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Abstract. Cold stage Scanning Electron Microscopy (SEM) with a rapid cooling technique makes it 
possible to investigate the water phase within unsaturated porous media. It is thought that this 
technique preserves the main features of the micromorphology of the water menisci as it exists in the 
liquid phase in soils. Saddle-shaped elements, as well as pendular rings of water, were observed with 
concave and convex curvatures of the water-air interface. The hydraulic conductivity of an un- 
saturated soil may be inferred from SEM photographs. Observations of isolated water menisci 
indicate the existence of an immobile water domain. The surface geometry of the water menisci was 
analyzed quantitatively and surface tension and capillary pressure were determined. 
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1. I n t r o d u c t i o n  

T h e  i m p o r t a n c e  of Scann ing  E l e c t r o n  M i c r o s c o p y  (SEM) as a tool  in u n d e r -  

s t and ing  soil m i c r o m o r p h o l o g y  and so i l -wa te r  re la t ionsh ips  was po in t e d  ou t  by  

B i s d o m  (1981).  S E M  o b s e r v a t i o n s  have  b e e n  used  successfu l ly  in s tudies  of bo th  

the  s t ruc tu re  of the  soil  c rus t  f o r m e d  by  r a i n d r o p  i m p a c t  and  of the  ef fec t  of  soil  

c rus ts  on  inf i l t ra t ion ra tes  ( C h e n  et al., 1980;  T a r c h i t z k y  et al.,  1984). S E M  

ob s e rva t i ons  have  also b e e n  used  to s tudy  the ef fec t  of va r ious  e x c h a n g e a b l e  

ca t ions  of the  d i spe r s ion  and  f loccu la t ion  of c lay  minera l s  and  on  hydrau l i c  

c o n d u c t i v i t y  ( C h e n  and  Banin ,  1975;  C h e n  et al.,  1983). Po re  size d i s t r ibu t ion  

( Jager  et al., 1983) and  mine ra l  g ra in  m o r p h o l o g y  (B i sdom et al., 1983) have  also 

b e e n  ana lyzed  by  the  S E M  techn ique .  

I t  is neces sa ry  to coa t  the  s amp le  wi th  go ld  or  c a r b o n  for  S E M  obse rva t ions .  

A t  first this was done  by  d ry ing  the  s amp le  in a v a c u u m  c h a m b e r .  Such  an 

o p e r a t i o n  causes  the  c o m p l e t e  e v a p o r a t i o n  of the  wa te r  phase ,  d i s tu rb ing  the 
solid pa r t  of the  sample ,  and  p r e v e n t i n g  the e x a m i n a t i o n  of the  wa te r  phase .  

Thus ,  the  pu re  na tu ra l  cond i t ions  c a n n o t  be  obse rved .  Recen t ly ,  a co ld  s t age  
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system with a rapid cooling technique, which keeps the liquid phase almost in its 
original morphology, was developed (Talmon et  al. ,  1979). Maintenance of a 
sufficiently low temperature throughout the vacuum application, the coating 
procedure, and the examination prevents sublimation of the ice. This improve- 
ment makes SEM useful for the investigation of both the spatial distribution and 
the morphology of water in porous media. Such a system was used successfully to 
observe the relationship between crude oil and brine in rocks (Pesheck et al. ,  

1981), as well as for investigations in biology and anatomy (Sheffield, 1984; 
Gardner et al. ,  1981). 

Pollution of water resources is perhaps the most challenging problem facing 
groundwater hydrologists today. The rate of pollutant transport depends on the 
microstructure of the liquid phase within the porous medium. Today scientists 
argue that water in aquifers may exist in two domains, mobile and immobile. The 
immobile water domain exists in the micropores within the aggregates and as thin 
films between the aggregates (e.g., Van Genuchten and Wierenga, 1976; Goltz 
and Roberts, 1986). Diffusion-based exchange between the mobile and immobile 
domains is possible. The aim of the present study was to apply the cold stage 
SEM technique to the understanding of the state of water in unsaturated porous 
media. We present evidence on the distribution of the water phase within the 
unsaturated soil matrix and discuss its effect on hydraulic conductivity, on water 
surface tension, and on the immobile water domain. 

2. Materials and Methods 

The sample studied was a clay loam ('Hamra') which is one of the soils found in 
the coastal plain of Israel. The gravimetric water content was 11%. A Philips 505 
Scanning Electron Microscope with signal processing facilities was used for the 
study. This microscope is equipped with a cold stage and cryo chamber (Hexland 
CT1000). 

