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A SMECTITE DEHYDRATION MODEL IN A SHALLOW SEDIMENTARY BASIN: 
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Abstract-Traditionally, land subsidence resulting from groundwater over-pumping has often been 
described by the theory of consolidation. The mechanism of land subsidence due to the dehydration of clay 
minerals has not been well addressed. Therefore, this study develops a smectite dehydration model to 
describe the effect of the release of water from the smectite interlayer upon land subsidence. Using a 
thermodynamic solid-solution model and laboratory studies of clay-water systems, a complete description 
of the dehydration relationships among the swelling pressure, basal spacing and mw/mc in aNa-smectite 
water system at 25°C under variable pressure conditions was derived. Accordingly, the evaluation model of 
the 'hydration state of smectite', and the 'solid-solution model of smectite dehydration' were formulated 
rigorously. These two models were applied to quantify the effects of smectite dehydration on the 
accumulated land subsidence in the Yun Lin offshore industrial infrastructure complex and in the Tai-Shi 
area. The result reveals that smectite dehydration is of importance in assessing and predicting land 
subsidence in a shallow sedimentary basin. 
Key Words-Land Subsidence, Sedimentary Basin, Smectite Dehydration, Thermodynamic Model. 

INTRODUCTION 

Land subsidence that results from over-pumping of 
groundwater proceeds by two main processes - primary 
consolidation and secondary compression. Primary 
consolidation is caused by the dissipation of excess 
pore-water pressure, which gradually increases the 
effective stress on the soil skeleton. The amount of 
primary consolidation due to the increase of effective 
stress can be determined using Terzaghi's theory of 
consolidation (Terzaghi, 1925). After the excess pore­
water pressure dissipates, secondary compression devel­
ops slowly and continuously, including slippage of soil 
particles, release of water from soil micro-fabric 
elements, expulsion of water from clay minerals and 
the surface interaction of the readjustment of the 
positions of the attached cations. Of these processes, 
the dehydration of smectite is an important part of 
secondary compression. The transient void ratio against 
the effective stress in the secondary compression 
indicates that as the effective stress is applied for 
longer, the soil particles are compacted more densely 
(Mitchell, 1993). Das (1990) suggested the use of a 
coefficient of secondary compression to assess the 
secondary compression. The method is too simple to 
reflect the transient behavior of soil compression, and 
the assumption that the secondary compression occurs 
only following the completion of primary consolidation 
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may not hold. The effective stress drives the primary and 
secondary compactions. 

As soil compaction begins, dissipation of excess pore 
pressure and the rearrangement of the soil structure may 
occur concurrently. The correct approach when evaluat­
ing soil compaction is to formulate the governing 
equations of the coupling processes and solve them 
analytically or numerically. Mitchell (1993) showed that 
the flow equation for the dynamic dissipation of excess 
pore water, the clay dehydration equation and the 
constitutive equation of soil/water rheology are difficult 
to develop and solve. Biot (1941, 1955) developed a 
three-dimensional elastic model coupled with excess 
pore-water pressure to evaluate primary soil compaction. 
Bethke (1986) proposed a compaction model that 
considered various effects, including the release of 
water due to clay dehydration. However, Bethke's 
model did not incorporate Terzagh's or Biot's principle 
of effective stress, and the mechanics of compaction 
were not addressed rigorously. Audet (1995) developed a 
one-dimensional model of the gravitational compaction 
of deep sediment layers in which the sediments undergo 
a thermally activated dehydration reaction of smectite to 
illite, releasing pore fluid at depth. Chemically released 
water can increase the excess pore pressure by as much 
as 30% for a relatively impermeable sediment. If 
sediments overlie a permeable base, then fluid can 
flow out of the sediments, relieving pore pressure 
throughout the sedimentary column. 

In a shallow sedimentary basin, the over-pumping of 
groundwater may partially dehydrate the clay minerals; 
however, the transition of semectite to illite is unlikely 
to occur because of the small temperature effect. Liu and 
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others (2001) applied the smectite dehydration theory of 
Ramson and Helgeson (1994a, 1994b, 1995) to evaluate 
the effect of clay dehydration on the cumulative amount 
of land subsidence in the Yun Lin coastal area in 
Taiwan. However, they did not consider the non-linear 
relationships between both the swelling pressure and the 
basal spacing and the ratio of the mass of water to the 
mass of smectite. The computed subsidence due to the 
smectite dehydration is overestimated. 

The aim of this study was to develop a rigorous 
thermodynamic model of smectite dehydration for 
evaluating subsidence in a shallow sedimentary basin. 
The thermodynamics of interlayer water and the 
relationship between swelling pressure and basal spacing 
for different hydration states of smectite are used to 
develop an interlayer hydration-state model and a solid­
solution model of interlayer dehydration. The model 
developed was used to quantify the effects of dehydra­
tion of smectite on subsidence in the Yun-Lin offshore 
industrial infrastructure complex and in the Tai-Shi area 
in Yun Lin, Taiwan. 

SMECTITE DEHYDRATION THEORY 

Hydration/dehydration of smectite 

The isomorphic substitution of Al3+ and Mg2+ in 
smectite octahedral sites, or of Si4+ by Al3+ in smectite 
tetrahedral sites generates an excess negative charge on 
the smectite structure. Excess negative structural charge 
is compensated for by the adsorption of cations on the 
smectite layers. In the presence of water, the compen­
sating cations on smectite layers may easily be 
exchanged for other cations (such as Ca2+, Mg2+, Na+ 
or K+) when available in solution. Moreover, the 
hydration of smectite will create a negative hydroxyl 
surface charge (such as in Si-OH or AI-OH). The polar 
structure of water molecules is such that water is 
strongly adsorbed onto the surface of smectite. If the 
water is adsorbed by the interlayer of smectite, it is 
called interlayer water. Colten-Bradley (1987) stated 
that the smectite interlayer includes four discontinuous 
basal spacings of -10 A, -12 A, -15.5 A and -18.5 A. 
The loA basal spacing is free from water molecules 
whereas the -15.5 A basal spacing contains 20 wt.% 
water (Ransom and Helgeson, 1994a). The hydration 
state, or the amount of interlayer water, is a function of 
the extent and location of the 2: 1 layer charge (Foster, 
1953; Harward and Brindley, 1966), the interlayer cation 
species (Posner and Quirk, 1964), the vapor pressure 
(Keren and Shainberg, 1975; Ormerod and Newman, 
1983), the temperature (Rowland et al., 1956; Keren and 
Shainberg, 1980) and the salinity of associated water 
(Norrish and Quirk, 1954; Posner and Quirk, 1964). 
Discontinuities in the basal spacings of smectites, 
observable by X-ray diffraction (XRD), may be induced 
by changes in vapor pressure, type of interlayer cation, 
salinity and temperature. These discontinuities are 

referred to as stepwise changes in the hydration state 
and occur at basal spacings of <-20 A. 

