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“Water,	
  water,	
  every	
  where,	
  
nor	
  any	
  drop	
  to	
  drink”	
  

•  Temperatures	
  vary	
  from	
  
150K	
  to	
  295K	
  

•  Water	
  vapor	
  column	
  
abundance	
  ~10-­‐100	
  pr	
  µm	
  
(~10	
  pr	
  cm	
  on	
  Earth!)	
  

•  Pressure	
  is	
  600	
  Pascal	
  	
  



•  Detec4on	
  limited	
  to	
  <1	
  m	
  below	
  the	
  
surface.	
  

•  Hydrogen	
  abundance	
  =	
  water	
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The	
  adsorp7on	
  of	
  water	
  by	
  silicate	
  minerals	
  is	
  a	
  
very	
  common	
  and	
  ubiquitous	
  process	
  

•  Adhesion	
  of	
  atoms,	
  ions,	
  or	
  
molecules	
  to	
  a	
  surface	
  	
  

•  Occurs	
  at	
  a	
  range	
  of	
  RH/T	
  

Adsorbent  

Adsorbate 

H-O-H bending vibration peak. At RH below 30% (marked
as region A), the icelike structure grows up to ∼3 molecular
layers. The total thickness increases rapidly at the beginning;
then its growth rate slows. In the RH range of 30-60% (marked
as region B), the liquid structure starts growing slowly, although
the icelike structure is still dominant. In this region, the total
thickness increases linearly with RH from 3 to 4 monolayers.
At RH above 60% (marked as region C), the icelike structure
growth ends and only the liquid structure grows rapidly with
increase of RH. In the following paragraphs, we discuss the
origin of different structures and growth patterns for each region.
In region A, the adsorption isotherm thickness increases

rapidly and then retards, giving a “kneelike” shape. In the case
of many organic molecules, this shape is attributed to completion
of the one monolayer adsorption. Once the monolayer is formed,
the thickness does not grow until the relative partial pressure
approaches saturation.36 In the case of water, the initial rise does
not stop at the completion of a monolayer; instead, it continues
growing up to three layers. This is due to the hydrogen bonding
capacity of the water molecule. Formation of hydrogen bonds
with the immobilized substrate hydroxyl groups forces water
molecules in the first layer into an ordered structure. The induced
structure of the first layer propagates through hydrogen bonds
into upper layers. This is possible because water can form a
tetrahedrally coordinated icelike network. In this region, the
interface can be considered in equilibrium between the surface-
induced icelike layer and water vapor, a pseudo-solid (ice)-
vapor equilibrium.
In region B, the surface-induced structuring effect at the

outermost adsorbed layer starts diminishing. We consider the
growth in this region to be in transition between the two water
structure growths. The structural rigidity of the hydrogen
bonding network competes with thermal motions of the adsorb-
ing water molecules at room temperature; the liquid water
structure starts appearing at RH ∼30%. In other words, the
growth of the liquidlike layer begins before the growth of the
icelike water layer ends. However, the liquid water structure is
not yet fully stable and does not form multilayers because the
relative humidity in the gas phase is not high enough. This is
the reason that the growth rate of water in this region is small,
accounting for only one molecular layer increase over RH
increase from 30 to 60%. These transitions cause the change in
curvature of the Type II isotherm. The fact that growth of the
icelike structure is still dominating until it saturates at RH ∼60%
indicates that these molecules are still under a strong influence
of the immobilized surface hydroxyl groups.
As the relative humidity increases above ∼60%, the structure

of the outermost layer is completely dominated by thermal
motion so it assumes a liquid water configuration. The thickness
of the adsorbed layer starts increasing exponentially with RH,
and bulk condensation occurs at near saturation vapor pressure.
In region C, the outermost adsorbed layer is in equilibrium
between the liquid water layer and vapor.
Figure 3 summarizes the evolution of two distinct structures

as water adsorbs on silicon oxide. The first three layers, those
closest to the immobilized hydroxyl surface (Si-OH), form an
icelike network. Above the icelike water, there exists a
transitional region whose structure is more relaxed than the
underlayers of the icelike structure, but not completely disor-
dered as are the liquid layers above it. Any additional water
adsorbing on this surface behaves as a liquid. This structural
evolution indicates changes in the nature of the interfacial
equilibrium at different humidity regions and coincides with
the smooth transitions of the adsorption isotherm curve.

