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Introduction

Fluid storage in the subsurface is important to reduce climate change (sequestration of super-critical CO2) or
for energy storage (CH4, H2) to cope with the intermittent, unpredictable production of renewable sources like
wind and solar. However, the fluids have the potential to leak through damaged cap rocks or wellbores. Methods
to remediate these problems include the microbial induction of calcium carbonate precipitation (MICP). The
overall MICP reaction equation is:

CO (NH2)2 + 2H2O + Ca2+ → 2NH+
4 + CaCO3 ↓ . (1)

The engineered precipitation of calcium carbonate has been demonstrated to have immense potential to seal
such leakage pathways which depends on both reducing the cap-rock permeability to sufficiently low values as
well as increasing its mechanical strength to withstand the high pressures close to the injection well. A recent
field application of MICP has shown a decrease in the injectivity of a leaky well and an increase in the opening
pressure of an existing fracture [1, 2]. To design and evaluate the achievements of the application, as time at the
well and in general the possibilities for measurements are limited in the depth of the field application, ≈ 341m,
simulations with a previously developed numerical model [3, 4] were conducted.

Model concept

As the models are intended for the use in predicting the leakage mitigation for subsurface gas storage, it
accounts for two-phase flow. Additionally, a variety of different components and processes are necessary to
describe MICP, see [3, 4]. The model is implemented in the open-source simulator DuMuX [5]. The primary
variables solved are the water-phase pressure pw , mole fractions xκw of each component κ in the water phase,
and, for the solid phases, the volume fractions φϕ. All reactive and mass-transfer processes between phases are
incorporated in the mass balance equations for the components and solid phases by component-specific source
and sink terms, see [3, 4]. These source terms include microbial growth, decay, attachment and detachment, the
consumption of oxygen and nutrients by biomass growth, ureolysis, as well as the precipitation and dissolution
of calcite. All these processes and the associated rate equations are discussed in detail in [3, 4]. For the sake
of brevity, only the most important rate equations, those for ureolysis and calcite precipitation, are discussed
here. Rate equations for the other processes are given in [3, 4]. The ureolysis rate rurea is based on data from
kinetics experiments and follows a Michaelis-Menten type kinetic [6]:

rurea = kureac
e
b

cuw
Ku + cuw

, (2)

where kurea is the rate constant for microbial ureolysis, cuw is the water-phase concentration of urea, Ku is
the half saturation constant, and ceb = Re

bφbρb is the total concentration of enzyme calculated using the ratio
of enzyme per biomass Re

b and the biomass in the solid phase biofilm φbρb. The carbonate precipitation rate
rprec is dependent on the saturation state Ω which is a function of the calcium and carbonate concentrations
and activities, which themselves depend on the temperature and the water-phase composition [3, 4]:

rprec = kprecAsw(Ω1)nprec . (3)

where kprec and nprec are rate parameters and Asw is the surface area between solids and water [3, 4].
Among the supplementary equations, one of the most important is the relation for updating the perme-

ability with respect to the accumulation of additional solids in the pore space. In the model, the reduction of



permeability K is calculated based on the reduction of porosity φ according to a Verma-Pruess type relation
[7]:

K

K0
=

(
φ− φcrit
φ0 − φcrit

)3

, with φ = φ0 −
∑

φϕ. (4)

Here K0 is the initial permeability, φcrit is the critical porosity at which K = 0, and φ0 is the initial porosity.
φcrit = 0.108 was estimated for a sandstone similar to the target formation [8].

Setup and Results

The field site is a well located at the Southern Company Gorgas Power Plant in Alabama, USA [1, 2]. The target
formation is the Fayette sandstone at 341 m below ground surface which is hydraulically fractured forming a
single, horizontal and radial fracture [1, 2]. The formation porosity and permeability are estimated to be 0.12
and 10 mD= 1.0856 ·10−14 m2 respectively, based on a petrophysical analysis prepared by Schlumberger Carbon
Services.

The representative permeability of the fractured layer Kfrac = 1.645 · 10−12 m2 was estimated by fitting
single-phase flow simulation results to the data from the field site pumping tests conducted by Schlumberger
Carbon Services. The initial conditions are chosen as hydrostatic pressure distribution with a pressure of
1.79 · 106 Pa at the vertical center of the domain and the initial mole fractions are zero except for total carbon
xCtot
w = 1.79 · 10−7 as well as Na and Cl, which are set to xNa

w = xCl
w = 0.007 to match the formation salinity

reported in [1, 2]. Prior to the field application, two injection strategies were modeled, the simple with few, but
long injections and the ideal with a high number of short injections and after the field application the actually
used real injection strategy was modeled as well. The strategies are summarized in Table 1.

For the simple injection strategy, the model predicts a relatively high precipitation efficiency of 34% with a
spread out distribution of mineral, while it was quite low for ideal and real at around 4%, which is probably
due to biomass detachment resulting from the high injection rates. However, even for those injection scenarios,
the model predicted clogging as the biomass and precipitation was more focused in the highly-permeable layer.
While the ideal and real strategy are quite similar, the model predictions for the time when clogging occurs
differ significantly (71h and 28h), see Table 1. However, the predictions for the ideal strategy (71h) match quite
well to the observed time of clogging during the field application (74h) and it remains unclear why the small
changes to the injection strategy from ideal to real result in a much earlier clogging prediction of 28 h.

Injection Biomass Ca2+-rich Plan. Ca2+ Sim. Ca2+ Sim. Ca2+ Duration Predicted
strategy pulses pulses inj. [kg] inj. [kg] precip. [kg] [h] clogging at [h]
simple 1 4 64.3 29.5 10.1 117.4 54.6
ideal 7 34 36.8 27.1 1.2 93.4 70.9
real 6∗ 24∗ 21.1 8.8 0.35 74.3∗∗ 27.8

Table 1: Characteristics of the injection strategies summarized. ∗ The last injection of biomass and the last 3 injections
of calcium-rich medium were split into several subinjections. ∗∗ Time clogging was observed in the field.
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