The sample (about 30 mm 3) mounted on an aluminum stud, was rapidly frozen 
by immersion into a nitrogen slush at -210~ and transferred to an evacuated- 
prechilled cryo chamber at -180~ It was frozen, fractured with a knife and 
transferred to the SEM stage prechiUed at -160~ The SEM stage was allowed 
to warm up to -100~ in order to eliminate, under controlled conditions, the 
surface ice coating, originating from ambient air. While performing the sublim- 
ation, the specimen was observed using an acceleration voltage of 5 kV. As soon 
as the surface coating disappeared, the specimen was transferred back to the 
cryoprechamber at -180~ where it was gold coated by sputtering. Once coated, 
the specimen went back to the SEM chamber at -160~ for observation and 
photography. 

Rapid freezing maintains the morphology of the water menisci between the 
grains almost in the same form as it exists in the natural liquid phase (Talmon et  
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Fig. 1. SEM micrograph of a water-air surface of a meniscus between three grains (G), showing arcs 
created by the rapid freezing (see text for explanation). The area in the white rectangle is enlarged in 
Figure 2. 

al., 1979). A slightly roughened surface (Figure 1), appearing as arcs which 
parallel each other, replaces the normally smooth surface of the liquid phase, and 
is an example of the minor changes caused by this technique. In addition, 
temperatures exceeding -130~  during the slow warming in the course of the 
sample preparation may cause the ice to recrystalize (Talmon et al., 1979). These 
crystals were observed on the ice surface as small bumps, 0.2 to 0.5/~m in 
diameter  (Figure 2). The  scale of grains, pores and water menisci is tens to 
hundreds of micrometers,  which is about two orders of magnitudes greater than 
the ice crystals. Therefore ,  research on the spatial distribution of water in soils is 
only slightly effected by the ice recrystallization problem. 

Two types of signal processing were possible in order  to examine the various 
parts of the sample. Most of the pictures were taken using the normal secondary 
electron detector  (Everhart  and Thornley,  1960). Observation of the interior 
surfaces of the holes was made possible by gamma amplification* (most modern 
SEMs accept a gamma amplification device as a module). The pore image in 
Figure 3 was obtained by linear signal processing, whereas gamma processing of 
the signal allowed more detail to be seen in its interior (Figures 4 and 5). 

*Gamma amplification is the processing of the signal (S) applying the function S(out)= S(in) t/v 
where 3,> 1 (Newbttry, 1975). 
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Fig. 2. SEM micrograph showing the fine structure of the ice surface. The bumps on the surface are 
small ice crystals originating from recrystalization. 

Fig. 3. SEM micrograph o~ an empty pore obtained by linear signal processing. The area in the 
white rectangle is enlarged in Figures 4 and 5. 
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Fig. 4. 

Fig. 5. 

Figs. 4 and 5. Two magnifications of the pore of Figure 3 obtained by gamma amplification of the 
signal which allows one to see the interior surfaces of the pore. The elevated spot (A) is shown by two 
types of gamma amplifications. 
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3. Results and Discussion 

A portion of the sample is seen in Figure 6. The  size of the grains is ap- 
proximately 0.1-0.2 ram, whereas the pores varied from 0.2 mm down to about 
10 ~m. It is clear that the soil is wet in such a way that the large pores are empty 
while the small pores are filled with water. With increased magnification, the 
water menisci between the solid grains become visible (Figure 7), and the 
existence of a continuous water phase in this part of the sample is revealed. At 
this magnification, the detailed morphology of the ice surface may be seen with 
concave and convex structures on the ice surface appearing as 'saddle-shaped' 
elements and depressions between the grains (Childs, 1969). 'Pendular rings'* 
which are another typical structure of water within the porous media, are seen in 
Figures 8 and 9. The contact  angle of the water with the solid surface can be seen 

in these photographs. 
The water molecules are attracted to the solid grains by adhesive forces which 

cause the formation of a curved surface. The  capillary pressure (Pc) at each point 
on the curved surface can be calculated according to Laplace's formula (Bear, 
1972): 

Pc = o'(11rl + l/r2) 

Fig. 6. Low-magnification SEM micrograph of a portion of the unsaturated soil sample showing the 
solid grains and the pores in between. Some of the pores are filled with water (A and B) and some are 
empty (C and D). The area in the white rectangle is enlarged in Figure 3. 