The formation of an icelike structure at low humidities is
consistent with what have been implicated from other spectro-
scopic observations. In nuclear magnetic resonance spectroscopy
studies, the adsorbed water molecules exhibit two different
relaxation timessone is close to that of bulk water, and the
other is much slower.24 This slow relaxation time phase must
be related to the “icelike” water structure. As a matter of fact,
the slow relaxation time phase is reported to be dominant at
low humidity. Dielectric measurements of the adsorbed water
on hydroxylated chromium oxide at room temperature also
found that the relaxation time of the adsorbed water is several
orders of magnitude lower than that of bulk water.37
The implications of structured water at the silicon oxide

interface in nature are many. The structure of the adsorbed water
layer at the interface of silicon oxide and humid gas (Figure 3)
provides insight into many phenomena observed for silicon
oxide surfaces in humid environments. The hardening of cement
upon drying would be an example that can be explained in part
with our structural model.10 As the cement dries, contacts
between hydrophilic silica particles form icelike bridges that
are stronger than the liquid. Another example is the nanoscale
contact mechanics of clean silicon oxide surfaces. The adhesion
force of silicon oxide surfaces measured with atomic force
microscopy increases as the humidity increases, reaches a
maximum value at an intermediate humidity, and then finally
decreases as the humidity approaches the saturation vapor
pressure of water.8,9 This kind of complicated adhesive behavior
of nanoscale contacts is witnessed only with water. There have
been many attempts to predict this complicated behavior with
a simple capillary condensation theory using the Kelvin equation
and the surface tension of bulk water (72 erg/cm2); however,
the estimated magnitude of the adhesion force change is much
smaller than what is observed experimentally.9 Our ATR-IR
data and the model indicate that the surface tension value of
bulk water cannot be used at RH < 60% because the adsorbed
water molecules are in the icelike configuration.
The surface tension of the icelike layer may be estimated

from the following calculation. The average hydrogen bond
number of liquid water is about 2.5 per molecule, while that of
ice is 4 per molecule.38 The Fowkes theory predicts that the

Figure 3. Schematic illustrating the structural evolution of water
molecules as the adsorbed layer thickness increases with RH. The icelike
structure grows up to 3 molecular layers thick as relative humidity
increases from 0 to 30%. In the relative humidity range from 30 to
60%, the icelike structure continues to grow while liquid structure
begins to form. In this transitional RH region, approximately one
molecular layer grows. Further increase in the relative humidity above
60% causes water to adsorb in the liquid configuration (--- hydrogen
bonds, ; covalent bonds). (Note: 2-D illustration is not to scale).
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20-­‐30	
  cm	
  of	
  soil*	
   the	
  atmosphere	
  

~70	
  pr	
  um	
  

~10	
  pr	
  um	
  

*for	
  small	
  grains,	
  d~1μm	
   [Smith,	
  2001]	
  
	
  



•  Adsorp4on	
  layers 	
  	
  
–  Rela4ve	
  humidity	
  
–  Temperature 	
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Internal	
  Reflec4on	
  Spectroscopy	
  
•  IRS*	
  

•  θ>	
  θc	
  
•  Spectra	
  adenuated	
  at	
  
absorbed	
  λ	
  

•  Absorbed	
  λ	
  
characterizes	
  
surrounding	
  medium	
  

•  Able	
  to	
  “see”	
  about	
  a	
  
wavelength	
  from	
  
interface	
  

	
  
	
  

*Internal Reflection Spectroscopy 
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Icy-­‐Regolith	
  Simula4on	
  Chamber	
  
•  Controlled	
  gradients	
  of	
  
temperature	
  and	
  
humidity	
  

•  Real-­‐4me,	
  in-­‐situ	
  
observa4ons	
  of	
  
quan44es	
  and	
  fluxes	
  of	
  
sub-­‐surface	
  water
(adsorbate	
  and	
  ice)	
  

•  Applicable	
  to	
  Mars,	
  
Lunar	
  poles,	
  and	
  
Asteroids	
  



•  Mars Atmospheric 
Simulation Facility 

•  University of 
Washington 

•  Department of 
Astronautics and 
Aeronautics 

•  PI:  Dr. Adam 
Bruckner 



Conclusion	
  
•  Quan4fy	
  water	
  present	
  in	
  near	
  surface	
  regolith	
  
•  Determine	
  how	
  adsorp4on	
  process	
  contribute	
  to	
  
WEH	
  signature	
  

•  This	
  work	
  can	
  provide	
  a	
  useful	
  tool	
  to	
  learn	
  more	
  
about	
  surface/sub-­‐surface	
  water	
  on	
  Mars	
  and	
  
understand	
  its	
  kine4cs	
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