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Barite stands out as one of the most ubiquitous scaling agents in deep geothermal systems, responsible for
irreversible efficiency loss. Due to complex parameter interplay, it is imperative to utilise numerical simulations
to investigate temporal and spatial precipitation effects. A one-dimensional reactive transport model is set up
with heterogeneous nucleation and crystal growth kinetics. In line with geothermal systems in the North German
Basin, the following parameters are considered in a sensitivity analysis: temperature (25 to 150 °C), pore pres-
sure (10 to 50 MPa), fracture aperture (10*t0 1072 m), flow velocity (10%t010°m s’l), molar volume (50.3 to
55.6 cm® mol_l), contact angle for heterogeneous nucleation (0° to 180°), interfacial tension (0.07 to 0.134
J m’z), salinity (0.1 to 1.5 mol kgw’1 NaCl), pH (5 to 7), and supersaturation ratio (1 to 30). Nucleation and
consequently crystal growth can only begin if the threshold supersaturation is exceeded, therefore contact angle
and interfacial tension are the most sensitive in terms of precipitation kinetics. If nucleation has occurred, crystal
growth becomes the dominant process, which is mainly controlled by fracture aperture. Results show that
fracture sealing takes place within months (median 33 days) and the affected range can be on the order of tens of
metres (median 10 m). The presented models suggest that barite scaling must be recognised as a serious threat if
the supersaturation threshold is exceeded, in which case, large fracture apertures could help to minimise kinetic

rates. The models further are of use for adjusting the fluid injection temperature.

1. Introduction

Deep geothermal systems are a potential source of renewable energy,
which is becoming increasingly important in the context of the German
energy transition. Numerous pilot projects have shown that significant
thermal energy or even electricity is available in a couple of regions in
Germany, such as the Molasse Basin, the Upper Rhine Graben (URG),
and parts of the North German Basin (NGB, Seibt et al., 2010). In order
for them to be used in an efficient operation for energy production, the
down-hole temperature should exceed at least 100 °C. In Germany,
depending on the local geothermal gradient, these temperatures are
expected to be encountered at depths of more than 1800 m (Stober et al.,
2013). Sufficient productivity and injectivity are also required for an
economical plant. The target reservoir’s properties in this regard are
porosity and permeability, hence the local geology is decisive in this
context. While promising temperatures are met at practicable depths in
regions of the NGB (Stober et al., 2013), non-sufficient rock perme-
abilities in related sedimentary horizons are potentially an issue
(Wolfgramm et al., 2008). Previous concepts and applications, for

example at the geothermal test-site GroB-Schonebeck located in the NGB
(Zimmermann et al., 2010), require enhancing the fracture network by
hydraulic stimulation. However, decreasing productivity and injectivity
are observed over time. Blocher et al. (2016) propose that this may be
explained by the following processes: accumulation of mineral scaling in
the reservoir and the wellbore, thermo-mechanically induced fracture
closing, and two-phase flow as a consequence of outgassing. There is
evidence that chemical reactions are accountable for reduced injectivity
(Scheiber et al., 2013; Stober et al., 2013; Regenspurg et al., 2015;
Blocher et al., 2016; Griffiths et al., 2016).

Precipitation of certain minerals, termed scaling in this context, is a
key issue for many geothermal sites in Germany. This is due to the
chemical characteristics of the formation waters as well as the pertur-
bation of the system due to changing temperature and pressure during
production and re-injection. Total dissolved solids (TDS) of basinal
brines in the NGB are correlated with depth, temperature, and corre-
sponding stratigraphical units. The chemistry of these brines are domi-
nated either by Na and Cl or by Na, Ca and Cl, and their TDS range from
(100t0 400) g l’l, increasing with depth and temperature (Tesmer et al.,
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Fig. 1. Conceptual model for the reactive transport setup of the one-dimensional fracture flow between two plates with smooth, impermeable walls. Barite scalings
are assumed to accumulate on fracture walls. The following parameters are shown: fracture aperture (d), flow velocity (uy), temperature (T), pressure (P), pH,
saturation state of barite (Q), fluid background salinity (Sal), molar volume (V},,), contact angle (0) and interfacial tension (y).

2007; Wolfgramm et al., 2011b; Stober et al., 2013). Scaling has a
damaging and potentially lasting effect by accumulating and hence
clogging parts of the system, e.g., the wells, the surface equipment, and
notably the reservoir itself.

In regions of the NGB and the URG, brines produced at geothermal
sites from depths of 2000 m and more have increased concentrations of
Ba (Wolfgramm et al., 2011a), coinciding with observed scalings con-
sisting predominantly of barite (Wolfgramm et al., 2011b,a; Scheiber
etal., 2013; Regenspurg et al., 2015). In this regard, barite is the focus of
many current investigations (e.g., Scheiber et al., 2013; Bozau et al.,
2015; Regenspurg et al., 2015; Griffiths et al., 2016; Heberling et al.,
2017). They stand out to be exceptionally hard to remove once accu-
mulated, as no economically viable solvents are available. Although
nucleation and crystal growth kinetics of barite have been studied for
many years (e.g., Fernandez-Diaz et al., 1990; Christy and Putnis, 1993;
He et al., 1995; Dove and Czank, 1995; Kiihn et al., 1997; Scheiber et al.,
2013; Prieto, 2014; Zhen-Wu et al., 2016), its formation in relation to
temperature and pressure change along a geothermal system path still
need to be resolved. It is a necessity for plant operation that temporal
and spatial precipitation effects of barite can be anticipated so as the
right prevention measures can be taken.

The aim of this study is to investigate the role of barite scaling
associated to fracture sealing and reduced fracture permeability near the
injection well. It further provides the basis for designing complementary
fracture permeability investigations on the laboratory scale, similar to
Blocher et al. (2019). The main questions addressed here are its adverse
effect on the injectivity of a geothermal system and the sensitivity in
terms of the parameters that control precipitation kinetics. For assessing
the overall impact on fracture permeability, the critical time ¢t for
permeability to decrease by one order of magnitude as well as the
saturation length scale (SLS) are used as key figures. Numerical,
one-dimensional Darcy flow simulations of coupled transport and
geochemical processes are carried out on the laboratory scale. Specif-
ically, precipitation is studied by heterogeneous nucleation on the
fracture wall and subsequent bulk crystal growth kinetics. The results of
a global sensitivity analysis are presented and discussed with regard to
their implications for geothermal applications.

2. Methods
2.1. Model setup

A one-dimensional, numerical reactive transport model was set up
with a sequential non-iterative approach, consisting of advective solute

transport and chemical kinetic reactions.
The conceptual model adopted for the present study is in accordance

with experimental core flooding set-ups, where the cores exhibit a single
fracture, similar to laboratory and modelling experiments carried out by
Blocher et al. (2019). Laminar, single-phase flow between two plates
with smooth, impermeable walls was assumed and hence a
single-continuum approach was chosen (Fig. 1). The model domain was
discretised in the flow direction (Ax =3 x10~2m, six nodes). As only
the free fracture space was considered, the geometry of the whole
domain is effectively a cuboid of the size (x x y x d), where the sample
length is x = 0.15 m, the fracture width is y =0.10 m, and the distance
between the plates, i.e. the fracture aperture, is d.

