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12.1. IntroductIon

There is much experimental evidence, for example, 
from Tokunaga and Wan [1997], Su et al. [1999], and 
Dragila and Weisbrod [2003] that partially filled pores 
contribute substantially to preferential as well as diffuse 
flow. Preferential flow is known to be critically important 
to contaminant‐transport and water‐resource issues, and 
its occurrence in unsaturated media is widespread 
[Nimmo, 2012]. An important feature is that because of 
reduced viscous friction from there being less solid sur
face in contact with the flowing liquid, flow in partially 
filled conduits can be faster than in totally filled conduits, 
as commonly noted in textbooks on fluid dynamics. 
Various researchers [e.g. Tokunaga et al., 2000; Tuller and 
Or, 2001; Hincapié and Germann, 2009; Nimmo, 2010] 
have developed models based on partially filled pores.

Complications arise from the dominance of  different 
physical processes affecting flow in the matrix and 
the  fractures, given that observed hydrologic behav
ior results from their combination and the interaction 
between them. This poses a serious challenge to traditional 
 unsaturated‐zone flow theory, which emphasizes a binary 
filled/unfilled state of pores that either are or are not 
 conducting flow. The unsaturated flow properties of a 
macroscopic medium are traditionally construed to result 
from the collective effect of those pores that are com
pletely filled with water. Celia et al. [1995], Or and Tuller 
[1999], and others have noted that this construct, which 
neglects the hydraulic effect of partially filled pores, is 
overused in unsaturated zone hydrology.

In this chapter we discuss and quantify the dynamics 
of  flow, replenishment, storage, and drainage of  an 
 unsaturated zone fracture‐facial domain. Spatially, it 
comprises that portion of a fracture’s internal volume 
typically within a fraction of a millimeter of the fracture’s 
internal face, within which water flow and storage occur 
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while the fracture is not completely water filled. The over
riding practical question is how can matric potentials, 
saturation state, and flowing water associated with matrix 
and fracture domains be reconciled with each other and 
with observed behavior at timescales of storms, seasons, 
and unsaturated‐zone residence. Although some termi
nology here pertains primarily to fractured rock, the con
tent may also relate to the analogous case of macroporous 
soil and other media with the possibility of unsaturated 
preferential flow. In this chapter we use the term fracture 
to refer to any possible nonmatrix flow conduit, regard
less of shape or developmental process.

Objectives of this chapter center on development of a 
model based on films and microcavities that quantita
tively accounts for both water flow and storage in the 
fracture‐facial region. This model must relate to pores 
in  matrix material that may or may not participate in 
water transport and with which it is not necessarily in 
equilibrium. We have tested this model with available 
data from lab experiments and field observations to eval
uate whether it can provide a coherent, self‐consistent 
quantification of hydrologically important phenomena 
associated with unsaturated‐zone preferential flow.

12.2. HydrodynAmIcs of  
A frActure‐fAcIAl domAIn

We consider three components that make up total 
water content. The matrix, or M component, comprises 
the internal matrix pores. Microcavities on internal 
 fracture faces make up a second component, labeled C. 

This could include the possibility of dead‐end fractures 
within the matrix that are small enough to fill by capillar
ity under realistic high (but negative) matric potential, 
and that open to a fracture face. Free‐surface films on 
internal fracture faces make up the third component, 
labeled F. The C and F regimes comprise the fracture‐
facial domain. Figure 12.1 illustrates the spatial relation
ships of these domains and their dynamics during and 
after an incidence of preferential flow from a source 
higher up in the profile.

In the matrix domain, capillary relations govern the 
moisture state as in traditional unsaturated flow theory, 
with matric potential as the controlling influence. The M‐
domain water content may be considered as the diffuse‐
domain water content θD of  the source‐responsive flux 
model [Nimmo, 2010]. Similarly, the F‐domain water con
tent may be considered the source‐responsive preferential 
flow domain of this model. The C domain resembles the 
M domain in being sensitive to capillarity but differs in 
the directness of its connection to the F domain.

