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Water Gaia: 3.5 Thousand Million years of'Wetness 
on Planet Earth
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WitlroLrt continuous flows.of carbon, hydrogen, nitrogen, sulfur, phos_
phorus, and other essential elements, primariry as comporlncls i 'warery
solution, no known Iife form .onti,r,r.s to thrive. Thi p.,rp.,se of l i fe,
much like other thermodvnamic svstems open to the frow of marter
and energ,v, is to dissipate chemical and thermal gradients (differences
across distances) as elegantly detailed bv Schneicler ancl Sagan (2006).
The  assu rance  o f  ene rgy  and  ma t te r  f l o * .  i n  app rop r i a te  amoun ts .  r n res ,
and useable cl-ren.ricalf 'rm is a sine qua non of the l iving state. Alr riving
beings te'd to overgrow their bouncls and are i 'variably l imited by
approprate availabil ity of energy and marter. The many limitations to
life's 

-intrinsic capacity for growth and diversif ication is the process
Char les Darwin (1809-1882) recog' ized as . .natura l  

se le* ion. , ,

Our Thesis: Life Rctained planetary Water

we champion the poor ly  developed Gaian v iew that  I i fe  has v igorously
helped rnaintain abundant ."nr". o,-r the Earth's surface over the rast
three and a l-ralf thousand miil ion years. \ i l /e defend the idea that l i fe,s
populat ions pers is t  and cont inue to expand on Earth not  because a
" lucky accidenr"  has s i tuated our  moist  p lanet  at  an opt imal  d is tance
from the sun;  rather  commu' i t ies of  r iv ing organisms have act ivery
mainta ined wet  local  surrou 'd ings.  The resur t  has been the retent ion

3{  
moist  habi tabi l i ty  over  geological  t ime.  we suggest  that  wi thout

l i fe 's  involvement  in  complex ge<r logicul ,  a tmospher ic ,  and metabor ic
processes' Earth r' l 'o' ld lo'g ago have lost its water, becoming a dry
and barren wor ld m'ch l ike Mars and venus.  Theoret ica l  in terpola-
tion of a l ifeless planet Earth between that of Mars and venus shows
that  our  p lanet  now would be a dry,  carbon d iox ide-r ich wor ld
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with a temperature primarily determined by steady increase in solar
luminosity (Lovelock 2000).

In recognition that independence from the biosphere is death and that
life is a powerful geologicar force, v. I. vernads uy jsez-t145) exprained
that all life is connected through Earth's fluid phase 6j,g"n iio,z). This
comprises the atmosphere (air, including that in soil, caves, and dissolved
iR water) and the hydrosphere 1o.eanl, lakes, rivers, ,rr."_r, spSings,
etc')' Early in the twentieth centur)! Harvard University scholar L. J.Henderson (1958) presented a persuasive but nearly forgotten argumenr
that life would nor exist o' thi, planet without the water that susrains
and supports it. He reviewed the salient features of life's ..universal
solvent system" in his chapter dedicated to the physics and chemistry of
water' The thermal properties of water (its specific heat, latent heat,
thermal conductiviry expansion before freezing) and its acrion upon
other substances (as a solvent, and by virtue of its ionization and surface
tension properties) are unique among solvents and are uttedy required
by the physiological and ecorogicar Jystems of rife on our pianet. The
eclipse of Henderson's virtually unknown work may u. 

"ttriurrutt. 
io

the tendency in evolutionary biology riterature ,o ou.rrook-;;;;"r"""-
tal chemistry in general and, in thii case, the chemistry and biochemical
involvemenrs of water in particular. \x/hat is remarkable is the fact that
Henderson's analysis is not at all obsolete: we find it germane ro any
Gaian analysis of the water anomaly on Earth relative to the other inner
planets.

In the spirit of Ian McHarg's remarks we recorflmend that a.modern
detailed reappraisal of Henderson's concepr of the "n,n.r, or1h. .nui-
ronment" be undertaken (Margulis and Loverock 2007). McHarg adds
Henderson's concept of the environmental importance of *"r., ,o
Darwin's work on evolution in his search for understanding the creative
survival of the living. For McHarg, there is a crirerion by which living
(and other) processes can be evaluated for their creativiry (and destruc-
tion)' He calls it "creative fitting in health," contrasting it with ..reduc-
tive misfit revealed in. pathology,, (McHarg 2006). He points out that
whereas Darwin emphasized that the org"irir'o "is fit for rhe environ-
ment," Henderson (whom McHarg admiied as much as Darwin) main_
tained that "the actual environment, the actuar world constitutes the
fittest possible abode fdr rife." McHarg unites Darwin,s and Henderson,s
viewpoints when he concludes that ..there is a requirement for any
system-whether subcellular, cell, tissue, organism, individuar, family,
institution-to find the most fit of ail environmenrs and to adapt both
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the environmenr and the system itself'. (2005). Survivors, on McFlarg,s
analysis, adapt by actively and continuousry changing th.i. environment
to accomplish fitting in a thermodynamically .te"ti* way. The 5urm of
active and incessant locar environmental arteration, in this case by the
movement of water and matter with which life interacts, we recognize
as "Water Gaia.',

''we 
expand the insights of our predecessors by elucidating the tight

correlations berween life and warer. Life, aptly cafied animateh uater by
vernadsky and colleagues, is mandated by the presence and properties
of water' Life ensures its own continuity by retaining and interacting
with liquid water on our planet,s ,rrfu.e.