The hydration condition of the layers of water 
molecules adsorbed on the smectite increases mono­
tonically from one in increments of one, according to the 
increase in the wetness. Three driving forces govern the 
swelling of hydrated smectite including the surface 
hydration force, the osmotic hydration force and the 
capillary force, the first two of which are more important 
than the last. Water molecules adsorbed onto the surface 
and into interlayer positions cause structural swelling. At 
low humidity, only the surface adsorbs water molecules 
and exchangeable cations in the interlayer. It is also free 
from hydration. As the humidity increases, the 
exchangeable interlayer cations begin to hydrate and 
the interlayer spacing increases in a stepwise fashion. As 
the humidity increases further, the externally adsorbed 
water molecules become multilayers and fill up exterior 
micropores. The osmotic hydration force is generated by 
the chemical potential of the interlayer cations being 
greater than that of the free ions in bulk solution. As a 
result, water molecules diffuse into the interlayer region, 
increase the basal spacing and form a diffusive electrical 
double layer. 

Zhang and Low (1989) determined experimentally 
the relationship between basal spacing and the ratio of 
the water mass (mw) to the smectite mass (me) in the 
Na-smectite/water system. As the ratio mwlme increases 
from 0.0 to 4.5 gig, the basal spacing increases from 
-10 A to -110 A. However, as mwlme increases from 0.6 
to 1.0 gig, basal spacings jump discontinuously from 
-19 A to 32 A. The discontinuous jump may be caused 
by the increase in the number of exchangeable cations on 
the negatively charged smectite surface as the interlayer 
hydration spacing increases. If the expulsive forces of 
the interlayer cations exceed the van der Waal's forces, 
then the attractive forces on the negatively charged 
surface and the dipole attraction may trigger an unstable 
discontinuous jump. 

Oliphant and Low (1982) measured swelling pressure 
against the thermodynamic parameters of enthalpy and 
entropy in a smectite-water system and yielded a 
regression relationship between the change in swelling 
pressure and mwlme. The relationship is described as 

II = -(iiw - h?,.)/vw + T(sw - s?,.)vw (1) 

where II: swelling pressure; iiw: enthalpy of water in a 
smectite water system; h~: enthalpy of water in a pure 
water system; vw : water volume per unit mass of water in 
a smectite water system; sw: enthalpy of water in a 
smectite water system; s~: enthalpy of water in a pure 
water system; and T: absolute temperature. 

The Vw values in Table 1 were taken from Low 
(1979) who also developed a regression equation using 
the experimental data of Anderson and Low (1958), as 
given in equation 2 which is only valid when (mwlme) > 1 
(Oliphant and Low, 1982). 
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Table 1. Thermodynamic data of water enthalpy, entropy and 
swelling pressure vs. mwlme in a smectite water system at 
25°C (after Oliphant and Low, 1982). 

mwlme -(hw - h~)/vw l'(sw - s~)/vw II 
(gig) (atrn) (atrn) (kPa) 

0.25 475.29 -343.5 13353.622 
0.30 142.15 -52.75 9058.455 
0.35 72.31 -13.77 5931.566 
1.50 1.11 6.19 739.673 
2.00 0.604 3.17 382.401 
3.00 0.292 1.59 190.694 
4.00 0.182 0.888 108.418 
5.00 0.123 0.517 64.848 
6.00 0.088 0.332 42.557 
7.00 0.074 0.226 30.398 
8.00 0.057 0.193 25.331 
10.00 0.087 -0.082 0.487 

[ 0.036 ] 
Vw = 1.002exp (mw/mc for mw/mc > 1 (2) 

In this study, the data on water density vs. the mwlme 
value of Martin (1962) was regressed by Table Curve 2D 
(SYSTAT, 2001) to yield equation 3 (Figure 3), and thus 
extend the range of application of mwlme 

p(mw/mc) = 

al + CI ('if::i + el (~/ + gl (~/ + iJ (~l + kl (~)1O 
1 + hi (,::;)2 + dl (::)4 + fi (::)6 + hi (::)8 + jl (::)10 

(3) 

where R2 = 0.89, al = 1.55, hi = -9.28, CI = -16.66, d l 

= 115.17, el = 146.88'/1 = -1176.16, gl = -1200.15 hi 
= 4411.20, i l = 4316.69,h = 5.54, and kl = 7.97 
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Figure 1. Linear relationship of basal spacing vs. the reciprocal 
of the square root of the ionic concentration (C) in moles (M) of 
Na-smectite (after Norrish, 1954). 
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Figure 2. Basal spacing vs. the ratio of water mass (mw) to 
smectite mass (me) in a Na-smectite water system (after Zhang 
and Low, 1989). 

The reciprocal relation Vw = lip is used to yield 
modified vw. Substituting the modified Vw in equation 1 
yields the swelling pressure. Low (1979) and Oliphant 
and Low (1982) did not provide experimental data on 
(hw - h~) for mwlme in the range 0.35-1.5 gig. The 
experimental data for hw - h~ vs. mwlme shown in 
Figure 4, and obtained by Zhang and Low (1989), are 
adopted to describe completely the change in swelling 
pressure over the full range of mwlme; the relationship 
between (sw - s~) and mwlme (Figure 5) is used to 
interpolate the Sw - s~ values of mwlme over the range 
0.35-1.5 gig. Thus, the experimental and interpolated 
data on swelling pressure over mwlme (Oliphant and 
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Figure 3. Adsorbed water density vs. mwlme in aNa-smectite 
water system (after Mitchell, 1993) mw: mass of water, me: mass 
of smectite. 

https://doi.org/10.1346/CCMN.2005.0530107 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2005.0530107


58 Liu and Lin Clays and Clay Minerals 

0 1200 

'i:' 
~ -100000 

~ 
800 

~ 
p... 

