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Abstract: Understanding fluid distribution and migration in deformable low-permeability rock 

salt is critical for geologic disposal of nuclear waste. Field observations indicate that fluids in a 

salt formation are likely compartmentalized into relatively isolated patches and fluid release from 

such a formation is generally episodic. The underlying mechanism for these phenomena remains 

poorly understood. In this paper, a hydrological-mechanical model is formulated for fluid 

percolation in a rock salt formation under a deviatoric stress.   Using a linear stability analysis, we 

show that a porosity wave (a train of alternating high and low porosity pockets) can emerge from 

positive feedbacks among intergranular wetting, grain boundary weakening and shear-induced 

material dilatancy. Fluid localization or episodic release can be viewed as a stationary or 

propagating porosity wave respectively.  Fluid pockets transported via a porosity wave remain 

relatively isolated with minimal mixing between neighboring pockets. We further show that the 

velocity of fluid flow can be significantly enhanced by the emergence of a porosity wave. The 

concept and the related model presented in this paper provide a unified consistent explanation for 

the key features observed in fluid flow in rock salt. The similar process is expected to occur in 

other deformable low-permeability media such as shale and partially molten rocks under a 

deviatoric stress. Thus, the result presented here has an important implication to hydrocarbon 

expulsion from shale source rocks, radioactive waste isolation in a tight rock repository, and 

caprock integrity of a subsurface gas (CO2, H2 or CH4) storage system. It may also help develop a 

new engineering approach to fluid injection into or extraction from unconventional reservoirs.   

 

   

 

1. Introduction 

 

Bedded or domal salt formations have been considered as candidate host media for deep 

geologic disposal of nuclear waste due to their low permeability, low porosity, high thermal 

conductivity, and ability to close and heal crack openings1. Fluid migration in salt affects waste 

isolation in such media. Significant effort has been made to understand fluid flow in salt and the 

dependence of salt permeability on various environmental factors (temperature, pressure, and 

stress)2. The permeability of salt has been theorized using the concept of dihedral angle3. Lewis 

and Holness4  experimentally determined the dihedral angle for an equilibrium halite-H2O system 

as a function of temperature and pressure and showed that, with a normal geothermal gradient in 

sedimentary basins, a halite body at a depth exceeding 3 km would have a low dihedral angle and 

thus could form a stable interconnected brine-filled porosity, leading to an increased permeability. 

Ghanbarzadeh et al.5 analyzed wells penetrating salt deposits in the Gulf of Mexico and observed 

that fluid percolation would occur at larger dihedral angles (> 60o) for porosities considerably 
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below the static threshold. They attributed this anomaly to deformation-assisted fluid percolation. 

Watanabe6 performed electrical impedance measurements on the deformation of fine-grained 

synthetic halide at 125 ℃ and 50 MPa confining pressure. The dihedral angle theory predicts an 

interconnected brine network not to form under these conditions. Nevertheless, the resistivity 

measurements indicated that the brine was interconnected at the pre-deformational stage. Further, 

the resistivity was found to increase with deformation, leading to a postulation that the brine might 

Fig. 1. (A) Brine inflow rates measured in different (as indicated by different colors) 

unheated boreholes37 and (B) patch-wise brine wetting and weeping observed on tunnel 

surfaces (courtesy of Doug Weaver, Los Alamos National Lab) at the Waste Isolation Pilot 

Plant. In B, yellow dash line is added for visual guide. 
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exist as nanoscale thin films along grain boundaries. Popp and Kern7 experimentally evaluated the 

effect of differential stress and mean confining stress on salt dilatancy and compaction. Given the 

dilatancy conditions constrained7, Schléder et al.8 suggested that, at low differential and effective 

stresses, dilatancy could develop through microcracking as the pore fluid pressure increases near 

the lithostatic pressure. Creep closure in salt excavations could also generate an increase in fluid 

pressure, leading to diffuse dilatancy and an increase in salt permeability8.  Shoenherr et al.9 

described the microstructure of halite for domal salt from the Infra-Cambrian Ara Group of the 

South Oman Salt Basin, close to an oil-bearing formation.  Samples from the Ara salt formation 

indicate the presence of bitumen in microcracks and grain boundaries, suggesting the presence of 

a near-lithostatic fluid pressure for dilatancy and fluid permeation8,9. Shao et al.2 summarized 

multiscale approaches for modeling fluid migration in salt. Using numerical simulations, they 

showed that pathway dilation along halite grain boundaries induced by a deviatoric stress created 

by an underground excavation might increase the permeability by two orders of magnitude. 

 

Field measurements of fluid inflow 

into an underground opening reveal some 

key characteristics of fluid migration in salt. 

For instance, a field investigation program 

was carried out in a salt dome in northern 

Germany at a depth of 840 meters to quantify 

local hydrocarbon occurrences10. Twenty 

boreholes were drilled and the pressure and 

hydrocarbon inflow into the boreholes were 

monitored. Interestingly, the pressure 

buildup within the boreholes differs 

drastically, even for the boreholes less than 

one meter apart, thus strongly suggesting that 

the fluid might be compartmentalized into a 

relatively isolated patches in the formation. 

In addition, the fluid inflow in a borehole is 

generally episodic2. Similar behaviors were 

observed in the Waste Isolation Pilot Plant 

(WIPP), a deep geologic repository in a Permian bedded salt in the southern New Mexico, USA. 

