the biosphere as hydrogen chloride in volcanic gases, where 
it is enriched due to its solubility, and through the weathering of 
chlorine- containing minerals, most commonly biotite, muscovite, 
hornblende, and apatite (Worden, 2018). The high solubility and neg-
ative charge of the chloride ion mean that its distribution is controlled 
by the water cycle. Water transports chloride from soils to streams 
and groundwater, though if evaporation is high enough, chloride can 
be brought to the soil surface (Öberg, 2003). Streams transport chlo-
ride to the ocean, in which it has a uniform concentration except 
at the ocean's surface, where its concentration shifts depending 
on rates of evaporation, precipitation, and runoff (Schmitt, 2008). 
Chloride does not remain in the ocean: massive quantities are trans-
ported back to land as windblown salt spray, with greater transport 
closer to the ocean (Hay et al., 2006; Winterton, 2000).

Chloride is bioavailable at a range of concentrations typically less 
than 0.2 mm in rain, 0.03– 0.2 mm in soil pore water, and 0.01– 10 mm 
in freshwater to about 550 mm in oceans and up to about 10,000 mm 

F I G U R E  1  An overview of major transformations in the biogeochemical chlorine cycle. Dashed lines indicate physical and chemical 
processes, with the direction and magnitude of geological processes indicated by arrowheads. Solid lines indicate biological processes and 
are denoted by abbreviations for enzymes that can be involved in that process. Steps that yield energy in respiratory metabolisms occurring 
in low- oxygen habitats are highlighted gray, and the reduction potential of the redox couple is indicated by gray text. Brief summaries of 
composition and chemistry in the troposphere and stratosphere are shown. For simplicity, subsurface geology, reactions involving chlorine 
gases and radicals, and biochemical reactions due to reactive chlorine species are not shown. Enzyme abbreviations are as follows: Cld, 
chlorite dismutase; Clr, chlorate reductase; DHG, dehalogenase; HG, halogenase; HMT, halide methyltransferase; HPO, haloperoxidase; Pcr, 
perchlorate reductase; RDH, reductive dehalogenase 
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in evaporating water bodies (Geilfus, 2018; Milo & Phillips, 2017; 
Öberg & Sandén, 2005; Winterton, 2000). Chloride is a micronu-
trient and rarely limiting (Raven, 2017), but the use of chloride by 
plant and microbial cells is so significant that it is a major sink of 
chloride in soils (Bastviken et al., 2007; Geilfus, 2018). Many bio-
chemical reactions involve chloride as a substrate or product (see: 
Chlorination and Dechlorination in the following text), and it is an 
essential structural component for some enzymatic reactions, in-
cluding the production of oxygen by photosystem II (Raven, 2017; 
Rivalta et al., 2011). Rarely, chloride is even used for its properties 
as an acid: nearly all vertebrate animals combine hydrogen ions and 
chloride in a stomach to form hydrochloric acid (Koelz, 1992).

Most commonly, life uses chloride simply as a solute. Chloride 
is transported in and out of cells to balance osmotic potential, to 
control charge across the cellular membrane, and to import other 
molecules (Duran et al., 2010; Geilfus, 2018; Roessler et al., 2003). 
Chloride is present in mammalian cells at about 100 mm and in plant 
cells and prokaryotic cells at concentrations that can vary greatly 
depending on the species and the salinity of its environment 
(Geilfus, 2018; Milo & Phillips, 2017). The chloride concentration of 
an environment exerts a strong selective pressure across all types 
of life (Flowers & Colmer, 2008; Kültz, 2015; Rath et al., 2019). For 
example, some archaea use an especially powerful class of chloride 
importers driven by light, called halorhodopsins, to counteract the 
extreme osmotic potential found in evaporating bodies of water 
(Engelhard et al., 2018; Schobert & Lanyi, 1982).

Evaporation ultimately leads to the precipitation of chloride as a 
salt (Worden, 2018). While in a chemistry laboratory the “chlorides 
are rabble” (Levi & Rosenthal, 1995), in nature chloride salts are pre-
dominantly one mineral, halite (NaCl). The burial of evaporite min-
erals formed from inland seas is one major route by which chlorine 
exits the biosphere; another is the subduction of chloride- infiltrated 
oceanic crust (Hanyu et al., 2019; Kendrick, 2018; Warren, 2010). 

Over geologic time, evaporite burial has changed the salinity of the 
oceans (Hay et al., 2006; Warren, 2010), and today's oceans could 
be up to 1.5– 2 times less salty than the oceans of the early Earth 
(Knauth, 1998). Due to its effect on the solubility of oxygen and the 
density, cooling, and evaporation of water, changing chloride con-
centrations in oceans through Earth's history likely affected global 
climate and life's evolution (Hay et al., 2006; Knauth, 2005; Sharp & 
Draper, 2013).

