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This paper describes and deploys a workflow to assess the evolution of seismicity associated to injection of cold fluids close to a fault. We employ a coupled numerical thermo-hydro-mechanical simulator to simulate the evolution of pressures, temperatures and stress on the fault. Adopting rate-and-state seismicity theory we assess induced seismicity rates from stressing rates at the fault. Seismicity rates are then used to derive the time-dependent frequency-magnitude distribution of seismic events. We model the seismic response of a fault in a highly fractured and a sparsely fractured carbonate reservoir. Injection of fluids into the reservoir causes cooling of the reservoir, thermal compaction and thermal stresses. The evolution of seismicity during injection is non-stationary: we observe an ongoing increase of the fault area that is critically stressed as the cooling front propagates from the injection well into the reservoir. During later stages, models show the development of an aseismic area surrounded by an expanding ring of high seismicity rates at the edge of the cooling zone. This ring can be related to the “passage” of the cooling front. We show the seismic response of the fault, in terms of the timing of elevated seismicity and seismic moment release, depends on the fracture density, as it affects the temperature decrease in the rock volume and thermo-elastic stress change on the fault. The dense fracture network results in a steeper thermal front which promotes stress arching, and leads to locally and temporarily high Coulomb stressing and seismicity rates. We derive frequency-magnitude distributions and seismic moment release for a low-stress subsurface and a tectonically active area with initially critically stressed faults. The evolution of seismicity in the low-stress environment depends on the dimensions of the fault area that is perturbed by the stress changes. The probability of larger earthquakes and the associated seismic risk are thus reduced in low-stress environments. For both stress environments, the total seismic moment release is largest for the densely spaced fracture network. Also, it occurs at an earlier stage of the injection period: the release is more gradually spread in time and space for the widely spaced fracture network.
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1 INTRODUCTION
The role of geothermal energy production in the global energy supply is expected to grow (IEA, 2020), as the energy transition requires a shift from fossil-fuel based to renewable and sustainable energy sources. Geothermal energy can be produced from high-enthalpy geothermal fields, but also low-enthalpy sedimentary formations such as found in intraplate regions like e.g. the Netherlands. In the last 2 decades, over 20 low enthalpy geothermal doublet production systems have been successfully developed in the Netherlands (e.g. Van Wees et al., 2020). The majority of these doublets target porous sandstone reservoirs of Permian to Cretaceous age (Buijze et al., 2019). However, the increased demand for sustainable heat and electricity calls for a broadening of the geological targets for geothermal energy. Therefore, exploration efforts now also target the potential of the Lower Carboniferous Dinantian play in the Netherlands (e.g. Bouroullec et al., 2019; Ter Heege et al., 2020). These Dinantian carbonates typically show heterogeneous porosity and permeability due to the presence of karstification and fractures, as well as relatively high rock competence. The deeper reservoirs among them, which are mainly located in the northern part of the Netherlands, show high in-situ reservoir temperatures up to 190°C (e.g. Lipsey et al., 2016). Consequently, the expected difference between the re-injection temperature and ambient rock temperature is large. The shallower reservoirs in the southeastern part of the Netherlands lie in the Ruhr Valley Graben, a tectonically active region. The full set of reservoir characteristics–tectonic setting, depth, in-situ temperatures, rock competence, poro-perm distribution and the presence or absence of fractures–will affect flow, heat transport and geomechanical response and thereby the seismicity potential of these geothermal plays. Generally speaking, the induced seismicity potential of the Dinantian fractured carbonates is considered to be higher than for the “conventional” sandstone reservoirs (Buijze et al., 2019). Induced earthquakes of magnitudes large enough to be felt at the surface can pose a problem for geothermal doublet operations.
In the southeast of the Netherlands, two geothermal doublets have been operated in carbonate reservoirs of the Dinantian. In contrast to the geothermal doublets producing from porous sandstone reservoirs, where no induced seismicity has been reported to date, some small seismic events have been recorded in the Dinantian reservoirs (Baisch and Vörös, 2018; Vörös and Baisch, 2019). This led to the cessation of the geothermal doublet operations. Recent research points towards a causal relation between operations in the Dinantian carbonates and seismic events (Baisch and Vörös, 2018; Vörös and Baisch, 2019). However, unambiguous conclusions on the relation between subsurface operations and causal mechanisms of induced events were hampered by lack of available data from the subsurface, as well as significant uncertainties in seismic event depth (State Supervision of Mines, 2019). This calls for an improved understanding of the driving mechanisms of induced seismicity in these carbonate reservoirs.