The one-dimensional flow-field was imposed with a homogeneous
flow velocity uy and kept constant throughout the simulation. Advection
was assumed to be the dominant solute transport process. Hydro-
mechanical diffusion as well as thermal and density driven transport
processes were neglected for flow through the fracture. Conservation of
mass was numerically solved with an explicit finite differences scheme
using first-order upwind. The time step length At was chosen so that the
Courant-Friedrichs-Lewy condition is always satisfied (”‘A—fﬂ < 1). Four
species were considered in solute transport (see below). The initial and
boundary conditions where implemented as follows: solute concentra-
tions and solids in the model domain are initially set to zero. Solute
concentrations at the inlet are fixed and the outlet was set to an open flux
boundary condition.

2.2. Geochemical modelling

Geochemical batch reaction calculations were carried out using the
PHREEQC software package, version 3.5.0 (Parkhurst and Appelo,
2013) and its module IPhreeqc (Charlton and Parkhurst, 2011). During a
transport simulation, the chemical state of each node at each time step is
passed on to PHREEQC, where a batch kinetic reaction is calculated. The
results are then passed back to the transport simulator.

The chemical system implemented was kept to a minimum in order
to illustrate the effects of barite precipitation on fracture permeability.
Barite precipitation was considered the sole phase transition reaction:

SO; (aq) + Baf;;) —BaSOy o1ia) (@)

Therefore, the dissolved species Ba®" and SO%’, aswellasH" and e”
were transported. Note that for solute transport, total Ba and S con-
centrations were treated as though their only species are Ba%* and SoF,
respectively, which is valid for the redox and pH state considered. H"
and e~ virtually stayed constant, but were nevertheless considered as
PHREEQC needs them as an input (as pH and pe) and to have a generally
valid model. All other dissolved species were kept constant.

The saturation state Q of barite in a solution is defined as:
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(2)

Qbanle B Ksp,barilc

where a denotes the activities of the respective species denoted in the
subscript and Kgp parite is the solubility constant of barite. The subscript
barite will be omitted hereafter. If Q < 1, then the fluid is undersatu-
rated, and if Q > 1, then the fluid is supersaturated with respect to barite
and precipitation becomes possible from a thermodynamic point of
view. The saturation state was calculated with PHREEQC using the
database supplied pitzer.dat (Parkhurst and Appelo, 2013; Appelo et al.,
2014), where the activities are calculated from concentrations and ac-
tivity coefficients derived from the Pitzer ion-interaction approach
(Pitzer, 1973). The Pitzer approach is known to produce more accurate
estimates than the extended Debye-Hiickel approach especially at high
ionic strengths (Appelo et al., 2014). Indeed, making use of the under-
lying activity model as well as the temperature and pressure dependent
correction of the solubility constant (Parkhurst and Appelo, 2013;
Appelo, 2015), Horbrand et al. (2018) have shown that using pitzer.dat
yields the best results at conditions relevant to the present case (see
below).

2.3. Classical nucleation theory

Based on classical nucleation theory (CNT), the nucleation rate J
(m3s™) for homogeneous nucleation (HON) is given by (Nielsen,
1964):

A c
J= Fexp( % GT) 3)
B

where I (m~3s7!) is a pre-exponential factor that quantifies the diffu-
sive flux of molecules to the growing cluster, AG. (J) is the free energy
change, kg (1.381 x 10722 JK 1) is Boltzmann’s constant, and T (K) is
the temperature. Changing the supersaturation in a solution potentially
has an immense impact on the nucleation rate because it significantly
determines AG. as a log function in the denominator (Nielsen, 1964):

_pvir

AG, =
G kg T [nQ

@

. . 16
where f is a shape factor depending on the nucleus geometry (here 137, as

a sphere was assumed), Vy, (m3mol™1) is the molar volume, and y
(Jm™2) is the interfacial tension. There are various propositions to
approximate I" (e.g., Nielsen, 1964; Lasaga, 1998; Kashchiev, 2000).
Nielsen proposes the following:

2Dmol
F="5"

ion

(5)

where Dpyol (=10°m?s™) is the diffusion coefficient, and djo,
(=107 m) is taken as the mean diameter of an ion. Prieto (2014), on
the other hand, applied the approach proposed by Kashchiev, which
takes additional parameters into account, such as available monomers
and sites for nucleation. The Nielsen-approach was adopted for the
present study, as fewer uncertain parameters need to be assumed.

If a substrate is in contact with the solution, the formation of a nu-
cleus at the interface is termed heterogeneous nucleation (HEN). In this
case, the energy barrier to form a stable nucleus at the phase boundary is
lowered as a function of its contact angle 6:

AGuen = AG:f(0). (6)

This is due to a higher structural similarity between nucleus and
substrate compared to nucleus and solution, and effectively results from
tensional forces between each the solid, fluid, and crystal phases. A
spherical droplet nucleus was assumed, hence the reduction factor was
calculated as (Lasaga, 1998):
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Fig. 2. Schematic illustration of the influence of interfacial energy (y) and
contact angle (0) on the heterogeneous nucleation rate (J) using Egs. (3)-(7).
Temperature was set to 60 °C. Vertical curves imply that a supersaturation
threshold Qresh can be assumed. It is often arbitrarily set to the point, where
J=10""m 25! (dotted line). Hence for y=0.08J m~2 and 0 =85°, Quresh iS
about 10 (diamond marker).

f) = % (2 — —3cos0 + cos*6) )

Another overall decisive parameter is the interfacial tension y, which
is demanding to quantify experimentally and is only scarcely available
in the literature for barite in respective solutions. Reported values range
from 0.08 to 0.134Jm 2 (Nielsen and Sohnel, 1971; Fernandez-Diaz
et al., 1990; He et al., 1995).

In any case, it becomes clear that, compared to HON, a lower su-
persaturation threshold (Qg,) suffices for HEN to take place. Hence, if a
substrate is in contact with the solution, HEN is likely to be the dominant
nucleation process. It has been shown experimentally that this is the case
for barite at saturation conditions 1og Qparite <3 (Poonoosamy et al.,
2020a). For the present case this is relevant, as the fracture walls were
considered as substrate material. However, the value of the relevant
parameter 6 is uncertain, as it theoretically depends on the minerals
accessible to the solution. Even though He et al. (1995) report a standard
value of 0.4 for f(0), the whole range from 0 to 1 was considered here, as
it describes an uncertain process. Other studies also treat it as a fitting
parameter (Liu, 1999; Prieto, 2014; Poonoosamy et al., 2016). Fig. 2
illustrates, how vast the impact of the two parameters y and 6 can be on
the heterogeneous nucleation rate. It also becomes clear that, depending
on these parameters, there is a supersaturation threshold, from which
nucleation becomes relevant. It is often (arbitrarily) related to the point,
where the nucleation rate is 10'°m 257! (Lasaga, 1998; Prieto, 2014).