3  |  CHLORINATION

A pivotal step in the chlorine cycle is when the formation of a 
chlorine- carbon or chlorine- nitrogen bond produces organic chlo-
rine. Chlorination of organic molecules means that chlorine can be 
found in very diverse molecules, from gases like chloroform (CHCl3) 
to large metabolites like vancomycin (C66H75Cl2N9O24; Field, 2016; 
Winterton, 2000). Organic chlorine is only found in its most reduced 
state (a chloro group); unlike other elements like nitrogen (Ju & 
Parales, 2010), higher oxidation states of chlorine bound to organic 
carbon (chlorosyl, chloryl, and perchloryl groups) have not been 
observed in natural molecules. Chemical, geological, and biological 
processes all produce organochlorine compounds, and the biosyn-
thesis of organochlorine has been observed in nearly all types of 
life, including bacteria, microbial eukaryotes, fungi, plants, and ani-
mals (Atashgahi, Liebensteiner, et al., 2018; de Jong & Field, 1997; 
Field, 2016; Gribble, 2010; Jordan et al., 2000).

Life produces metabolites with organic chlorine for a vari-
ety of purposes, from chemical defense to intercellular signal-
ing (Winterton, 2000). For example, chlorination is important 
for the antibiotic properties of vancomycin and the activity of a 
developmental signal in a social amoeba (Neumann et al., 2008, 
2010). Chlorinated sites in molecules are rarely modified further 

F I G U R E  2  Concentrations of major chlorine species (chlorine mg/kg) in different units of the Earth. Values are to illustrate known ranges 
and medians (tall lines) and should not be considered representative. In particular, measurements of organic chlorine and perchlorate are 
very limited. Data sources, descriptions, and special considerations are as follows. Troposphere: mean total chlorine including anthropogenic 
chlorine (Montzka et al., 2011), mean chloromethane (Verhulst et al., 2013); mean modeled sodium chloride aerosol and hydrogen chloride 
(Wang et al., 2019); concentrations vary significantly from the mean; concentrations of HCl, ClO, and ClONO2 are not shown but increase in 
the stratosphere; molar mixing ratios for gases were converted to mg/kg using a molar mass of dry air is 28.9647 g/Mol. Biomass: chloride 
per dry mass in bacteria (Novoselov et al., 2017); chloride and organic chlorine per dry mass in min, max, and mean in plants (Svensson 
et al., 2021). Soil: chloride and organic chlorine in forest and agricultural soils in Europe (Redon et al., 2011; Svensson et al., 2021); chloride 
and perchlorate in semiarid to hyperarid soils (Jackson et al., 2015); perchlorate is less abundant in nonarid soils. Freshwater: mean chloride 
in wet deposition across North America, Europe, and East Asia (Vet et al., 2014), mean chloride in 529 lakes across North America and 
Europe (Dugan, Summers, et al., 2017); chloride in 6963 aquifers across the United States assuming water density of 1 kg/L (DeSimone 
et al., 2014); organic chlorine min, max, and mean in a small number of surface waters and rain water in Sweden (Svensson et al., 2021); 
perchlorate in wet deposition across North America (Rajagopalan et al., 2009); perchlorate in the Laurentian Great Lakes (Poghosyan 
et al., 2014); chloride and perchlorate in groundwater from semiarid to hyperarid environments (Jackson et al., 2015). Ocean: chloride at 
salinity 34.72 ppt (Hay et al., 2006); salinity ranges from 32 and 38 ppt; perchlorate in coastal waters (Martinelango et al., 2006); perchlorate 
was below detection limit in most samples; dissolved organic chlorine is likely prevalent in the ocean (Leri et al., 2015) but has not been 
measured comprehensively. Continental crust: mass fraction of chlorine in halite, min, max, and mean concentrations in various sediments, 
sedimentary rocks, geologic waters (from sedimentary basins and igneous provinces, including concentrated hydrothermal fluids), and 
igneous and metamorphic rocks (Hanley & Koga, 2018). Ocean crust: min, max, and mean concentrations in ocean sediments and rocks 
(Hanley & Koga, 2018). Mantle: wide- ranging estimates from crustal rocks (Guo & Korenaga, 2021; Sharp & Draper, 2013) 
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(Vaillancourt et al., 2005), and because chlorine can only form a 
single bond with carbon, nitrogen, etc., it is not used as a building 
block of macromolecules (Agarwal et al., 2017). Instead, the primary 
importance of chlorination is that the large, electronegative chlorine 
atom, by replacing another chemical group at a particular site, can 
alter almost any property of the molecule, including shape, solubility, 
charge density, or reactivity (Winterton, 2000).

