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Where on Earth has our water come from?
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The presence of water in the Earth has long been an enigma.

However, computer modelling techniques have shown that the

adsorption of water onto the fractal surfaces of interplanetary

dust particles, which are present in the planetary accretion

disk, is sufficiently strong to provide a viable origin of

terrestrial water.

The origin of the abundant water throughout the solar system

has long been debated. In particular, the mechanism whereby

water becomes incorporated into terrestrial planets such as the

Earth has been a perplexing question. The three central

theories for this mechanism differ both in the nature of the

water-bearing material and the process whereby the water

was incorporated during or after accretion.3–6 However,

exogenous water sources such as comets and asteroids that

originate farther than 2.5 astronomical units (AU) from the

growing planet, display geochemical and isotopic fingerprints

that differ from those observed on Earth, indicating that,

combined or individually, these sources could not have

delivered the bulk of the Earth’s water. For example, comet

contribution to the Earth’s water budget is limited to no more

than 15% by Ar/H2O ratios7 and the three long-period comets

measured to date have a D/H ratio, which is about twice that

of terrestrial seawater.2 Similar isotopic arguments can be

used to show that the input of water from asteroids is

also restricted, despite the observation that they would

be a dynamically plausible water source.5 Therefore, we must

assume either that these sources had a unique chemical

composition or that they are not responsible for the bulk of

the water on Earth.

Astronomical observations show that dust clouds around

Young Solar Objects (YSOs) consist of Mg-rich olivine

(Mg2SiO4, forsterite), pyroxenes and other refractory minerals

with radii o1 mm. Several authors suggest that these refractory

minerals could coalesce by means of low-velocity impacts that

would create low-density, irregularly shaped fractal structures.8–10

In conjunction with recent astronomical observations by

Eisner11 that showed the presence of water vapour and atomic

hydrogen in the dust and gas around the young stellar object

MWC80 at 1 AU, we can postulate a scenario whereby water

is incorporated into the Earth’s building material by means of

gas–solid interactions. Although theoretical estimates of the

lifetime of gas in the accretion disk vary greatly from 0.1 My

to 100 My,12 even the lowest estimate should allow sufficient

time for adsorption. If strong bonds could be developed during

adsorption, the products would be resistant to desorption even at

high temperatures.

Preliminary studies by Stimpfl et al.13 and Muralidharan

et al.14 have shown that physisorption of water on defect-free

terraces of forsterite surfaces at temperatures prevalent in

the accretion disk could occur—a necessary preliminary to

dissociation and chemisorption of the adsorbed water. However,

these studies have not taken into account the real nature of the

surfaces of such grains, which are highly fractal with a high

proportion of low-coordinated surface sites. Here we show

that dissociative chemisorption of water at such sites on the

forsterite surfaces is highly exothermic, enabling water retention

under the conditions of planetary accretion.

Our simulations are based on energy minimization, where

we have employed atomistic simulation techniques based on

the Born model of solids to model the dissociative adsorption

of water at a range of fractal surfaces of forsterite. The

interatomic potential functions used to model the surface-

water systems have been successfully applied previously to

both associative and dissociative adsorption of water at

mineral surfaces, and these have shown that the calculated

adsorption energies and structures for smaller surface systems

are in excellent agreement with both electronic structure

calculations and experiment. For example, associative adsorption

of water at the planar (010) surface of forsterite was calculated

to release 119 kJ mol�1 using Density Functional Theory

simulations15 and 124 kJ mol�1 with the interatomic potential

model.16 Temperature programmed desorption (TPD) studies

of water desorption from a range of mineral surfaces have

measured binding energies for water chemisorption of

145–170 kJ mol�1 for CaO and approximately 200 kJ mol�1

for the SiO2 quartz surface,
17 compared to calculated energies

of 160–180 kJ mol�1 and 214 kJ mol�1, respectively, for the

same systems,18,19 using the same potential parameters

employed in this work. This quantitative agreement indicates

that the interatomic potentials are sufficiently accurate to

calculate the adsorption behaviour at the fractal surfaces,

where we need to explore very large surface areas and a wide

range of highly complex topologies, which makes electronic

structure calculations of these surface systems unfeasible.

We have created models for a number of highly complex

forsterite surfaces, including low-coordinated step edges and

corner sites, with variously sized terraces in between. Examples

of the complex surface topologies considered in this work are

shown in Fig. 1 for the (010) surface, which dominates the

forsterite morphology. Whereas only associative adsorption of
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water occurs at the perfectly planar (010) surface, releasing

approximately 120 kJ mol�1, dissociative adsorption of water

at the low-coordinated and highly reactive sites was calculated

to release large energies, from 300 kJ mol�1 on the reconstructed

dipolar (010) surface to 335 kJ mol�1 on the highly defective,

stepped (110) surface, shown in Fig. 2, illustrating the crucial role

played by reactive surface sites and surface defects in promoting

strong dissociative adsorption.