12.2.1. The C Domain: Roughness 
Storage in Microcavities

The C domain is a regime of adsorptive and surface‐
tension influences that resembles traditional diffuse for
mulations of unsaturated flow. It is typically active on a 
seasonal timescale. Its wetness is based on water retention 
in the total volume of microcavities, i.e., crevices, indenta
tions, and other roughness features in faces of fractures, 
macropores, and other large void spaces of a porous 
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Figure 12.1 Diagram showing the C and F domains within a fissure. The two alternative inset drawings illustrate 
the configuration of C‐ and F‐domain water during and after a major episode of preferential flow supplied from 
above.
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medium. Such features have been hypothesized by many 
[e.g. Buckingham, 1907; Dillard et al., 2001] to retain a 
particular amount of water at given energy state. For a 
particular regular geometry of angular pores, Tuller et al. 
[1999, Appendix B] developed an exact model based on 
capillarity.

Various terms, such as “irregularities” [Price et al., 2000], 
have been used for these individual water‐containing 
 elements. Or and Tuller [2000] discussed “partially filled 
corner flow,” and also used the terms “surface roughness 
element” and “pit.” Here we use the term microcavities 
to emphasize that it is the concave portions of roughness 
irregularities in which the water is held by capillary force. 
The concept of unsaturated roughness storage is the col
lective effect of all such microcavities in an unsaturated 
medium. Kibbey [2013] computed capacity of such a 
domain as related to surface roughness, for particular 
grain‐surface topographies observed in electron stereomi
crographs.

Sensitivity to capillary control causes the function and 
behavior of the C domain to resemble those of the M 
domain. The degree of fullness is determined by capillary 
relations and the matric potential at the fracture face. For 
several reasons, it can be useful to regard the C domain as 
distinct from M. One is the possibility of disequilibrium 
between the fracture face and internal matrix. Another is 
to accommodate substantial differences in the timescale 
of interactions with the F domain, which may be very 
slow for M and essentially instantaneous for C. In math
ematical formulation of the C domain, areal concepts 
are  useful in addition to volumetric concepts, whereas 
the M domain has a more strictly volumetric character.

Retention properties, such as the water content vs. mat
ric pressure relation, of the collective microcavities of a 
natural surface in general must be determined empirically 
because the microcavities, like pores in a soil, have indi
vidually irregular geometries. Each microcavity has its 
own such relation, and for macroscopic purposes they 
have to be effectively averaged within a representative 
elementary volume.

12.2.2. The F Domain: Flow in Free‐Surface Films

The F domain is a free‐surface film‐flow regime on 
fracture faces, typically active on an individual‐storm 
timescale. Effective flow channels may sometimes occur 
in the form of sheets, ribbons, rivulets, etc. The F domain 
can be quantified using the source‐responsive model of 
preferential flow [Nimmo, 2007; Nimmo, 2010], extended 
and supplemented as appropriate.

The physical description of this domain uses free‐ 
surface film concepts and quantifications of Dragila 
[1999] and Dragila and Wheatcraft [2001]. The mathemat
ical formulation is based on laminar flow of water driven 

by gravity. Here we take it as vertical; it could be extended 
to other dimensions. In this chapter we are not explicitly 
including the possibility of waves, instabilities, or turbu
lence, though these can have major importance and could 
be incorporated in further development.

The film may also be considered equivalent to a thick 
film in the sense used by Tokunaga and Wan [2001]. 
Phenomenologically, the film is thick enough that the net 
effect of interaction between the solid surface and mole
cules of the liquid is negligible relative to the net effect 
of  interaction between the liquid molecules themselves. 
This distinguishes it from adsorbed thin films, dominated 
by adhesive force between solid and liquid. Other investi
gators, for example Tuller and Or [2001], have made a 
similar distinction between thin and thick films.