Characteristic episodic brine releases into different sealed horizontal boreholes in the WIPP are 

shown in Figure 1A. Furthermore, direct observations on tunnel walls indicate that brine weeping 

in salt appears to occur in patches11 (Figure 1B). In addition, brines obtained from repository drill 

holes are heterogenous in composition, indicating lack of mixing and fluid homogenization within 

the salt and during brine migration12. Thus, multiple lines of evidence suggest that fluids in salt 

formations are likely to be localized and fluid releases from such formations are generally episodic, 

though the underlying mechanism for these phenomena is unknown.  It is interesting to notice that 

acoustic emissions are generally observed in brine migration and release13,14, indicating that fluid 

migration is closely associated with dynamic microstructural adjustments of salt. Therefore, The 

mechanism involved must be a coupled hydrological-mechanical process.  Here we show that all 

the key characteristics observed in fluid distribution and migration are simply the manifestations 

of a porosity wave induced by a deviatoric stress in a deformable low-permeability medium.  

 

Fig. 2. Dihedral angle (θ) as controlled by the 

stress along a grain boundary. 
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2. Positive hydro-mechanical feedbacks  

 

Let’s consider how the stress state of a grain boundary affects the related dihedral angle. 

The dihedral angle θ can be expressed by (Figure 2): 

 

2𝛾𝑠𝑙cos (
𝜃

2
) = 𝛾𝑠𝑠 ≈ 𝛾𝑠𝑠

0 (𝜎𝑛) + 𝑘𝑠𝑠𝜏𝑠𝑠
2  (1) 

 

where 𝛾𝑠𝑙 is the surface tension of the liquid-solid interface; 𝛾𝑠𝑠 is the surface tension of the solid-

solid interface (i.e., the grain boundary); 𝜏𝑠𝑠 is the shear stress along the grain boundary; 𝜎𝑛 is the 

normal stress on the grain boundary; 𝛾𝑠𝑠
0  is the surface tension of the grain boundary at 𝜏𝑠𝑠 = 0; 

and 𝑘𝑠𝑠 is a constant characterizing the elastic shear compliance of the grain boundary. In Equation 

(1), we assume that the surface tension of a grain boundary depends on the stress state of the 

boundary. In a compressive subsurface environment, for a given far-field stress, 𝜎𝑛 remains 

roughly constant since a thin water film along a grain boundary can sustain a normal stress15, 

whereas 𝜏𝑠𝑠 could vary significantly due to the wetting and weakening of grain boundaries in the 

neighborhood as discussed below. The squared 𝜏𝑠𝑠 term on the right side of Equation (1) represents 

the contribution of strain energy to the surface tension (i.e., surface energy) of the solid-solid 

interface. Equation (1) indicates the dihedral angle decreases as the shear stress increases along 

the grain boundary, thus enhancing grain 

boundary wetting and therefore the fluid 

network connectivity. Interestingly, in an 

olivine melting experiment, Bruhn et al.16  

demonstrated that shear deformation 

could interconnect a significant fraction 

of melt pockets, initially isolated under a 

hydrostatic condition, in a solid 

polycrystalline olivine matrix. They 

postulated that, in a dynamic 

nonhydrostatic environment, 

intergranular melt percolation could be a 

viable mechanism for melt segregation 

and migration in the deep Earth. 

 

Thus, the wetting state of a grain 

boundary depends on both fluid 

availability and shear stress along the 

boundary.  It is reasonable to assume that 

grain boundary wetting could 

significantly weaken the shear strength of 

the boundary. This assumption is 

consistent with the observation that the 

presence of a trace amount of 

intergranular water can significantly weaken rock salt17. For a given far-field stress, as a grain 

boundary becomes partially wetted, the shear stress tends to concentrate along the remaining dry 

segment of the boundary, thus causing more wetting along the boundary according to Equation 

Fig. 3.  Positive hydro-mechanical feedbacks 

postulated to exist in rock salt under a deviatoric 

stress. Feedback A involves grain boundary wetting, 

boundary weakening, shear-induced dilatancy, 

suction pressure and fluid content. Feedback B 

involves grain boundary wetting and boundary shear 

stress. Two coupled feedbacks gives rise to an 

overall positive feedback between the fluid content 

and the shear stress along dry grain boundaries. 
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(1). Similarly, the wetting of one grain boundary would shift more shear stress to other boundaries 

in the neighborhood, resulting in more shear stress concentration and therefore more wetting in 

the neighborhood. At the same time, shear deformation opens more porosity of the material 

through so-called shear dilatancy18, which creates a suction pressure and thus forces more fluid 

into the weakened polycrystalline domain, thus further weakening the domain. Therefore, two 

positive hydro-mechanical feedbacks are postulated to operate in a salt formation under a 

deviatoric stress as shown in Figure 3. Feedback A controls the porosity evolution and fluid 

availability, while feedback B controls the fluid connectivity along grain boundaries. the two 

coupled feedbacks gives rise to an overall positive feedback between the fluid content and the 

shear stress along dry grain boundaries. As shown below, this overall feedback can lead to fluid 

localization and porosity wave formation. Popp and Kern7 showed that a rock salt sample could 

undergo either dilatancy or compaction, depending on the relative magnitudes of the confining 

pressure and the deviatoric stress. In that sense, the proposed positive feedback is likely to occur 

in the dilatancy regime. Note that, though the dihedral angle-controlled wetting mechanism may 

be specific to a rock salt or partially molten rock system, the overall positive feedback postulated 

above between the fluid content and the shear stress along dry grain boundaries can apply to a 

more general set of deformable low-permeability geologic media including shale formations. In 

the rest of this paper, we will explore the dynamic implications of this overall feedback to fluid 

migration in such media. 