On the basis of the findings above, the size of a nucleus that is
potentially stable in solution is dependent on its supersaturation. Only
when this critical nucleus radius r; is overcome, the nucleus becomes
thermodynamically stable. rqi; is largely dependent on the ratio of the
free energies concerning the nucleus’ surface and volume. It can be
shown that (Lasaga, 1998):

2y Va
Ferit =
RTInQ

(8

In the case of HEN, a nucleus is in contact with a flat surface, hence
the resulting surface area in contact with the solution is (Lasaga, 1998):

2
SAnucleus =2xr,

crit

(1 = cosB) 9)

During simulations, the accumulated surface area of all nuclei
formed was calculated at every time step and for every cell. Considering
SA = min(SAfrac, SAnuclei), the resulting reactive surface area SA for
crystal growth was then passed on to PHREEQC. Note the assumption
that the reactive surface area and hence chemical reaction was restricted
to the fracture surface area (SAgac =2 A xY).
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Table 1
Ranges of model parameters chosen for the sensitivity analysis selected to capture expected conditions in a fracture network near an injection well in a geothermal
system.
Input parameter Abbreviation Unit Varied ranges Source
Fracture aperture d m log(— 3 +£1) Zimmermann et al. (2010)
Flow velocity Uy ms ! log(—1.5+1.5) Zimmermann et al. (2010)
Temperature T °C 60+ 10 Blocher et al. (2016)
Pressure P Pa log(7.35 £ 0.35) Blocher et al. (2016)
pH pH - 6+1 Regenspurg et al. (2015)
Saturation state Q - 16 +£15 Regenspurg et al. (2015)
Fluid salinity Sal mol kgw’l NaCl 0.8+0.7 Zhen-Wu et al. (2016)
Molar volume Vin cm® mol ! 52.9+27 Appelo (2015)
Contact angle (4 90°+90° Lasaga (1998)
Interfacial tension 4 Jm2 0.102 +0.032 see Section 2.3

2.4. Crystal growth

Precipitation and dissolution reaction kinetics of minerals can be
modelled on a macroscopic scale using rate constants derived from bulk
reaction experiments. A general form for calculating the precipitation
rate was used (Lasaga, 1998):

SA

Myater

r=— k(11— (10)
where myater (kg) is the mass of water in solution, k (mol m 25" 1) is the
rate constant, and the dimensionless exponents p and q are empirical
parameters describing reaction order and deviation from equilibrium
according to the transition state theory (Lasaga, 1998). Zhen-Wu et al.
(2016) currently provide the only source for bulk precipitation rates in
NaCl-solutions. They conducted experiments on dissolution and pre-
cipitation kinetics of barite in solutions with salinities up to
1.5mol kgw‘1 NaCl (kgw = kg water), temperatures from (25 to 90) °C,
and pH from 2 to 9. Further, they derived lumped rate constants from
this that incorporate temperature, ionic strength, and pH dependent
mechanisms, by fitting the experimentally measured time series to Eq.
(10), and setting q and p each to unity. More commonly, the reaction
rate equation (Eq. (10)) is further decomposed into separate terms, each
representing a factor-dependent reaction mechanism. For example,
influencing effects at varying pH can be described by using an acid, a
neutral, and a base term, or temperature can be represented by using an
Arrhenius term (Lasaga, 1998). Based on transition state theory, Pal-
andri and Kharaka (2004) provide a set of rate parameters for calcu-
lating kinetic reactions in this fashion for a range of minerals, among
them barite. However, since there is only limited data available on
precipitation rates at saline conditions (Christy and Putnis, 1993; Dove
and Czank, 1995; Zhen-Wu et al., 2016), it was decided to use a more
general rate equation. In the present study, rate constants were derived
by using data from Zhen-Wu et al. (2016) in order to process calculations
on precipitation rates, which was implemented using Eq. (10). An
example PHREEQC input file can be found in Appendix (A). For pre-
dicting rate constants at varying conditions for the reactive transport
models, a linear regression was carried out.

The dimensionless Damkohler number for advective transport
quantifies the ratio of a characteristic time for advective transport to a
characteristic time for reaction. It therefore gives an indication on the
nature of the reaction front with regards to the spatial discretisation. It
was calculated with (Steefel, 2008):

T an
Ux
Cet
Treact = G x 1o 12
IV (12)
Tadv
Dayy, = 13)
Treact

where Ceq is the solubility of barite in equilibrium.

In a homogeneous case, equilibrium is reached within a grid cell if
Daygy > 1. From this, the saturation length scale SLS was derived, which
describes the flow length, beyond which equilibrium is reached (Steefel,
2008):

Ax

SLS =
Daadv

14)

The mean SLS of all nodes was taken as one key figure for the
sensitivity analysis (see below) and is an indication for the influencing
range of barite scaling around an injection well.

2.5. Permeability evolution

Fracture transmissivity is an important parameter when evaluating
the suitability of a target reservoir. To derive a quantifiable value for
this, the change of fracture aperture as a consequence of barite precip-
itation needs to be related to change in fracture permeability K (m?).
Assuming laminar flow and parallel fracture walls, exhibiting smooth
surfaces and ‘no-slip’ boundary conditions, the permeability of a frac-
ture can be approximated with the ‘cubic law’ (e.g., Neuzil and Tracy,
1981). If a single fracture is considered, it is given as:

d?

12

(15)
where the subscript i signifies a respective cell in flow direction at a
given time. Change in fracture aperture due to barite precipitation was
derived by calculating the volume fraction in each cell at each time step
and relating it to the initial aperture:

7 barite Vm
di=dy (1 -—0 16
o (1= e e

where nparite (mol) is the amount of barite, Ax (1 x 10~3m) is the cell
spacing in flow direction, y (0.1 m) is the fracture length (diameter of
core), and the subscript O signifies the initial state. It follows that the
permeability K; in each cell can then be calculated from the initial
permeability Ko:

2
K, = K, (j—) a”

0

The effective permeability of the whole fracture was then taken as
the harmonic mean of the respective permeability in each cell.

