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ABSTRACT 

In this work, the impact of clay minerals on formation 

damage of sandstone reservoirs is studied to provide a 

better understanding of the problem of deep geothermal 

reservoir permeability reduction due to fine particle 

dispersion and migration. In some situations, despite 

the presence of filters in the geothermal loop at the 

surface, particles smaller than the filter size (<1 µm) 

may surprisingly generate significant permeability 

reduction affecting in the long term the overall 

performance of the geothermal system. The aim if this 

study is to investigate the impact of the transport and 

deposition of clay particles on the injectivity of porous 

media. Core-flooding experiments were carried out 

using sand columns to mimic the permeability decline 

due to the injection of illite-containing fluids in 

sandstone reservoirs. In particular, the effects of ionic 

strength, temperature, particle concentration and 

injection rate of the injected fluid were investigated. 

When the ionic strength increases, a permeability 

decline of more than a factor of 2 could be observed for 

pore velocities representative of in-situ conditions. 

Further details of the retention of particles in the 

columns were obtained from Magnetic Resonance 

Imaging showing that particle deposition is non 

uniform along the column.  It is clearly shown that very 

fine particles as small as 100 nm can generate 

significant permeability reduction under specific 

conditions in high permeability porous media 

representative of the Triassic reservoirs of the Paris 

basin.  

1. INTRODUCTION  

Reinjection plays an important role in geothermal 

energy production as it protects the environment from 

saline groundwater pollution, maintains reservoir 

pressure and provides the necessary recharge to ensure 

the sustainability of the resource. However, injectivity 

loss and clogging problems during reinjection have 

been reported and remain poorly understood to date. 

These difficulties depend strongly on the geological 

structure in which the fluid is reinjected. Indeed, 

carbonate aquifers are generally fractured and therefore 

have a high permeability which facilitates the 

circulation of the injected fluid, they present very few 

problems during the recharge of geothermal water 

(Lopez et al. (2008)).  On the other hand, sandstones, 

having a matrix permeability, are often affected by 

reinjection and their clogging can be physical, chemical 

or biological. Physical clogging caused by the 

deposition of solid particles suspended in the fluid is 

the most common clogging mechanism according to 

Song et al. (2020). Particles suspended in the reinjected 

water can be of several origins: exogenous, such as 

bacteria, corrosion products or air bubbles, or 

endogenous, which are self-produced by the reservoir 

(Ungemach. (2003)). For example, clays contained in 

sandstones can be released when high production rates 

are used. Indeed, it has been shown that there is a 

critical pore velocity, depending on the salinity of the 

medium, above which the fine particles present in the 

reservoir detach and migrate with the fluid (Geothermal 

communities GeoCom, 2013). Concentration, size and 

nature of the mobilized particles depend on the 

injection rate (which can exceed 200 m3/hr), the 

cohesion of the formation, and variations in salinity, 

pH, and temperature (Burté. (2018)).    

In order to eliminate the particles present in production 

water, the latter are filtered before being reinjected 

which considerably reduces the risk of clogging. 

Filtration threshold is dimensioned according to the 

size distribution of the particles that might be mobilized 

by the flow. This distribution is relatively wide in 

clayey-sandstone reservoirs and includes coarse 

particles as well as micron to submicron particles. The 

installation of equipment capable of filtering to less 

than 1µm is currently not possible in geothermal energy 

given the current technologies and the consequent 

filtration costs. This massive surface filtration should 

be sufficient since pore throats are much larger than the 

particles passing through the filter (two orders of 

magnitude larger than the particle size) and the 

deposition of colloids in the porosity should therefore 

not cause a significant permeability decline. However, 

the geothermal fluid undergoes chemical, thermal, and 

hydrodynamic changes and may thus be destabilized. 
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Particles are likely to form aggregates of sizes 

equivalent to those of the pore throats and be blocked 

by size exclusion or pore bridging effects. These 

phenomena can lead to a significant decrease of the 

reservoir permeability in the near wellbore area and 

therefore to an important injectivity loss. 

In this work, clay-induced injectivity reduction during 

geothermal reinjection in sandstone reservoirs will be 

investigated. To do so, an experimental study on the 

transport and deposition of clay particles in porous 

media is presented. Core-flooding experiments are 

performed by injecting water containing fine clay 

particles in quartz sand columns under different 

experimental conditions. The on-line pressure drop is 

recorded and allows to estimate permeability reduction 

during injection. Particle size in the outlet fluid is 

measured using Dynamic Light Scattering (DLS). 