 

3. Model formulation   

 

Let 𝑓𝑤 denote the fraction of wet boundaries at a given spatial point. It is assumed that 𝑓𝑤 

is related to the fluid content (the porosity) 𝜙 by: 

 

𝑓𝑤 =
𝛼𝜙𝑚

1 + 𝛼𝜙𝑚
 (2) 

 

where 𝛼 and m (>0) are constants. This relationship ensures that 𝑓𝑤 → 0 as 𝜙 → 0 and 𝑓𝑤 → 1 as 

𝜙 increases. Let the far-field stress to be specified by the two stress invariants: 𝐼′ = 𝜎𝑖𝑖/3 and 𝐽′ =

√(𝜎11 − 𝜎22)2+(𝜎22 − 𝜎33)2+(𝜎33 − 𝜎11)2 + 𝜎12
2 + 𝜎23

2 + 𝜎31
2 , where 𝜎𝑖𝑗is a component of the 

far-field stress tensor. Equation (2) assumes the salt has no strength to hold open porosity that is 

not fluid filled. The partitioning of 𝐽′ between dry and wet boundaries at a given spatial point can 

be described by: 

 

𝐽′ = (1 − 𝑓𝑤
𝑇)𝐺𝑑𝜀𝜏

′ + 𝑓𝑤
𝑇𝐺𝑤𝜀𝜏

′  (3) 

  

where 𝐺𝑑 and 𝐺𝑤 are shear moduli of dry and wet grain boundaries, respectively, with 𝐺𝑤 < 𝐺𝑑; 

𝜀𝜏
′  is the shear strain at the given spatial point; and 𝑓𝑤

𝑇 is the weighted value of 𝑓𝑤 over the 

neighborhood of the spatial point accounting for the influence of all wet grain boundaries in the 

neighborhood. For a one-dimensional system (Fig. 4): 

 

𝑓𝑤
𝑇(𝑋, 𝑡) = ∫ 𝑓𝑤(𝑋′, 𝑡)𝐾(𝑋 − 𝑋′)𝑑𝑋′ 
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where X and X’ are the spatial coordinates; and K is a kernel function with ∫ 𝐾(𝑋 − 𝑋′)𝑑𝑋′ = 1. 

The kernel function is isotropic and independent of location and vanishes as |𝑋 − 𝑋′| → ∞. Based 

on this symmetry consideration, 𝑓𝑤
𝑇 can be expressed by (Wang and Budd, 2011)19: 

 

𝑓𝑤
𝑇 ≈ 𝑓𝑤 + 𝛽′

𝜕2𝑓𝑤

𝜕𝑋2
 

(4) 

 

where 𝛽′ is a constant with √𝛽′ characterizing the influence distance of a weakened boundary on 

the other grain boundaries in the neighborhood. 

 

 Let 𝜀𝑣 denote the shear-induced dilatancy, which is a function of shear strain 𝜀𝜏
′ . By 

expanding 𝜀𝑣 in powers of 𝜀𝜏
′ , we have18: 

 

𝜀𝑣(𝜀𝜏
′ ) = 𝜀𝑣(0) + 𝐷𝑝𝜀𝜏

′ +
1

2
𝑅𝑝𝜀𝜏

′ 2
+ ⋯ (5a) 

 

where 𝐷𝑝 and 𝑅𝑝 are the coefficients of the expansion. By definition, 𝜀𝑣(0) = 0; and 𝐷𝑝 = 0 by 

the symmetry argument that the dilatancy remains the same whether 𝜀𝜏
′  is positive or negative. 

Therefore, Equation (5a) can be reduced to: 

 

𝜀𝑣(𝜀𝜏
′) ≈

1

2
𝑅𝑝𝜀𝜏

′ 2
 (5b) 

 

Fig. 4. Illustration of porosity wave induced by shear stress. Note that the stress can orient at 

any angle to the hydraulic gradient.  

X 
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As shown in Equation (1), a grain boundary with a higher shear stress tends to draw the fluid from 

less stressed grain boundaries in the neighborhood, and this tendency is proportional to 𝜏𝑠𝑠
2  

(equivalently to 𝜀𝜏
′ 2

). In this sense, Equation (5b) also captures the effect of shear stress on grain 

boundary wetting.  Assuming a viscoelastic behavior for rock salt, we obtain the following 

momentum equation for the shear-induced porosity evolution: 

 
𝜕𝜙

𝜕𝑡
= 𝜆′[𝜀𝑣𝐸 + (𝑃′ − 𝐼′) − (𝜙 − 𝜙0)𝐸] (6) 

 

Where t is the time; E is the bulk Young’s module of rock salt; 𝑃′ is the hydraulic pressure; 𝜙0 is 

the porosity under no shear stress; and 𝜆′ is a constant characterizing the viscous behavior of salt. 