-200000 400 ,.\od 

"'6 
'-' 

:.s! -300000 0 

I 

I~ 
-400000 -400 

-500000 -+-.-.-,.-,.-..,--,--,--,-..,--, -800 

0.00 0.25 0.50 0.0 2.0 4.0 6.0 

mw/mc (gig) mwlmc (gig) 

Figure 4. (iiw - he.,) vs. mw/mc in a Na-smectite water system (after Zhang and Low, 1989). 

Low, 1982) and the relationship between basal spacing 
(Zhang and Low, 1989) and mw/me (Figure 2) describe 
completely the relationships among mw/me, basal spa­
cing and the swelling pressure. The basal spacing 
decreases from 110 to 43 A, and mw/me reduces 
accordingly from -4 to 1.5 gIg. As the mwlme decreases 
further, the swelling pressure drops quickly and even 
becomes negative. The substantial drop of swelling 
pressure, corresponding to the discontinuous jump is in 
the range of mw/me from 0.6 to 1.0 gIg. The mutual 
interaction energy in the interlayer region explains the 
negative swelling pressure (Zhang et al., 1995). Figure 7 
plots the distribution of the mutual interaction energy 
against the distance between the interlayers in a hydrated 
smectite. The region in which smectite swells partially 
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Figure 5. (sw - se.,) vs. mw/mc in a Na-smectite water system at 
25°C (after Oliphant and Low, 1982). 

has a primary energy minimum whereas the region in 
which smectite swells fully has a secondary energy 
minimum. The transition from the secondary to the 
primary energy minimum requires the energy barrier to 
be climbed. 

Solid-solution model 

Theory. Ransom and Helgeson (1994a) described the 
thermodynamic characteristic of hydrated or dehydrated 
smectite as the possession or lack of interlayer water. 
The structure of 2:1 type smectite does not change 
during dehydration. The interlayer region in the silicate 
structure can be considered to be a solvent; the water is 
the solute dissolved in the solvent, and the solution is 
called a solid-solution. Using OIO(OHh as a base 
crystal-chemical unit, Ransom and Helgeson (1989) 
expressed hydrated Na-smectite (Nao.3AI1.9Si401O 
(OHh·nH20, where n is the number of moles of water 
in the fully hydrated Na-smectite). In this paper we also 
adopt this model with the modification that Na-smectite 
is a solid-solution with basal spacings from 10 to 19 A. 
Na +-rich seawater intrudes upon the coastal ground­
water. We also follow the assumption of Ransom and 
Helgeson (1989) that 2:l-type dioctahedral and tri­
octahedral Na-smectite exhibit the same thermodynamic 
solid-solution properties. 

The chemical and thermodynamic properties of 
interlayer water differ from those of pore water. 
Interlayer water can be considered as water bonded to 
a mineral, forming a hydrated mineral. When dehydra­
tion occurs, the interlayer water will be released from 
the hydrated smectite to form H20 and a homologous 
anhydrous 2:1 layer-silicate counterpart. This behavior 
is analogous to the reversible intracrystallization reac­
tion of a solid-solution and is specified by the following 
equation (Ransom and Helgeson, 1994a, 1995). 
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Figure 6. Relationships among swelling pressure, basal spacing and mw/mc in a Na-smectite water system at 25°C. 

(4) thermodynamic equilibrium constant. Therefore, the 
reaction tends to move to the left when water content 

where hs denotes hydrous smectite; as denotes anhy­
drous smectite; n is the number of moles of water 
released from I mole of hydrous smectite, and K = 

+ 

Energy barrier 

Primary energy minimum 

exceeds equilibrium (for example, before the end of 
primary consolidation), thereby generating a hydrous 
form of smectite with a higher volume than otherwise. 

Second energy minimum 

Interlayer distance, A 

Figure 7. Interaction energy vs. interlayer basal spacing of a hydrated smectite (after Zhang et al., 1995). 
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After most of the pore water is slowly drained out, the 
reaction tends to move to the right until equilibrium is 
reached. 

If the distribution of hydrous and anhydrous smectite 
is described as a mole fraction at equilibrium, then the 
thermodynamic equilibrium constant (K) in equation 4 
can be expressed as 

K = aas(aH,Or XasAas(aH,Or (5) 
ahs XhsAhs 

where ai, Xi, and Ai represent the activity, mole fraction, 
and activity coefficient of component i, respectively. 
Assuming a binary system wherein only hydrous and 
anhydrous smectite components are present in solid­
solution, the sum of the mole fractions of hydrous and 
anhydrous smectite components equals one 

(6) 

Then, equation 4 can be rewritten as 

[1 - XhS ] [Aas] log K = log ~ + Ahs + n log aH,O (7) 

where the ratio Aa.lAhs was set to be constant by 
assuming that the effect of pressure on Aa.lAhs is 
negligible. 

Defining a parameter <I> as 

<I> == log (1 - X hS ) + n log aH,O (8) 
Xhs 

a relationship between the equilibrium constant and <I> is 
established (Ransom and Helgeson, 1994a) 

<I> = -W.l2.30RT(2Xhs - 1) + log K (9) 

The value of <I> in equation 8 can be determined from 
the mole fraction of hydrous smectite, Xhs. If the number 
of moles of water released per mole of hydrous smectite, 
n, is also known, a linear relationship between <I> (y axis) 
vs. (2X - 1) (x axis) can be plotted, yielding a slope of 
-Ws12.30RT and an intercept of log K. 

Number of moles of water released per mole of hydrous 
smectite. The interlayer molar volume (Vii) can be 
determined by (Ransom and Helgeson, 1994a, 1994b) 

Vi = (abC. cos(90 - ~)) N, 
Ii 1024Z 0 (10) 

where a = 5.17 A, b = 8.99 A and ~ 100° are 
parameters associated with the smectite unit-cell; c is the 
interlayer thickness; Z = 2 is the number of units in the 
chemical formula of the smectite unit-cell, and No is 
Avagadro's number. 