Water on Venus, Earth, and Mars

Scientists concur that ail three inner planets venus, Earth, and Mars,
prior to the Archean eon over 3,500 million years ago, began with
meteoric and probably subsurface water in abundan.e. G.Jrrrorpho_
logical observations of erosion by water, steady bombardment by water-
rich comefs, asteroids, and meteorir.r, ulorrg with other evidence anest
to copious quanrities of early warer on Earth (Robert 2001). Further
evidence for the presence of surface liquid water on the Hadean Earth
comes from analyses of Hadean zir.ons (sTilde et al. 2001). I7arer must
have out-gassed from ancient tectonic activiry as ail these pranets and
their moons were bombarded by rhe warer_rich bolides of the .arly
solar system. The surface of venus, croser to the Sun, and that of Mars,
beyond Earth's orbit, reveal riverine, lacustrine, or marine features that
suggest vast quantities of open water flowed on pristine active litho-
spheres of our early "sister pranets." Recent anarysis of phyllosilicates
from Mars suggest that water-rich environments conducive to life were
widespread during its earliest geological history (Mustard et al. 200g).''J'hereas 

much, perhaps even an ocean's-worth or more of water, was
lost from both our neighbors, the early Earth retainea irt pri-"rai"il,
wet conditions.

our hypothesis that water refention is a Gaian phenomenon is test_
able' venus probably lost its water because its proximity to the sun
meant thar even early in the history of the ,olu, ,yst m ii would have
received 40 percent more sorar radiation than today's Earth. irri, rrigl,
radiative flux would have evaporated huge amounts of water vapor into
the atmosphere of venus that set in trairicatasrrophic positive feedback
on heating due to the powerful greenhouse effect tf -ir., .,r"por; this is
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knowri as the runaway greenhouse. Abundant water vapor in the strato-
sphere would have been photo-dissociated by ultravioler radiation leading
to massive quantities of hydrogen loss ro space (Kump et al.20A4l.

Although Mars receives some 43 percent less sorar radiation than
the Earth, it likely once had sufficient greenhouse gasses in its atmo-
sphere to generare remperatures high *ough to liquefy water on its
surface. carbon stripped out into ."rbo.r"r. rocks would not have been
returned to the atmosphere because of the absence or early demise of
plate tectonics on the planet (Kump et ar. 2004). some of this water
would then have evaporated into the thin Martian afmosphere,
followed by photo-dissociarion of warer vapor and hydrogen loss ro
space. The extent to which water ice exists in the Martian north pole,
the south pole, or trapped under large areas of the Martian surface is
the subject of vigorous current research.

By comparison to the 10 centimeters, or fewer, precipitable water
measured today on dry and barren Mars and Venus, the Earth is shock_
ingly wet. More than 10a times the quantity of water expected on an
Earth without life is still here. From recorrstroction of its past history
scientists conclude that tfuoughout the geological .or* oui pranet has
been watery. Today water is found mostiy in its liquid phase within the
global oceans which cover some 70 percent of our plun.t', surface.
Quantitatively small but climatically crucial amounts of water also exist
in the gas phase as clouds and water vapor. In.the solid phase as sea and
glacial ice, frost, hailstones, and snoq *"r., 

",rg-"nts 
the Earth,s albedo

(i.e., greater reflectivity of solar energy to space).
The movements of water betwe.n-ah.r" and other reservoirs consti-

tutes the hydrological cycle-"the largest movement of any substance
ol Earth' (cahine 1992'). The hydrological cycre has massive effects on
climate because of the ways warer determines the exchange of heat and
moisture between the_atmosphere and the planet's ,orf"... contempo-
rary organisms actively configure the Earth's climate into a state suit_
able for water (and thus for the perpetuation of life) by influencing the
hydrological cycle through the proc.ss of evaporranspirarion in trees
and plants. Evapotranspiration involves massive movements of water,
against gravitS from the entire root zone (rhizosphere) up a few to over
30 meters inro the air The flow of warer up thro,rgh tiee trunks and
plant stems is powered. by solar energy. Water is released as vapor
through the stomata-the active por.r- that open and close on the
undersides of leaves. organisms also influen.. ih. hydrorogicar cycle
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ln, lmportant ways by retaining warer in soirs and by emitting a variery
of cloud-seeding chemicals over rand and ocean (Hayd en l99g;Bonan
2002)' Furthermore bacteria such as pseudomonas syringae that are
commonly swept up into clouds in large numbers .".r, u massive influ_
ence on the hydrological cycle. proteins on the outer surfaces of these
bacteria facilitate the formation of ice crystars that eventualry return
significant quantities of water to the Earth's surface as rain ,rrd ,rro*
(Christner et al. 2008).

