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Abstract: Earth’s chlorine, retained when the planet was formed from the Solar nebula, is con- 
tained largely in three reservoirs: the mantle (99.6%), the crust (0.3%), and the oceans (0.1%). 
Only oceanic chlorine is readily mobile, cycling among the lower and middle atmosphere, the 
pedosphere, freshwaters, and the cryosphere. Inter-reservoir chlorine fluxes are estimated for all 
transitions of interest; by far the most important on a mass basis is the injection of seasalt from 
the oceans to the atmosphere, and its return to the planetary surface by wet and dry deposition. 

INTRODUCTION 

The use of chlorine and chlorine-containing compounds by industry and in water purification is currently 
the focus of considerable debate and possible regulatory action by the U.S., Canadian, and European 
governments. Proposed regulatory strategies have substantial implications for many segments of the world 
economy including water purification, the manufacture of paper, solvents, plastics, pharmaceuticals and 
other chemicals, and industries that rely on these products. Large uncertainties in our understanding of the 
natural biogeochemistry of chlorine have traditionally confounded critical assessment of the potential en- 
vironmental impact of anthropogenic influences, since natural reservoirs and processes are important and 
often dominant components of the terrestrial, aquatic, marine, and tropospheric chlorine budgets. Some 
aspects of Earth’s natural chlorine cycle have been reviewed [l-51. However, an integrated approach 
incorporating major components of the natural chlorine cycle and recent reports should provide valuable 
perspective for scientists and policy makers. In this paper we review available information concerning the 
major natural reservoirs and associated chemical processes relevant to the global chlorine cycle. 

THE ORIGIN OF EARTH’S CHLORINE 

Of the 92 natural elements, chlorine is eighteenth in order of abundance. It is an element commonly en- 
countered by humanity, ubiquitously present in table salt and in seawater. Like all the natural elements, 
chlorine is a gift from the stars. As astrophysicists have reconstructed the picture, the Big Bang generated 
large amounts of hydrogen, some of which condensed to form stars. The high pressures and temperatures 
in the cores of early (and present) stars are sufficient to permit nuclear reactions, such as the formation of 
helium from hydrogen, a reaction that provides, in the case of our Sun, the light and heat on which civili- 
zation depend. As stars age, their cores become increasingly hotter and more compact, and additional 
nuclear reactions become possible. Details are contained in the astrophysical literature [e.g. 6,7]; suffice it 
to say that among the elements produced in good yield is chlorine. 

Stars have finite lifetimes of perhaps 5-15 billion years, after which many undergo the violent super- 
nova stage in which interior heat and related radiation pressure exceed the gravitational forces holding 
them together. The stellar constituents, chlorine included, are thus widely dispersed throughout space. It 
was such material that slowly condensed some five billion years ago to form our Solar System and our 
planet Earth. 

Chlorine in the early Earth is thought to have been largely contained in the interior. Because HC1 is 
highly volatile, however, it was readily outgassed as a component of volcanic eruptions. In the atmosphere 
the HC1 was taken up in precipitation and transferred to the ground, just as it is today. Chlorine does not 
tend to remain where it falls, because inorganic chlorine compounds are highly soluble, so one does not 
find those compounds as major constituents of igneous or metamorphic rocks. Similarly, chlorine is highly 
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Fig. 1 The planetary chlorine reservoirs. The natural processes transferring chlorine among the reservoirs are: A, 
algae and fungi; B, biomass burning; D, diagenesis, E, elution; I, sea spray injection; M, mineral dissolution; R, 
runoff; S, surface deposition; T, turbulent mixing, and V, volcanism. 

mobile in soils [S]. The result is that the bulk of the chlorine that is emitted to the atmosphere and falls upon 
the land is ultimately transferred to the oceans [9]. If an efficient transport route to the oceans is unavail- 
able, the chlorine will accumulate on land in sedimentary salt beds [ 101. These beds, found the world over, 
are the immediate source of virtually all the chlorine in commercial use. 