Ransom and Helgeson (1994a) analyzed the XRD 
results of Power (1967), Burst (1969), Perry and Hower 
(1972) and Bruce (1984), and suggested that the basal 
spacing in a dioctahedra1 aluminous smectite structure 

ranges from 15.7 to 10 A in a subsurface hydrogeolo­
gical environment. The loA basal spacing corresponds 
to free interlayer water of the dehydrated smectite, 
whereas the 15.7 A basal spacing represents the fully 
hydrated condition. If the basal spacing exceeds 15.7 A, 
then the characteristics of the adsorbed water were 
proposed to resemble those of the bulk pore water. 
Although the experimentally measured basal spacing of 
the hydrated interlayer water may exceed 15.7 A, 
Ransom and Helgeson (1994a) accepted the conclusion 
of van Olphen (1963), who suggested that the natural 
compaction of clay sediments could expel the water in 
the smectite interlayers and reduce the basal spacing to 
one equal to or smaller than 15.7 A. Accordingly, they 
inferred that the basal spacing of smectite in the 
subsurface formation ranges from 15.7 to loA because 
an overburden of pressure can expel the adsorbed water 
the basal spacing of which exceeds 15.7 A. Ransom and 
Helgeson (1994a) then derived a general formula that 
showed that 1 mole of a hydrated smectite mineral 
contains 4.5 moles of water, based on an interlayer basal 
spacing of 15.7 to 10 A. Furthermore, they performed a 
regressional analysis of the data on relative humidity 
against the amount of interlayer water measured by 
Keren and Shainberg (1975) in Na-smectite at 25°C 
under 1 bar standard conditions, and developed a 
thermodynamic solid-solution model of smectite dehy­
dration, including the equilibrium constant of the 
smectite dehydration reaction, the standard Gibbs free­
energy change and the mole fraction of hydrated and 
dehydrated smectite. Ransom and Helgeson (1995) 
extended the smectite dehydration model and derived 
the temperature and pressure-dependent equilibrium 
constant. However, the temperature and pressure-depen­
dent equilibrium constant is yet to be validated by both 
field and laboratory experiments. 

Wu et al. (1997) conducted a smectite hydration 
experiment at pressures from 1 to 8,555 bar and 
temperatures from 50 to 500°C. The results are 
compared with those of the smectite dehydration solid­
solution model developed by Ransom and Helgeson 
(1995) who suggested that the three layers of water 
molecules with a basal spacing of -19 A were thermo­
dynamically valid and that the applicable basal spacing 
in the solid-solution model should be revised from loA 
associated with complete dehydration to -19 A asso­
ciated with the fully hydrated end-member. 
Experimental results also imply that a pressure of 
150 Mpa, equivalent to a depth of 6.5 km in the Gulf 
Basin, yields three interlayers of water molecules in Ca­
smectite. Fitts and Brown (1999) confirmed experimen­
tally that the basal spacing in a hydrated Na-smectite at 
25°C and at 1.3±0.3 Mpa can fall from 18.5 to 15.4 A 
during dehydration (at an equivalent pressure to that at 
60 m formation depth). 

The discussion above shows that the thermodynamic 
solid-solution model developed by Ransom and Helgeson 
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(1994a, 1995) needs to be modified and the basal spacing 
ranges extended from 10 to 19 A, to describe completely 
the change in basal spacing during smectite dehydration. 
Hence, the land subsidence due to smectite dehydration 
caused by the over-pumping of groundwater can be 
quantified adequately. Substituting these values into 
equation 10 yields Vii = 123.6 cm3/mole. Based on the 
assumption of the structure of hydrous smectite, I mole of 
OlO(OH)z and 0.3 mole of Na+ are always present in 
I mole of hydrous smectite. The parameter c is set to 9 A 
(19 A minus 10 A). Subtracting the molar volume ofNa+ 
(2.66 cm3) from a hydrous smectite yields an interlayer 
water molar volume of 122.8 cm3/mole. The number of 
moles of water released by the dehydration of hydrous 
smectite is thus 

n - Pil TT --ril 
Mw 

(11) 

where Pil is the density of the interlayer water; Mw is the 
molecular weight of water and equals 18.05. Hawkins 
and Egelstaff (1980) measured the average interlayer 
water density as 1.05 g/cm. Substituting in values of Pil 
and M w , gives an n value of 7.16. 

Regression of experimental data. Fu et al. (1990) and 
Yasyerli et al. (1999) measured relative humidity (PH,d 
i1I,o against mw1mc in smectite-water and kaolinite-water 
systems, respectively, at 25°C and at I bar, as shown in 
Figure 8. These data are used to estimate the mole 
fraction of hydrous smectite in the solid-solution, Xhs• 

Smectite can adsorb water in the interlayer spacing 
and on the outer surface. Therefore, (PH,oIP'lr,o VS. 

mw1mc as measured by Fu et al. (1990) must be modified. 
Ransom and Helgeson (1994a) showed that kaolinite 
does not have an interlayer spacing and a water molecule 
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Figure 8. (PH,oIP'iI,o) vs. mw/mc for a Na-smectite-water system 
(after Fu et al., 1990; Yasyerli et al., 1999). 

can only be adsorbed at a surface position. Thereby, the 
data of Fu et al. (1990) for a smectite-water system and 
data measured by Yasyerli et al. (1999) for a kaolinite­
water system can be used to derive the relationship of 
(PH,oIP'lr,o) against mw1mc and Xhs can be estimated. 

A number of moles of water in the interlayer spacing 
of partially dehydrous smectite, nil, is given by 

(gs - 2~)Msm 
nil = -=----,,-=:-'--­

Mw 
(12) 

where gs represents the mass of adsorbed water in 
smectite; gk is the mass of adsorbed water in kaolinite, 
and Msm is the molecular weight of smectite. The mole 
fraction of the hydrous smectite in a partially dehydrous 
state, Xhs> is 

(13) 

where 7.16 molecules of water are adsorbed in hydrous 
smectite. 