Water and Gaia's Thirst

Earth's abundant water in comparison to Mars and venus read us to a
Gaian analysis of this "water anomaly." Scientists often assume that
environments are physicochemical givens to which organisms must adapt
in order to survive. But unlike the prevalent assumption that rife passively
adapts to its environment' Gaia researchers propose that life may con-
tribute to active regulation of biologically iererrant aspects of Earth,s
surface within habitable limits (Loverock'r972, 2000, 2005; Loverock
and Margulis 1974)..This regulation is posited to emerge from tightly
coordinated feedback subsysrems that lnrinsically and conrinuously
embed the biota in irs abiotic surroundings (Lovelock 2005; Lenton
1998). In a masrerful analysis of the Earth's physicochemi."r hir;;;y,
NASA geoscientist Paul Lowman and astronaur Neil Armstrong show
that during the Archean the major influences werp the ,"*. a, thore
prevailing on Mars and venus. But from the proterozoic eon (2,500
million years ago) until the present day, Gaia's unique signature is writ
large: Earth became the Gaian pranet. paucity of -ut.r, f"iror. to detect
granite, vastly slower geochemical cycles of elements such as oxygen,
carbon, and phosphorus, and much other evidence testifies to the fact
that neither venus nor Mars are Gaian (Lowman and Armstro ng2002).
Lowman and Currier (2009) provide a short accessible ,u**"r! expla_
nation that connects Gaia theory with the uniqueness of water-dependent
lateral plate tectonic movement on Earth.

- Life's sensitivity to water quantity and sartiness seems to be the most
elemental of all senses. Thirst and the knowledge of desiccation level
is apparently universal. The univers arity of water detection and the
response of living cells to this ubiquitous solvent, that some equate with
Iife itself, lies apparently in the properties of the lipid_protein mem_
brane, the bilayer semipermeable exterr,al boundary of air celrs. \x/hen
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breached and membrane integrity is lost, the autopoietic entity known
as the cell, whether a small bacterial celr or a rarge egg, dies. The ability
for material and energy flow is irretrievably losr, as water leaks into the
environment. This is what we call death. self-maintenance and identiry
are replaced by an inert puddle of carbon-hydrogen-nitrogen compounds
that immediately lose all signs of animation and become food for those
who retain their membranes and, with them, the profound ability to
sense water.

Life does indeed adapt itself and its' environment as Henderson and
McHarg insisred. Yet, when used in a way rhar implies a passivity of rife
and that ignores emergent synergies between our planet,s physics, chem_
istry, and biology, the term adaptation can hinder our understanding of
the Earth as a complex system.r V/e prefer statements of passive adapta_
tion of organisms to their surroundings to be replaced by a conception
of lifeb "active fitting." Gaia emerge, dire.tly from this active fitting,
writ large, since all organisms impact each other and their surroundings
through the exchange of heat, light, liquids, and gases, as well as a huge
array of metals, salts, sugars, and myriad other chemical compounds
(usually dissolved in water).

With regard ro the hydrosphere, Gaia theory proposes a prospective
research program: that organisms have actively retai.red *"r., by,h_"rr_
ing its tendency to be lost. vithout the involvement of life's complex
and often metabolic innovarions,2 Earth would long ago also have lost
its water to space by atmospheric photolysis and nya-g.n escape. We
propose that life does not regulate the amount of water on the planet
through a specific feedback process, but rather that it greatly reduces the
rate of water loss by metabolic hydrogen capture and by regulation of
relevant variables such as planetary ,.-p.rutur..

Here we explore the major abiotic processes that drive the loss of
water from our planet, including the photodissociation of water and
methane by solar uv radiation at the top of the troposphere and the
chemical reactions in seafloor basaltic rocks that ,trii oot oxygen
atoms from water molecules.'we then go on to outline the various ways
in which life prevents such processes from drying out the planet. We
include a discussion of how, by contributing to ih. ,.g,rl"tion of the
planetary carbon cycle over geological time, organisms have kept the
planetary temperarure suitable for the existence liquid water d.rpit. 