For assessing a decisive indicator of the coupled simulations with
regards to permeability change, the time for the permeability to change
by one order of magnitude was taken as another key figure for the
sensitivity analysis (see below). This value was presumed to be the
critical time t¢ for the fracture to be virtually sealed in the present
application, as it would render the geothermal system as uneconomic. It
was taken advantage of the fact that the closing rate of the fracture ry =

% approaches a constant value, since the reactive surface area is limited
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Table 2

Geochemistry and state of the formation water in the geothermal reservoir GroR-
Schonebeck. The equilibrated column is calculated with PHREEQC (pitzer.dat),
where the measured column is the input data, barite was equilibrated (Q =1),
and charge balance was done with Cl”. Unit (M) is treated equally as
(mol kgw’l)A For abbreviations, see Tab 1 .

Parameter Measured (Regenspurg et al., 2010) Equilibrated
T 150°C 150°C
P 500 bar 500 bar
pH 5.7 5.7
Na* 1.67M 1.67M
K" 7.40 x 1072M 7.40 x 1072M
Ca?* 1.35M 1.35M
Mgt 1.80 x 1072M 1.80 x 1072M
Ba®" 2.50 x 107*M 2.88x107°M
Sr2t 2.20 x 1072M 2.20 x 1072M
a- 471 M 4.52M
S0%- 1.50 x 10~°M 413x107°M
HCO; 3.10 x107*M 3.10x107*M
102 4 injection state
— ]
| 4
-
£ 9
s 10 3
Q 3
G J Pressure
4 —— 500 bar
1 —— 10 bar
T T T —
25 50 75 100 reservoir 150

T(°C) state
Fig. 3. Expected supersaturation of barite, if temperature and pressure are
reduced along the production pathway of a geothermal power plant. It is
assumed that the fluid is in equilibrium at the reservoir state (Q = 1). The grey
box highlights the presumed temperature and pressure injection state, which
corresponds to a supersaturation in the range of 15-30. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

by fracture surface area. If the closing rate is assumed to be constant, it
can be shown from Eq. (15) that:

initial (1 - ﬁ)
N/ (18)

Tq

Terit =

A simulation was terminated if either rq approached a constant value,
i.e. the change compared to the previous advection step is smaller 1%:

Table 3

Rate constants for bulk precipitation of barite at varying conditions used for the
linear regression. The parameters T and Sal are the input features, which were
transformed and scaled for the regression. Comparing experimental and model
rates yields R2; = 0.88.

T Sal logk:Xp 108 kmodel
°C mol kgw’1 NaCl molm 257! molm 257!
25 0.0 —8.46 -8.21

25 0.1 -7.62 -7.99

25 1.0 —7.60 —7.51

25 1.5 —7.55 -7.36
60 0.1 -7.22 —7.09
60 0.7 —6.60 —6.73
60 1.0 —6.54 —6.62
60 1.5 —6.52 —6.46

25 1.0 —7.40 —7.51

(a) Experimental data on bulk precipitation (Zhen-Wu et al., 2016).
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-2 <001 19)
Ta+1
Or if no nucleation has taken place at all after at least 18 advection
steps (3 x nodes). In the latter case, this would result in t.j; =co, but
terit = 10%°s was adopted here in order to have comparable numerical
values.

2.6. Sensitivity analysis

A sensitivity analysis was carried out with respect to the model
outputs t.i and SLS for assessing the temporal and spatial effects of
barite scaling, respectively. The parameters covered and their respective
ranges for the present study are summarised in Table 1. All parameters
were treated independently from another. For a more complete list, see
Table B.5.

The parameters fracture aperture (d), Darcy velocity (u,), tempera-
ture (T), pore pressure (P), pH, and saturation state () were chosen so
as to capture typical values that can be expected in the fracture network
near an injection well. For this, the geothermal reservoir GroB-Schone-
beck (Zimmermann et al., 2010; Blocher et al., 2016; Regenspurg et al.,
2015) was taken as a reference. The geochemistry of the respective
formation water can be seen in Table 2(Regenspurg et al., 2010).

It is assumed that the formation water is in equilibrium with barite in
the reservoir. Therefore, the formation water was equilibrated with
barite using PHREEQC and the database pitzer.dat. If temperature and
pressure is then reduced, as it were produced, the fluid will become
supersaturated with respect to barite (Fig. 3). As can be seen, due to a
temperature decrease from 150 °C (reservoir state) to 70 °C (injection
state), SR is expected to be on the order of 30. The influence of
decreasing pressure is noticeably lower. It is furthermore expected that
some barite will readily precipitate before the fluids reach the reservoir
surrounding the injection well. Hence, scenarios at lower supersatura-
tion were also investigated. Salinity is an important factor for the rate
constants introduced and is bound to the respective experimental data.
The molar volume (Vy,) is given in the Pitzer database (Parkhurst and
Appelo, 2013), but it was varied arbitrarily to +5% in order to account
for inhomogeneous scaling morphology along the fracture. The contact
angle (0) was varied within the two limiting cases for heterogeneous
nucleation, and the range of the interfacial tension (y) was obtained
from literature data (Nielsen and Sohnel, 1971; Fernandez-Diaz et al.,
1990; He et al., 1994; Prieto, 2014).

The relative importance of each parameter was firstly ascertained by
a screening method, which illustrates varying effects and processes on a
general level. The one-at-a-time (OAT) method of Morris (1991) was
utilised for this so as to yield the mean elementary effects and their
standard deviation of each parameter in the model output. The sampling
is carried out on a regularly spaced grid, varying each parameter at a
time. This is done for a limited amount of model runs and is utilised to
retain non-influential parameters. The number of model runs results
from t(p + 1), where p is the number of parameters and t is the number of
trajectories (Morris, 1991). p=10 and t was set to 1000, resulting in
11 000 model runs for the OAT screening.

In a next step, the global, variance based sensitivity analysis of Sobol
(2001) was applied, which implements a more elaborate parameter
sampling procedure than the OAT method (Saltelli, 2002). From this, the
interaction effects and total sensitivity indices for each parameter were
derived and they quantify a parameter’s total influence on the system.
Due to the model termination criteria (te¢ = 10° s), the mechanism of
HEN potentially conceals parameter dependencies important for gov-
erning crystal growth. So as to highlight the effect of crystal growth,
noteworthy scenarios at supersaturation 15, 20 and 30 were considered.
Further, parameters controlling HEN were fixed at this stage to
y=0.08J m 2 and 0 = 85°. These standard values proposed by He et al.
(1994) result in a threshold supersaturation of Qg ~ 10 (Fig. 2). This
leaves seven factors (p=7) for the global sensitivity analysis. The
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Fig. 4. Absolute mean of the elementary effects (u*) and the respective stan-
dard deviations (o) of the model parameters on t.;; derived from the one-at-a-
time (OAT) method of Morris (1991). The solid, horizontal lines represent
bootstrapped confidence intervals of y*. The ranges of the model input pa-
rameters are shown in Table 1.

number of model runs needed for this follows from n(2p + 2), where p is
the number of parameters and n is the number of samples (Saltelli,
2002). n was set to 1000, resulting in 16 000 model runs.