Using the linear relationship of <I> vs. (2Xhs - I) 
defined in equation 8 and reconstructing the data in 
Figure 8, yields Figure 9. The slope, -Ws12.30RT, in 
equation 9 is 2.30, and the intercept, log K, is -1.76. 
The activity of the adsorbed water in the hydrous 
smectite at ambient temperature and pressure is 

(14) 

Figure 10 plots aH,O against Xhs obtained from 
equations 12 to 14. Xhs equals 0.79, as the activity of 
water becomes unity. 

Pressure dependent equilibrium constant. The thermo­
dynamic solid-solution model of the smectite dehydra-

o 

-2 

cD 

-4 

0 Dehydration 

Regression 

-6 

-1.5 -1 -0.5 0 0.5 
2Xhs -1 

Figure 9. Using the linear relationship of <Il vs. (2Xhs - 1) to 
obtain the slope - Wsl2.30RT and intercept (log K). 
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Figure 10. Interlayer water activity (aH,O) vs. mole fraction of 
hydrous smectite (Xhs). 

tion reaction is derived at 25°C and 1 bar. The basal 
spacing ranges from loA for complete dehydration to 
19 A at complete hydration. However, the pressure in 
the subsurface shallow sediment exceeds 1 bar; thus, the 
change in the equilibrium constant at various pressures 
must be derived. 

According to chemical equilibrium, log K can be 
calculated from the change in Gibb's free energy (crn2o, p) 
at any temperature and pressure, by the following 
equation. 

log K = -1/2.30RT(L1G~) (15) 

where Rand T denote the gas constant (8.31 J/mole K-1) 
and temperature (K), respectively. L1G~ is the reaction 
Gibb's free energy and may change with the environ­
mental conditions (kcal/mole). The relationship between 
pressure change and L1~ at the reference temperature 
(298.15 K) is 

p 

L1G;,P = L1G;,P, + J L1VdP (16) 

P, 

where Pr is the reference pressure of 1 bar, (1 bar = 

100 kPa), and P stands for any pressure of interest (kPa). 
L1 V is the volume change due to the release (or swelling) 
of water from 1 mole of soil particles when the pressure 
changes from Pr to P, and can be expressed as 

L1V = (vl!s,P - vl!s,P) + (~s,p - ~s,P) + 
7.l6(~2o,p - ~20,P) (17) 

where (vl:s,P - vl:s,P) denotes the change in the molar 
volume of hydrous smectite as the pressure changes from 
Pr to P (cm3/mole); (~s,P - ~s,P) denotes the change in 
the molar volume of anhydrous smectite as the pressure 

changes from Pr to P (cm3/mole), and (M'r2o,p - VOH,O,p) 
denotes the change in molar volume of water when the 
pressure changes from Pr to P (cm3/mole). 

The experimental data in Figure 6, for which the 
swelling pressure > 1 bar are selected then, a regression 
of mw1mc vs. swelling pressure in the smectite water 
system, yields 

where a2 = 281205.92, b2 = 144.55, C2 = -3053451.86, 
d2 = -1024.38, e2 = 12393272.52, fi = 2493.08, g2 = 

-22966605.92, h2 = -3372.84, i2 = 16427912.70, h = 

6996.25. 
The value of P(mw1mc) obtained from equation 18 

and the relationship of mw1mc with the basal spacing (c) 
yields the relationship between basal spacing and 
swelling pressure as 

c(P) = a3 + b3P + C3p2 + d3P3 + e3? + f3p5 + 
g3P6 + h3P7 + i3P8 + hp'J + k3PlO + 13P11 + 
m3pI2 + n3p13 + 03pI4 + P3pI5 + Q3PI6 (19) 

where a3 = 18.42, b3 = 9.76 X 10-5, c3 = -1.13 X 10-7, 
d3 = 1.33 X 10-11 , e3 = -7.57 x 10-16,./3 = 2.56 x 10-2°, 
g3 = -5.68 X 10-25 , h3 = 8.81 X 10-3°, i3 = 

-9.86 X 10-35, h = 8.12 X 10-4°, k3 = -4.96 X 10-45, 
13 = 2.24 X 10-5°, m3 = -7.40 x 10-56, n3 = 1.73 x 10-6\ 
03 = -2.73 X 10-67 , P3 = 2.59 X 10-73 , q3 = 

-1.12 X 10-79• 

Substituting equation 19 into equation 10 to obtain 
the molar volume of hydrous smectite enables the I;' L1 V 
dP part in equation 16 to be expressed as 

P J L1VdP = 

P, 

P 

J {13.73[c(P) - c(Pr)] + 7.l6(~2o,p - ~2o,p,)}dP = 

P, 

P 

13.73 J [c(P) - c(Pr)]dP + 7.l6(~2o,p - ~20,P)-
P, 

7.l6~2o,p,(P - Pr) (20) 

where c(Pp) is the basal spacing at the reference pressure 
(Pr); ~o,p and ~20,P, denote the standard molar Gibbs 
free energy of bulk water at pressures P and Pro 
respectively. The values of (G~20,P - ~20,P) and 
M'r2o,p in this study were generated using the computer 
program SUPCRT92 (Johnson et al., 1992). Thereby, 
equations 17 and 20 can be used to compute the standard 
molar Gibbs free energy at a specific formation pressure; 
then equation 15 can be employed to determine the 
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corresponding equilibrium constant K. Finally, equa­
tion 7 can be adopted to determine the mole fractions of 
hydrous and anhydrous smectite, Xh.,p and Xas,P 

respectively, at a formation pressure, P. 

ESTIMATION PROCEDURES 

Consider the equilibrium condition in which swelling 
pressure balances the effective stress (Figure 11). Recall 
Figure 6, as mwlme decreases from -5 to -l.5 gig, the 
corresponding swelling pressure increases from 
64.94 kPa (-6 m below the surface) to 740.95 kPa 
(-66 m depth below the surface) and then reaches a 
critical value P. If mwlme declines further from -l.5 gig, 
then the swelling pressure will drop rapidly even to 
negative values, triggering a discontinuous jump in the 
basal spacing. Thus, the pumping of groundwater results 
in a drawdown of groundwater and decreases the 
pressure of the pore water. The effective stress applied 
to the hydrous smectite increases correspondingly. 
Based on Figure 6, three different conditions may 
pertain. 