Quantitatively, the upper limit of film thickness is esti
mated to be 10 to 70 microns [Tokunaga and Wan, 1997; 
Tokunaga et al., 2000]. The thickness is not determined by 
static relationships but by the dynamic interaction of flow 
rate, driving force, flow geometry (e.g. slope angle), sur
face roughness, and properties of the liquid. For steady‐
state conditions with a given medium and liquid, thickness 
of these films depends solely on the flux of water flowing 
in them [Dragila and Wheatcraft, 2001], the same princi
ple by which a river’s volumetric flow rate determines its 
depth. This dependence on the inflow of water identifies 
the flow in such films as a source‐responsive concept 
[Nimmo, 2010]. Flux/thickness compensating mecha nisms 
as discussed by Nimmo [2007] may keep the thickness 
within a narrow range. Su et al. [2003] provide a well‐ 
documented example with measured flow characteristics.

The porosity of the F‐domain, ϕF , would equal a maxi
mum possible effective film thickness multiplied by the 
fracture facial area density. This density, symbolized M, 
is the total area of activatable fracture internal surface 
area per bulk volume of rock. This porosity would typi
cally be a small fraction of the total fracture porosity 
since the fracture internal space occupied by air is not 
part of the F‐domain. The water content θF would essen
tially equal ϕF multiplied by the fracture active area frac
tion, f. Nimmo [2010] defined f as a number between 0 
and 1 that represents the fraction of area potentially 
available for film flow that is actually occupied by flowing 
films at the time of observation.

Based on laminar flow theory the thickness of the 
 flowing films can be calculated from

 
L

v

g
z3

cos
 (12.1)

where <vz> is the average flow rate of water in the film 
(dimensions LT−1), β is the inclination angle of the frac
tures from vertical, υ is the kinematic viscosity of the 
flowing fluid, and g is the acceleration of earth gravity 
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[Bird et al., 2002, p. 46]. In a porous medium, <vz> is 
not  normally a quantity that is known or predicted. 
A formula in terms of qF, the F‐domain flux density at a 
given depth (i.e., preferential flow) would be more useful. 
Considering the fracture geometry implied by the 
macropore facial area density M, this flux density relates 
to film velocity as

 q ML vF F z  (12.2)

so the film thickness can be expressed as

 
LF
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 (12.3)

For vertical flow of water at the surface of the earth we 
can use

 
L BF

qF

M

1 3/

 (12.4)

where B (dimensions L1/3T1/3) combines the known 
 constants into one and has a value, in SI units, equal 
to 6.74 × 10−3 m1/3s1/3.

12.2.3. Fracture‐Face Model Based on  
Films and Microcavities

Actual matric potential varies continuously through 
space and across domain interfaces. The C and F domains, 
being in direct fluid contact, can be considered to have 
equal matric potential. The same value would also corre
spond to the matric potential of the edge of the matrix or 
fracture face, a boundary condition for the matrix. In 
various applications, matric potential, like other state 
variables, for simplicity is often taken to be uniform 
within matrix material. For example, it is laterally uni
form for one‐dimensional downward flow. In this case 
it would be assumed to have a single value, ψM. After 
 cessation of  input from above causes water to disappear 
from the F domain, ψC would approach equilibrium 
with the local value of  ψM at a rate determined by prop
erties and conditions within the bulk matrix and at the 
fracture face.

Key properties of this domain include the surface 
roughness and the fracture‐facial area per unit volume M 
(dimensions L−1) [Nimmo, 2010]. As mentioned above, 
storage and flow characteristics notably do not depend 
on the aperture of fractures.

Total bulk volumetric water content θ, as measurable 
by a volume‐averaging device such as a neutron moisture 
probe, in principle would be

 M C F .  (12.5)

This total water content would fluctuate as the input 
flux and the matric potential vary. Presently‐available 
volume‐average methods for measuring water content in 
the field are not sufficiently accurate to distinguish differ
ences much less than 1%, so for some purposes the θC and 
θF contributions may be locally negligible [Nimmo and 
Mitchell, 2013]. At large scales, however, the total volume 
of water indicated by small θC and θF can be significant, 
which is central to some applications discussed below.