3. Results
3.1. Rate constants

The lumped rate constant (k) for evaluating crystal growth rates from
Eq. (10) was calculated with a linear regression at respective tempera-
ture (T) and salinity (Sal) conditions, as shown in Table 3.

Comparing various first-order linear regression models with inter-
action terms, to prevent over-fitting given only nine data points are
available, the following model yielded the lowest averaged residuals:

logkmodel = kl Tﬁl =+ k2 Sal% + k3 (20)

The regressed coefficients are k; =-0.453, kp=0.291, and
ks = —7.279, with an adjusted R%; = 0.88. The resulting rate constants
using this model at respective experimental conditions are shown in
Table 3.

A detailed description of the experimental data is given in Zhen-Wu
et al. (2016). In general, k is positively correlated with temperature and
ionic strength. The temperature dependency can be described by an
Arrhenius term (Lasaga, 1998). Hence, the reciprocal of the temperature
was chosen to predict log k. The influence of the ionic strength is much
higher at lower salinities. This dependency levels off at higher salinities,
therefore the root of salinity for the linear model was used.

The linear model obtained for determining the rate constant was
introduced into the reactive transport model. Together with the reactive
surface area and the supersaturation, it is the basis for the kinetic crystal
growth calculations using Eq. (10) as implemented in PHREEQC.
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3.2. Parameter screening

In the parameter screening, the bandwidths of all parameters shown
in Table 1 were evaluated. The results of the OAT sensitivity analysis
with regard to the temporal model output t. (Eq. (18)) are shown in
Fig. 4. The absolute mean elementary effects (u*,,) and respective
standard deviations (o, ) of most parameters are high (>10°* d), which
is due to the model termination criteria. The value 10°° s was used as a
numerical placeholder, which signifies that t; is infinite due to negli-
gible crystal growth. Indeed, 9080 of the total 11 000 model runs
terminated because no HEN happened at all. Thus, notably the param-
eters, defining whether the threshold supersaturation (Q,) is exceeded
or not, i.e. supersaturation, contact angle, and interfacial tension, have
the strongest impact on the total model outcome. This can be derived
from Fig. 4, in which the parameters furthest away from the point of
origin are more influential in the parameter space investigated. The
elementary effects of the parameters darcy velocity, molar volume and
temperature, and salinity are similarly high, but one or two orders
lower. In contrast, it becomes apparent that the parameters fracture
aperture, pH, and pore pressure only have a comparably small sensi-
tivity. Customarily, the uncertainties of parameters, which have small
elementary effects, are neglected in further analyses. But in fact, they are
on the order of >50 years, even though they have near to no impact on
the nucleation mechanism. Hence, the model exhibits two distinguish-
able mechanisms, each depending on different parameters. Both mech-
anisms have a decisive impact on the model output as the influences are
by far higher than the life expectancy of an utilised geothermal system.

3.3. Global sensitivity analysis

The role of the nucleation mechanism is shown to be important in the
previous section. For evaluating the sensitivity of crystal growth with
respect to the input parameters in more detail, time spans for fracture
sealing were examined at a fixed supersaturation threshold (¢, =~ 10)
and three selected supersaturation states (A: Q=15, B: Q=20, C:
Q = 30.). The distributions of t..j; with regard to the input parameters for
all scenarios are shown in Fig. 5.

Comparing all three scenarios, it can be seen that the larger the su-
persaturation is, the smaller t.;; is. It should be noted that the time
ranges are many orders of magnitude higher for C than for A and B. This
becomes apparent through stronger scattering in the lower and espe-
cially the upper ranges, i.e. a higher variance. In all scenarios, a negative
trend can be seen for the parameters T and Sal, whereas a pronounced,
positive trend can be seen for d. For example, in B, the median of t.,j; at a
low fracture aperture of about 10™! mm is approximately only 5 days,
whereas for a fracture aperture of 10 mm the median is almost 200 days,
about 40 times higher. For A, the respective t.; values are only slightly
lower (3 and 140 days), however they are significantly higher (>2000
days) for C and virtually independent of the fracture aperture. A slight
positive trend can also be ascertained for Vy,, though only for C; in A and
B no correlation becomes apparent in this sense. Furthermore, pH and P
exhibit no indication of correlation in all scenarios.

The distribution of the model results are described with summary
statistics, as can be seen in Table 4.

The median values of t.; for scenarios B and C are on the order of
tens of days. For scenario A on the other hand it is on the order of years.
The negative trend of t.i with respect to supersaturation becomes
apparent again, as does the broader range of the outcome with a smaller
supersaturation. Therefore, the uncertainty becomes increasingly larger,
the closer the supersaturation is to the threshold supersaturation. While
the maximum fracture sealing time in C is about 500 days, it is >50
years in A, suggesting that the variance increases as supersaturation
decreases.

The results of the spatial impact, i.e. the distribution of SLS with
respect to varying input parameters, are shown in Fig. 6.

For scenarios B and C it becomes clear that the parameters flow
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Table 4

Quantiles (Q) of the temporal and spatial model output obtained from the global
sensitivity analysis (Sobol, 2001) at various fixed supersaturations Q. They give
an indication for when the permeability has decreased by one order of magni-
tude (t.ri) and how far along a fracture is sealed, i.e. the saturation length scale
(SLS), due to barite scaling.

Scenario Q Output 25th Q 50th Q 75th Q
A 15 148 804 12,853
B 20 terit (days) 12 33 94

C 30 6 16 49

A 15 16 205 7521

B 20 SLS (m) 3 14 92

C 30 2 12 70

velocity uy and fracture aperture d have by far the largest influence on
SLS and that both exhibit a positive correlation. All other parameters
appear negligible in these cases. For scenario A, on the other hand, the
range of the results is much larger and a strong dependency on T, Vy,,
and uy can be seen. While the mean SLS at low velocities
(ux=10"3ms™) is about 1m, it is about 1km at high velocities
(ux=1ms1). The describing statistics referring to this are also pro-
vided in Table 4. SLS is in the range of tens of metres for scenarios B and
C. For scenario A, it is in the range of hundreds of metres or even kilo-
metres and the uncertainty is also much larger.

As a primary result of the global sensitivity analysis, the first-order S;
and total interaction indices St; of the model input parameters were
derived (the subscript i signifies the respective parameters in this case).
In Fig. 7, they are shown with respect to the model output ¢ for all
three scenarios. As S; signifies the contribution of a parameter i on the
output variance by itself, it can be used to prioritise the input parame-
ters. To evaluate, which parameters are rather non-influential and to
also capture possible non-linear effects on the model output variance, St;
is used, which includes further interaction between the parameters. If St;
is negligibly small, the respective parameter can be assumed to be non-
influential in this context. Generally, scenario C exhibits very different
parameter dependencies than A, while B can be described as a transition
scenario. In C, the model parameters temperature, flow velocity, molar
volume and salinity have the highest impact on S;. Combined, they only
add up to 3% of the total variance of the model output, therefore sig-
nificant variance is due to non-linear and interaction effects among the
parameters, which is quantified by the respective St; values. In all sce-
narios, pH and pore pressure have sensitivity indices of 0, hence they
have no impact on the model output. In scenario C, the most sensitive
parameter is the fracture aperture, which makes up for over 65% of the
variance of the output by itself. To a slight extent, salinity and tem-
perature also have an impact, although St s, and St rare both below 0.1,
indicating at least some interaction. In total, S; accumulates to approx-
imately 0.8, hence the variance of the model output can mostly be
explained by varying the parameters on their own and interaction effects
are rather small. Scenario B appears to be somewhere between scenario
A and C with regard to the parameter dependencies.

