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Abstract
Salt diapirs are commonly seen in the North Sea. Below the Zechstein Group exist possibly
overpressured salt-anhydrite formations. One explanation as to the salt precipitation in areas with salt
diapirs is that salt cementation is thermally driven and occurs strongly in places adjacent to salt diapirs.
This paper assumes that the sealing effect of the cap rock above the salt formations is compromised and
overpressured fluids, carrying dissolved minerals such as anhydrite (CaSO4) and salt mineral
components (NaCl of halite), flow into the porous sedimentary layers above the salt formations.
Additionally, a salt-diapir-like structure is assumed to be at one side of the model. The numerical flow
and heat transport simulator SHEMAT-Suite was developed and applied to calculating the
concentrations of species, and dissolution and precipitation amounts. Results show that the
overpressured salt-anhydrite formations have higher pressure heads and the species elements sodium
and chlorite are transported into porous sediment rocks through water influx (saturated brine). Halite
can precipitate as brine with sodium and chlorite ions flows to the cooler environment. Salt cementation
of reservoir rocks leads to decreasing porosity and permeability near salt domes, and cementation of
reservoir formations decreases with growing distance to the salt diapir. The proposed approach in this
paper can also be used to evaluate precipitation relevant to scaling problems in geothermal engineering.
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Introduction

Salt diapirs are commonly seen in the North Sea area (Van Gent
et al 2011, Strozyk et al 2012). Below the Upper Permian
Zechstein Group exist possibly overpressured salt and anhydrite
formations (Reuning et al 2009, Kukla et al 2011). Salt forma-
tions and unconsolidated salt sediments can serve as hydrocarbon
reservoirs, and salt diapirs are closely related to petroleum sys-
tems. However, halite cementation in the pore space can often
result in low porosity and permeability in sedimentary formations

(Dronkert and Remmelts 1996, Purvis and Okkerman 1996), and
these processes are usually bonded to the nearby salt dome.
Hence, studies on such topics are of considerable value. On the
one hand, from the perspective of scientific research, it is
important to predict salt cementation and explain the cementation
mechanism in reservoirs around salt diapirs, in not only a qua-
litative but also a quantitative way. On the other hand, in terms of
engineering significance, it is useful to evaluate the effects of salt
cementation on formation properties before drilling.

One explanation as to the aforementioned phenomenon is
that salt cementation occurs strongly in places adjacent to salt
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diapirs due to temperature gradients. In order to capture the
mechanism in not only a qualitative but also quantitative way,
numerical models were established using SHEMAT (Clauser
2003), a fluid flow–heat transport and chemical calculation code
similar to TOUGH (Battistelli et al 1997). This numerical
simulator deals with the coupling problem of underground
water flow, heat transfer and species transport, and is capable of
providing good results for not only underground engineering
but also geothermal engineering research (Prakash 2013, Swain
et al 2015). Concerning reactive flows in hot aquifers, chemical
reactions between reservoir rocks and fluids are important,
because dissolution and precipitation of minerals can influence
the properties of the reservoir, such as rock porosity and per-
meability (Kühn et al 1997, 1998, 2002). The chemical module
(Kühn and Pape 2003) in SHEMAT can accurately calculate the
concentration of each species as well as dissolution and pre-
cipitation amounts. In this paper, the chemical module was re-
programmed and embedded into the SHEMAT-Suite, which
was the new version of SHEMAT developed five years ago.
Compared with the previous version, the SHEMAT-Suite has
extra functions and improved calculation stability. Fluid flow
and chemical reaction can be combined on the basis of the
fractal correlation between porosity and permeability (Pape et al
1999, 2000, Bartels et al 2002). Here we assume that sealing of
the cap rock covering the salt diapir is compromised for some
reason, and overpressured fluids, carrying dissolved minerals
such as anhydrite (CaSO4) and salt mineral components (NaCl
of halite), are released into the porous sedimentary layers above
the salt formations. Additionally, it is assumed that a salt-diapir-
like structure is located at one side of the model. In our research
the numerical flow and heat transport simulator SHEMAT
(Clauser 2003) is applied to calculate the concentration of
species and the amount of dissolution and precipitation.

The species concentration, and dissolution and precipitation
amounts were calculated using the chemical module in the fluid
flow and heat transfer simulator SHEMAT (Clauser and Villinger
1990, Clauser et al 1997, Clauser 2003), which is capable of
characterizing the water–rock chemical interaction in fluid-
saturated porous media. At each calculation time step, pressure,
temperature and concentration are calculated through SHEMAT
and are then transferred into the chemical module for further
calculation regarding the chemical reaction. After the chemical
reaction calculation, the updated pressure, temperature and con-
centration of reactive species or minerals are transferred again
back to SHEMAT (Kühn and Pape 2003). As mentioned above,
the reservoir properties, e.g. porosity and permeability, are
affected by the chemical reactions between rocks and fluids.
Hence, the mutual effects of fluid flow and chemical reactions
can be described with the help of the correlation between the
porosity and the mineral concentration (Pape et al 1999, 2000,
Bartels et al 2002). The correlation can be expressed as follows:

C C V 10 0 0 molÆ = Æ + Æ -( ) ( )

where C0 is the initial mineral concentration; C represents the
mineral concentration after chemical reactions; 0Æ is the initial
porosity; and Vmol stands for the molar volume.