".,ever-brightening sun and ongoing outgassing of larbon dioxide from
volcanic activity.
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Modes of Water Retention by Life

Any chemicar or physicar process that riberates hydrogen from water

,T,:j"::TH": ;,":i:',t ,.T"T,:i- 
ros, f,om ;;il. Hydrogen

Earthis gruuir*iunul field. 
eaches escape velocity from ih"

We summarizea,e a n d . "0,,.. i!Ii,'i,U:T !T! ?:lp:;l,';ff ITT[1: i: li [l:;
;T::tLT#:t":''n of""n Eu*r' "-i,r', bu,'dont .,""r", 

""a serve as
result in ,t . uu.,l..litailed 

investigation' Geochemical p.o..rr., th"t
Archean und h"u.ru.,on 

of molecular hydrogen began ;_L"r, in the

T':,-.*,yp.oiir'$::,T#:'ffi ,ffi:T:J*m::l;"*lti*i(Feo)' which' in the presence of carbon dioxide, strips out oxygen aromsfrom seawater. The net effect i, ,o ,._oform in carbonate rock, a o-..* ,rrrr'uve 
oxygen and place it in solid

1, I-ovelock 200s). Hydrogen liberation 
rates hydrogen gas (reaction

des iccate u n ;"".1 pr" "., "inr,i- *;;il iJn ff:il:-Tffi H.1
fi il*::',,Tlil:" " 

;; un.'J,.'r,ii.or.,, (.. s., anoxysenic photo-

;+til ff '; .l'i1i; tfi : : iTH'-#:'r:x J'ilT.'#il :?
The Earth has evaded a.rir.uUon by many means that inspire furtherinvestigation' since,Archean ri; ;;:r;;i"r .o--unities have rereasedoxygen into the sedimenrs, _"*r, u.,i-lir by oxygenic photosyntheticprocesses that sprit warer (rea*io":i,r reaction that to this day islirnited to only 

-three 
imme.rr.ty ,nt.nr.i i.r.ruriu. ,"""."rr'" pureryabiological process' rrvdt";;; ;r i..r.i;", rereased from reaction 1)combines with oxygen from phltosrrr"rt.rir, thereby regeneraring water(rea*ron 4)' oxygenic photosyntrr.rir 

-r..".rion 

3) also caprures andrerains hydrogen exrracted fron-,  *r tJr 'Flr . rrbon dioxide reduct ion,thereby renewing org,anic marrer ;n ,1.,. _r"king of food. hody parts, and
ffi?I. il:ffiJT:ules such. u"u*ul 

".'d starch. x.*'uiJ,,u., orr,ioo-irn.,i;;;,";:)ff ;|U'":,ill: jff"i;ff::;ffi ,T,iJfi "ia
ilfil'J,':i,?T:::'"'"o" 1'bou'oio'-,rr,"" vears ago) by the nrst
unabated. Eu.n unri-lll^*t:l:^!-l",osvnthetic 

processes continue today
synthesisorra".Jri 

\rara sctentists admit that chlorophyll a photo-: oxygen-rich atmosphere thut p.r_rrr..rtly ilt"r.d

,,'."ilrkFrrk
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Table 4.1
selection of key biological and abiological processes that influence rhe retenrion
of water on planet Earth

Reaction and domain in Reactants Effect on Earth,s water
which i t  takes place

(1) 2FeO + 3COz + FI2O -->
Fer(CO1)3 + H2
Abiological: geochemical

(2) 3CHrO + gO -->
CH,COO-+CO2+2T12+W
Biological: fermenting
bacteria in anoxic
environments

(3) CO, + HzO -+ CHzO
+ O z
Biological: oxygenic
photosynthesis by
bacteria, protoctists,
,and plants

14) 2H, + 02 -+ 2H2O
Abiological: atmospheric
chemistry

(5) S + H, -+ HrS
Biological: bacterial
reduction of elemental
sulphur

(6) zHrS + 02 -+ 25
+ ZHzO
Biological: aerobic
chemautorophic bacteria
(7) CO, + 2H2 -+ CH2O
+ HrO
Biological: anaerobic
chemautorophic bacteria
(8) CO, + 4H2 -+ CHa +
2H2O
Biological: anaerobic
methanogenic bacteria

Source: Data from Smil (2003) and Lovelock (2005).
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Earth and its evolutionary course. Without these bacterial metabolic

innovations, no animal would exist.

Another bacterial contribution to hydrogen capture comes from the

activities of bacteria such as Desulfouibrio that live in ocean sediments

in sulfur-rich habitats. Desulfouibrio and its many relatives liberate

hydrogen sulfide gas (reaction 5) as they reduce elemental sulfur, thio-

sulfate, or the sulfate ion itself by "breathing." 
'Water 

is reconstituted

when hydrogen sulfide is oxidized by aerobic chemoautotrophic bacteria

such as Sulfolobus or Beggiatoa that abide at oxygen-rich seawater/

sediment, caves, sulfur springs, and other interfaces (reaction 6).

An important metabolic pathway in certain bacteria hardly seems

possible, in principle. These bacteria reconstitute water by reacting

molecular hydrogen with carbon dioxide under conditions where oxygen

gas is absent (reaction 7). Known as anaerobic chemoautotrophy, in this

process hydrogen is used to reduce carbon dioxide to organic matter'

and water is thereby reconstituted. Also in regions without any oxygen

gas, methanogenic bacteria remove carbon dioxide and react it with free

hydrogen to produce methane and water (reaction 8). Reactions 7 and

8 both require anoxic habitats, such as marine, lacustrine, and riparian

sediments, or the intestines of insects and mammals.