CHLORINE RESERVOIRS 

Earth’s chlorine resides in several major reservoirs (Fig. 1): rock (the mantle and crust), soil (the pedosphere), 
freshwater (groundwater, lakes, and rivers), saltwater (the oceans), ice caps and glaciers (the cryosphere), 
the lower atmosphere (the troposphere), and the middle atmosphere (the stratosphere). The total chlorine 
content of these reservoirs differs enormously. To facilitate discussion we express elemental concentra- 
tions with the IUPAC-approved prefixes for large numbers: yottagrams (Yg = g), zettagrams (Zg = 

lo2’ g), exagrams (Eg = 10l8 g), petagrams (Pg = lOI5 g), teragrams (Tg = 10” g), and gigagrams (Gg = 
lo9 g). Rates of flow are expressed in the units of teragrams per year. 

The mantle, crust and pedosphere 

The amount of chlorine in Earth’s mantle can be derived, at least approximately, by assuming it to be equal 
to the proportion of chlorine in the Solar nebula. This quantity is established by analysis of meteorites, and 
is given by Cameron [ 1 13 as 190 C1 atoms per 10 000 Si atoms. Given that silicon is 15 weight percent of 
the material that accreted to form Earth [12], and the mass of Earth is 6000 Yg, the chlorine content of 
Earth’s interior is approximately 22 Yg C1. 
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The amount of chlorine in the crust (i.e., chlorine theoretically accessible to humanity) can also be 
readily approximated. We begin with the information that the chlorine abundance of the crust is 0.19 
weight percentage [12]. The crust averages about 20 km in thickness, and has a mean density of order 
2.9 g/cm3. The chlorine content of the crust is thus approximately 60 Zg C1. As stated above, this chlorine 
is not at all equally distributed, but is concentrated in sedimentary salt beds. 

The high variability of chlorine concentrations in the soil make it difficult to derive an accurate overall 
total, but an order of magnitude estimate can be produced as follows. The mean soil depth over the conti- 
nental areas not covered by ice is about 2 m [13] and the mean soil density about 1.0 g/mL. Arimoto 
(Private communication, 1995) has estimated the average soil concentration of chlorine to be 100 ppmw. 
Given the ice-free areas of the continents, these figures produce a total pedospheric reservoir content of 
about 24 Pg C1. 

The oceans 

Oceans are the primary reservoir for chlorine in Earth’s hydrosphere. With a water volume of about 
1.36 x lo8 km3 [14] and an average C1 concentration of 19.354 g k g  [15], the ocean contains approxi- 
mately 26 Zg CI. Available evidence suggests that the chlorine content of seawater has remained relatively 
constant over the past 600 million years, although small fluctuations are expected based on the presence or 
absence of significant evaporite pans [14]. 

Surface waters 

Water in lakes and rivers comprises some 1 x lo5 km3, and the water contained as soil moisture is roughly 
equivalent in amount. Though these are substantial quantities, they are tiny when related to the global 
hydrological budget. The average concentration of nonanthropogenic, dissolved C1 in rivers is about 5.8 mg/ 
L [16]. Thus, the reservoir content is of order 580 Tg CI. 

Groundwater 

The groundwater in aquifers and soils comprises about 8% of Earth’s water [ 171, and has a typical chlorine 
concentration of 40 m a  [ 181. The content of chlorine in the groundwater reservoir is thus 320 Pg C1. 

The cryosphere 

When rain or snow falls on polar or continental ice, most of the ionic content is eluted into surrounding 
waters as the firn consolidates and freezes [ 191. Sulfate and nitrate are expecially prone to elution, while 
chlorine is retained somewhat more efficiently; its average residual concentration is 5 x M CW. Given 
the volume of ice on the planet of 29 km3 [14], this gives a cryospheric chlorine content of approximately 
0.5 Gg C1. 

The troposphere 

Most volatile chlorine in the atmosphere exists as HCl and CH,Cl[4]. Near the surface in remote oceanic 
regions, concentrations of 100-300 pptv HCl are commonly measured. Over remote land areas, the con- 
centrations appear to be at least that low and perhaps lower, though the data are quite variable and 
intercomparison of techniques is urgently needed. In or near urban areas, the minimum concentration is 
again at or near 100 pptv, but the high concentrations range up to about 3000 pptv. The data suggest the 
possibility that coastal urban areas have higher ambient HC1 concentrations than do continental urban 
areas, but the range is such that local sources often must dominate any natural backgrounds. Overall, the 
average boundary layer concentration of natural gaseous HCI is about 200 pptv, giving a tropospheric 
reservoir concentration of about 0.2 Tg CI. 