The salt precipitation mechanism

The mechanisms of salt dome-induced plugging, which occurs
much later in geological history than diagenesis, have been
identified. The process is mainly controlled by temperatures (Van
Bergen and Deleeuw 2001). The effects of pressures on salt
precipitation are relatively small compared to the thermal ones,
and are therefore neglected in this study.

The temperature-controlled mechanism is based on the fact
that the salt solubility grows with the increase in temperatures. In
other words, salts will precipitate when the saturated solution, or
brine, is transported to an environment with lower temperatures.
Therefore, this precipitation mechanism also depends strongly on
the transport of brine. A more detailed description of the temp-
erature-dominated salt distribution evolution is given below. The
mineral concentration in fluids is a function of pressures and
temperatures. The thermal conductivity of salts is much higher
than that of sediments. Therefore temperatures of areas close to
the salt diapir are different from those in other parts of the
reservoir. Varied temperatures lead to diverse salt solubility. To
sum up, salt precipitation occurs as the saturated solution flows
into the cold zone around the salt diapir. Thus, variations in salt
concentrations and precipitation in the pore space with different
distances to the salt diaper are expected.

Figure 1. Model configurations of salts and multiple sedimentary
formations.

Table 1. Geometrical parameters.

L1 L2 H

Model 6500 m 3500 m 5000 m
L3 L4

Model 1500 m 8500 m
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Model configurations

It is assumed in this paper that sealing of the cap rock above
the salt formations fails, and overpressured fluids with dis-
solved anhydrite mineral components (CaSO4) and salt
mineral components (NaCl) of halite migrate into the shal-
lower porous sedimentary layers. Moreover, a salt-diapir-like
structure is defined and positioned at one side of the model.
The model has three formations with different porosity. The
model geometry with a study area of 10 km × 5 km (figure 1)
in the SHEMAT-Suite is based on Van Bergen and Deleeuw
(2001). The pressure of the formations is assumed to be
hydrostatic, and the temperatures are respectively 150 °C
(bottom) and 4 °C (top). The salt-diapir-like structure is
located at the left side of the model. The whole area is dis-
cretized with grids of size 5.0 m × 5.0 m. The entire simu-
lation time is 3 × 1014 s (10 million years) in the case of halite
precipitation, and three time scales are set for the case study
of anhydrite. The properties of fluid flow, thermal rock,
transport and reactions are separately provided. The influx
is set as the saturated brine with 7000 mmol l−1 sodium and
7000 mmol l−1 chlorite.

Table 2. Temperatures, pressures and concentrations.

Head on top side Head on bottom side Head on influx

Model 5000 m 5000 m 5020 m
Concentrations of sodium and chlorite at
the top side

Concentrations of sodium and chlorite in in
the salt dome

Concentrations of sodium and chlorite
in the influx

Model 0.6 mol l−1 7.0 mol l−1 5.9 mol l−1

Heat flow through the bottom side Temperature of the influx
Model q = 0.065 Wm−2 T = 150 °C

Table 3. Porosity and permeability in the sedimentsand salt dome.

Porosity in layer H1 Porosity in layer H2 Porosity in layer H3

Model 0.1 0.01 0.1
Permeability of Layer H1 Permeability of Layer H2 Permeability of Layer H3

Model 10−15 10−16 10−15

Porosity of salts Permeability of salts
Model 0.001 10−18

Table 4. Thermal conductivity.

Thermal conductivity of layer H1 Thermal conductivity of layer H2 Thermal conductivity of layer H3

Model 2.5 2.5 2.5
Thermal conductivity of salts

Model 5.5

Table 5. Time scale and steps.

Time scale and
steps

Time scale and
steps

Time scale and
steps

Model 3.3 My 6.6 My 9.9 My
300 steps 600 steps 900 steps

Figure 2. Temperature distribution in the porous sediment.

Figure 3. Salt precipitation and concentration distribution in the
porous sediment.
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As shown in figure 1, the left part is the salt diapir and the
right part is the porous sedimentary formation. The right part
includes multiple layers, which respectively have various
porosity and permeability.

In terms of the model configuration, the following
assumptions are made: (a) the porous sediments are filled
initially with sea water; (b) the concentration of influx fluids of
halite is slightly less than that of saturated fluids; and (c) the

porosity of the sediments is 10% and permeability is 10−15. The
initial parameters are listed in the tables 1–5.