The enzymes that make organic chlorine are called haloge-
nases. The various types of halogenases are classified into broad 
groups based on the degree to which a halogen is oxidized during 
catalysis, which controls the types of molecular sites that can be 
halogenated (Agarwal et al., 2017). Some halogenases activate 

chloride with two- electron oxidation, making a hypochlorous acid 
(HOCl) molecule that can react with electron- rich sites in mol-
ecules, like aromatic carbons (Agarwal et al., 2017; Atashgahi, 
Liebensteiner, et al., 2018). Some such halogenases are used to 
make hypochlorous acid for its properties as an oxidant, with 
chlorination being a byproduct (Ortiz- Bermudez et al., 2007; 
Winterbourn & Kettle, 2013). Another type of halogenase ac-
tivates chloride with one- electron oxidation, making a chlorine 
radical (Cl·) reaction intermediate that reacts with various carbon 
sites (Agarwal et al., 2017; Butler & Sandy, 2009). A final type of 
halogenase uses chloride without oxidation, as a nucleophile act-
ing only on electron- deficient sites.
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Those fundamental biochemical differences between different 
halogenases mean that different chlorinated molecules are formed 
by different halogenases. The evolution of different halogenases 
likely led to an increased abundance of different organochlorine 
molecules over geologic time. For example, a nucleophilic haloge-
nase in plants called halide methyltransferase is a substantial source 
of chloromethane (CH3Cl, or methyl chloride; Itoh et al., 2009). 
Chloromethane is a minor greenhouse gas and the most common 
chlorine gas in the troposphere and stratosphere, and it appears 
to be produced predominantly by plants in the tropics (Verhulst 
et al., 2013).

Organic chlorine is abundant and produced throughout the bio-
sphere (Figure 2; Svensson et al., 2021). Chemical reactions con-
tribute significantly to the formation of organic chlorine (Comba 
et al., 2015; Field, 2016; Leri et al., 2015), yet the majority of chlo-
rination appears to be catalyzed by biological activity in oxic condi-
tions (Bastviken et al., 2009; Ruecker et al., 2014). Soils have been 
most intensively studied. There, extracellular enzymes, produced 
by bacteria and fungi for purposes other than biosynthesis, are re-
sponsible for most organic chlorine (Aeppli et al., 2013; Bengtson 
et al., 2009; Weigold et al., 2016). A plant leaf deposited on the soil 
will go from having very little organic chlorine to having a majority of 
chlorine in the organic form (Leri et al., 2007; Leri & Myneni, 2010; 
Myneni, 2002). As a result, organic chlorine can be more common 
than chloride in many soils, especially topsoil (Mukai et al., 2019; 
Öberg, 2003), and act as a reservoir of chlorine (Bastviken 
et al., 2007). Similarly, organic chlorine in ocean phytoplankton in-
creases to 1 chlorine atom for every 500 carbon atoms after decay 
(Leri et al., 2015). The enrichment of organic chlorine in organic mat-
ter is due to a combination of the synthesis of organic chlorine and 
the relatively slower rate at which organic molecules are degraded 
when they contain chlorine.

4  |  DECHLORINATION

Chloride is removed from organochlorine by microorganisms 
that make enzymes called dehalogenases (Agarwal et al., 2017; 
Chaignaud et al., 2017). The activity of many dehalogenases is not 
specific to organochlorine, often evidenced by the lack of a chlo-
ride binding site in the enzyme (Agarwal et al., 2017). For example, 
dechlorination of chloromethane— a significant sink for the gas— is 
catalyzed by a specialized chloride methyltransferase and by mo-
nooxygenases whose primary substrates are methane or ammonia 
(Chaignaud et al., 2017; Farhan Ul Haque et al., 2017; Hartmans 
et al., 1986; Schafer et al., 2007). Other types of dehalogenases 
include hydrolytic dehalogenases and oxidative dehalogenases, 
which differ in the mechanism by which they replace the chloro 
group (Agarwal et al., 2017; Chovancová et al., 2007). The purpose 
of dechlorination in oxic settings, when it is specific, appears to be 
the biomass or energy that can be obtained from a molecule once it 
is free of chlorine (Atashgahi, Haggblom, & Smidt, 2018; Atashgahi, 
Liebensteiner, et al., 2018).