A useful artificial concept is the volume of water per 
unit facial area of fractures, LC (dimension L). It can be 
interpreted as the effective average thickness of equiva
lent uniform film storage. Because C‐domain water has a 
microscopically irregular distribution on a rough surface, 
LC does not represent a film thickness in the way that its 
counterpart LF does.

12.3. ApplIcAtIon And results

12.3.1. Unsaturated Zone Hydrology of 
the English Chalk

The materials and setting of the English Chalk forma
tion permit simplifications that clarify the roles played by 
the M, C, and F domains. In the southeast of England, 
the Chalk is a fine‐grained (generally less than 10 μm), 
pure (more than 98% CaCO3), soft, white fractured lime
stone with some marls and flints. The unsaturated zone 
thickness can be 100 m or more. The region has a humid 
temperate climate with precipitation throughout the year. 
With high evapotranspiration in summer, recharging fluxes 
are greater in winter.

The matrix material typically has porosity of 25% to 
40% [Lewis et al., 1993]. Its saturated hydraulic conduc
tivity is typically 2 to 6 mm/d [Price et al., 1976; Lee et al., 
2006]. Pore throats of chalk matrix are small, typically 
less than 1 μm, giving it an extreme air‐entry value, about 
–250 kPa or less [Price et al., 2000]. This air‐entry value, 
in combination with the wet climate and the effect of 
interspersed impeding layers, allows the matrix water 
content to be effectively saturated in many circumstances. 
This high saturation of the fine‐pored matrix facilitates 
studies of fracture flow by minimizing the influence of 
matrix pore‐water dynamics.

The fracture porosity is typically about 1% to 2% 
[Lewis et al., 1993]. Price et al. [2000] present evidence 
from techniques of resin impregnation coupled with 
 electron microscopy, and acoustic measurements under 
varying levels of stress applied to samples, that the 
 fracture apertures are in general greater than 30 μm. This 
criterion chiefly applies to fractures that actively partici
pate in preferential flow; there are known to be smaller 
fracturelike openings that are dead‐ended or otherwise 
too poorly connected for significant flow.
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12.3.2. Recharge During Unsaturated Conditions

There is considerable evidence that recharge by prefer
ential flow mechanisms can occur through unsaturated 
chalk, observed for example from water table fluctua
tions. This includes the results of Lee et al. [2006], which 
Malek‐Mohammadi and Nimmo [in review] treated with a 
source‐responsive flux model. During a five‐week interval 
during the winter of 2006–2007 at East Ilsley, Gallagher 
et al. [2012, their Figure 9] observed a marked increase in 
water table rise while matric potentials remained negative 
in the unsaturated zone. Lewis et al. [1993], in Chalk 
catchment water balance studies, combined and com
pared streamflow, recharge, water‐table fluctuation, and 
unsaturated‐zone flow dynamics on a seasonal basis. 
They found streamflow to be greater, by as much as a fac
tor of 10, than could be accounted for by the recession of 
the water table. The discrepancy could not be explained 
by the drainage from the matrix, which stays effectively 
saturated. They estimated that drainage during one dry 
season, additional water equivalent to around 0.25% to 
0.30% of the volume of rock in the unsaturated zone, 
would be sufficient to compensate for the unexpectedly 
small apparent contribution from the aquifer.

Price et al. [2000] showed that irregularities on fracture 
surfaces provide a storage capacity in the chalk unsatu
rated zone sufficient to account for volumes of water of 
the order of those required to explain the findings of 
Lewis et al. [1993]. Their laboratory experiments included 
water retention measurements, discussed below, that Low 
et al. [1997] presented in detail. Results showed no matrix 
pores that drain and fill under natural conditions. They 
also found that large pores (up to about 100 μm diameter, 
mostly in the form of foram tests) do commonly exist, 
but their interconnections are very small and so do not 
allow drainage from the matrix. On fracture faces, how
ever, these large pores constitute microcavities of the C 
domain.