The first term in the square brackets represents the dilation force produced from shearing; the 

second term represents the effect of porewater pressure on salt volume expansion; and the third 

term represents the force to be overcome for the elastic expansion. The porosity evolution is also 

coupled to the fluid flow in salt: 

   

𝜕𝜙

𝜕𝑡
=

𝜕

𝜕𝑋
(𝑘𝜙3

𝜕𝑃′

𝜕𝑋
) 

 (7) 

 

where 𝑘 is a constant characterizing the hydraulic conductivity of the salt. Darcy’s flow is assumed 

for the fluid percolating in pores and along grain boundaries with a permeability proportional to 

𝜙3 – a simplified Karman-Cozeny relationship for low porosity. This simplification will not 

change the linear stability analysis presented below.  Equations (2-4, 5b, 6, 7) constitute a closed 

set of equations for a shear-induced fluid flow in the salt.  

 

4. Scaling  

 

Let 𝐿 denote the characteristic length of a system of interest and 𝑃′̅ the typical value of 

hydraulic pressure in the system. Adopting the following scaling factors: 

 

𝑇 =
𝐿2

𝑘𝑃′̅
 𝜏 =

𝑡

𝑇
 𝑥 =

𝑋

𝐿
 

 

𝑝 =
𝑃

𝑃′̅
 𝜀𝜏 =

𝐺𝑑𝜀𝜏
′

𝐽′
 𝐼 =

𝐼′

𝑃′̅
 

 

𝑔 =
𝐺𝑤

𝐺𝑑
 𝜆 =

𝜆′𝑇𝑅𝑝𝐸𝐽′2

2𝐺𝑑
2  𝜇 =

2𝑃̅𝐺𝑑
2

𝑅𝑑𝐸𝐽′2
 

 

𝜅 =
2𝐺𝑑

2

𝑅𝑑𝐽′2
 𝛽 =

𝛽′

𝐿2
 

 
 (8) 

 

we can cast Equations (2-4, 5b, 6, 7) into: 
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𝜕𝜙

𝜕𝜏
=

𝜕

𝜕𝑥
(𝜙3

𝜕𝑝

𝜕𝑥
)  (9) 

𝜕𝜙

𝜕𝜏
= 𝜆[𝜀𝜏

2 + 𝜇(𝑝 − 𝐼) − 𝜅(𝜙 − 𝜙0)] (10) 

(1 + 𝛼𝜙𝑚)𝑓𝑤 = 𝛼𝜙𝑚 (11) 

𝜀𝜏 [1 − (𝑓𝑤 + 𝛽
𝜕2𝑓𝑤

𝜕𝑥2
) (1 − 𝑔)] = 1 (12) 

 

It can be seen from the scaled equations that the system is determined by seven dimensionless 

parameter groups: 𝛼, 𝛽, 𝜆, 𝜇, 𝜅, 𝑔 and 𝑚. Except 𝛽, which will be constrained from field 

observations, all these parameters will be treated as adjustable parameters varying around one 

because of their scaled nature. 

 

5. Steady state 

 

The steady state of Equations (9-12), indicated by overbars on the respective variables, can 

be solved from: 

 
𝜕

𝜕𝑥
(𝜙̅3

𝜕𝑝̅

𝜕𝑥
) = 0 (13) 

𝜀𝜏̅
2 − 𝜅(𝜙̅ − 𝜙0) = 0 (14) 

(1 + 𝛼𝜙̅𝑚)𝑓𝑤̅ = 𝛼𝜙̅𝑚 (15) 

𝜀𝜏̅[1 − 𝑓𝑤̅(1 − 𝑔)] = 1 (16) 

 

Given a generally low permeability of a salt formation, the pore fluid pressure in the formation is 

approximately equal to the lithostatic pressure, that is, 𝑝̅ ≈ 𝐼. From Equation (13), we obtain: 

 
𝜕𝑝̅

𝜕𝑥
= −𝑞 = constant (17) 

 

where q is the scaled porewater pressure gradient. All other variables remain uniform over the 

whole physical domain. 

 

6. Linear stability analysis 

 

Linearizing Equations (9-12) around the steady state 𝑝̅, 𝜙̅, 𝜀𝜏̅ and 𝑓𝑤̅ with respect to 

perturbations 

 

𝑝 = 𝑝̅ + 𝛿𝑝  

𝜙 = 𝜙̅ + 𝛿𝜙  
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𝜀𝜏 = 𝜀𝜏̅ + 𝛿𝜀𝜏  

𝑓𝑤 = 𝑓𝑤̅ + 𝛿𝑓𝑤 
(18) 

we obtain: 

𝜕𝛿𝜙

𝜕𝜏
= 𝜙̅3

𝜕2𝛿𝑝

𝜕𝑥2
− 3𝑞𝜙̅2

𝜕𝛿𝜙

𝜕𝑥
 (19) 

𝜕𝛿𝜙

𝜕𝜏
= 2𝜆𝜀𝜏̅𝛿𝜀𝜏 + 𝜆µ𝛿𝑝 − 𝜆𝜅𝛿𝜙 (20) 

𝑚𝑓𝑤̅(1 − 𝑓𝑤̅)𝛿𝜙 = 𝜙̅𝛿𝑓𝑤 (21) 

𝛿𝜀𝜏 = 𝜀𝜏̅
2(1 − 𝑔) (𝛿𝑓𝑤 + 𝛽

𝜕2𝛿𝑓𝑤

𝜕𝑥2
) (22) 