Magnetic Resonance Imaging (MRI) is used to provide 

additional information concerning the dynamics and 

the structure of the deposit. Clogged areas are also 

visualized.    

2. MATERIALS AND METHODS    

In order to mimic permeability decline caused by 

injection of fine clay-containing fluids in sandstone 

reservoirs, core-flooding experiments are carried out 

using GA39 quartz sand columns as porous media (80-

100µm). To guarantee the reproducibility of the sand 

columns, an automatic packing procedure has been set 

up and allows to control the initial permeability of the 

porous media used in the framework of the present 

experiences. Figures 1 (a) and (b) show respectively CT 

scan images of manually and automatically packed 

sand columns. The automatic packing eliminates the 

heterogeneities visualized (blue spots, figure 1.a) on the 

manually packed column. The detailed parameters of 

the obtained porous media are listed in Table 1.  

 

 

 

 

 

 

Figure 1 : CT scan images of manually (a) and 

automatically (b) packed sand columns. The blue 

spots visualized in the manually packed column 

correspond to heterogeneities present in the 

obtained porous medium. On the other hand, the 

CT scan image of the automatically packed column 

shows a perfectly homogeneous porous medium.  

Table 1 : parameters of the packed sand columns used in 

the core-flooding experiments.   

After saturation of the column with a background brine, 

an illite suspension dispersed in pure water is co-

injected in parallel with a brine having the desired 

salinity. The particle size distribution of the used illite 

suspension is displayed in Figure 2 . Illite particle size 

varies between 50 et 300 nm and is centered around 

117nm. Before injection, the two solutions are mixed 

using a thermal stirrer to homogenize and preheat the 

mixture. The in-fluent set at the desired salinity, 

temperature and particle concentration is then injected 

from bottom to top as shown in figure 3 at different 

injection rates. Upstream and downstream pressure 

sensors are used to determine the pressure drop and 

therefore the permeability loss generated by the 

injection of illite suspensions. On-line Nuclear 

Magnetic Resonance measurements are used to study 

the evolution of particle deposition in the porosity. 

Information collected by NMR measurements is 

completed by downstream particle size measurements 

using Dynamic Light Scattering.  

 

Figure 2 : particle size distribution of the stable illite 

suspension (illite particles dispersed in pure water) 

measured by Dynamic Light Scattering (DLS). Illite 

particle size varies between 50 et 300 nm and is 

centered around 117nm.  
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Figure 3: experimental setup for the core-flooding 

experiments.  

 

3. RESULTS   

The aim of this work is to study the stability-related 

illite retention in porous media under geothermal 

conditions. The impact of different parameters such as 

salinity, temperature, particle concentration and 

injection rate are investigated. In what follows, 

preliminary results obtained by injection of an illite 

suspension under the experimental conditions 

summarized in Table 2 will be presented.  

 

 

Table 2 : core-flooding experiment parameters  

 

Pressure drop (∆P) data collected during the injection 

are used to calculate the mobility reduction of the 

injected fluid related to ∆P by the following equation: 

𝑅𝑚 =
∆𝑃𝑖𝑙𝑙𝑖𝑡𝑒

∆𝑃𝑏𝑟𝑖𝑛𝑒

 

∆𝑃𝑖𝑙𝑙𝑖𝑡𝑒  and ∆𝑃𝑏𝑟𝑖𝑛𝑒 are respectively the pressure drop 

during illite and brine flow through the sand column 

determined at the same flowrate.  

 

Monitoring the evolution of the mobility reduction 

allows to evaluate the ease of circulation of the injected 

fluid in the porous medium. The higher Rm is, the 

harder it is for the fluid to flow and therefore the less 

successful the injection is.  

The evolution of Rm as function of the number of pore 

volumes injected in the experimental conditions shown 

in Table 2 is presented in Figure 4 in black.  

 

 

Figure 4: mobility reduction (Rm) as a function of 

the number of pore volumes injected (PVI). 

Following the injection of a stable illite suspension 

(perfectly dispersed particles), the Rm (blue curve) 

remains constant translating an optimal 

propagation quality of the fluid. The particles cross 

the porous medium without being retained. The 

injection of an unstable suspension (presence of 

large aggregates) represented by the black curve is 

accompanied by a significant increase in Rm. This is 

due to the deposition of illite particles in the porosity 

which alters the quality of propagation of the fluid 

in the porous medium and thus reduces its 

injectivity.   

Mobility reduction increased significantly during illite 

injection up to 27 during the 150 PV injected.  