In low- oxygen settings, a special type of dehalogenase can 
be used to obtain energy from organochlorine directly (Adrian & 
Loeffler, 2016; Atashgahi, Haggblom, & Smidt, 2018; Atashgahi, 
Liebensteiner, et al., 2018; Schubert et al., 2018). These enzymes, 
the reductive dehalogenases, catalyze the 2- electron reduction of 
organic chlorine by converting a single carbon- chlorine bond to a 
carbon- hydrogen bond or two adjacent carbon- chlorine bonds 
to a carbon– carbon double bond (Agarwal et al., 2017; Fincker & 
Spormann, 2017; Jugder et al., 2015). Organic chlorine molecules 
have a higher reduction potential than equivalent organic molecules 
without chlorine; high enough to provide energy as an electron 
acceptor in oxidative phosphorylation (Table 2), a process named 
organohalide respiration (Jan; Dolfing & Janssen, 1994; Dolfing & 
Novak, 2015). Organohalide respiration is an obligate metabolism 
of many bacteria and archaea (Hug et al., 2013), showing the impor-
tance of organic chlorine as an energy source. While most reductive 
dehalogenases are sensitive to oxygen (Collins et al., 2018) and the 
total energy of organohalide respiration is less than that of many 
other respiratory processes, the large reservoir of organic chlo-
rine in sediments provides an expansive niche for these organisms 
across anoxic terrestrial and marine habitats (Atashgahi, Haggblom, 
& Smidt, 2018; Futagami et al., 2009; Krzmarzick et al., 2012). The 
activity of these microorganisms must partly explain why organo-
halogen concentrations decrease with depth in soils and sediments 
(Leri et al., 2010; Svensson et al., 2021).

Aside from biological dechlorination, organic chlorine has two 
fates in the environment. First, dechlorination can occur through 
chemical processes. Photochemical reactions are one import-
ant sink for many soluble and volatile molecules (Abusallout & 
Hua, 2016). Simple hydrolysis reactions can remove chlorine from 
some molecules, like chloromethane (Baesman & Miller, 2005). 

TA B L E  2  Reduction potentials for a select redox half reactions 
involving chlorine

Half reaction Eo′ (V) a,b,c

Cl2 + 2 e− ⇌ 2 Cl− 1.360

HOCl + H+ + 2 e− ⇌ Cl− + H2O 1.280

ClO2
− + 3 H+ + 2 e− ⇌ HOCl + H2O 1.261

ClO4
− + 2 H+ + 2 e− ⇌ ClO3

− + H2O 0.813

HOCl + H+ + e− ⇌ ½ Cl2 + H2O 0.804

ClO3
− + 2 H+ + 2 e− ⇌ ClO2

− + H2O 0.744

CCl4 + H+ + 2 e− ⇌ CHCl3 + Cl− 0.584

CH3Cl + H+ + 2 e− ⇌ CH4 + Cl− 0.380

C2H2ClO2 + H+ + 2 e− ⇌ C2H3O2 + Cl− 0.374

C6H4ClOH + H+ + 2 e− ⇌ C6H5OH + Cl− 0.357

C6H5Cl + H+ + 2 e− ⇌ C6H6 + Cl− 0.239

Note: Eo′ is potential at standard conditions in volts: pH 7, 25°C; solutes 
at 1 m. Organic chlorine compounds include: tetrachloromethane (CCl4), 
chloromethane (CH3Cl), chloroacetate (C2H2ClO2), 2- chlorophenol 
(C6H4ClOH), and monochlorobenzene (C₆H₅Cl). Values obtained from 
Youngblut et al. (2016), Winterbourn and Kettle (2013), and Dolfing and 
Novak (2015).
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Hydrolysis is also responsible for the transient nature of most 
bonds between nitrogen and chlorine, like chlorinated primary 
and secondary amines (a.k.a. chloramines; Hazen et al., 1998). 
Second, organic chlorine can persist. For example, organochlorine 
molecules have been detected in peat and in coal (German Muller 
& Scholer, 1996). Advanced burial of sediments can produce 
sufficient heat and pressure to break the carbon- chlorine bond 
(Worden, 2018), although the exact chemical transformations 
that occur to organic chlorine during sedimentary rock forma-
tion are largely unknown (Barnes & Sharp, 2017; Leri et al., 2015; 
Selverstone & Sharp, 2015). Organochlorine compounds can be-
have differently in sediments than chloride due to lower solubility 
and far higher volatility, which can result in the loss of organochlo-
rine from sediments to the atmosphere (Svensson et al., 2021).

5  |  ATMOSPHERIC CHEMISTRY

Chlorine is one of the few elements with a role in atmospheric 
chemistry. Trace gases containing chlorine are produced by liv-
ing organisms, decaying or burning vegetation, volcanoes, and sea 
salt spray. The most common naturally produced molecules con-
taining chlorine are chloromethane at about 540 ppt (mixing ratio 
in the troposphere, pmol/mol), hydrogen chloride at about 60 ppt, 
and chloride in sea salt aerosol at about 344 ppt (Figure 2; Keppler 
et al., 2005; Wang et al., 2019). Sea salt, being an aerosol, does not 
stay aloft long in the atmosphere and hydrogen chloride has a very 
short residence time due to its solubility in rainwater, but chlo-
romethane has a mean residence time longer than ozone or water 
vapor but shorter than methane, (Schlesinger & Bernhardt, 2020). 
The major sink of chloromethane is atmospheric photochemistry 
(Keppler et al., 2005).