 

Assume the perturbations to have the following form: 

 

𝛿𝑝 = 𝑝̂𝑒𝑖𝜔𝑥+𝜁𝜏 𝛿𝜙 = 𝜙̂𝑒𝑖𝜔𝑥+𝜁𝜏  

𝛿𝑓𝑤 = 𝑓𝑤𝑒𝑖𝜔𝑥+𝜁𝜏 𝛿𝜀𝜏 = 𝜀𝜏̂𝑒𝑖𝜔𝑥+𝜁𝜏 (23) 

 

where 𝜔 is the wave number of the perturbation; 𝜁 is the growth rate of the perturbation; and 𝑖 is 

the imaginary unit. Inserting the above expressions into Equations (19-22), we obtain the following 

homogenous algebraic equations: 

 

𝜁𝜙̂ = −𝜙̅3𝜔2𝑝̂ − 3𝑞𝜙̅2𝜔𝑖𝜙̂ (24) 

𝜁𝜙̂ = 2𝜆𝜀𝜏̅𝜀𝜏̂ + 𝜆µ𝑝̂ − 𝜆𝜅𝜙̂ (25) 

𝑚𝑓𝑤̅(1 − 𝑓𝑤̅)𝜙̂ = 𝜙̅𝑓𝑤 (26) 

𝜀𝜏̂ = 𝜀𝜏̅
2(1 − 𝑔)(1 − 𝛽𝜔2)𝑓𝑤 (27) 

 

For a nontrivial solution of the equations (i.e., for a nonzero perturbation to be permitted) the 

determinant of the coefficient matrix of the equations must be zero: 

 

𝜁 + 3𝑞𝜙̅2𝜔𝑖 𝜙̅3𝜔2 0 0 

=  0 (28) 

𝜁 + 𝜆𝜅 −𝜆µ 0 −2𝜆𝜀𝜏̅ 

𝑚𝑓𝑤̅(1 − 𝑓𝑤̅) 0 −𝜙̅ 0 

0 0 −𝜀𝜏̅
2(1 − 𝑔)(1 − 𝛽𝜔2) 1 
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Solving Equation (28) for 𝜁, we finally obtain the dispersion equation that relates the growth of a 

perturbation to its wave number: 

 

𝜁(𝜔) =
2𝑚𝜆𝜙̅𝜀𝜏̅

3𝑓𝑤̅(1 − 𝑓𝑤̅)(1 − 𝑔)(1 − 𝛽𝜔2)𝜔2 − 𝜆𝜅𝜙̅3𝜔2 − 3𝜆µ𝑞𝜙̅2𝜔𝑖

𝜆µ + 𝜙̅3𝜔2
 (29) 

 

 

 

 

 

The real part of  𝜁(𝜔), Re(𝜁), represents the actual growth rate of a perturbation, while the 

imaginary part, Im(𝜁), indicates a temporal oscillation of a spatial pattern19. A positive Re(𝜁) 

means that the perturbation with the corresponding wave number tends to grow with time, leading 

to the emergence of a spatial repetitive pattern. As shown in Figure 5, under appropriate stress and 

hydraulic conditions, there exist positive Re(𝜁) values for certain wave numbers, implying self-

organized pattern formation. That is, an infinitesimal perturbation to an initially uniform fluid 

distribution in a salt formation can be amplified through the proposed hydro-mechanical feedback, 

and consequently the fluid can autonomously partition into spatially isolated patches. If a hydraulic 

gradient exists (𝑞 ≠ 0), the term Im(𝜁) is nonzero. From Equation (23), this means that the 

Fig. 5. Growth rate of perturbation as a function of wave number. Existence of a positive growth 

rate implies the instability of the system and thus the formation of a porosity wave.  
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porosity and other variables in the system oscillate with time at a given spatial point, implying that 

these fluid patches move down the pressure gradient as a porosity wave20, leading to the episodic 

fluid release observed in an underground opening (Figure 1A)2.  In the absence of any hydraulic 

gradient, the term Im(𝜁) becomes zero, and the porosity wave becomes stationary. Consequently, 

the fluid would be spatially localized in relatively isolated patches as inferred from field 

observations10 (Figure 1B). Here each patch of fluid is defined as an interconnected network of 

fluid-filled grain boundaries and pores.   

 

From the imaginary part of 𝜁(𝜔) in Equation (29), the phase velocity (𝑣wave,) of a porosity 

wave with wave number 𝜔 is estimated to be: 

 

𝑣wave =
3𝜆µ𝑞𝜙̅2𝜔

2𝜋(𝜆µ + 𝜙̅3𝜔2)
∙

2𝜋

𝜔

𝐿

𝑇
=

3𝜆µ𝑞𝜙̅2

𝜆µ + 𝜙̅3𝜔2
∙

𝐿

𝑇
 (30) 

 

where term 
3𝜆µ𝑞𝜙̅2𝜔

2𝜋(𝜆µ+𝜙̅3𝜔2)
 represents the number of wave cycles passing through a given spatial point 

within a unit scaled time; term 
2𝜋

𝜔
 represents the scaled wave length; and factor 

𝐿

𝑇
 is used to scale 

the scaled flow velocity back to the actual spatial and temporal coordinates. For 𝜆µ ≫ 𝜙̅3𝜔2, i.e., 

for a purely elastic medium (𝜆 → ∞), 𝑣wave is reduced: 

 

𝑣wave = 3𝑞𝜙̅2 ∙
𝐿

𝑇
 (31) 

 

𝑣wave becomes independent of 𝜔, implying that no dispersion occurs, i.e., the waves with different 

numbers propagate at the same speed.  However, for 𝜆µ ~ 𝜙̅3𝜔2, the phase velocity of a porosity 

wave rapidly decreases with the wave number (∝ 𝜔−2) and consequently a long wave moves faster 

than a short wave. The viscosity of a viscoelastic medium (low 𝜆) tends to filter out high frequency 

waves.  