 In fact, according to the filtration rule based on the 

jamming ratio criterium defined as  

                          𝐽𝑟 =
𝑟𝑝𝑜𝑟𝑒

𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
                         [1] 

If Jr < 1/7, the injected particles pass through the porous 

medium without being retained. However, when Jr > 

1/3, deep bed filtration occurs and particles are captured 

in the porosity leading to increased mobility reduction.  

The average hydrodynamic pore throat radius can be 

predicted using equation 2 in which the porous medium 

is simplified and represented by a bundle of identical 

cylindrical capillaries.  

                             𝑟𝑝𝑜𝑟𝑒 = √
8𝑘

ϕ
                         [2]             

k and ϕ are respectively the permeability and the 

porosity of the porous medium. 

In our case, Jr is around 0,05 (<1/7) which means that 

deep bed filtration is normally not expected if the 

particles injected are stable and remain perfectly 

dispersed. This can be seen on the blue curve 

represented in Figure 4. However, our study is 

performed under high salinity conditions in which illite 

particles tend to aggregate and form large particles 

which deposit in the porosity and therefore reduce the 

mobility of the fluid which explains the sharp increase 

of Rm from 1 to 27 after 150 PVI.   

 

These tests were reproduced varying several 

hydrodynamic and chemical parameters in order to 

study their isolated and combined impact on injectivity.  

 

NMR data collected during core-flooding experiments 

were also used to measure the T2 relaxation times all 
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over the sand column. T2 is related to pore size by the 

following equation:  

                                  
1

𝑇2
= 𝜌2

𝑆

𝑉
                         [3]             

 

𝜌2 is the surface relaxivity of quartz grains, S the 

specific pore surface area, V the volume of the pore.  

 

T2 relaxation times are represented in Figure 5 as a 

function of signal amplitude averaged over the entire 

column as the injection proceeds. The blue curve 

represents the distribution of relaxation times under 

brine-saturated conditions without suspended particles 

before starting injection.  

 

 

    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 : T2 spectrum measured at different times 

during flooding. At t0 (blue curve), under brine-

saturated conditions, a single peak is visualized and 

corresponds to water molecules contained in the 

intergranular structure (large pores). After 

injection of illite particles over several PV (black 

curve), the main peak shifts towards long relaxation 

times due to the modification of the surface 

relaxivity of the quartz grains (coated by the 

deposited illite particles). A secondary peak appears 

towards the short times and reflects the deposition 

of illite particles in the porosity. After injection of 

150VP (red curve) the two peaks shift towards short 

relaxation times and we observe a decrease in the 

amplitude of the main peak vs. an increase in the 

proportions of the secondary peak. This is due to the 

accumulation of particles in the porosity which 

implies the creation of smaller pores.  

 

A single peak is observed centered around 90ms and 

corresponds to the water molecules contained in the 

intergranular structure. After injecting several PV of 

illite particles (black curve), the initial primary peak 

shifted to longer times (300ms) and decreased in 

amplitude due to the change of the surface relaxivity of 

the quartz grains lined by the deposited illite particles. 

A secondary peak also appeared around 35ms and 

corresponds to water molecules contained between the 

deposited illite particles where pores are smaller than 

between quartz grains. This can be explained by the 

accumulation of particles in the sand column due to 

deep bed filtration and bridging of pore throats which 

lead to more small pores and thus shorter relaxation 

times.  

In order to monitor illite deposition along the sand 

column over time and to locate particle accumulation or 

clogging areas, local relaxation times are also 

measured. We thus obtain a distribution of relaxation 

times on each height of the column with a step of 

0.1cm. 

NMR also allows to trace porosity profiles to localize 

the deposit and estimate its impact on porosity and 

permeability reduction.  

 

 

4. CONCLUSIONS   

In the present work, an experimental study on the 

transport and deposition of clay particles in porous 

media was carried out in the aim of providing insight 

into the problem of clogging during geothermal 

reinjection. The study consisted in injecting illite 

particles of a size of a few tens to hundreds of 

nanometres into quartz sand columns. The impact of 

several physico-chemical parameters such as salinity, 

temperature and injection rate was investigated. The 

pressure drop recorded between the inlet and the outlet 

of the column and converted into Rm allowed to 

evaluate the quality of the in-depth propagation of the 

fluid. A significant increase in Rm following the 

injection of illite particles under high salinity 

conditions was observed reflecting the deposition and 

retention of particles in the porous medium during 

injection. The T2 relaxation times obtained by NMR 

measurements were used to study the dynamics of clay 

deposition which occurs in two phases: a first phase of 

deposition of illite particles on the surfaces quartz 

grains followed by a phase of accumulation of illite 

particles in the porosity leading to the creation of 

clogging areas. 
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