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APPENDIX 1: EFFECTS OF THERMAL
CONVECTION ON FLOW FIELD

To investigate whether thermal convection has a large impact
on the water flow field for the configuration in this study, we
constructed two test cases (“nonisothermal case A” and
“nonisothermal case B”), considering heat flow but without
transport, reaction, and gas phase invasion processes. The top
and bottom boundaries of these two cases are no-flux
boundaries with a specified temperature, which is calcu-
lated based on the geothermal gradient of 28 °C/km and the
Earth’s surface temperature of 15°C (Nathenson and Guf-
fanti, 1987; Wygrala, 1989). The left and right boundary in
the nonisothermal case A are no-flux boundaries; therefore,
the flow will be controlled only by thermal convection. Left
and right boundaries in the nonisothermal case B are similar
to the base case; hence, both regional groundwater and
thermal convection are involved. Figure S1 shows the spa-
tial distribution of temperature and water flow field when
the simulated system reaches a steady state. The flow in the
nonisothermal case A is controlled only by thermal con-
vection (the left panel in Figure S1), and the Darcy velocity
of the flow is approximately 1.0 · 10-5 m/yr (3.3 · 10-5 ft/yr),
which is much smaller than the regional groundwater
flow velocity of 1.0 · 10-3 m/yr (3.3 · 10-3 ft/yr). The
lower velocity of thermal convection means that in the

nonisothermal case B in which both regional groundwater
and thermal convection are involved, the flow field is
dominated by the regional groundwater (right panel in
Figure S1) and the effect of thermal convection is negli-
gible. These two test cases indicate that neglecting thermal
convection is reasonable in our study.

APPENDIX 2: EFFECTS OF CARBONATE
FACIES HETEROGENEITY ON LOCAL
POROSITY EVOLUTION

To explore the effect of heterogeneity on local porosity,
we constructed a simple test case (heterogeneity case).
This case considered two carbonate facies (grainstone
and packstone) with different porosity and permeabil-
ity (Grötsch and Mercadier, 1999; Alqattan and Budd,
2017). The distribution of these facies on the anticline
reservoir architecture is much simplified (Figure S2A)
based on Alsharhan (2006). The porosity and horizontal
permeability of the grainstone are 0.1 and 0.4 · 10-13

m2 (0.43·10-12 ft2), respectively, and the parameter
values for the packstone are 0.05 and 0.1·10-14 m2

(0.11·10-13 ft2). Other parameters are the same as the
base case.

Figure S1. Spatial distribution of temperature (°C) and groundwater stream lines when the simulated system reaches steady state. The
left panel is nonisothermal case A and the right panel is nonisothermal case B. T = temperature (°C); X = horizontal distance.



The porosity distribution of the heterogeneity case
is different from that of the base case (Figure S2B). The
local porosity dissolution mainly occurs along the GWC
and at the region where the convection and the regional
groundwater interact with each other (Figure S2B, D).
The maximum secondary porosity is approximately 0.6
(patch shaped near the GWC; Figure S2B), which is much
larger than the approximately 0.27 porosity in the base
case. Mixing corrosion caused by the interaction between
the convection and the regional groundwater is one of
the main mechanisms controlling porosity evolution. The
local porosity dissolution primarily occurs in the grain-
stone facies where porosity and permeability are larger
than in the packstone (Figure S2A, B). The area of local
dissolution in the heterogeneity case is larger than that in
the base case in which the dissolution is only mainly along
GWC.

The permeability of the packstone is approximately one
order smaller than the permeability of the base case, which
reduces the Rayleigh number (Farajzadeh et al., 2007; Hup-
pert and Neufeld, 2014) and inhibits the density-driven flow
in the right part of the model (Figure S2D). Therefore, the
carbon-poor fresh regional groundwater directly contacts the
convectional flowwith high C concentration at the upper part

of the anticline (Figure S2D). This enhances the fluid-mixing
corrosion at the region where the convection and the
regional groundwater interact with each other; the gen-
erated maximum secondary porosity is approximately
0.23 (Figure S2B).
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