Water Loss via the Photodissociation of Methane

A physical process that is thought to have led to hydrogen escape during

Earth's geological history is the photodissociation of water by ultra-

violet radiation in the lower stratosphere. Yet relatively little hydrogen

must have escaped via this route because of the "cold trap" in the tro-

popause (Cat l ing et  a l .200l ) .  S ince Archean t imes,  water  vapor mole-

cules have frozen out in this region of very cold air and fallen back into

the lower atmosphere before they could be photodissociated by strato-

spheric ultraviolet radiation. David Catling and his colleagues suggest

that the photodissociation of methane provided the main exit route

for hydrogen during the Archean eon, and hypothesize that abundant

methane was the major greenhouse gas that counteracted the early

lower solar luminosity. Methane's lower freezing point relative to water

allowed it to transit into the stratosphere through the cold trap in

gaseous form unaffected. There (much like the few water molecules that

managed to reach the lower stratosphere above the cold trap) the

methane was split by ultraviolet radiation, yielding molecular hydrogen
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that could escape to space and leaving carbon dioxide and oxygen in
the atmosphere.

These reactions are simplified and summarized as (catling et al.
200  1 )

CO2 + 2H2O -+ CH, * 2O2 -+ CO2 + Oz + 4H (1 space),

which is reaction 9. In this scenario the methane came from the bacterial
decomposition of organic material in which hydrogen from water was
originally fixed by oxygenic photosynthesis (reaction 3). one could thus
argue that methanogenic bacteria could have been responsible for life-
threatening water loss during the Archean (David Schwartzman, per-
sonal communication). However, life as a whole may have prevented this
eventuality in at least two ways. First of all, during the Archean, carbon
dioxide released mostly by decomposing bacteria would have permitted
hydrogen to accumulate in the lower atmosphere via a newly proposed
hydrodynamic mechanism that slows down the rate of hydrogen loss
except when carbon dioxide levels are very low (stevenson et al. 200g).
Then, in the Proterozoic, biogenic oxygen would have captured the
hydrogen. Thus it seems that there might have been a rather dangerous
period during the Archean when biogenic methane production courd
have accelerated water loss, but that this danger was avoided early on
thanks to biotic carbon dioxide release, and later on when biogenic
oxygen became sufficiently abundant to reconstitute water via.reactions
4 and 10. clearlS a synergy berween robust photochemistry and sound
biology is required to further explore this issue.

Reaction 9 may have led to the so-called Great oxidation Event that
took place between 2,400 and 1,800 million years ago during the
Proterozoic. This event involved a relatively rapid transition to an oxidiz-
ing atmosphere, and may have ultimately produced the high levels of
oxygen gas (ca. 20 percent) in today's atmosphere. The rise of atmo-
spheric oxygen gas during the Proterozoic has been amply documented
in the geological record, especially by worldwide deposits of banded iron
formations, or BlFs (cloud 1989). Apparently a relatively small increase
in the burial rate of organic carbon may have triggered a nonrinear
switch to a high oxygen atmosphere at that time (Goldblatt et al. 2006).
The stratospheric ozone layer that resulted has significantly influenced
the effectiveness of the cold rrap ro this day (Nisbet 1gg1).

whatever led to the surplus of free oxygen gas in the proterozoic, it
is agreed that hydrogen loss via the photo-dissociation of methane would
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have declined significantly when oxygen became sufficiently abundant to
oxidize nethane to carbon dioxide and warer via the reaction

CHa + 2O2 -+ CO2 + 2H2O,

which is reaction 10. As the Archean armosphere probably conrained a
thousand times more methane than today's value of 6 to 7 parrs per
mill ion, the rate of hydrogen loss must have been approximately three
hundred times greater than at present (catl ing et al. 2001). The modern
biosphere's effectiveness at preventing hydrogen loss, and hence plane-
tary desiccation, is i l lustrated by the very low rate of hydrogen loss to
space. The Earth currently loses a mere 50 tonnes of hydrogen per day
from an atmosphere with a total mass of around 50 x 101a ronnes
(Morton 2007:182).

The Great oxidation Event marked a shift from methane to carbon
dioxide as the Earrh's dominanr greenhouse gas (Lovelock 2000). other
consequences for life and its effecrs on the planetary surface include the
appearance of early eukaryotic cells and their obligate relation to oxygen
respiration in symbiotic bacteria that became mitochondria (Margulis
et al. 2006) and a Gaian redistribution of many chemical elements such
as manganese, copper, phosphorus, lead, t in, and vanadium.

The metabolic versati l i ty of bacteria permits oxidation of methane
even in the absence ofoxygen gas. sulfate reducers, such as Desulfouibrio
and some relatives, use oxygen in sulfate ions that are abundant in
seawater to reconstitute water from methanc:

CHa + SOa2- -+ HCO3- + HS- + H2O,

which is  react ion 11.  could these react ions (10 and 11)have produced
water in sufficient qr.rantity ro increase the depth of the global ocean
(S. Marashin, personal communication)?