7. Wavelength, time interval of fluid release and enhanced fluid flux 

 

 A purely elastic case is now considered by making 𝜆 → ∞. Equation (29) is reduced to: 

 

𝜁(𝜔) =
2𝑚𝜙̅𝜀𝜏̅

3𝑓𝑤̅(1 − 𝑓𝑤̅)(1 − 𝑔)(1 − 𝛽𝜔2)𝜔2 − 𝜅𝜙̅3𝜔2 − 3µ𝑞𝜙̅2𝜔𝑖

µ
 (32) 

 

The wave number corresponding to the maximum Re(𝜁), 𝜔𝑚, dictates the actual wavelength of 

porosity wave. From Equation (32), by setting 
𝑑𝜁

𝑑𝜔
= 0, we obtain:  

 

𝜔𝑚 = √
2𝑚𝜀𝜏̅

3𝑓𝑤̅(1 − 𝑓𝑤̅)(1 − 𝑔) − 𝜅𝜙̅2

4𝑚𝛽𝜀𝜏̅
3𝑓𝑤̅(1 − 𝑓𝑤̅)(1 − 𝑔)

 (33) 

 

The result indicates the condition for the system to be unstable (i.e., for a porosity wave to emerge) 

is: 
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2𝑚𝜀𝜏̅
3𝑓𝑤̅(1 − 𝑓𝑤̅)(1 − 𝑔) > 𝜅𝜙̅2 (34) 

 

Clearly, the conditions that favor the formation of a porosity wave include large shear strain (𝜀𝜏̅), 

half-wet grain boundary (𝑓𝑤̅), high contrast in shear strength between wet and dry grain boundaries 

(g), low moduli (𝜅), and low porosity (𝜙̅). Under a large shear strain, Equation (33) becomes: 

 

𝜔𝑚 ≈ √
1

2𝛽
 (35) 

 

The wavelength of the porosity wave is estimated to be: 

 

𝐿wave =
2𝜋

𝜔𝑚
𝐿 ≈ 2𝜋√2𝛽′ (36) 

  

As mentioned earlier (Equation 4), √𝛽′ characterizes the influence distance of a weakened point 

on the stress state of its neighborhood. Equation (34) quantifies the wavelength of a porosity wave 

as ~ 9 times that distance. The influence distance can roughly be constrained from the extent of 

disturbed rock zone around a subsurface opening, which is estimated to range from centimeters 

around a borehole21 to meters around an underground tunnel22. Considering the size of a fluid patch 

is half its wavelength (i.e., a full wavelength contains one dry domain and one wet domain), the 

size of individual fluid patches in a salt formation is estimated to range from decimeters to tens of 

meters.  

 

    

  

 The time interval for episodic fluid release (𝑡𝑝) can be estimated from Equations (31) and 

(36): 

 

𝑡𝑝 =
𝐿wave

𝑣wave
=

2𝜋𝐿2

3𝑞𝜙̅2𝜔𝑚𝑘𝑃′̅
 (37) 

 

In the above equation, parameter 𝑞 is a scaled pressure gradient and approximately unity. To 

account for the effect of shear-induced dilatancy, 𝜙̅ is set to be ~ 0.1.  The hydraulic conductivity 

[i.e., 𝑘𝜙3 in Eq. (7)] of rock salt with a porosity of 1-2% ranges from 10-15 to 10-14 m/s21, which 

corresponds to the 𝑘 value of 5x10-9 to 10-8 m/s. Let’s consider fluid release from a salt horizon at 

a depth of 500 meters, corresponding to the 𝑃′̅ value of ~ 1000 m.  Let’s choose 𝜔𝑚 to be ~ 10.  In 

addition, as discussed above, a typical length of a porosity wave ranges from 0.1 to 10 meters. 

Plugging all the parameter values into Equation (37), we estimate the interval of fluid release to 

range from hours to  years, consistent with field observations (Figure 1).   

 

 The fluid flux is constituted of two components: (1) the fluid moving as porosity wave 

pockets and (2) the fluid percolating as a Darcy’s flow between the pockets. The first component 

can be approximately expressed as  𝜙̅𝑣wave ≈ 3𝑞𝜙̅3𝐿/𝑇.  From Equations (13) and (17), the 
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second component can be expressed as 𝑞𝜙̅3𝐿/𝑇. Therefore, the total fluid flux, 𝐹𝑤𝑎𝑣𝑒, is estimated 

to be 4𝑞𝜙̅3𝐿/𝑇.  From Equation (14), we have: 

 

𝐹𝑤𝑎𝑣𝑒 ≈ 4𝑞 (𝜙0 +
𝜀𝜏̅

2

𝜅
)

3
𝐿

𝑇
 (38) 

 

Note that the Darcy’s flow under no shear-induced porosity wave is 𝑞𝜙0
3𝐿/𝑇. The enhancement 

factor of fluid flux by porosity wave (𝑓𝑒) is estimated to be: 

 

𝑓𝑒 = 4 (1 +
𝜀𝜏̅

2

𝜙0𝜅
)

3

 (39) 

 

That is, the emergence of shear-induced porosity wave can enhance the fluid flux by a factor of at 

least 4, and this enhancement increases rapidly with the shear strain. This result is consistent with 

the work by Shao et al.2, which shows that pathway dilation along halite grain boundaries induced 

by a deviatoric stress created by an underground excavation might increase the permeability by 

two orders of magnitude.  