12.3.3. Conceptual Model

12.3.3.1. Damping depth and continuous flux
When water moves downward by diffusive unsaturated‐

flow processes combined with gravity, temporal fluctua
tions of infiltration at the land surface can be damped to 
the extent that the downward flux, and hence the unsatu
rated hydraulic conductivity and water content, are con
stant [Gardner, 1964; Nimmo et al., 1994]. In the English 
Chalk, multiseason tensiometer measurements show the 
matric potential becoming constant at depths of 2 to 7 m 
[Wellings and Bell, 1980; Wellings, 1984]. Given water 
table depths typically of tens of meters, this allows for a 
substantial thickness of unsaturated zone to be immune 
from variation of diffuse fluxes in the matrix. The extreme 

air‐entry value of the Chalk matrix means that the matrix 
water content would not only be constant but would be 
effectively saturated, which would likely further enhance 
its temporal stability. The low matrix hydraulic conduc
tivity of chalk also promotes stability and shallowness of 
damping depth. This picture implies that preferential 
flow occurs within fractures and interacts minimally with 
matrix material, so the English Chalk affords opportu
nity for investigation of unsaturated preferential flow in 
isolation from other flow modes.

The distribution of matric potential is likely to follow 
patterns as observed by Rutter et al. [2012]. In winter 
when the recharging flux is large, matric potential com
monly is near zero, especially in the zones just above 
impeding layers. In particular, matric potential becomes 
high above marls and may have lower values (but still 
within AEV) above that region up to the next marl. In 
drier seasons, it is likely to go to tens of kPa negative. 
Thus, the matric potential typically undulates with depth, 
but the gradient on average, from the damping depth to 
the water table, is essentially zero. Therefore, gravity‐
driven flow through the effectively saturated matrix cre
ates an ongoing steady component of recharging flux, 
whose value numerically equals the saturated hydraulic 
conductivity of  the matrix material, typically a few 
 millimeters per year.

12.3.3.2. Flow dynamics on storm and 
seasonal timescales

During periods when infiltration substantially exceeds 
ET, downward flux at the damping depth may exceed the 
steady component of recharge flux through the matrix. 
This establishes the necessary condition to drive preferen
tial flow by source‐responsive processes through the 
unsaturated zone below this level. This flux in excess of 
the matrix flux then constitutes the flow rate that deter
mines the thickness LF of free‐surface films in the F 
domain (Equations 12.1 and 12.2). Evidence from bore
hole video shows clear evidence of substantial film flow 
on borehole walls [Gallagher et al., 2012]. Assuming nat
ural fracture faces behave like the observed walls, it is 
likely that similar films occur in fractures. Tensiometers 
in boreholes for continuous monitoring have shown the 
matric potential increases above ‐5 kPa during the winter 
wet season, with the matrix, which is saturated at these 
potentials, unable to absorb water that flows down the 
fractures to the water table.

12.3.4. Seasonal Storage in Microcavities

Water retention properties of the C domain can be 
 estimated using water retention data of Low et al. [1997]. 
They used a pressure‐plate apparatus to measure the 
water content of chalk samples at a series of matric 
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potentials. The samples came from two different quarries 
and varied in size and surface roughness. Some samples 
had naturally rough faces, being either natural fracture 
faces or exposed by fracturing. Others had surfaces cut 
smooth in sample preparation. The interior of the block 
is the matrix material, while the block’s total outer sur
face area effectively acts as fracture facial area. At the 
start, the samples were totally saturated with water, and 
remaining F‐domain water was allowed to drain away 
under gravity. The pressure‐plate measurements involved 
static equilibrium without film flow, so water retained at 
the block surfaces would be in the C but not the F domain. 
Over the range of pressures applied, down to ‐150 kPa or 
further, the matrix remained above the air‐entry value 
and stayed saturated, so that changes result from the 
dynamics of the C domain. The measured changes in 
sample weight during the decreasing sequence of matric 
potentials then indicate changes in C‐domain water 
content.