Condition 1. The original effective stress applied to the 
smectite is <740.95 kPa. As the groundwater is pumped, 
the effective stress increases but remains <740.95 kPa. 
This condition is said to pertain Zone A, to the right 
hand of the critical point P (Figure 6). In Zone A, the 
swelling pressure increases as mwlme decreases and the 
basal spacing decreases accordingly. 

Condition 2. The original effective stress applied to the 
smectite is <740.95 kPa. As the groundwater is pumped, 
the effective stress increases and exceeds 740.95 kPa. 
The condition depicted in Figure 6 reveals the original 
effective stress in Zone A, to the right of the critical 
point P, increases past the critical point P of a 
discontinuous jump in the basal spacing, and enters 
into Zone B. The basal spacing is reduced from its value 
under stable conditions to -19 A (mwlme decreases to 
1.0 gig) and the dehydration reaction continues until it 
reaches chemical equilibrium. 

a: total site s s 

~ I: effective stress 

p,.: pore pressure 

t;.P: swelling pressure 

Figure 11. Schematic diagram of the equilibrium between 
swelling pressure and effective stress in the interlayer of N a­
smectite (after Fitts and Brown, 1999). 

Condition 3. The original effective stress applied to the 
smectite exceeds 740.95 kPa, i.e. the smectite has to 
pass through the region of a discontinuous jump in the 
basal spacing and is in Zone B. The dehydration reaction 
is at chemical equilibrium. As the pumping begins, the 
increase in effective stress disturbs the dehydration 
reaction and leads to the dehydration reaction. 

Given the above three dehydration conditions, two 
methods for evaluating the effect of smectite dehydra­
tion on land subsidence due to the over pumping of 
groundwater are presented. 

Subsidence due to the hydration state of the interlayer 

Consider that the smectite is initially subjected to an 
effective stress of <740.95 kPa. The amount of sub­
sidence of hydrous smectite is estimated from its 
interlayer's hydration state. Brown and Ransom (1996) 
and Fitts and Brown (1999) proposed a modified 
equation for porosity (<I» based on the hydration state 
of smectite. The porosity of soil is defined as 

<I> == Vv = (Mp) / (~) = (WeMs) Pb (21) 
VT Pw Pb Pw 

where <1>: porosity, Vv : void volume of soil (cm3), VT : 

bulk volume of soil (cm3), Mp: mass of water released by 
heating per unit mass of soil (g), Ms: mass of dry soil 
after dewatering by heating per unit mass of soil (g), We: 
ratio of pore-water mass to dry soil mass, Pw: pore water 
density (g/cm3 ), Pb: soil bulk density (glcm3). 

Additionally, Mp + Ms = 1, and We = MplMs leads to 

Ms = 1 +1 We (22) 

Therefore, the modified porosity equation of hydrous 
smectite can be regressed as (Brown and Ransom, 1996) 

(23) 

Regressing the equation for mwlme the swelling pressure 
(P) for mwlme from -5 to -1.5 gig in Figure 6 yields 

m(P) = a4 + b4/ln P + c4/(ln p)2 + d4/(ln p)3 + 
e4/(ln p)4 + f41(ln p)5 (24) 

where a4 = 42.29, b4 = -813.70, C4 = 5538.86, d4 = 

-14365.26, e4 = 7932.78,14 = 14162.76 

IX = m(P)/(1 + m(P» (25) 

The value of IX at different swelling pressures (or 
effective stress) can be determined using equation 24, 
and substituted in equation 23 to yield the modified 
porosity of smectite in the hydrous state. The physical 
interpretations of soil porosity (<I» and modified porosity 
of smectite in the hydrous state at IXI and IX2 (where IXI > 
1X2' <I> > <1>"'2 > <1>",,) are as follows. 
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The term <I> is measured by vaporizing the interlayer 
water and thus overestimates the soil void volume and 
yields the largest porosity; a higher hydrous state of 
smectite refers to the occupancy of interlayer water of 
more void volume and a smaller porosity, and vice versa. 
Thus, the difference between the porosity in the hydrous 
states IXI and 1X2 of smectite is 

(26) 

Initially, the aquifer is not over pumped; the original 
hydrous state of smectite is at IXI. As the aquifer is over 
pumped, the effective stress and the swelling pressure 
increase accordingly to compact the soil skeleton and 
expel water from the interlayer. The hydrous state of 
smectite is then 1X2. The volume of water expelled from 
the interlayers of smectite in hydrous states IXI and 1X2 is 
A<I>· VT and equals the compressed volume of smectite. 
Accordingly, the amount of subsidence caused by the 
expulsion of interlayer water from smectite is 

(27) 

where HI is the subsidence due to the change in hydrous 
state (cm) and de is the original formation thickness 
(cm). 

Subsidence due to interlayer dehydration 

If the smectite has undergone effective stress 
>740.95 kPa, the solid-solution model can be used to 
determine land subsidence due to interlayer dehydration. 
Modify equation 16 as 

Pp 

Acf!:,pp = Acf!:,p + J A V dP 
p 

(28) 

where Pp : applied effective stress (or swelling pressure) 
on smectite after pumping (kPa); P: initially applied 
effective stress (or swelling pressure) on smectite before 
pumping (kPa); AV: volume change caused by pressure 
change from P to Pp (cm3/mole); Acf!:p : reaction Gibb's 
free energy at Pp (Kcal/mole); an'l Acf!: p: reaction 
Gibb's free energy at P (kcal/mole). ' 

From equation 14, the volume change due to a 
pressure change from P to Pp is 

AV= (J1!.p - J1!.p) + (f!p - v.?p) + , p , , p , 

7 .16( Vll:,o,Pp - Vll:2o,p) (29) 

where ( f1. p - f1. p): volume changes per mole of 
hydrous sm~;tite as pressure changes from P to Pp (cm31 
mole); (v.? p - v.? p): volume changes in anhydrous 
smectite as 'p~essure' changes from P to Pp (cm3/mole); 
(~op - ~ op): volume changes per mole of water as 
pre;s~~ change~ from P to Pp (cm3/mole). 