 

 One would guess that this enhancement could mainly be caused only by a uniform dilation 

of the medium by shear strain. But this seems unlikely. As shown in Equation (34), as the shear 

strain increases, the criterion for the occurrence of a porosity wave becomes met quickly. That is, 

the dilation and the emergence of a porosity wave likely go hand in hand. In addition, a subsurface 

environment is generally volume-constrained and tends to limit the development of a uniform 

dilation. A fluid flow in a porous medium can be viewed as an energy dissipation process. Thus, 

the emergence of a porosity wave may be the most efficient way for the system to move a fluid 

through a low-permeability deformable media with minimum total volume expanded.      

 

8. Discussion 

 

 The above analysis indicates possible emergence of a porosity wave under a deviatoric 

stress in a salt formation. Such a wave can significantly enhance a fluid flow in low-permeability 

salt. A salt dome is generally subjected to a relatively large shear stress during its formation23. 

Through porosity waves, on one hand, the fluid in a salt dome can relatively easily be squeezed 

out, rendering domal salt relatively dry as compared to bedded salt, as observed23. On the other 

hand, fluids underneath a salt dome may be able to infiltrate into the salt via a porosity wave, and 

the infiltrated fluids may then be compartmentalized into isolated patches as indicated by field 

observations10. As shown above, a porosity wave stems from shear localization. Internal flow 

banding is commonly observed in Gulf Coast salt domes24. The banding is generally dragged 

parallel with boundary shear zones or the edge of salt during salt dome ascending. Such banding 

clearly indicates the common occurrence of shear localization in salt dome intrusion and can be 

viewed as indirect evidence for the possible existence of a porosity wave in a salt formation.       

 

Two key physical and chemical characteristics have been observed to associate with 

porosity wave propagation. First, it is known that shear and shear-induced dilatancy of granular 

materials would cause acoustic emissions25. As a porosity wave propagates, the salt structure 
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would experience dynamic shearing, dilation, and contraction, resulting in acoustic emissions, as 

observed13,14. Second, unlike a conventional Darcy’s flow, as a porosity wave propagates, the fluid 

in each patch remains relatively isolated with minimal mixing between neighboring patches. Abitz 

et al.12 show that brines obtained from WIPP repository drill holes are heterogenous in 

composition, indicating a lack of mixing and fluid homogenization within the salt and during 

migration. Thus, the concept of porosity wave provides a consistent explanation for the key 

features observed in fluid distribution and release in salt formations.  

 

 The concept of porosity wave may have implications to other geologic systems. Stress-

driven, especially shear-induced, melt extraction from a highly deformed, partially molten rock 

has been considered as a plausible mechanism to produce the observed disequilibrium between the 

crust-forming lavas and their mantle sources26. It was found that an instability can occur in the 

compaction of a porous medium via a positive feedback in which a reduction in viscosity of the 

medium with increasing porosity in a region would result in a decrease in the melt pressure, which 

in turn attracts more melt to the region27-31. Different from that mechanism, the concept of porosity 

wave proposed here is based on shear-induced grain boundary wetting/drying and material 

dilatancy. Fluid extraction by a porosity wave can take place at a very early stage, even when the 

medium remains elastic as long as a high enough shear stress is imposed.      

 

 A compaction-driven porosity wave - a single or multiple over-pressurized pockets of high 

porosity self-propagating vertically by buoyancy during sediment compaction and diagenesis32,33  

- has been considered as a mechanism for fluid expulsion and migration in sedimentary basins. 

Unlike such waves, the porosity wave postulated here is a sustainable train of repetitive porosity 

patterns autonomously arising from positive feedbacks among intergranular wetting, grain 

boundary weakening and shear-induced material dilation. These positive feedbacks are general 

enough that they can be applied to other low-permeability deformable media such as shale. Shale 

is generally considered as an impermeable caprock for a conventional oil/gas reservoir or a 

subsurface gas (CO2, H2 or CH4) storage system34,35. However, if the proposed mechanism is 

confirmed, the assumed functionality of shale as a caprock formation needs to be reexamined. The 

suggested mechanism may also help address the paradox in oil/gas generation that a large volume 

of hydrocarbon fluids has been expelled from low-permeability shale source rocks36. Furthermore, 

the suggested concept provides an insight into designing a new strategy for fluid extraction from 

or injection into a shale formation. 