The dependence of HCI with altitude reflects both its sources and the rate at which it is removed from 
the atmosphere by chemical reactions or physical processes. Within a few hundred meters of the ground, 
the limited measurements show small to moderate decrease in HCI abundance with height. Above the 
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boundary layer, the concentrations fall off sharply to 1100 pptv. Given the volume of the free troposphere, 
this implies an HCl content for the free troposphere of about 0.4 Tg C1. 

Methyl chloride is an abundant natural reactive chlorine-containing gas in the troposphere. Its concen- 
trations are relatively constant in time and latitude at about 620 pptv, a level that produces a reservoir 
content for the troposphere of about 3.7 Tg C1. 

The chlorine content of the atmosphere due to seasalt aerosol varies widely as a function of wind speed 
and wave action. Typical concentrations measured from ships are average about 100 n&m3 [4]. When 
measured from aircraft at several thousand feet, these concentrations drop by perhaps an order of magni- 
tude; obviously most of the seasalt aerosol is injected only into low altitudes and redeposits rather quickly. 
If we assume the concentration given above to apply within a boundary layer of thickness 1 km, the result- 
ing chlorine burden contained in transitory seasalt particles in the lower troposphere is between 1 and 1.5 
Tg C1. 

The stratosphere 

Although the total chlorine content of the stratosphere is about 3 ppbv at present, most of this is anthropogenic 
material. The natural level due to methyl chloride is about 0.7 p.p.b. (M. McFarland, Private communica- 
tion, 1993). Given the total mass of the stratosphere, this average concentration gives a reservoir content of 
about 0.4 Tg C1. 

INTER-RESERVOIR TRANSFERS 

Mantle to troposphere 

Volcanic eruptions are prolific sources of HC1. The extremely sporadic numbers and magnitudes of vol- 
canic eruptions ensure that the source rate of volcanic HCl will be highly variable. Nonetheless, a rough 
range of 0.4-1 1 Tg Cl/year has been suggested by Symonds et al. [20]. Because HCl is highly soluble, and 
volcanic eruptions generate substantial clouds and rain, most of the chlorine is quickly deposited at the 
surface. Very little remains in the troposphere for long periods, and virtually none reaches the stratosphere 

Some of the volcanic chlorine may be directly extracted from chlorine in the mantle, but the bulk of it is 
thought to be due to seawater entering magma chambers, being chemically processed, and being emitted 
along with other gases and particles during explosive eruptions. We arbitrarily assign one-third of the 
volcanic chlorine emissions (say an average of 2 Tg CVyear) to extraction from the mantle reservoir, and 
the remainder to ocean-troposphere transfer. 

Although many other chlorine-containing gases are emitted from volcanoes [22], their formation at 
magma chamber conditions is not favored [20], and their fluxes can be ignored. 

[211. 

Ocean to troposphere 

Seasalt aerosol and volatile inorganic CI 
Breaking waves on the ocean surface produce seasalt aerosols in the marine boundary layer (MBL) [23]. 
This natural process is the major source for atmospheric chlorine; estimated production rates range from 
about 6-18 Pg CVyear [24]. Most ofthis material is deposited to the ocean surface via wet and dry deposi- 
tion but multi-phase chemical processes in the MBL convert a portion of the particulate chlorine to volatile 
products [25,26]. This process is the major global source of gaseous chlorine in the troposphere. 

Until recently, it was widely assumed that the only significant mechanism by which seasalt is dechlorinated 
involves acidification of the aerosol by H,SO, and HNO,, with subsequent volatilization of HCl [27]. 
Graedel & Keene [4] estimate a flux of HC1 via this pathway of about 50 Tg CVyear based on the combined 
effect of both anthropogenic and natural reactants. Assuming that anthropogenic emissions have increased 
the combined flux of SO, and oxidized N into the MBL by a factor of about two, we estimate that the 
production of HCl from direct reactions involving naturally derived acids and seasalt aerosol would be 
about half the estimate for the present epoch, or about 25 Tg CVyear. 