* 'Pendular ring' is the configuration of the water meniscus that exists around the contact point of 
two solid grains. Any region of the water-air interface has a saddle-shaped appearance. 
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Fig. 7. SEM micrograph showing the detailed morphology of the water-air interface. A concave 
depression between three grains (D) and a saddle-shaped element (S) are marked. 

where  o- is the surface tension, rl and re are the radii of cu rva tu re  of plain curves  

fo rmed  by the intersect ion of  two perpendicu lar  planes with the surface at the 
point  (Figure 10). T he  radius is posit ive when  the center  of  the circle including 

the surface arc is in the liquid and negat ive  when  in the a tmosphere  (Ki rkham 

and Powers,  1971). T w o  examples  of the quant i ta t ive analyses of the capillary 

pressure based on pendular  ring m o r p h o l o g y  are illustrated in Figures 8 and 9. 

The  calculat ion me thod  is illustrated by the schemat ic  d iagram of Figure  10. The  

radius of the arc A B  is rl and it has a posit ive sign, as the center  of the circle (E) 

including the arc is in the liquid. T he  radius of the arc A D  is r2 and has a 

negat ive  sign as its center  (F) is in the a tmosphere .  A g o o d  approximat ion  of rl 

and r2 in the water  meniscus was obta ined  f rom Figures 8 and 9; these are just 

approximat ions  as we do not  have s tereo-pair  pho tog raphs  for bet ter  visualiza- 

tion. The  capil lary pressure was calcula ted (Table I) using the value o -=  

Table I. Capillary pressure calculation 

Case rl (cm) r2 (cm) Pc (atma) 

Figure 8 7 • 10 3 -3  • 10 -3 -0.014 
Figure 9 3 • 10 -3 - 2  >( 10  -3  -0.012 

a According to 1 atm = 106 dyne/cm 2. 
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Fig. 8. 

Fig. 9. 

Figs. 8 and 9. Two SEM micrographs of pendulai" rings of water between pairs of soil grains. The 
convex and concave curvatures are marked by 'L '  and ' W '  arrows, respectively. 
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Figure 10. Schematic diagram of a pendular ring of water between two grains, showing the surface 
geometry (based on Childs, 1969 and Kirkham and Powers, 1972). 

72.7 dyne/cm, which is the surface tension of water (assumed to be free of 

solutes) at 20~ 

The  hydraulic conductivi ty of an unsaturated medium depends on the ease with 

which fluid can pass through the solid matrix by means of the remaining 
cross-section of wel l -connected fluid channels. As the water  content  is reduced,  
the shrunken water  rings are separated f rom each other, and 'residual saturation'  
is formed which is the level below which the degree of saturation is not expected 
to fall (Mualem, 1978). In such a case, no interconnected fluid channels exist and 
the residual fluid is scattered and tightly bound to the solid matrix. A very thin 
water  film of nearly molecular  thickness may exist surrounding the solid grain 

which cannot  be seen in the SEM. However ,  no pressure can effectively be 
transmitted f rom one ring to another  through such thin films (Bear, 1979), so the 
relative hydraulic conductivity is reduced to zero and the fluid becomes im- 

mobile. 
Figure 11 is an example of a continuous water  phase where the unsaturated 

hydraulic conductivity is larger than zero. However ,  the pendular  rings of water  
in Figures 8 and 9 are seen to be isolated f rom the rest of the fluid and illustrate 
the immobile water  domain. These photographs  agree with the suggested con- 
ceptual scheme of Goltz and Rober ts  (1986) who try to explain the meaning of 

the immobile  phase in their experiments.  
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Fig. 11. SEM micrograph of water continuity between the solid grains. 

4. Conclusions 

Microscopic studies of the water phase in soils are of interest because they allow 
a better understanding of the physical processes on which macroscopic postulates 
that are presently used in soil physics are based. The cold stage system with the 
rapid cooling technique makes it possible to use the SEM to investigate the water 
phase within an unsaturated porous medium. The present study points to several 
applications of the above method to the investigation of the unsaturated hydrau- 
lic conductivity, of the immobile water domain and of the water surface tension. 

The present conventional vacuum technique (as an early step in the coating 
procedure) causes the water phase to be evaporated and probably disturbs the 
solid structure. The cold stage system supplies better, undistributed soil samples 
and allows a better understanding of soil crust formation as well as clay mineral 
dispersion and fiocculation. 