 

 Similarly, the suggested mechanism may need to be considered in a performance 

assessment of a nuclear waste geologic repository in a salt or shale formation, especially for domal 

salt, which is generally subjected to a high shear deformation. As discussed earlier, a porosity wave 

arises from shear-induced grain boundary wetting, weakening and dilatancy. The propagation of 

such a wave is driven by a hydraulic gradient. During an operational period of a repository, certain 

volumes of fluid inflow may occur due to a hydraulic gradient created by an underground 

excavation. However, after the repository closure, the stress state and hydraulic condition of a 

repository will gradually return to the original, nearly isotropic stress state. Consequently, the fluid 

flow in the repository system is expected to abate, transitioning from a propagating porosity wave 

to a stationary wave.  
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9. Conclusions and perspective 

 

Using a linear stability analysis, we have shown that a porosity wave can autonomously 

emerge from positive feedbacks among intergranular wetting, grain boundary weakening and 

shear-induced material dilation. Generally observed fluid localization or episodic fluid release can 

be viewed respectively as a stationary or a propagating shear-induced porosity wave. The analysis 

shows that the velocity of fluid flow can be significantly enhanced by the emergence of a porosity 

wave. Our model provides a consistent prediction of the occurrence of episodic brine release and 

the spatial and temporal scales for brine compartmentalization and release in rock salt.  Such a 

porosity wave is expected to occur in a general category of low-permeability deformable media 

(e.g., salt, shale, partially molten rocks, etc.) in the presence of a deviatoric stress. The result may 

provide an insight into designing a new engineering approach to fluid injection into or extraction 

from unconventional reservoirs. 

 

The concept and the related model developed here provide a theoretical framework for 

modeling fluid flows in deformable low-permeability media.  However, we want to point out that 

the model at the current stage has its own limitations and the linear stability analysis performed 

can only capture the nonlinear dynamics near a steady state. To understand the full nonlinear 

dynamics of the system, a numerical solution of the equations is required, which will be a future 

research activity. The existing model can be improved at least in following aspects: 

• Expand the model to explicitly include the evaluation of local stress fields. To do so, the 

model needs to be extended to a 2-D or 3-D system. 

• Systematically and numerically solve the expanded model for more realistic physical 

domains and boundary conditions to simulate the emergence of porosity waves under 

various shear conditions. 

• Design and perform controlled experiments to better constrain the related model 

parameters. 

• Use the improved model to simulate field scale experiments and test the results against 

field observations.  

 

10. Nomenclatures 

 

𝐷𝑝  Coefficient of the expansion of 𝜀𝑣 

E Bulk Young’s module of rock salt 

𝐹𝑤𝑎𝑣𝑒 Total fluid flux in the presence of a porosity wave 

𝑓𝑒 Enhancement factor of fluid flux by a porosity wave 

𝑓𝑤 Fraction of wet boundaries at a given spatial point 

𝑓𝑤
𝑇 Weighted value of 𝑓𝑤 over the neighborhood of a spatial point 

𝐺𝑑  Shear moduli of dry grain boundaries 

𝐺𝑤 Shear moduli of wet grain boundaries 

g Ratio of Gw to Gd 

I Scaled I’ 

𝐼′ Stress invariant (𝜎𝑖𝑖/3) 

𝐽′ Stress invariant (√(𝜎11 − 𝜎22)2+(𝜎22 − 𝜎33)2+(𝜎33 − 𝜎11)2 + 𝜎12
2 + 𝜎23

2 + 𝜎31
2 ) 

K Kernel function 

𝑘 Constant characterizing the hydraulic conductivity of salt  
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𝑘𝑠𝑠 Constant characterizing the elastic shear compliance of the grain boundary 

L Characteristic length 

𝐿wave Wavelength of a porosity wave 

m Constant in Eq. (2) 

𝑃′ Hydraulic pressure 

𝑃′̅ Typical value of hydraulic pressure 

p Scaled P’ 

q Scaled porewater pressure gradient 

𝑅𝑝 Coefficient of the expansion of 𝜀𝑣 

T Characteristic time scale 

t Time 

𝑡𝑝 Time interval for episodic fluid release 

𝑣wave Phase velocity of a porosity wave 

X Spatial coordinate 

x Scaled X 

𝛼 Constant in Eq. (2) 

𝛽 Scaled 𝛽′ 
𝛽′ Constant characterizing the influence distance of a weakened boundary on the other 

grain boundaries in the neighborhood  

𝛾𝑠𝑠
0  Surface tension of the grain boundary at 𝜏𝑠𝑠 = 0 

𝜀𝑣 Shear-induced dilatancy 

𝜀𝜏 Scaled 𝜀𝜏
′  

𝜀𝜏
′  shear strain  

𝜁 Growth rate of a perturbation 

𝜏 Scaled t 

𝜏𝑠𝑠 Shear stress along the grain boundary 

𝜅 Dimensionless parameter group 2𝐺𝑑
2/𝑅𝑑𝐽′2 

𝜆 Dimensionless parameter group 𝜆′𝑇𝑅𝑝𝐸𝐽′2
/2𝐺𝑑

2 

𝜆′ Constant characterizing the viscous behavior of salt 

𝜇 Dimensionless parameter group 2𝑃̅𝐺𝑑
2/𝑅𝑑𝐸𝐽′2 

𝜎𝑖𝑗 Component of the far-field stress tensor 

𝜎𝑛 Normal stress on the grain boundary 

𝜔 Wave number of a perturbation 

𝜔𝑚 Preferred wave number 

𝜙 Porosity 

𝜙0 Porosity under no shear stress 

θ Dihedral angle 
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