Both Low et al. [1997] and Price et al. [2000] presented 
results in terms of degree of saturation of the sample vol
ume. We similarly computed θC for each sample at each ψ 
in the measured range, with results shown in Figure 12.2 
(top). Equivalent to the results published by Low et al. 
[1997] and Price et al. [2000], these are plotted on a rela
tive scale that indicates the change in C‐domain water 
from its amount at −160 kPa.

It is instructive to relate this water content change to 
what it implies concerning the total water storage in the 
unsaturated‐zone volume of the catchment, as done by 
Price et al. [2000]. In doing so it must be kept in mind that 
additional factors may become significant when moving 
from the small and perhaps idealized lab samples to 
the  entire catchment. The relevant calculation is of the 
amount of water released from a large volume of frac
tured chalk during a seasonal decline of matric potential. 
Considering seasonal variations of matric potential in 
the Chalk between −1 kPa during winter to −50 kPa or less 
during summer, the average effective storage capacity of 
the C domain is about 0.4%. This value is consistent with 
estimates of 0.25% to 0.35% that Lewis et al. [1993] had 
calculated would be needed to permit enough seasonal 
storage in the deep unsaturated zone to explain the obser
vation of high dry‐season streamflow with minimal water 
table recession.

With additional assumptions we can calculate the water 
retention on an areal basis, i.e., the volume of water per 
unit area of sample face, equal to LC, as a function 
of  matric potential. Like the original investigators, we 
assume no major internal fractures, though there may be 
dead‐end microfractures that contribute to storage but 
not rapid flow. We estimate the outer surface area of sam
ples from the reported sample volumes. Geometrically, 
for a given shape, regardless of size, the ratio of the 

square root of the area to the cube root of the volume is 
the same. Thus, the outer area of a block is

 A GV 2 3/
 (12.6)

where V is the bulk volume of  the block and G is a geo
metric factor, the surface area to volume ratio, that has 
a characteristic constant value for each type of  shape. 
For spheres and cubes, which have known surface area 
and volume formulas, it is easy to determine that G 
equals 4.84 and 6, respectively. Its value is greater for 
more elongated or more irregular shapes. For the some
what elongated, somewhat irregular shapes of  the sam
ples of  Low et al. [1997], we assume G equals 8. This 
gives the values in Table 12.1. The facial area per unit 
volume M is the ratio of  the estimated area from 
Equation 12.6 to the bulk volume in this table. Using the 
computed M values from Table 12.1 and

 C CML( ) ( )  (12.7)

we also computed effective LC for each sample at each 
ψ in the range (Figure 12.2, bottom). Again considering 
the change in retained water over a −1 kPa to −50 kPa 
range, the change in LC would be about 40 μm for sample 
SH5/5 and about 20 μ for others. These numbers are 
approximate, in particular because of uncertainty of LC 
at the wet end of the range.

It is interesting to compare LC with results of Weisbrod 
et al. [2000], who measured root‐mean‐square roughness 
about 100 to 200 μm for uncoated chalk surfaces, and 
Price et al. [2000], whose photomicrographs suggest that 
foram tests cause a similar or somewhat lesser degree of 
roughness. Note that these values, representing indenta
tions from the fracture face, can be larger than the frac
ture’s aperture. Our LC estimates of 20–40 μm are 
consistent with such roughness, given that LC represents 
an average equivalent film thickness, as if  water from 
microcavities were evenly spread over the entire surface.

Interpretation of the retention data on the areal basis 
here differs from some of the volume‐based interpreta
tions of Price et al. [2000], though it also supports the 
hypothesis of significant roughness storage. The LC inter
pretation allows comparison of D domain water per unit 
area of fracture face, thus characterizing the material of 
the different samples. Three samples show very similar 
C‐domain characteristics and the fourth indicates signifi
cantly greater retention over the range. Systematic differ
ences on the basis of natural vs. smooth‐cut surfaces and 
small vs. large samples are not apparent. Instead there is 
a distinction between the three samples from one quarry 
(PH), and the single one, with greater retention, from the 
other (SH). Though four samples cannot establish much 
confidence, this suggests a possible innate material differ
ence in samples from the different chalk formations.
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Figure  12.2 Microcavity (C‐domain) water retention for four samples measured by Low et al. [1997]. Top: 
Volumetric basis, indicating the volume of C water per bulk volume of material. Bottom: Areal basis, indicating 
the volume of C water per unit facial area of fracture faces.