Water and Earth's Temperature

\fhy has Earth retained both life and abundant liquid water since the
Archean despite at least two strong external factors that have conspired
to enhance the similarities between Mars, venus, and Earth? one exter-
nal factor is the increase of luminosity of the Sun (with an energy ourpur
25 percent greater than it was 3,500 mill ion years ago), and the second
is the continual eruption of carbon dioxide from volcanoes over the same
period. These and other observarions lead us ro conclude that global
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temperatures have been actively regulated within the range suitable for
liquid water by the Earth as u *hole sysrem. That the behavior, metab-
olism, and physiology of organisms are essenrial to this ,.rul,io' i, u
central tenet of Gaia theory (Loverock 2000; Marguris ald Loverock
2007).

Much remains to be learned, but we can now state with some confi-
dence that organisms help to regulate the Earth,s temperature by manip_
ulating the ratios of greenhour" gur., in the atmosphere and by altering
the planetary albedo (reflectiviry), primariry by emrtting cloud-seeding
chemicals' other effects on temperature and h.rr.. -ui", retention by
organisms involve the albedo of living beings themselves, such as the
extensive cover of dark coniferous trees in the far northern ratitudes
that help ro warm the modern Earth (Bona n 2002). organisms can also
change the amount of surface water directly exposed to evaporation:
elephant bodies carve out ponds and thus expose subsurface warer to
the surface; exudates of miirobial mat organisms directly retard evapo-
ration; caves made by water flowing thro,rgh rimestone, or the conver-
sion of limestone to gypsum, protect water flow beneath the rocks.

we suggest that liquid water would have left the Earth,s surface long
ago if organisms had not regulated global temperatures by these and
other means. continued volcanic a.tiurty that puts methane, water vapor,
carbon dioxide, and other greenhouse gases in the atmosphere in the face
of an ever-brightening sun wourd lorig ugo have led the Earth into a
Vrcnus-like runaway feedback on glob"f h."ting. on the other hand, too
little carbon dioxide wourd have caused the oceans to {reezeover, with
the consequent albedo increase plunging the planet into a permanenf
frozen state via positive feedback 1wrra1"a Brownlee 2000). A major
way in which life contributes to the regulation of global temperature is
through its involvement in the lo'g-t.rt carbon .y.1. i'whiih carcium
carbonate from the weathering of basaltic and granitic (silicate) rocks is
deposited in the oceans (table 4.2, reactions 12 and 13).

On the land, reaction 12 is enhanced by organisms: roots and hydro_
philic microbial chemical exudates physically fracture the rock and
thereby increase its reactive surface ur."; -r.robial and prant root res-
piration increase carbon dioxide levels in the soil, and bioturbation of
the soil increases the flow of water onto particles of rock, taking water
into places it would not otherwise be abie to access. This process, first
proposed by Lovelock and 

's7hitfierd 
(19g2) and now referred to as

"biologically assisted silicate rock weathering," amplifies the purely
chemical weathering rate between 10 to 1,000 times depending qn

Water

Table 4.2
Reactions in the long-tern

Reaction

(12) CaSiO3 + 2CO2 + 3H2

Ca2. +2HCOI-+FI+SiO+

(13) Ca'z. + 2HCO:- -+

C a C O . + H 2 O + C O 2

(14) CaCO: + SiO2 -+

CaSiO: + COz

Source: Adapted from K
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Table 4.2
Reactions

Reaction Effect on Earth's temPerature

(12) CaSiOr + 2CO2 + 3HzO ->

Ca2*+2HCO3-+FLSior

(13) Ca'z. + 2HCOr- r
C a C O : + H z O + C O z

(14) CaCO3 + SiOz -+

CaSiO3 + CO2

CaSiO. is wollastonite, a simple mineral

representing the general chemical

composition of all silicate rocks. Note that

t"roiarbon atoms are removed from the

atmosphere for each calcium ion weathered

out of the rock.

Denotes the intracel lular precipitat ion of

calcium carbonate. Note that one carbon

atom is released to the atmosphere for each

calcium ion precipitated. The net effect of

reactions 72 and 13 is thus to cool the Earth'

Granite is regenerated, and carbon dioxide is

liberated to the atmosphere via volcanoes,

thereby warming the Earth.

Source: Adapted from Kump et al- (2004)'

location (Schwartzman and Volk 1989); it is greatest where high

temperatures combine with abundant rainfall'

Thus carbon that once resided in the atmosphere finds itself in calcium

bicarbonate flushed by rivers and groundwater into the oceans where it

is precipitated intracellularly as cal-.it'm carbonate by coccolithophorids

th"ptophyt. algae) and foraminifera in their scales and exoskeletons

ir.".tlorr'f :;. lflh.n these organisms die the calcium carbonate accumu-

lates in ocean sedimerrts. Thiir fate is lithification into chalk and other

limestones. Huge quantities of carbon have been sequestered in this way

over geological time-the stock of carbon in the contemporary calcium

carbonate reservoir is 4 x 107Gtc, almost four orders of magnitude

gr.u,., than the carbon in present-day fossil fuel reserves (Kump et al'

ioaq. Chalk and limeston. ul,o tot'tuin significant quantities oJ silica

(from the silicic acid in reaction 12) thatmay be deposited as radiolarite

(chert rock that come from remains of radiolarian skeletons), or diatom

tests (shells) and glass sponge spicules (Lovelock 2005)'