Several lines of evidence from recent investigations suggest that, in addition to HCl, highly reactive C1 
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gases such as CI,, HOCI, ClNO,, and BrCl may also volatilize from seasalt aerosol [4,28]. Photolysis of 
these gases during the daytime produces atomic C1 with potential implications for the atmospheric life- 
times of alkanes, methyl halides, and dimethylsulfide [29]. A very preliminary estimate [4] suggests pro- 
duction rates for photolyzable C1-atom precursors ranging from <100-800 Tg CVyear and an average 
concentration in the MBL of about 75 pptv (0.1 Tg Cl). 

Organic Cl gases 
A large number of chlorinated organic compounds are produced naturally and emitted from the ocean 
surface and from terrestrial ecosystems (e.g., 30). CH,CI is the principal chlorocarbon emitted to the at- 
mosphere from these sources. Based on inferred transfer coefficients and concurrent measurements in 
surface ocean waters and in air at the same location, Tait et al. [3 11 estimate that about 2 Tg CVyear CH,CI 
is emitted from the open ocean to the atmosphere. Based on measured concentrations of CH,CI and its 
reaction rate constant with OH, the global source strength for CH,CI is estimated to be about 3 4-5 Tg CV 
year [4,32]. Subtracting the biomass burning flux of about 0.9 Tg CVyear and the estimated oceanic flux of 
2.0 Tg CVyear yields a negligible to modest residual, which presumably reflects the combined contribu- 
tions of natural terrestrial and industrial sources, neither of which appear to be significant in terms of the 
global chlorine budget. 

Pedosphere to troposphere 

Mineral aerosol 
Wind storms during dry seasons sporadically inject large amounts of desert soil dust into the middle tropo- 
sphere where it is transported thousands of kilometers by the prevailing winds before removal by wet and 
dry deposition [33,34]. Mineral aerosol contains significant amounts of chlorine [35] and is the major 
natural reservoir of particulate chloride in the continental boundary layer over much of Earth and probably 
in the free troposphere on a global scale. Approximately 73 Tg/year of mineral aluminum is deposited 
from the atmosphere to the world’s oceans [36]. Assuming a similar flux of mineral A1 to continents 
(probably an underestimate) and a mass ratio of C1 to A1 in desert dust of 0.10 [37], about 15 Tg/year of 
crustal C1 must be emitted to the atmosphere to balance the estimated deposition flux. 

Biomass burning 
All biomass contains chlorine and 7 0 4 5 %  of the chlorine in biomass is emitted to the atmosphere during 
combustion [32,38]. Of the emitted fraction, probably greater than 90% is released as inorganic C1,2% to 
3% as CH,CI, and minor fractions as other chlorinated compounds. 

Andreae [39] estimates that biomass burning emits about 0.9 Tg CVyear of CH,Cl to the atmosphere. 
Assuming that this corresponds to 3% of the total emission flux of C1 from burning [32], we estimate a total 
flux of about 30 Tg CVyear. If HCl and particulate C1 comprise 90% of the total emission flux, then 
approximately 27 Tg CVyear of inorganic C1 are currently emitted to the atmosphere from biomass burn- 
ing. Because only about 10% of present-day biomass burning is natural [40, J. Levine, Private communi- 
cation, 19961, we estimate that about 3 Tg CVyear of inorganic C1 and about 0.1 Tg CVyear of CH,CI are 
emitted to the atmosphere from natural flame combustion. 

Troposphere to surface 

Deposition to the surface is the principal sink for HCI and for particulate C1 associated with seasalt and 
mineral aerosol. The wet deposition flux of tropospheric chlorine to the pedosphere and cryosphere is 
computed by taking the corresponding annual average rainfall of 110 000 km3/year [41] and the average 
C1- concentration in remote continental precipitation of 5 m~ [4], giving about 20 Tg CVyear. Assuming a 
similar flux from dry deposition yields a total flux from the troposphere to Earth’s land and ice covered 
surface of about 40 Tg CVyear. This amount must be divided among the fluxes to the pedosphere and the 
cryosphere. Although a definitive determination would take into account the precipitation characteristics 
of the different regions, we can get order-of-magnitude estimates by dividing the total deposition flux on 
the basis of the land and cryosphere surface fractions. This gives 34 Tg CVyear from troposphere to 
pedosphere and 6 Tg CVyear from troposphere to cryosphere. 
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The flux of chlorine from the troposphere to the oceans is very large relative to all other fluxes in the 
global chlorine budget except the complementary flux of injected seasalt, whose minimal estimated amount 
is some 6000 Tg CVyear [24]. With some minor contributions from magma intrusion and organic C1 gases 
(see above), the total may be something like 6006 Tg CVyear. Since there appears to be no increase in the 
labile chlorine content of the troposphere, and given that the mantle and pedosphere are minor tropo- 
spheric chlorine sources and the cryosphere a minor tropospheric sink, we set the troposphere to ocean flux 
to 5990 Tg CVyear to balance the tropospheric chlorine budget. Of that amount, about 80% is due to 
gravitational settling of seasalt aerosol and about 20% to the deposition of chlorine in precipitation [24]. 