Chlorine photochemistry encompasses complex sets of rapid re-
actions involving visible to near- ultraviolet (UV) photons, chlorine 
oxides, chlorine radicals, other gases, and the reactive surfaces of 
solids (Catling et al., 2010; Graedel & Keene, 1995; Kishimoto, 2019; 
Molina & Rowland, 1974; Parker & Mitch, 2016; Rao et al., 2010; 
Riedel et al., 2012; Simpson et al., 2015; Wang et al., 2019). Note 
that photochemistry is also consequential in the ocean, where chlo-
ride reacts with photochemically produced reactive intermediates to 
form chlorine radicals, which in turn degrade organic matter (Parker 
& Mitch, 2016). The reactions involved in chlorine photochemis-
try vary with time, location, altitude, and layer of the atmosphere 
(Wang et al., 2019) In the troposphere, chlorine displaced from 
sea salt aerosols results in the depletion of ozone (O3) and other 
climate- influencing gases near the ocean's surface (T.E.; Graedel 
& Keene, 1995; Hossaini et al., 2016; Platt & Honninger, 2003; 
Simpson et al., 2015; Wang et al., 2019). In the stratosphere, pho-
tolysis of organic chlorine produces chlorine radicals, which catalyze 
the destruction of ozone (Molina & Rowland, 1974). The result of 
stratospheric photochemistry is evident in the compositional change 
of the stratosphere with increasing altitude, where products and 
intermediates of chlorine photolysis— hydrogen chloride, chlorine 

monoxide (ClO), and chlorine nitrate (ClONO2)— increasingly replace 
organochlorine (Salawitch et al., 2019).

A stunning consequence of the degradation of stratospheric 
ozone by chlorine is the increase in the amount of UV radiation that 
reaches the biosphere. UV radiation has enough energy to break 
covalent bonds between DNA and other biomolecules (Visscher 
et al., 2004). Depletion of stratospheric ozone leads to greater 
transmission of UV, occurring fastest where aerosols are present, 
at the poles of the planet (Molina & Molins, 1992). Destruction of 
the entire stratospheric ozone layer appears to have occurred at 
least once in Earth's history, during the end- Permian extinction, the 
largest extinction event ever. During this period, volcanism through 
organic- rich halite deposits is thought to have created enough 
chloromethane to destroy most of Earth's stratospheric ozone 
(Black et al., 2014). The global irradiation that resulted was such that 
fossilized pollen spores from that period are grossly deformed by 
mutations (Benca et al., 2018; Visscher et al., 2004). A similar irradi-
ation event, in which increased ocean productivity led to increased 
chloromethane production, has been proposed to have contributed 
to the Devonian- Carboniferous extinction (Marshall et al., 2020). 
Chlorine in the atmosphere can have a global effect.

6  |  OXIDATION

Unlike other common elements in biology, chlorine's higher oxida-
tion states are formed predominantly through photochemistry. 
Atmospheric photochemistry yields a small fraction of chlorine in its 
most oxidized forms: chlorate and perchlorate (Catling et al., 2010; 
Dasgupta et al., 2005). Atmospheric production of chlorate and per-
chlorate is enough that desert sediments, where low rain and limited 
biological activity mean more persistence, have concentrations of 
perchlorate of about 1 mg/kg (arid deserts) and up to 200 mg/kg (hy-
perarid deserts; Figure 2; Lybrand et al., 2016). Lightning and photo-
chemical reactions closer to Earth's surface also appear responsible 
for some chlorate and perchlorate formation (Dasgupta et al., 2005; 
Qu et al., 2022; Rao et al., 2010; Rao et al., 2012; Zhao et al., 2018). 
Today's anthropogenic input of chlorine to the atmosphere has, in 
addition to depleting stratospheric ozone, led to more deposition 
of perchlorate (Peterson et al., 2015). Perhaps past cataclysms, or 
the evolution of chloromethane production in plants, also increased 
global perchlorate and chlorate deposition.

The oxidation of chlorine to a lower oxidation state of chlorine, 
hypochlorous acid, is widespread within the biosphere. Organisms 
can produce high amounts of hypochlorous acid using haloperoxi-
dases: for example, fungi secrete haloperoxidases to help degrade 
lignin (Ortiz- Bermudez et al., 2007), and the neutrophils of mam-
mals and other vertebrates use haloperoxidases to destroy bacterial 
pathogens during phagocytosis (Winterbourn, 2008; Winterbourn & 
Kettle, 2013). Hypochlorous acid production has also been observed 
in invertebrate immune response (Chen et al., 2011; Ha et al., 2005). 
The production of hypochlorous acid by microorganisms in soil is 
estimated to be high enough to cause significant oxidative stress 
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(Bengtson et al., 2009). Due to these enzymatic reactions and chem-
ical reactions between iron, oxygen, and chloride, hypochlorous acid 
is likely common across most oxic habitats (Comba et al., 2015; Leri 
et al., 2015). Hypochlorous acid is more reactive than hydrogen per-
oxide, so it does not persist long or accumulate to appreciable con-
centrations (Winterbourn, 2008).