The sensitivity indices for the saturation length scale SLS are slightly
differently distributed (Fig. 8). Here, scenario A and B reveal quite
similar dependencies on T, uy and Vp,, with near to no primary inter-
action, but complex parameter interplay. For scenario C, on the other
hand, apart from temperature, which has a minimal influence (Sr,
7=0.01), only flow velocity and fracture aperture determine the model
output. All other parameters have a negligible influence. The first-order
indices of flow velocity and fracture aperture combined make up for
40% of the variance of the model output. The rest of the variance is
primarily determined by interaction effects between these two param-
eters. Flow velocity and fracture aperture therefore are the most influ-
ential parameters for the influencing range along a fracture at higher
supersaturation. At lower supersaturation, the parameter dependencies
are not as clear.
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3.4. Scenario Grof3-Schonebeck

In the sensitivity analyses, all parameters were treated indepen-
dently from one another. Some parameters that were fixed this way,
however, may be dependent on others in a true case scenario. To illus-
trate the effect of coupled nucleation and crystal growth in a case where
supersaturation is dependent on lowering temperature, we applied this
model to the GroB-Schonebeck site. Here, the equilibrated fluid chem-
istry was taken as the input condition (Table 2). The temperature was
varied from 25 to 150 °C, and the fracture aperture was varied from 0.1
to 10 mm. All other parameters were kept constant (B.5). The resulting
times for permeability of a fracture to decrease by one order of magni-
tude (t.) are shown in Fig. 9. Similarly to the previous results, it be-
comes clear that larger apertures exhibit larger t.i;. For small apertures
(<1 mm), this is in the range of days, but for larger apertures, this is in
the range of months. Three distinct domains on the temperature scale
can be seen here. Decreasing the temperature from 150 °C to approxi-
mately 90°C, nucleation begins, as the supersaturation threshold is
exceeded. This coincides with a supersaturation of about 10 (Fig. 3).
Cooling further down, nucleation rate continues to become stronger up
to a point, where nucleations will quickly cover the whole fracture
surface (from about 70 °C downwards). From then on, supersaturation
will further increase, but the kinetic rate constant, on the other hand,
decreases. It can be seen that . becomes larger again, which can be
attributed to the fact that the kinetic rate constant decreases more
strongly than supersaturation increases with regards to Eq. (10).

4. Discussion

Scaling is a common issue in geothermal systems, as scales may form
in the wells and the surface system, but also in the reservoir. Barite is
assumed to be originally in equilibrium with the reservoir fluids, since
reservoir rock samples contain barite (Regenspurg et al., 2015). As
temperature and pressure decrease during production, the solubility of
barite also decreases (Fig. 3), triggering the emergence of barite pre-
cipitates along the system pathway. In a continuous
production-injection cycle, fluids cool down, while passing through the
surface system, after which they are re-injected back into the reservoir
through the injection well at about (50 to 70) °C (Zimmermann et al.,
2010; Griffiths et al., 2016). The hypothesis is that scales may accu-
mulate in the reservoir behind the injection well over time, if super-
saturated fluids are constantly re-injected. This would eventually result
in decreased permeabilities and likewise reduced injectivities over time;
a highly unwanted effect as there is no solvent applicable for barite
available. It is expected that mineral scales will also form before the
fluids reach the reservoir, where supersaturation is the highest. Fluids
will most likely have their steepest supersaturation gradient somewhere
in the surface system near the production well or the heat exchanger.
However, due to the low specific surface area compared to the fracture
space, the formation of nuclei and subsequently crystal growth kinetics
is assumed to be attenuated. Even if nuclei form in the surface system,
they may be “washed” into the reservoir. Therefore, longer shut-in pe-
riods potentially pose a problem in this context because in this case there
is more time for nuclei to form larger clusters, settle on surfaces, and
become immobile. Barite scales have been observed to form in the in-
jection well of the geothermal site Soultz-sous-Foréts (Scheiber et al.,
2013), but also to completely seal fractures in this context (Griffiths
et al., 2016), supporting the hypothesis.

Numerical experiments were conducted for evaluating under which
circumstances barite scales can form and if they potentially have an
impact on fracture permeability on a time-scale of a geothermal power
plant’s life time. This was carried out for fractures on the laboratory
scale as a precursor to laboratory experiments, but it can be transferred
to reservoir scales. In order to capture the high dynamics of a geothermal
system and to make estimations on spatial and temporal impacts, a
coupled kinetics model was employed. The novel approach is that
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nucleation on fracture walls as well as crystal growth is taken into ac-
count. Other related studies either use an ad hoc precursor crystal sur-
face, thereby circumventing the nucleation mechanism, or simply just
use thermodynamics (e.g., Bozau et al., 2015; Griffiths et al., 2016).
The quantities and parameters required for making reliable pre-
dictions are to some extent uncertain or variable. A global sensitivity
was carried out, using the key figures t. (Eq. (18)) for the time scale
and SLS (Eq. (14)) for the range of influence of fracture sealing. System
parameters are hereby highlighted that are either under-determined or
that are most sensitive for the processes. This can be used as a guideline
in practical applications for deciding which of these must be investi-
gated in more detail and which can be neglected. Factors controlling
nucleation, such as the interfacial tension or the contact angle, are
experimentally under-determined in the respective geothermal in-situ
conditions. In other words: the known range of the threshold supersat-
uration (Qg) is too uncertain in order to predict with the necessary
precision whether heterogeneous nucleation will take place in a
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respective system (Fig. 2). Moreover, down-hole parameters, such as
saturation state and specific surface area, are not measurable, but each
constitutes a decisive impact on scaling mechanisms.