Troposphere to stratosphere 

Chlorinated gases emitted to the troposphere that have a sufficiently long lifetime will be transported into 
the stratosphere. Prior to industrialization, CH,Cl emitted from the ocean, terrestrial ecosystems, and natu- 
ral biomass burning was the principal source of stratospheric chlorine. The flux has been estimated by 
Graedel & Crutzen [ 171 as 0.03 Tg CVyear. 

Stratosphere to troposphere 

Under the assumption that the natural chlorine content of the stratosphere is stable, the chlorine flux from 
the stratosphere into the troposphere must be equivalent to that from the troposphere to the stratosphere, or 
0.03 Tg Cl/year. 

Rivers to oceans 

The average annual flux of river water from continents to the oceans is about 38 x 103km3 and that of 
groundwater to the oceans about 2.2 x lo3 km3/year [14]. At a typical riverine chlorine concentration of 
7 mg CL/L [42], we calculate that about 220 Tg CVyear of naturally produced C1 is transported by rivers to 
the ocean each year. 

Crust to freshwater 

Riverine chlorine is not solely atmospheric: perhaps 80% of it results from the weathering of C1-containing 
minerals in sandstone and shales, and from thermal and mineral springs in volcanic areas [8,14]. Thus, 
some 175 Tg Cl/year of the total flux from rivers to oceans is attributable to weathering of the crust. 

Pedosphere to freshwater 

C1- deposited on land does not easily absorb onto surfaces nor are significant amounts incorporated into 
minerals that form in soils [8]. Although significant cycling within watersheds has been observed, and 
although some chlorine precipitates in dry areas as 
evaporites, most atmospheric C1 deposited by wet and 
dry processes onto continents efficiently passes through Tab’e The contents Of 

watersheds to surface waters [43]. This flux is roughly 
equivalent for the two processes; we estimate a total of 
about 34 Tg CVvear. In addition. there is an unknown Reservoir ‘Ontent Form 

Earth’s reservoirs 

22 Yg Mineral amount of loss of chlorine from evaporite beds into fresh- 
60 Zg Mineral water. To balance the freshwater reservoir, which ap- 

pears not to be gaining or losing chlorine, we estimate Oceans 26 Zg Ionic 
the evaporite to freshwater flux at 1 1  Tg Cl/year. Pedosphere 24 Pg Mineral 

Mantle 
Crust 

Freshwater 320 Pg Ionic 
Cryosphere 0.5 Gg Ionic 
Troposphere 4.3 Tg Gaseous Oceans to crust 

The flux of oceanic C1 to the sedimentarv reservoir via Troposphere 1.0 Tg Aerosol 
diagenesis (e.g., 10) is estimated to be aiout 17 Tg CV Stratosphere 0.4 Gaseous 
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year; losses of oceanic C1 from precipita- 
tion in present-day evaporite pans are con- 
sidered insignificant [ 141. The apparent 
imbalance between inputs and outputs is 
consistent with the hypothesis that concen- 
trations of oceanic C1 are slowly increasing 
due to the current lack of large evaporite 
pans on Earth’s surface [ 141. 