Many other elements can be completely oxidized by microor-
ganisms, but chlorine's highest oxidation states are not known to 
be produced through biological reactions (Kang et al., 2009; Moller 
et al., 2019; Rao et al., 2012). One reason is that the reduction poten-
tials of inorganic chlorine species seem to be too high to be oxidized 
for energy by microorganisms, even though phototrophy (Table 2; 
Hemp et al., 2016). Another reason is that the reactivity of hypo-
chlorous acid and chlorite could make them difficult enzymatic sub-
strates. However, the oxidation of hypochlorous acid to chlorate can 
occur spontaneously under laboratory conditions (Bolyard & Snyder 
Fair, 1992). Biological catalysts for this and other chlorine- oxidizing 
reactions might simply be undiscovered.

7  |  REDUC TION

Oxidized chlorine compounds except perchlorate are chemically 
reactive in solution. Chlorate, chlorite, and hypochlorous acid are 
prone to reduction, and each reaction in the series produces a more 
reactive and more oxidizing molecule (Table 2). If these reactions 
occur in cells, they can be a significant source of oxidative stress 
(Celis et al., 2015; Melnyk et al., 2015). Perchlorate and chlorate can 
be mistaken for chemically similar molecules like nitrate, leading to 
their accidental transport into cells and reduction by enzymes used 
in different metabolisms (Rusmana & Nedwell, 2004). Inadvertent 
reduction in perchlorate or chlorate to chlorite by nitrate reductases, 
for example, may be one reason why chlorite- degrading enzymes 
can be found in bacteria that do not respire perchlorate or chlorate 
(Celis et al., 2015; Maixner et al., 2008; Schaffner et al., 2015).

Despite the threat of oxidative stress, the reduction in perchlo-
rate and chlorate is used as an energy source for some microorgan-
isms (Youngblut et al., 2016). These chlorine oxyanions are reduced 
either by a perchlorate reductase, which reduces perchlorate to 
chlorate and chlorate to chlorite, or by a chlorate reductase, which 
reduces only chlorate to chlorite (Youngblut et al., 2016). In a re-
markable act of biochemical creativity, chlorite is not reduced to hy-
pochlorous acid but is degraded by the enzyme chlorite dismutase 
into chloride and molecular oxygen (O2), which can then be used by 
oxygenases or to provide even more energy (Coates et al., 1999; 
Rikken et al., 1996; Schaffner et al., 2015). Because genes for this 
respiratory pathway are horizontally transferred (Clark et al., 2013; 
Melnyk et al., 2011) and perchlorate and chlorate are deposited 
globally (Dasgupta et al., 2005), the bacteria that respire these com-
pounds are widespread (Coates et al., 1999). Though less abundant 
and usually restricted to activity during anoxia (Coates et al., 1999; 
Rikken et al., 1996), these organisms contribute to the deple-
tion of perchlorate and chlorate from most waters and sediments 

(Youngblut et al., 2016). Because the pathway occurs in the cell's 
periplasm, chemical intermediates may react away in habitats with 
high amounts of extracellular dissolved metals or reduced sulfur 
(Barnum et al., 2018; Liebensteiner et al., 2015). Otherwise, the 
respiration of perchlorate produces various chlorine species around 
the cell including moderate concentrations of chlorate with resulting 
ecological interactions (Barnum et al., 2019; Dudley et al., 2008), and 
low concentrations of chlorite and hypochlorous acid, posing oxida-
tive stress (Melnyk et al., 2015).

8  |  CHLORINE A S A RE AC TIVE SPECIES

Every element that forms reactive species— oxygen, nitrogen, etc.— 
produces a unique set of oxidative stresses and cellular responses, 
and that includes chlorine (Gray et al., 2013; Winterbourn, 2008). 
Of all the reactive chlorine species (RCS), the most important is hy-
pochlorous acid: it is the most oxidizing chlorine oxyanion (Table 2), 
common in many environments, and lethal to bacteria at micromo-
lar concentrations (Chesney et al., 1996). Because at neutral pH the 
protonated, uncharged species predominates, cellular membranes 
are partially permeable to the polar hypochlorous acid molecule 
(Vissers & Winterbourn, 1995). Hypochlorous acid can oxidize or 
chlorinate various biomolecules but first rapidly reacts with sulfur in 
methionine groups and thiol groups, followed by nitrogen in amino 
groups and then carbon in aromatic amino acids such as tryptophan 
(Gray et al., 2013; Winterbourn, 2008). This preferential damage to 
proteins over lipids and DNA is a unique signature of hypochlorous 
acid, but hypochlorous acid generates other types of reactive spe-
cies: the chlorination of amines produces reactive chloramines and 
aldehydes (Gray et al., 2013; Hazen et al., 1998), the oxidation of 
nitrite produces nitryl chloride (NO2Cl; Whiteman et al., 2002), and 
the release of iron from oxidation of iron– sulfur clusters leads to ad-
ditional reactive oxygen species (Winterbourn & Kettle, 2013).