Such dynamics imply .,.!"tlu. feedback with respect to the carbon

cycle (Lento n 1998) a.td hence surface temperatures suitable for liquid

water: if surface temperature increases (because of volcanic inputs of

carbon dioxide to th; atmosphere, together with an ever-brightening

sun) so does rainfall. In a wetter and warmer world biologically assisted
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silicate rock weathering transfers more carbon from the atmosphere to

calcium carbonate in the ocean, which cools the Earth, potentially down

to a stable but lifeless frozen stafe. However, in a cooler and hence drier

world this fate is avoided because the terrestrial biosphere rapidly

becomes less effective at weathering silicate rocks, and so carbon dioxide

accumulates in the atmosphere from volcanoes, thereby raising the global

temperature (Lovelock 2005). An emergent property of this feedback has

been the regulation of planetary temperature within limits suitable for

life (and hence liquid water) over geological time.

The carbon dioxide that returns to the atmosphere via volcanoes is

regenerated when silica-rich carbonate sediments are subducted into the

mantle as the raised portions of descending slabs (plates) of the seafloor

(reaction 14, table 4.2).Here, at high temperature and under immense

pressure, the sediments metamorphose and produce carbon dioxide and

fresh granitic material that floats on top of the denser mantle to become

new continental land mass available to be weathered (Kump et al.2004).

Wirhout such recycling of Earth's crustal materials, no terrestrial biota

would exist to enhance silicate weathering.

Water and Plate Tectonics

The long-term carbon cycle thus cannot operate without volcanic

activity, itself an integral component of the colossal proiesses of plate

tectonics, with its mountain chains, subduction zones' and large granitic

continents afloat on giant rafts of spreading seafloor basalt. These tec-

tonic processes, which are essential for the maintenance of all organic

life, cannot take place without huge quantities of liquid water.
'sfater 

infiltrates the laterally moving seafloor basalt' changing its

chemical nature so that it is pliable enough to sink into the Earth's mantle

when it collides with the edge of a continent at a subduction zone. Sea-

floor basalt becomes extensively hydrated at the mid-oceanic ridges.

Here, magma chambers act as heat sources that drive local-scale convec-

tive systems that force hot seawater through fractures in the basalt. For

it to be effective at hydration of seafloor basalt, the process requires an

overlay of large amounts of water (Campbell and Taylor 1983). At sub-

duction zones, water-rich slabs of seafloor basalt are carried deep into

the mantle where the material melts to produce vast amounts of granitic

magma that rises up to form the continents. This process adds to the

granite generated by the metamorphism of silica-rich calcium carbonate
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sedimer.rts beneath subduction zones mentioned earlier. The volati l i ty of

l imestone produces watery carbon dioxide-rich lubricant, which enhances

the rates of plate tectonic activit,v. A vast amount of water has been

required to generate the Earth 's  conf inents,60 percent  of  which were

almost cer:tainly present since the beginning of the Proterozoic sorne

2.5 b i l l ion years ago ( ' Iay lor  and Mclennan 1995).
'$Tithout 

sr.rbduction, plate tectonics would stop becar-rse there would

he no closure of the convective cycle that reaches down to the plarret's

oLlter core, in part driven by the decay of radioactive rnaterials in the

Earth's depths (Kump et al. 2004). \Without plate tectonics, the retlrrn

of carbon to the atmosphere would be severely curtailed or perlraps

cornpletely shut off. In tens of mill ions of years all the Earth's land

masses r,vcluld be removed by weathering, in' ith no new granite to replace

this loss. The long-term carbon cycle would cease, and the Earth wor-rld

perhaps be plunged into a permanently frozen st:rte (\7ard and Brownlee

2000).  
.We 

therefore propose an interest ing and appropr iate ly  c i rcu lar

Gaian dynamic here: no l ife, no vlrater-Jno water. no plate tectonics-+

no plate tectonics, no l ife.

Water and Culture

Vestern culture is expert at t l.re abuse of our planet's watery heritage.

Tl'u'o ex:rmples wil l suffice to i l lLrstrate the scale of our ntis:rppropriation

of water. First: concrete. Scientists focus, rightly', on the massive emis-

sions of cart. 'on dioxide l iberated during the process of making this mate-

r ia l ,  but  we should a lso be a\ \ rare that  prodig iot rs  a ln()unts of  u 'ater  are

extracfed frorn the water cycle when concrete is mixed. poured, and set.