Thereby, the second term on the right-hand side of 
equation 28 can be expressed as 

Pp 

J AVdP= 
p 

Pp 

J {13.73[c(Pp) - c(P)] + 7.16(~,o,l'p - ~,o,p)}dP = 
p 

Pp 

13.73 J c(P)dP - 13.73c(P)(Pp - P)+ 
p 

7.16(~,o,pp - ~,o,p) -7.16~,o,p(Pp - P) (30) 

where c(P) denotes the basal spacing (ft..) at pressure P. 
Equations 28-30 can be used to evaluate the standard 

Gibb's free energy of an increase in effective stress (Pp) 
caused by the over pumping of groundwater. The 
corresponding equilibrium constant K can be computed 
using equation 15. Equation 7 then determines the 
hydrous and anhydrous mole fractions of smectite at 
Pp (Xhs,pp and Xas,Pp' respectively). The mole fraction 
change due to smectite dehydration from P to Pp is 

(31) 

Thus, the land subsidence caused by over pumping 
required to trigger the dehydration of smectite is 

H2 = AXa• x Vew x de X p. 
Ve 

(32) 

where H 2 : amount of land subsidence estimated using 
the theory of the interlayer dehydration of solid-solution 
(cm); Yew: water volume per mole of smectite 
(122.8 cm3/mol); de: original thickness of formation 
(cm); Ps: proportion of smectite in a clay system; Xas: 
mole fraction of anhydrous smectite due to dehydration 
of smectite; and Ve: molar volume of anhydrous 
smectite. This study adopts Montana II (NaO.76(Al1.51 
MgO.19Fe6:'23)(Alo.34Si3.66)OlO(OHh·4.5H20, of which 
the molar volume is 215.36 cm3/mol (Ransom and 
Helgeson, 1994b); changes the amount of interlayer 
water from 4.5 to 7.16 mole and modifies Ve = 

260.67 cm3/mol). 
The overall subsidence (H) caused by the dehydration 

following the over pumping of groundwater is the 
summation of the subsidence due to the change in 
interlayer hydration state (HI) and the subsidence due to 
interlayer dehydration (H2 ) 

(33) 

FIELD APPLICATIONS 

The Yun Lin coastal area, located in the southwestern 
coastal region of Taiwan, is in the southern part of the 
Chuo-Shui River alluvial fan as depicted in Figure 12. 
The Taiwanese government has targeted the Tai-Shi and 
Mai-Liao area, located along the Yun Lin coastal line, as 
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Figure 12. Location ofChou-Shui River alluvial fan in Taiwan. 

a major industrial infrastructure complex and intends to 
construct a high-speed railroad route in the near future. 
Subsidence-monitoring data shows the Yun Lin coastal 
area is still subsiding. Therefore, the evaluation of the 
cumulative amount of land subsidence in this area is 
critical. The alluvial fan has an area of -1800 km2 and is 
broadly partitioned into the proximal-fan, mid-fan and 
distal-fan areas. Unconsolidated sediments that underlie 
the alluvial fan contain much groundwater and are of 
late Quaternary age. The hydrogeological proximal-fan 
formation, which is primarily composed of gravel and 
sand, is regarded as an unconfined aquifer. The aquitards 
in the distal-fan and mid-fan areas gradually diminish 
toward the east. The conceptual hydrogeological profile 
suggests that highly permeable materials are assumed to 
be present in the extended aquitards of the proximal-fan 
area. The upper aquifer is then labeled 'aquifer 1'. The 
intermediate aquifer is labeled 'aquifer 2'. Finally, the 
lower aquifer is labeled 'aquifer 3' (Figure 13). The 
long-term average amounts of groundwater pumped and 
recharged from 1970 to 1990 were 1.326 and 
1.024 x 109 m3/y, respectively. These statistics indicate 
that a substantial amount of groundwater was over­
drafted from the aquifers (Central Geological Survey, 
1999). Groundwater levels fell markedly from 1970 to 
1990 but recovered slightly after 1991. 

Subsidence at Yun Lin began in 1970. Before 1980, 
the region of subsidence was limited within the King-Hu 

area. In 1980, the region ofland subsidence extended to 
the Tai-Shi area and in 1987 the land subsidence further 
expanded to the estuary of the Chou-Shui River. By 
1998, the annual subsidence exceeded 10 cmly in the 
Yun Lin coastal area of -120 km2 • The cumulative land 
subsidences from 1975 to 2000 at Mai-Liao, King-Hu, 
Tai-Shi and Yi-Wu were 92, 195, 208 and 188 cm, 
respectively (Water Resources Bureau, 2001a). Tai-Shi 
is the most seriously affected area. The model developed 
is thus used to examine the effect of smectite dehydra­
tion on land subsidence in the Yun Lin offshore 
industrial infrastructure complex and the Tai-Shi area. 

I distal-fan I II •• 
mid-fan • r~ximal-f~ 

sea mount 
plain 

aquifer 1 

aquita~rd~ ____ :;::;;;::: 
aquifer 3 

aquitard 

w ...... I-----I.~ E 

100 

o 

-100 

-200 

-300 

(m) 

Figure 13. Conceptual hydrogeological profile of Chou-Shui 
River alluvial fan. 
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Yun Lin offshore industrial infrastructure complex 

The Yun Lin offshore industrial infrastructure com­
plex is to be developed by pumping ocean sand to 
construct offshore land for industrial needs (Figure 12). 
The Industry Bureau has estimated that the surface 
subsidence of the new land was 60-70 cm in the first 
year, <10 cm in the fourth year and will stabilize to a 
negligible value after the fifth year. The analysis by the 
Industry Bureau did not account for the effect of 
smectite dehydration on the subsidence of the land 
(Industry Bureau, 2000). Given the stratigraphic core 
sequence and the soil's mechanical properties recorded 
at the land subsidence monitoring well in the Shi-Shi 
district, Terzaghi's (1925) one-dimensional compaction 
theory is employed to compute the land subsidence 
caused by primary consolidation in a layered formation 
and that caused by smectite dehydration. 