The parameter screening shows that parameters controlling nucle-
ation have the overall largest impact on the model outcome. No detailed
information is available with regard to minerals on the fracture wall,
accessible to the fluid. While a contact angle of a barite nucleus on
quartz, for example, is expected to be quite high due to their dissimi-
larity, a much smaller value can be assumed for similar crystal struc-
tures, such as celestite. However, detailed data on this is not available in
the literature, and furthermore it would vary within a certain range,
depending on the reservoir rock. Hence, the whole bandwidth of
possible contact angles between a nucleus and substrate was evaluated.
Interfacial tension y also has a broad range, reported in the literature
(Nielsen and Sohnel, 1971; Fernandez-Diaz et al., 1990; He et al., 1995;
Prieto, 2014), and other studies have used it as a fitting parameter for
models (e.g., Prieto, 2014; Poonoosamy et al., 2016). Furthermore, it
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Fig. 9. Scenario for the GroB-Schonebeck site showing the time for perme-
ability of a fracture to decrease by one order of magnitude t.;) at various ap-
ertures. (1): Supersaturation threshold is reached and nucleation begins (note
terie =10%%d represents infinity.). (2): Whole fracture surface is covered with
nucleations. (3): Kinetic rate constant decreases more than supersaturation
increases. The input chemical state was taken from Table 2 (equilibrated at
150 °C). The model input file can be seen in Table B.5. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

becomes obvious from laboratory experiments (Fernandez-Diaz et al.,
1990; He et al., 1995) that y is a system dependent parameter. Although
He et al. (1995) proposed a strong dependency on ionic strength and
temperature, there still is no comprehensive study available on how to
reliably predict y at varying conditions.

Using the parameter ranges considered, the parameter screening
shows that slightly more than 80% of the model-runs terminated
because the threshold supersaturation was too high for nucleation to
take place. From many experiments and observations it is known,
however, that nucleation does take place at respective conditions in
geothermal systems (e.g., Kiihn et al., 1997; Regenspurg et al., 2015;
Zhen-Wu et al., 2016). Currently, it is not possible to predict the
threshold supersaturation for nucleation (Qg,) with high enough cer-
tainty, so as to definitively foresee if it is overstepped in a system.
Though, knowing Q, to a certain degree and its dependencies in a given
system is crucial for a long-term operation because once nucleation has
taken place, further permeability impairing crystal growth becomes
more likely. It is further pointed out that, though heterogeneous
nucleation is expected to be the dominant nucleation process, nucleation
in the free solution is possible to some degree and is encouraged at
increased flow velocities (Poonoosamy et al., 2020b). If these floating
nuclei grow to sizeable colloids, clogging and decrease in rock perme-
ability may take place. Thus, investigating these particular parameters
in more detail could help to identify which of these can be manipulated
in order to mitigate or even control nucleation. We refer to pertinent
experimental studies (e.g., Zhen-Wu et al., 2016; Poonoosamy et al.,
2016, 2020a), which are invaluable in narrowing down these un-
certainties in geothermal conditions.

To further investigate the role of crystal growth, standard values for y
and 0 with regard to barite nucleation in NaCl-solutions were used to fix
these, as proposed by He et al. (1994). The resulting Qu, is approxi-
mately 10, which coincides well with the results of experiments carried
out by Zhen-Wu et al. (2016). There, evidence is reported for hetero-
geneous nucleation in a NaCl-solution at Q = 32, while none took place
at Q = 8. Derived from the fluid composition at the GroB-Schonebeck site
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(Regenspurg et al., 2016), the expected barite supersaturation due to
reduced temperatures is on the order of 30 (Fig. 3). Although some
barite may precipitate along the surface system pathway, it is assumed
that fluids will still be supersaturated when they are re-injected into the
reservoir. In all three scenarios considered (Q at 15, 20, and 30), Q, is
overstepped and crystal growth determines the outcome of the models.

When crystal growth becomes the dominant mechanism (Q > Qg,),
the scenarios outlined show that the parameters fracture aperture,
salinity, and temperature are most influential for fracture sealing. The
former coincides with the specific reactive surface area within a frac-
ture, while the others influence the kinetic rate constant. This is an
important point because the relative amount of fluid in contact with the
fracture wall compared to the total amount of fluid in the fracture space
is inversely proportional to the fracture aperture. It follows that the
permeability of fractures with larger apertures is less affected by mineral
scaling over time. More fluid volume can flow through before having the
same permeability impairing effect, therefore larger apertures could be a
reasonable approach for keeping injection rates stable for a longer
period. Therefore, in terms of fracture sealing, a few large fractures are
more favourable than producing a finely dendritic fracture network with
an equivalent rock permeability.

Temperature and salinity have a strong impact on the precipitation
mechanism (Risthaus et al., 2001; Zhen-Wu et al., 2016). Zhen-Wu et al.
(2016) confirmed a previously postulated strong dependency of the rate
constant on ionic strength (Risthaus et al., 2001) and temperature (Dove
and Czank, 1995), as well as a negligible influence of pH in the range 5
to 7 (Ruiz-Agudo et al., 2015). The role of temperature in this sense is
ambivalent. On the one hand, if fluids are cooled down, the respective
supersaturation with regard to barite is increased, which is the main
driving force for crystal growth and nucleation. On the other hand, the
kinetic rate for crystal growth is reduced at lower temperatures. The
impact of these two effects must be weighed up in detail for a specific
system, so as to decide which is the ideal temperature. Of course, the
necessary heat conversion must be taken into account. For the
GroB-Schonebeck site, it was shown that cooling fluids down to 70 °C
indeed can be seen as a worst case scenario with respect to barite scaling
(Fig. 9). At these temperatures, the resulting supersaturation and
nucleation rate will be high enough to cover the whole fracture surface,
leading to a highly reactive surface area for crystal growth. Only at even
lower temperatures will the rate constant decrease further to counter
this effect to some extent. It should be noted that the threshold super-
saturation was assumed to be 10 and that supersaturation is reached
instantaneously at the fracture inlet.

Results show further that sealing rates are on the order of days or
months (Table 4, Fig. 9). On average, these closing rates are by far
smaller than the target life time of a geothermally utilised system (tens
of years). Griffiths et al. (2016) came to a similar conclusion, who pre-
sented a model with regard to the geothermal site Soultz-sous-Foréts.
They modelled radial growth of a seed barite crystal within a fracture in
order to approximate sealing rates. For a fracture with an aperture of
20 mm, they derived a sealing time of about one month. Indeed, these
rates are consistent with observations at various geothermal sites, where
significant barite scale build-ups have been reported in the well bore and
the surface system within months of production (Nitschke et al., 2014;
Regenspurg et al., 2015; Griffiths et al., 2016). Regenspurg et al. (2015)
report that approximately two tons of solids precipitated in the pro-
duction well during the production of 20000m® fluids at the
GroB-Schonebeck site; most of the residues in filters in the surface
installation were composed of barite. They further report that this may
have contributed to reduced flow rates over time.