Each decacle, rn,e krck up :rbout 3,400 kmr of wrter itr colrcrete-a volume

approximately  equivalent  to  that  of  Lake Huron.r  How long i t  wi l l  take

for these Hurori-loads of water to return to the natural cycle is anyone's

guess-clearl,v it depends on how timing of the weathering processes

liberate the water from its rrrison of artif icial rock. Second: oll. Natural

hydrocarbcln reservoirs (oil and gas wells) contain large amounts of

water, u'hich is often brought to the surface dLrring extraction as "pro-

duced water." Much of this is punrped back down to extract more

hydrocarbons, but some remains at the sr.rrface I 'vhere it becomes a

hazard to agr icu l ture and other  aspects of  human and p lant  l i fe  due to

its saltiness, its oil and grease content, its burden of chemical additives

frotn extraction process, and sometirnes its r:rdioactivity frorn radio
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nuclide contamination. A recent estimate by Sergio Maraschin (personal

communication) suggests that up to 74.4m3 of this oil water remains on

Earth's surface annually. Sadly, every year' approximately 49 km3 of clean

surface water is captured and used to force oil out of the ground. In some

places, notably the Middle East, so much surface water is pumped into

oil wells that rivers such as the Euphrates in Syria are in danger of drying

up. On the plus side, or so it would seem, our economic activities also

liberate water. As much as 62.7km3 per year is released when hydrocar-

bons are burned in our engines and generators. Thus, in total, the hydro-

carbon industry iniects some 88.1km3 per year of water into the natural

water cycle (S. Maraschin, personal communication). This sounds good,

until one realizes that much of this tailpipe water carries a contaminant

burden that affects human well-being in the global ecosystem.

Fortunately our culture is also capable of engaging in more benign

relationships with water. From the facts of a watery Gaian Earth can

be inferred knowledge and wisdom that extends beyond science

(Harding 2006). Recognition of the complex relationship of water, life'

and Earth history has recently become available in two oversized, gor-

geous books: 
'Water (also published identically as Agua in 2006) and

Water Voices from Around the 
'World 

(Marks 2007). The frontispiece

of the first states: "We need to create a new culture that acknowledges

and respects the value of water. The survival of future generations of

humans and all other species on this planet depends on such a new

culture." The second is dedicated to our ancestor' 
'Water, 

and bears

testimony of citizens from fifty countries around the world. Nobel lau-

reates figure in both books and the color photographs from satellite

to microscopic levels are remarkable. In Water Voices we learn about

Lake Sarez in Tajikistan formed by the L911' earthquake's landslide,

and kept in place by the largest natural dam in the world. Tajikistan's

reverence for fresh water is palpable. The song of this Central Asian

country is joined by many human and nonhuman voices: a cayman

from Cuba most of whose close relatives have been extinguished, a Red

Eye tree frog from a Central American rain forest, wild salmon from

Kamchatka, clown fish and corals, and the tail of a humpback. The

spectacular photographs in Voices and those of Antonio Vizcaino in

Agua (tX/ater) need no admonishment to induce us to protect our home

planet. 
'We 

commend both these magnum opuses; they speak louder

than our words in search of Water Gaia. They represent a step, along

with others expressed in this volume, toward actions that respect the

w
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Earth. we end with a sl lggesrion: that we properly rerlame olrr rhird
f rom the  Sun inner  p lanet  a f te r  the  humble ,  c ruc ia l  chemica l  compound
tha t  sus ta ins  us :  Water !

Notes

We thank Richarcl Betts, Tim Lenron,.James l .ovelock, James MacAll ister, Sergio
Maraschin, \ffill Provine, David schwartzm:1r-r, and Br.uce Scoficlcl for useful
discussion perrinenr to the writrng of this chaptcr. LN{ tha'ks Tl.rc Tauber Fund,
Abe (lomel ar.rd the llniversitv of l4assachr-rsetts Graduate School for supporr.
1. In fact com*on clairns of adaptation, with i ts passive connotations, may irr-rpede
tnvestigation of the *'ol'tion of the Earth's cnviionmcnr through gcological time.
\7e rec.mmcnd a rc-examination of this ambiguous term. Usually t iolot irr,  ,ru. ly
specific correlatiors of behavior, rnorphologv. or chemistry of a given or:g"r,ri''' to
its irnrrediate cn'ironment. But the assertion tirat a'y organism is well aclapte<l to
its I ' rabitat has l i t t lc meani 'g, si 'ce the adaptation is not measurable nor even
estimablc in a communicable wa,v. All organisms alive tociay are aclapted by vrrfue
of the implied continuariorr of their 

",r...ro* 
frorn the past to the present.

2..  Examples are l ipid monola],er biosynthesis, calcium ion cxtrusion that induces
cha_nges in carbonate, bicarbonate, ancl C()2 eclui l ibr ia, oxygenic photosvnthcsis,
and rcversible protein absorption anc.l  release .rf  *nr"r.
3'  Unpublishecl experimcnts ."vi th threc dif fercnt kincls of concrere ancl calcula-
t io'rs shou'cd these to be repeatablc rcsulrs. B. \x/ar:tski,  North carol ina, 200g
(personal communication).
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