The picture that emerges from the results discussed above is

that the energies associated with the process of water adsorption

are of such magnitude that it becomes plausible to speculate

whether water could be adsorbed and retained on grains of

forsterite in the accretion disk. In order to calculate the partial

pressures of gaseous water required for appreciable adsorption

of water at any particular temperature, one needs to consider

the process of adsorption of a water molecule at the mineral

surface, according to the following eqn (1):

SurfaceþH2OðgÞ  !
K

Surface � ðH2OÞ ð1Þ

where K is the equilibrium constant for the above reaction,

Surface is the mineral surface before water adsorption and

Surface�(H2O) is the system after adsorption. The equilibrium

constant K is then calculated as shown in eqn (2), from the

Gibbs free energy G of adsorption, where a(s) and a(g) are the

activities of the water molecule adsorbed at the solid surface or

in its gaseous state respectively. Following the simple Langmuir

model, we can then write the activities of the partially hydrated

surfaces as x/(1 � x), where x is the fraction of surface sites

occupied by water, PH2O(g)
is the partial pressure of gaseous

water, which is the quantity we seek to calculate, R is the gas

constant and T is the temperature of interest.

k ¼
aðsÞ

aðgÞaðsurfaceÞ
¼ x

ð1� xPH2OðgÞ Þ
¼ e�DG

0=RT ð2Þ

Due to the low partial pressure of water (pE 10�8 bars) in the

accretion disk, adsorption of a complete monolayer is unrealistic

and we have therefore used the hydration energies for the

isolated water molecules at the energetically preferred adsorption

sites, where we can calculate the fractional occupancy x from

our knowledge of the maximum number of water molecules in

a full monolayer, which is determined by the number of

accessible surface sites in each simulation cell.

The change in the standard Gibbs free energies for adsorption

of water at the various forsterite surfaces according to eqn (1)

was calculated from the enthalpies and entropies at the

required temperatures (eqn (3)), where DH is the enthalpy of

the adsorption process per water molecule, T is the temperature

of interest and DS is the change in entropy.

DG = DH � TDS (3)

The enthalpies for the hydration of forsterite surfaces

are obtained directly from our simulations (Table 1). The

entropies of the gaseous water molecule have been taken from

experimental entropies for temperatures between 400–1500 K.20

In order to calculate the Gibbs free energies of the adsorption

processes, we now make two assumptions. Firstly, if we

assume that the entropies of forsterite remain largely unaffected

by the presence of the water molecule, then we need only take

into account the change in entropy due to the loss of the free

water molecule from the gaseous state. Secondly, we assume

Fig. 1 Representative structures of the fractal (010) surface of forsterite (Mg = green, O = red, SiO4 tetrahedra = yellow).

Fig. 2 Dissociated water adsorbed at (a) the reconstructed dipolar

(010) surface, and (b) the stepped (110) surface of forsterite

(Mg = green, O = red, H = white, SiO4 tetrahedra = yellow).

Table 1 Adsorption energies calculated for each of the surfaces
studied and the coverage generated by the adsorption of a single
dissociated water molecule

Surface structure/
orientation

Fraction of
hydration sites

Adsorption energy/
kJ mol�1

(100) 1/8 �320.2
Reconstructed dipolar (010) 1/6 �299.7
Stepped (110) 1/10 �334.2
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that in calculating the temperature dependence of the free

energies of the adsorption processes we need only take into

account the temperature dependence of the entropy of the gas

phase water. Taking into account these two approximations,

which previous work has shown to be acceptable,21,22 we can

calculate the Gibbs free energies for the adsorption processes,

according to eqn (3) and using these calculated Gibbs free

energies at each temperature, we can calculate from eqn (2)

the partial pressures of water at which this adsorption

would occur.

The partial pressure versus temperature plots for the dissociative

adsorption of water at the different surface sites, listed in

Table 1, are shown in Fig. 3. If adsorption is a potential

delivery source of water, then it is likely that it began at the

initial stages of planet accretion, when dust and gas were

still present in the accretion disk, with the thermodynamic

conditions during the initial stages characterized by partial

pressures (PH2O
) of around 10�8 bars23 and high temperatures

of 500–1500 K.1 Fig. 3 shows that on the three surfaces

discussed above, adsorption of water could occur up to

approximately 900 K at the low partial pressures of water

prevalent in the early accretion disk, i.e. well within the

required temperature range.

In conclusion, using this simple Langmuir adsorption

model, we have shown that retention of water at fractal

surfaces of forsterite grains is thermodynamically possible at

temperatures prevalent in the accretion disk, even at low

partial pressures of gaseous water. Our calculations clearly

strengthen the argument that adsorption to dust grains in the

accretion disk could be a viable source of water for rocky

planets. Indeed, our results strongly support models4 where

water retention on mineral surfaces is responsible for the water

content of the Earth.
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Fig. 3 Partial pressures required to retain chemisorbed water at the

modelled surface features for temperatures expected in the accretion

disk.
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