5. Conclusions
This study assesses the impact of barite scaling on fracture perme-

ability in the near field of the injection wells of geothermal systems by
means of numerical simulations. It aims at illustrating the effects of
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respective parameter ranges on scaling in fractures on the laboratory
scale and aids in designing complementary laboratory experiments. The
geothermal test-site GroB-Schonebeck is used as a basis, but the general
physico-chemical conditions are applicable also to other sites, whose
fluids exhibit increased Ba-supersaturation. For describing the precipi-
tation mechanisms, a one-dimensional transport model is coupled with a
two-step precipitation model that accounts for heterogeneous nucle-
ation on fracture walls using classical nucleation theory as well as sub-
sequent crystal growth kinetics using PHREEQC. A screening and
sensitivity analysis with respect to fracture sealing times outlines, which
of the hereby introduced parameters are most influential.

Nucleation and crystal growth both depend on supersaturation.
Crystal growth is expected to only play a role, if nuclei have formed on
the fracture wall. This happens if the respective threshold supersatura-
tion is overstepped, which is determined by the interfacial tension and
the contact angle. In the given range, these are the most influential
parameters on the overall model outcome. In order to be able to predict
the threshold supersaturation with sufficient certainty, these factors
need to be determined in more detail in the laboratory and at in-situ
conditions of geothermal applications.

Screening the parameter ranges shows that the threshold supersat-
uration is exceeded for a relevant chemical fluid composition, if tem-
perature and pressure are reduced along the pathway of a geothermal
power plant. In this case, crystal growth becomes the overall deter-
mining process, which is mainly controlled by the specific reactive
surface area and the reaction mechanism. The surface area available in a
fracture in proportion to the fluid is primarily defined by its aperture,
while the rate constant depends on the fluid’s temperature and salinity.
The median times for fractures sealing are on the order of days or
months. On average, these rates are considerably smaller than the
economically required target life time of a geothermally utilised system,
which is on the order of tens of years.

The results presented give time estimates for the impairing effect of
barite scaling on fracture permeability and point out that they do pose a
serious threat for the injectivity of geothermal wells, if the supersatu-
ration threshold is exceeded. The lowering of temperature along the
system pathway increases supersaturation and requires site specific
assessment, as it also determines the amount of heat that can be har-
nessed. This is countered to some degree because lower temperatures
also result in slower kinetic rates, hence these effects must be weighed
up. The model outlined constitutes a tool for predicting and quantifying
the temperature range, which is advisable for the fluid injection tem-
perature. It is further advised rather to produce few fractures with large
apertures than many with small apertures during hydraulic stimulation,
so as to minimise sealing times.
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Appendix A. Example PHREEQC input file

TITLE PhreegSim

RATES

Barite # phreegsim

-start

# (mol), temporary variable

10 moles =0

# (molm-2 s-1), dissolution rate constant
20 k_d = 10"PARM(1)

# (mol m-2 s-1), growth rate constant
30 k_p = 10"PARM(2)

40 sa = PARM(3) # (m2)

# (-), reaction order dissolution
50n_d=0.2

# (-), reaction order growth
60n_p=1.0

70 IF (SR(”Barite”) < 1.0)

AND (M < =0.0) THEN GOTO 100

# Crystal dissolution

80 IF SR(”"Barite”) < 1.0 THEN

moles =k_d*sa* (1 - SR(”Barite”)A_d)
# Crystal growth

90 IF SR(”Barite”) > 1.0 THEN

moles =k _p * sa * (1 - SR("Barite”)”_p)
100 SAVE moles * TIME

-end

SELECTED_OUTPUT

-high_precision True

-reset false

USER_PUNCH

-headings step_no # base

-headings pH pe # sol

-headings Ba S Na C1 # element
-headings Ba+2 SO4-2 # species
-headings sr_Barite # sr_solid
-headings Barite # kin_solid

-start
10 PUNCH STEP_NO
20 PUNCH -LA ("H+’) , -LA("e-")

30 PUNCH TOT (’Ba’) , TOT(’S’), TOT('Na’) , TOT(’'C1l’)
40 PUNCH MOL (’Ba+2’) , MOL (’S04-2")

50 PUNCH SR (’'Barite’)

60 PUNCH KIN ('Barite’)

-end

END

SOLUTION 0

units mol/kgw

water 958.29329
temperature 60

pressure 98.692327

PH 6.0071915

pe 4

Ba 0.00089862195

S(6) 0.00089862195

Nal.5

Cl1.5

KINETICS 0

-steps 1 in 1 steps seconds
Barite

-m0 13.125398

-parms -5.96 -6.46 100000 # log_kd, log_kp, sa
END
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Table B.5

Table B.5
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Transport model input parameters for the various sensitivity analysis and scenarios. OAT refers to the one-at-a-time parameter screening after Morris (Section 3.2). A,
B, and C refer to the sensitivity analysis scenarios after Sobol (Section 3.3). GSB refers to the scenario for GroB-Schonebeck site (Section 3.4). Parameters: nodes (—),
maximum time steps ntpyax (—), length x (m), fracture aperture logd (log m), temperature T (°C), pressure log P (log Pa), flow velocity log uy (log m s’l), pH (-),
elemental concentrations (mol kgw’l), saturation state at inlet Q;, (—), temperature at inlet Tj, (°C), diffusion coefficient Dy, (m? s’l), interfacial energy y (J m’z),
contact angle 6 (°), molar volume V, (em®mol ™). A single value means it was fixed. Two values mean it was varied uniformly in this range. If bc_T is not defined, it is

the same as the domain temperature T.

Parameter OAT (Morris) A (Sobol) B (Sobol) C (Sobol) GSB
nodes 6 6 6 6 6

Ntmax 200 200 200 200 200

x 0.15 0.15 0.15 0.15 0.15

logd (-4, -2) (-4, -2) (-4, -2) (-4, -2) (-4, -2)

T (50, 70) (50, 70) (50, 70) (50, 70) (25, 150)
log P (7.0, 7.7) (7.0,7.7) (7.0, 7.7) (7.0, 7.7) 7.7

log uy (-3, 0) (-3, 0) (-3,0) (-3, 0) -1

pH (5,7) 5,7) 5,7) (5,7) 5.7

Na® 0.1, 1.5) (0.1,1.5) 0.1,1.5) 0.1, 1.5) 1.67

K+ - - - - 7.4x1072
Ca®* - - - - 1.35
Mg>+ - - - - 1.8x1072
Ba?* - - - - 2.469 x 1073
2 B _ _ - 22x1072
cl- 0.1, 1.5) (0.1,1.5) 0.1,1.5) 0.1, 1.5) 4,521
S02~ - - - - 3.719x 1073
HCOj5 - - - - 31x107*
Qin (1.1, 31.6) 15 20 30 1

Tin - - - - 150

Dp, 1.0x107° 1.0x107° 1.0x107° 1.0x107° 1.0x107°
y (0.07, 0.134) 0.08 0.08 0.08 0.08

0 1,179) 85 85 85 85

Vin (50.26, 55.55) (50.26, 55.55) (50.26, 55.55) (50.26, 55.55) 52.9

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.geothermics.2020.102027.
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