Table 12.1 Volumes and areas of four samples used for water retention measurements 
by Low et al. [1997]. The designations “PH1/4” etc. are the published sample labels. 
The samples are from two different quarries, PH and SH.

Sample Bulk Volume (cm3) Estimated Area (cm2) M (m−1)

PH1/4 large smooth 68.65 139 203
PH7/8 small smooth 10.93 39 360
SH5/5 large rough 55.18 116 210
PH5/1 small rough 8.29 33 395
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12.3.5. Film Flow

Malek‐Mohammadi and Nimmo [in review] successfully 
applied the source‐responsive flux model [Nimmo, 2010] 
to predict the fast water‐table response at two sites located 
in the Upper and Middle Chalk, Broadhalfpenny, and 
Houndean. The simulated water level is compared with 
the field‐recorded data provided by Lee et al. [2006] as 
shown in Figure 12.3. In most rapid‐rise cases, the model 
predicts the final peak and timing with good accuracy. 
The model provides a practical tool for estimating a phys
ically reasonable upper bound on possible recharge for 
the Upper and Middle Chalk. The simulation results also 
demonstrate that this model can be employed in a con
tinuous mode to quantify the dominant recharge process 
over annual timescales. Optimized M values from the 
model calibration were about 300 m−1, in good general 
agreement with our estimates of M (Table 12.1) from the 
data of Low et al. [1997].

12.4. dIscussIon

12.4.1. Hydrologic Role of Roughness  
Storage and Film Flow

The three‐domain matrix‐microcavity‐film model pre
sented here usefully organizes the properties and relation
ships of the components of an unsaturated fractured‐rock 
system. The collective results of physical property and 
flux evaluations in the English Chalk unsaturated zone 
support the model and its applicability.

These results suggest some new directions for think
ing about unsaturated flow in fractured rocks. The 
model conceptually distinguishes (1) a mostly static, 

capillarity‐governed facial storage domain, whose key 
variable is the matric potential at the fracture face, 
and (2) a flow domain with water content governed by 
free‐surface film‐flow relations, whose key variable is 
the flux supplied to the domain. Both of  these facial 
domains are distinct from the matrix domain, from 
which they differ in degree of  mobility and timescale of 
interaction. The model identifies hydraulic properties 
and relationships for these unsaturated fracture‐facial 
domains and underlines their hydrologic significance.

The domain of microcavities accommodates significant 
water storage within the unsaturated zone on an interme
diate timescale. Water seasonally stored in the unsatu
rated zone in this way does not fall under the definition 
of recharge because it is not yet in the aquifer. As hypoth
esized by Price et al. [2000], It may contribute to stream
flow in the same manner as aquifer water, though given 
the possibility of rapid lateral transport, it may have too 
short a residence time in the saturated zone to register as 
a measurable rise of water table. This can be responsible 
for the minimal seasonal decline of streamflow despite 
the drastically different behavior of water table recession 
curves during wet and dry seasons as in Figure 12.3.