Table 2 presents computed results obtained using 
Terzaghi's one-dimensional compaction theory; the final 
cumulative subsidence of a 200 m-thick offshore forma­
tion is predicted to be 69.64 cm. The amount of 
subsidence will be 61.15 cm over a compacting time of 
285.5 days, comprising 95% of the final accumulative 
subsidence. The subsidence becomes 69.40 cm after 900 
days (or 2.5 y) of compaction, and then reaches its final 
value. Figure 14 is a plot of the measured land 
subsidence and the computed land subsidence, according 
to Terzaghi's compaction theory, against time for a 
200 m deep formation. The measured land subsidence 
does not stabilize after the fifth year whereas the 
computed land subsidence stabilizes after -2.5 y. The 
difference between the measured and computed stable 
land subsidence is 32.75 cm. Using the smectite 
dehydration model, the computed land subsidence 
caused by smectite dehydration is 30.07 cm including 
29.65 cm of HI and 0.42 cm of H2 as shown in Table 3, 
which is close to the underestimate of 32.75 cm, 

150 ----Measured subsidence 

--------- Computed subsidence by Terzaghi theory 

o 2 3 4 5 
Time (y) 

Figure 14. Comparison of the measured land subsidence and 
land subsidence computed using Terzaghi theory at a depth of 
0-200 m in the Yun Lin offshore industrial infrastructure 
complex. 

obtained using Terzaghi compaction theory. Including 
the effect of smectite dehydration on subsidence yields a 
computed result that agrees well with the measured 
subsidence data. 

Tai-Shi area 

Tai-Shi is located in the Yun Lin coastal area 
(Figure 12). The original groundwater level of Tai-Shi 
before land subsidence was 0 m in 1968. By 2000, the 
multilevel monitoring well observed groundwater levels 
of -8, -17.2, -17.2 and -10 m, respectively, at depths 
49, 105, 203 and 282 m (Water Resources Bureau, 
2001b). The fall in groundwater level was used to 
compute the increase in effective stress in the strata. 
Based on the stratigraphic core sequence obtained from 
the land subsidence monitoring well in Tai-Shi, the 
strata are divided into 58 parts and grouped in 33 
sub layers by classification as clay, clay/fine sand, sand 
and gravel (Figure 15). 

The subsidence determined from smectite dehydra­
tion caused by the over pumping of groundwater in Tai­
Shi (depth of 300 m) is 19.88 cm including 19.77 cm of 
HI and 0.108 cm of H 2. The amount of subsidence 
resulting from the solid-solution model of smectite 
dehydration, when the effective stress applied to the 
strata exceeds 740.95 kPa after over pumping in Tai-Shi, 
is 0.108 cm (H2 ), representing only 0.54% of overall 
subsidence caused by smectite dehydration. 

Figure 15 is a plot of measured accumulated 
subsidence and computed land subsidence from smectite 
dehydration, against depth in Tai-Shi. The results 
indicate that the major land subsidence caused by 
smectite dehydration occurs in shallow subsurface 
formations (-0 to 60 m depth) whereas only a small 
amount of land subsidence caused by smectite dehydra­
tion was present at a depth of >60 m. The increase in the 
effective stress caused by the fall in groundwater level is 
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Figure 15. Comparison of the cumulative measured land 
subsidence and land subsidence caused by smectite dehydration 
vs. depth in Tai-Shi. 
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not sufficient to enable the release of water in the 
smectite interlayer in a deeper subsurface formation. 
Additionally, the data obtained at the multilevel land 
subsidence monitoring well from 1975 to 2000, and the 
benchmark measurements of the ground surface in 1975, 
1989 and 2000 indicate that the accumulated land 
subsidence in Tai-Shi from 1975 to 2000 is 208 cm. 
The estimated land subsidence due to smectite dehydra­
tion resulting from over pumping in Tai-Shi is 9.56% of 
the accumulated land subsidence measured in the field. 

CONCLUSIONS 

This study develops a novel smectite dehydration 
model of land subsidence in a shallow sedimentary 
basin. Based on the theory and experimental results for 
the swelling pressure, interlayer water content and the 
basal spacing taken from Oliphant and Low (1982), 
Zhang and Low (1989), and Fu et al. (1990), the solid­
solution model of smectite dehydration developed by 
Ransom and Helgeson (1989, 1994a, 1994b, 1995), and 
the porosity correction relation of the hydrous smectite 
provided by Fitts and Brown (1999) and Brown and 
Ransom (1996), an evaluation model of the hydration 
state of smectite and a solid-solution model of smectite 
dehydration were formulated. The smectite dehydration 
model was applied to quantify the subsidence of land 
due to smectite dehydration in the Yun Lin offshore 
industrial infrastructure complex and the Tai-Shi area. 
The amount of subsidence attributed to smectite 
dehydration is determined using in situ stratigraphic 
data collected from the land subsidence monitoring well, 
the model of the hydration state of smectite and the 
solid-solution model of smectite dehydration. 

The subsidence in the Yun Lin offshore industrial 
infrastructure complex at a depth of 200 m, calculated 
using Terzaghi's compaction theory for primary con­
solidation at 2.5 y, stabilizes and reaches its final 
accumulated value of 69.40 cm. However, the measured 
subsidence does not stabilize after 5 y. The difference 
between the measured and computed land subsidence is 
32.75 cm, and is close to the 30.07 cm of subsidence due 
to the dehydration of smectite. Including the effect of 
smectite dehydration yields a computed result that 
agrees with the field measurement. The computed results 
for subsidence due to smectite dehydration caused by the 
over-pumping of groundwater in Tai-Shi (0-300 m) is 
19.88, representing 9.56% of the accumulated subsi­
dence measured in the field. The major land subsidence 
caused by smectite dehydration occurs in a shallow 
formation with a depth of 0 to 60 m, whereas only a 
small amount of subsidence developed in a deeper 
formation (>60 m). The result reveals that smectite 
dehydration is of importance in assessing and predicting 
land subsidence in a shallow sedimentary basin. 

Future work should address the kinetics of smectite 
dehydration, the development of the solid-solution 

model for smectite dehydration as a function of pressure 
and temperature in a radionuclear waste disposal site in 
which the backfill materials include smectite as a 
barrier, and an analysis of smectite dehydration due to 
the rapidly changing formation stress during fault 
displacement or an earthquake. 
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