Results

The temperature gradient is clearly shown in figure 2, and it is
also found that the temperatures of areas adjacent to the salt

Figure 4. (a) Porosity distribution in the porous sediment. (b) Porosity distribution in the porous sediment; layer H1, increasing along the
horizontal direction.

Figure 5. Temperature distribution in the porous sediment.

Figure 6. Salt precipitation and concentration distribution in the
porous sediment.

Figure 7. Porosity distribution in the porous sediment; layer H1.

Figure 8. Porosity distribution in the porous sediment; layer H1,
increasing along the horizontal direction.
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diaper are lower, due to the higher thermal conductivity of
salts. The temperatures close to the salt diapir are about 40 °C
lower than the temperatures along the right side of the model.
After the salt-anhydrite-bearing water influx flows into the
porous sediment, corresponding chemical reactions occur in
10 My, as the temperature gradient evolves. The concentra-
tion of precipitated salts reaches 11 841.2 mmol l−1 (figure 3),
and the porosity accordingly decreases due to the fact that the
pore space is occupied by newly emerging precipitated solids.
It is illustrated in figure 4(a) that the gradient orientation of
porosity is horizontal, with porosity next to the salt diaper
around 0.07 and that of the right end of the model around 0.09
(figure 4(b)).

In terms of the first two cases, respectively having a time
scale of 3.3 My and 6.6 My, the temperatures of areas adja-
cent to the salt diapir are still lower, which can also be
attributed to the higher thermal conductivity of salts.

Chemical reactions also occur in these two cases under the
effects of thermal gradients, and the concentration of the
precipitated salts are respectively 1500 and 4509 mmol l−1

(figures 5 and 6). According to equation (1), the porosity of
rocks declines with growing salt precipitation. The porosity of
areas near the salt diapir of the first and second cases is
respectively 0.08 and 0.095, while that far away from the salt
diapir is about 0.1 (figures 7–9).

The porosity is defined as a function of mineral con-
centration, and decreases with the growth of salt precipipa-
tion. Since the salt precipitation concentrates in the areas
close to the salt diapir, the porosity of these areas declines by
higher magnitudes. Figure 9 shows that the gradient orienta-
tion of porosity is horizontal for the three time scales. At the
end of the simulation, namely after 10 My from the begin-
ning, the porosity along the salt diapir decreases from 0.1 to
0.067, and in the meantime, the porosity 10 km from the salt

Figure 9. Porosity versus horizontal distance to the salt diapir (the reference position is the left edge of the model).

Figure 10. Porosity along the salt diapir versus vertical distance. Porosity increases from right to left in layer H1.
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diapir drops from 0.1 to 0.9. As for the cases with a time scale
of 3.3 My and 6.6 My, the porosity of areas adjacent to the
salt diapir respectively falls from 0.1 to 0.097 and 0.088.

Figure 10 shows porosity variations with reference to the
vertical direction of the three cases. After 10 My, the porosity
near the salt diapir rolls down from the initial value of 0.1 to
0.07. For the cases with time scales of 3.3 My and 6.6 My, the
near-salt-diapir porosity declines respectively from 0.1 to
0.092 and 0.097.

Discussion and conclusions

Results show that overpressured salt-anhydrite formations
have higher pressure heads. The two species elements sodium
and chlorite are transported into the porous sedimentary rocks
through water influx (saturated brine). The influx fluids flow
horizontally through the interface between the salt dome and
sedimentary formations, which correspondingly creates
migration paths. The temperatures of areas close to the salt
diapir are much lower than those away from the salt diapir,
due to the higher thermal conductivity of salts. Halite pre-
cipitation occurs as sodium and chlorite are delivered into a
cooler environment by the brine.

The concentration of the relevant species (sodium,
chlorite and precipitated salts) are varied in different posi-
tions, since salt precipitation is dominated by temperatures,
and temperatures differentiate from each other in different
places. Because the temperatures near the salt diapir are lower
than those of other parts of the model, the brine flowing into
such areas cools and salt precipitation occurs subsequently.
Numerical simulations have been conducted to evaluate salt
precipitation induced by thermal gradients. Salt precipitation
was simulated using the SHEMAT-Suite. The temperatures
close to the salt diapir are different from those of the sedi-
mentary reservoir formations, and thermally induced mineral
precipitation occurs in places close to the salt diapir, which
changes the porosity of the formations. After 10 My, the
porosity along the salt diapir in the sedimentary Layer H1
decreases by 30%. Moreover, salt precipitation fades with
increasing distance to the salt diapir, and so does porosity.
Variations in mineral concentration/cementation in the pore
space with different distances to the salt diapir are expected.
Porosity declines more as time elapses. Salt cementation of
reservoir rocks leads to falling porosity and permeability near
salt domes, and formation cementation decreases with
extending distances to the salt diapir. In addition, precipita-
tion and resultant porosity decline related to the scaling pro-
blems in geothermal engineering can also be evaluated in the
approach practiced in this paper.
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