12.4.2. Reinitiation of Preferential Flow

This model also suggests possible mechanisms for 
 reinitiation of preferential flow after temporary cessa
tion, which would help to explain observations of long‐
range preferential flow through deep unsaturated zones 
[Pruess, 1999]. It is paradoxical how preferential flow can 
persist for years, taking tracers to depths of hundreds of 
meters while the rock remains unsaturated. The source‐
responsive travel‐time model [Nimmo, 2007] hypothesizes 
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Figure 12.3 Measured and predicted water table and precipitation over a 22‐month period at the Houndean site 
[Lee et al., 2006]. Predictions were made by Malek‐Mohammadi and Nimmo [in review] using the source‐responsive 
flux model.
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pulsed preferential flow when the water source is inter
mittent, and requires there be a mechanism to reactivate 
preferential flow. The behavior of marls noted by Rutter 
et al. [2012], in acting to generate seepage and free‐ 
surface film flow [Su et al., 2003], suggests analogous 
processes may occur where there are layers of contrasting 
impedance. Reactivation after a period of zero flux in 
the F domain could also be triggered by a pressure pulse 
that propagates downward with the initial pulse of a new 
infiltration episode. Such a mechanism could explain 
how  a source‐responsive model would apply to deep 
unsaturated zones as by Ebel and Nimmo [2013] and 
Mirus and Nimmo [2013].

12.4.3. Further Possible Extensions

Dynamics of the M, C, and F domains could also 
enhance understanding of solute transport. C‐domain 
water, which may include contaminants from the land 
surface brought to depth by flow in the F domain, may 
remain in the unsaturated zone long enough for diffusion 
to carry solutes into the matrix. This process might con
siderably enhance contaminant transport into the matrix 
at depth compared to what is transported by slow matrix 
flow or by the fast and temporary F‐domain water. Such 
a mechanism may be responsible for some bypass of 
matrix material observed by Smith et al. [1970], who 
found 15% of bomb tritium in the matrix pore water to 
reside at depths lower than was possible by matrix trans
port alone. The conclusion drawn from this was that 
while flow in the Chalk is dominated by diffusive flow, 
15% of it is transported through fractures. Foster and 
Smith‐Carington [1980] suggested that high tritium con
centration recorded in pores might occur as a result of 
diffusion from fractures to matrix domain. The three‐
domain model presented here can clarify and help resolve 
such issues.

It is possible to develop models analogous to the 
 capillary‐bundle models commonly used for flow describ
able by Darcy’s law or Richards’ equation. Similar to the 
model of Or and Tuller [2000], one could postulate a reg
ularized geometry, for example, conical pits varying in 
diameter or angle, in the way that capillaries are used for 
soil pores, and from the measured retention curve, calcu
late a corresponding distribution of diameters or angles 
that would give that curve.

12.5. conclusIons

A fracture‐facial region of the pore space, with a com
bination of a flowing phase whose fullness is determined 
by the availability and flux of preferentially flowing water, 
and a slower‐changing portion whose fullness is deter
mined by the local matric potential, can have explanatory 

value for the hydrodynamics of a hydrologic system that 
includes unsaturated fractured rock. Rough fracture sur
faces can provide storage that operates on a seasonal 
timescale, even while its replenishing fluxes operate on an 
individual‐storm timescale. Microcavities on fracture faces 
and their capability to store the percolating water creates 
conditions suitable for the water and contaminants to be 
exchanged between the two domains by diffusion.

While the long‐term water table response in the Chalk 
is controlled by the matrix flow (M domain), source‐
responsive models can represent the characteristic behav
ior of rapid water table response during unsaturated 
conditions (F domain) [Malek‐Mohammadi and Nimmo, 
in review]. The model also highlights the importance of 
C‐domain water, stored during winter (near‐zero matric 
potential), which gradually drains to the aquifer during 
summer (lower matric potentials), reducing the apparent 
water table recession.

This model should be applicable to other sites and 
media. These often would have a less uniform or coarser‐
pored matrix, making it more difficult to identify the 
specific features involved. However, the same principles 
can be applied, and the mathematical formulation 
may be valuable even if  the processes are not so easily 
distinguishable.

Estimated properties and parameter values for the 
three‐domain matrix‐microcavity‐film model are consist
ent with quantitative information from diverse sources. 
The model provides a way to link together in a consistent 
picture such quantities as recharge estimates, streamflow, 
water table fluctuation, analysis of surface roughness, 
imaging by electron microscopy, and surface roughness. 
The self‐consistency of this model, and its consistency 
with a body of diverse data in the English Chalk, sup
ports the hypothesized active mechanisms of  the 
three  domains and establishes the usefulness of  this 
framework.
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