Cells respond to the stress posed by hypochlorous acid with 
an ensemble of enzymes to remove harmful oxidants and repair 
their damage (Gray et al., 2013; Winterbourn & Kettle, 2013). The 
oxidation of the sulfur- containing amino acids cysteine and methi-
onine starves the cell of sulfur and causes proteins to misfold (Gray 
et al., 2013; Winterbourn, 2008). Key to hypochlorous acid response, 
then, are enzymes that repair or recycle proteins and enzymes that 
recycle oxidized sulfur, such as thioredoxin and methionine sulfox-
ide reductases (Ezraty et al., 2017; Gray et al., 2013, 2014; Sultana 
et al., 2020). Some organisms produce decoy molecules to scavenge 
hypochlorous acid, like methionine- rich peptides and glutathione 
(Derke et al., 2020; Ezraty et al., 2017; Gray et al., 2013; Melnyk 
et al., 2015). Uniquely, this cellular response to hypochlorous acid 
can be activated by the sensing of chlorination (Müller et al., 2014; 
Sultana et al., 2020).

Reactive chlorine species have contributed to oxidative stress 
in living cells likely since the oxygenation of Earth over 2 bil-
lion years ago. The above understanding of responses to reactive 
chlorine species is derived largely from bacteria that are primarily 
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exposed to hypochlorous acid from the animal immune system (Gray 
et al., 2013), a relatively recent invention. Even within this specific 
cohort, some counterintuitive responses have been observed, like 
the attraction of bacteria toward higher concentrations of hypo-
chlorous acid (Perkins et al., 2019). Perhaps other microorganisms 
respond in different ways to hypochlorous acid or other chlorine 
oxyanions. For example, perhaps dehalogenases could be used to re-
cycle otherwise stable chlorinated products of HOCl exposure, like 
chlorotyrosine (Chapman et al., 2002). The means by which different 
organisms cope with chlorine are likely much more numerous and 
varied than presently known.

9  |  CHLORINE AND OTHER HALOGENS

Chlorine is a particularly consequential halogen because it is far more 
soluble than fluorine and orders of magnitude more abundant than 
bromine, iodine, and astatine (Harlov & Aranovich, 2018). However, 
the overall chemical similarity of the halogens means that the most 
bioavailable halogens— chlorine, bromine, and iodine— participate in 
many of the same processes (Agarwal et al., 2017; Eggenkamp, 2014; 
Kirk, 2012). Tropospheric photochemistry involves gaseous species 
of chlorine, bromine, and iodine (Platt & Honninger, 2003; Simpson 
et al., 2015). Evaporation of seawater produces halite with trace 
amounts of bromide (Worden, 2018). Both organic chlorine and 
organic bromine support organohalide- respiring microorganisms in 
marine sediments (Futagami et al., 2009). Many halogenases that act 
on chlorine also act on bromine and iodine, though not necessar-
ily the reverse (Agarwal et al., 2017). Complicating matters further, 
organic functional groups can behave like halides. These “pseudo-
halides,” like thiocyanate (SCN−), are synthesized from common 
elements by diverse organisms and can be used by some haloge-
nases (Itoh et al., 2009; van Dalen et al., 1997). Therefore, other 
halogens and pseudohalogens have certainly affected the evolution 
of chlorine biology (Agarwal et al., 2017) and can provide a helpful 
contrast for understanding processes involving chlorine (as in Leri 
et al., 2015).

10  |  SUMMARY AND OUTLOOK

The chlorine cycle is an integral part of Earth's geobiology. The cycle 
is characterized by the high reactivity of chlorine, the high solubil-
ity of chloride, the formation of a single bond in organic molecules, 
the various oxidation states of chlorine, the volatilization and aero-
solization of significant amounts of chlorine, and the ability of chlo-
rine to participate in atmospheric photochemistry. Consequently, 
chlorine is jettisoned from the lithosphere, concentrated in oceans, 
transported to and from continents by wind and water, oxidized 
and reduced in the atmosphere and biosphere, and converted be-
tween countless organic and inorganic molecules by living organisms 
(Figure 3). Aside from the halogens bromine and iodine, the chlorine 
cycle is most like the cycles of common organic elements that have 

significance in both the biosphere and atmosphere (carbon, nitro-
gen, oxygen, hydrogen, and sulfur). The chlorine cycle differs from 
those elements most importantly by chlorine's inability, like hydro-
gen, to have multiple covalent bonds in organic molecules and the 
propensity for chlorine to be found as a reduced dissolved anion.