These observations demonstrate only the principles of the new technique. 
Improvement of the technique will be performed using a device to control the 
cooling rate. Further investigations will be completed by taking stereo-pair 
photographs to allow a better visualization of the parameters involved. 

Acknowledgement 

This research was performed in partial fulfillment of the requirement for a PhD 
degree of H.G. at the Feinberg Graduate School at the Weizmann Institute of 



A SCANNING E L E CTRON MICROSCOPY STUDY OF SOIL IN W A T E R  93 

Science. This PhD study is partly supported by a grant from the Wolf Foun- 
dation, Israel. 

Reterences  

Bear, J., 1972, Dynamics of Fluids in Porous Media, Elsevier, N.Y. 
Bear, J., 1979, Hydraulics of Groundwater, McGraw-Hill, N.Y. 
Bisdom, E. B. A., 1981, A review of the application of submicroscopic techniques in soil micro- 

morphology, I. TEM and SEM, in E.B.A. Bisdom (ed.), Submicroscopy of Soils and Weathered 
Rocks, Center for Agricultural Publishing and Documentation, Wageningen, pp. 67-116. 

Bisdom, E. B. A., Van Adrichem-Boogaert, H. A., Heintzberger, G., Schoonderbeek, D., and Thiel, 
F., 1983, Porosity measurements and form analysis of mineral grains in thin sections from oil-gas 
reservoir rocks using Quantimet 720 and BESI, Geoderma 30, 323-337. 

Chen, Y. and Banin, A., 1975, Scanning electron microscope (SEM) observations of soil structure 
changes induced by sodium-calcium exchange in relation to hydraulic conductivity, Soil Sci. 120, 
428--436. 

Chen, Y., Tarchitzky, J., Brouwer, J., Marin, J., and Banin, A., 1980, Scanning electron microscope 
observations on soil crusts and their formation, Soil Sci. 130, 49-55. 

Chen, Y., Banin, A., and Borochovich, A., 1983, Effect of potassium on soil structure in relation to 
hydraulic conductivity, Geoderma 30, 135-147. 

Childs, E. C., 1969, An Introduction to the Physical Basis of Soil Water Phenomena, Wiley- 
Interscience, London. 

Everhart, T. E. and Thornley, R. F. M., 1960, Wide-band detector for micro-microampere low-energy 
electron currents, J. Sci. Instrum. 37, 246-248. 

Goltz, M. N. and Roberts, P. V., 1986, Interpreting organic solute transport data from a field 
experiment using physical nonequilibrium models, J. Contaminant Hydrol. 1, 77-93. 

Gardner, D. L., O'Connor, P., and Oates, K., 1981, Low temperature scanning electron microscopy 
of dog and guinea-pig hyaline articular cartilage, J. Anat. 132(2), 267-282. 

Jager, A., Boersma, O., and Bisdom, E. B. A., 1983, The characterization of microporosity in a 
ploughpan by submicroscopic and Quantimet techniques, Geoderma 30, 277-283. 

Kirkham, D. and Powers, W. L., 1972, Advanced Soil Physics, Wiley Interscience, N.Y. 
Mualem, Y., 1978, Hydraulic conductivity of unsaturated porous media: generalized macroscopic 

approach, Water Resour. Res. 14, 325-334. 
Newbury, D. E., 1975, Image formation in the scanning electron microscope, in J. I. Goldstein and 

H. Yakowitz (eds.), Practical Scanning Electron Microscopy, Plenum Press, N.Y., pp. 95-148. 
Peshek, P. S., Scriven, L. E., and Davis, H. T., 1981, Cold stage scanning electron microscopy of 

crude oil and brine in rock, Scanning Electron Microscopy, 1, 515-524. 
Sheffield, E., 1984, Apospory in the fern Pteridium aquilinum Kuhn, 1: Low temperature scanning 

electron microscopy, Cytobios. 39, 171-176. 
Talmon, Y., Davis, H. T., Scriven, L. E., and Thomas, E. L., 1979, Cold stage microscopy system for 

fast frozen liquids, Rev. Sci. Instrum. 50, 698-704. 
Tarchitzky, J., Banin, A., Morin, J., and Chen, Y., 1984, Nature formation and effects of soil crusts 

formed by water drop impact, Geoderma 33, 135-155. 
Van Genuchten, M. Th. and Wierenga, P. J., 1976, Mass transfer studies in sorbing porous media: 1, 

Analytical solutions, Soil Sci. Soc. Am.  J. 40, 473-480. 