THE NATURAL CHLORINE BUDGET 
AND CYCLE 

For the convenience of the reader, we col- 
lect the estimated chlorine contents of the 
eight reservoirs in Table 1,  and the 
inter-reservoir transfer fluxes in Table 2. 
Using this information, we then put together 
an overall budget and cycle for natural chlo- 
rine, as pictured in Fig. 2. The difference in 
the reservoir contents of chlorine is particu- 
larly striking. The mantle holds the most 
chlorine by far, but it is almost completely 
inaccessible, the only transfer being small 
fluxes (in a relative sense) from volcanic 
eruptions. The chlorine content of the crust 
is lower than that of the mantle by a factor 
of about 20. Crustal chlorine also is involved 

Table 2 Estimated chlorine fluxes between Earth’s reservoirs 
~~ ~~ ~ 

Inter-reservoir transfer Flux (Tg Cl/year) Reference 

Mantle to troposphere 
Pedosphere to troposphere 

Mineral aerosol 
Biomass burning 
Bioproduced 

Crust to freshwater 
Pedosphere to freshwater 

Precipitation passthrough 
Evaporite beds 

Freshwater to oceans 
Oceans to troposphere 

Seasalt injection 
HCI from seasalt’ 
Magma intrusion 
Bioproduced 

Troposphere to surface 
Oceans 
Pedosphere 
Cryosphere 

Troposphere to stratosphere 
Stratosphere to troposphere 
Oceans to crust 

2 

15 
3 
0.5 
175 

34 
11 
220 

6000 
25 
4 
2 

5990 
34 
6 
0.03 
0.03 
17 

This work 

This work 
This work 
This work 
This work 

This work 
This work 
This work 

4 
This work 
This work 
31 

This work 
This work 
This work 
17 
This work 
14 

* This flux is a portion of the seasalt injection flux rather than a 
separate amount. 

in very little cycling, the only outflow being due to weathering. The pedosphere, with much less chlorine, 
also loses very minor amounts to weathering. The hydrosphere has four orders of magnitude less chlorine 
than the crust, but that chlorine is supremely accessible, and is the reservoir from which all significant 
chlorine cycling begins. The atmospheric reservoir is another five orders of magnitude smaller in chlorine 
content, and the cryosphere holds a tiny amount of chlorine relative to all the other reservoirs. Hence, even 
though the reservoir contents given here are relatively crude estimates, the relative differences in content 
are so great that the order of importance of the reservoirs is well established. 

The relative importance of the fluxes among the reservoirs is also in little doubt. The production of 
seasalt aerosol by turbulence at the ocean surface and its direct deposition via wet and dry processes back 
to the ocean surface are by far the largest fluxes. Also of interest is the sequence of seasalt dechlorination, 
incorporation of volatile and particulate chlorine into precipitation, wet and dry deposition over land, and 
runoff that transfers chlorine from the pedosphere to freshwater and finally back to the ocean. 

By our assessment, four of the chlorine reservoirs are in balance if only natural fluxes are considered: 
the stratosphere, the troposphere, the cryosphere, and freshwaters. Four are unbalanced: the mantle (due to 
volcanic emissions), the crust (due to the dissolution of mineral constituents), the pedosphere (due to the 
dissolution of evaporites and subsequent transfer of ionic chlorine and eroded soil to the oceans), and the 
oceans (due to the combination of soil inflow and diagenetic flow to the crust). We have constructed the 
global budget to be in balance, and indeed no chlorine can escape the planet. The separate components of 
the budget are not static, however, but are in constant evolution. Stochastic events such as volcanic erup- 
tions and periods of enhanced sedimentation can result in depletion from or accretion to any of the reser- 
voirs on a variety of time scales from short to long. 

As a caution to the reader, we conclude by emphasizing the preliminary nature of the estimates made in 
this paper. Although there is little question of the rank ordering of the chlorine reservoirs or of the fluxes 
among them, the individual quantitative estimates have moderate to high uncertainty. Achieving a reliable 
quantitative budget for Earth’s chlorine will involve extensive observations and the integration of spa- 
tially- and temporally-varying chlorine concentration information, especially so far as the crust and 
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v 
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Pedosphere 45 Freshwater 220 Oceans 
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A = -30 Tg CI yrl A = O  A=193 Tg CI y f '  

Fig 2 The chlorine budget and cycle for the five planetary reservoirs. The fluxes and reservoir content changes are 
in units of Tg/year. The processes responsible for the transfers are given in the caption to Fig. 1 .  

6 Cryosphere - 0.5 Gg CI 
A = O  

pedosphere are concerned. As with all of science, while much is understood, much remains to be done. 
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