A unified view of the biogeochemical chlorine cycle has shown 
the connections between different processes. A prime example is 
how, as enumerated above, the number of pathways that can pro-
duce a single chlorine compound: hypochlorous acid is produced by 
intracellular haloperoxidases for chlorinating organic molecules, by 
extracellular haloperoxidases for the decomposition of plant matter, 
by mammalian immune cells for killing bacteria, by microbial reduc-
tion in perchlorate and chlorate, and by oxidative chemistry and pho-
tochemistry in the environment. The processes within the chlorine 
cycle actively influence life on Earth through an extended catalog 
of molecules to produce and consume, energetic niches filled by the 
evolution of two respiratory metabolisms, cellular damage caused by 
the unique chemistry of reactive chlorine, and possible contributions 
to mass extinctions.

Another important process in the chlorine cycle is humanity: 
people have increased the concentration of volatile organic chlo-
rine in the atmosphere (Hossaini et al., 2016; Peterson et al., 2015; 
Schlesinger & Bernhardt, 2020), emitted acidifying hydrogen chlo-
ride gas (Evans et al., 2011), considered emitting sea salt aerosols 
(Horowitz et al., 2020), affected sea surface salinity through global 
warming (Zika et al., 2018), altered chloride concentration in agri-
cultural soils (Geilfus, 2018), increased chloride concentration in 
streams and lakes (Dugan, Bartlett, et al., 2017), created salt flats 
(Ma et al., 2010), applied reactive chlorine species in homes, hos-
pitals, and water treatment plants (Gebert et al., 2018; Hwang 
et al., 2012; Rutala & Weber, 1997), and polluted environments 
with unnatural amounts of harmful organic and inorganic chlorine 
chemicals (Jugder et al., 2016; Youngblut et al., 2016). That 64 of 
the 126 chemicals on the US EPA Priority Pollutant List contain 
chlorine is evidence enough that the prevention and reversal of 
chlorine pollution remains an important policy challenge. However, 
considering the long history of Earth's chlorine cycle, as argued pre-
viously (Oberg, 2002), when microorganisms can use anthropogenic 
chlorine chemicals, that trait should not be assumed to be recently 
evolved unless there is evidence to the contrary (Wackett, 2004).

The importance of the biogeochemical cycling of chlorine is cer-
tain, but there is considerable uncertainty in quantitative models of 
the distribution of different chlorine species, the magnitude of fluxes 
across reservoirs, and the magnitude of cycling within reservoirs 
(Eggenkamp, 2014; Graedel & Keene, 1996; Svensson et al., 2021). 
The only reservoir in which chlorine cycling is modeled accurately 
is the atmosphere (Wang et al., 2019). The chlorine content of the 
core and mantle is uncertain, which in turn creates uncertainty in 
the total mass of chlorine remaining on Earth (Eggenkamp, 2014; 
Gargano & Sharp, 2019; Guo & Korenaga, 2021). The cycling of or-
ganochlorine and oxidized chlorine species is not well constrained 
across space and time in the ocean or terrestrial environments 
(Rajagopalan et al., 2009; Svensson et al., 2021), perhaps because 
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these compounds were only recently recognized to be naturally 
occurring. The fluxes of chloride to and from the most important 
reservoir of chlorine, the ocean, have considerable uncertainty in 
the contribution of sea salt aerosols to stream chloride the mass of 
surface water over geologic time (Hay et al., 2006), and the mass of 
chloride involved in a “deep chlorine cycle” by the transfer of sub-
ducting ocean crust to the mantle (Guo & Korenaga, 2021; Hanyu 
et al., 2019).

Much more remains to be understood about the biogeochemical 
chlorine cycle and our place in it. The chemical diversity and uses of 
organic chlorine by life, the distribution of chlorine species across 
space and time, and the connections between the chlorine cycle 
and other processes on Earth, all deserve continued study. Yet the 
least understood parts of the chlorine cycle need extra attention. 
What oxidized chlorine species are formed in the biosphere, and at 
what rates? How do diverse organisms respond to reactive chlorine 
species? What is the geologic fate of organochlorine? How have the 
processes in the chlorine cycle changed over the history of Earth? 
Answering these questions will close major gaps in understanding 

and provide an even more compelling story of the chlorine cycle's 
influence on life on Earth.
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perchlorate and chlorate and degrade the ozone layer. Sea salt spray transports large amounts of chloride from the ocean onto land and 
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in plants and other organisms or is converted to organic chlorine, which persist in the soil. (e) In most waters and sediments, organisms 
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as sources of energy. In oxic microbial habitats, microorganisms face stress from reactive hypochlorous acid produced by chemistry, 
photochemistry, and the activity of haloperoxidases. (f) Many animals produce hypochlorous acid as part of their immune system, so 
adaptations to sense and tolerate hypochlorous acid that benefit bacteria in the environment can also benefit bacteria during pathogenesis. 
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