Simulation models capable to assess the potential of fault reactivation and seismicity are crucial to understand the interplay between the operational factors and the evolution of pressures, temperatures and associated changes in the stress fields near geothermal systems (i.e. Wassing et al., 2014; Candela et al., 2018; Van Wees et al., 2020; Wassing et al., 2021). Such models take into account pressure and temperature changes prompted by the production of warm water and re-injection of cooled water which cause changes in stresses in the geothermal reservoir. These may lead to fault reactivation and induced seismicity. Effects of temperature changes on the short term are expected to be limited to the near-well area. However, most geothermal doublets will operate over long periods, up to lifetimes of 50 years. Extensive cooling of the reservoir rocks and the associated stress changes may play a significant role in fault reactivation. Moreover, thermo-elastic stresses may dominate over poro-elastic stress changes and pressure changes, since injection pressures in the carbonate reservoirs are relatively low and thermal stresses can be significant in particular in stiff rocks (e.g. Jacquey et al., 2015). The potential for pressure- or thermally induced seismicity depends on reservoir characteristics, operational conditions and flow rates during geothermal production. Gan and Elsworth (2014) investigated the propagation of fluid pressures and thermal stresses in a prototypical geothermal doublet in a fractured reservoir, and demonstrated that the likelihood for late-stage thermally-induced seismicity depends on the shape of the thermal front.
In the present paper, we focus on seismicity induced by geothermal operations in fractured carbonate reservoirs, such as the Dinantian carbonates in the Netherlands. Using a numerical 3D coupled thermo-hydro-mechanical model (following and extending the method of Gan and Elsworth, 2014), in combination with Dieterich’s rate-and-state-theory (Dieterich, 1994; Segall and Lu, 2015), we investigate and discuss the nucleation of seismicity and the spatial and temporal pattern of seismicity–the “seismic footprint.”
2 METHODOLOGY FOR ASSESSING SEISMIC FOOTPRINT DURING GEOTHERMAL OPERATIONS
2.1 Model Geometry
We employ the coupled numerical thermo-hydro-mechanical simulator of FLAC3D-TOUGHREACT (Taron and Elsworth, 2010; Gan and Elsworth, 2014; Wassing et al., 2021). The simulator accounts for the two-way coupling between the thermal, hydraulic and mechanical processes, and provides the spatial and temporal evolution of pore pressures, temperatures and stresses in the model domain. For the present analysis, we do not use the chemical options available in the TOUGHREACT part of the coupled code.
We use a simplified model geometry and modelled pressure, temperature and stress changes due to fluid injection into a single well close to a fault plane. For computational efficiency, we model a quarter of a symmetrical reservoir with a single vertical injection well. Our workflow can easily be extended to model the geometry and configuration of a typical geothermal doublet. Model dimensions are 2,500 × 2500 × 2,100 m. The stress evolution can be computed at any location in the reservoir, over- and underburden. The fault plane itself is not explicitly modelled. We are therefore flexible in choosing the location and orientation of the fault, as there is no need for model remeshing. We define a fault without offset, striking N-S and dipping 70° towards the injection well at a distance of approximately 300 m from the injection well (see Figure 1). Pressures in the fault and stress conditions at the location of the fault plane are derived from 3D interpolation of fracture pressure and stress at the center of the mesh elements.
[image: Figure 1]FIGURE 1 | Geometry of the model in FLAC3D-TOUGHREACT. Blue color indicates the carbonate reservoir. Red interval depicts injection interval, dashed white line shows position of fault plane, which intersects reservoir and surrounding rocks.
2.2 Model Parameterization, Initial Conditions and Boundary Conditions
We model the seismic response of a fault in a fractured carbonate reservoir. The top of the reservoir is located at a depth of −2,100 m. Initial reservoir temperature is 90°C. Depth, in-situ temperature, hydrological and thermal parameters of the reservoir are representative of the Dinantian carbonate reservoirs as reported in Ter Heege et al., 2020. The carbonate reservoir itself is relatively thick, 500 m; the fluid is assumed to be injected in an open hole section of 100 m at the center of the reservoir at a depth between −2,300 m and −2,400 m. Fracture sets in the reservoir are modelled as orthogonal with equal spacing and permeability, using the double porosity-permeability approach in TOUGHREACT (Pruess et al., 2012). We distinguish two end-members for the fracture spacing: a small fracture spacing of 2 m and a large fracture spacing of 200 m.
We assume elastic isotropic material behaviour for the reservoir and burden. Elastic properties are uniform throughout the model (see Table 1).
TABLE 1 | Model parameters and model ranges for FLAC3D-TOUGHREACT. Values between square brackets indicate a stochastic range of input parameters (uniform distribution).
[image: Table 1]Initial stress gradients are chosen to be representative of the in-situ stress field in the Netherlands, i.e., an extensional tectonic setting, with little anisotropy in the horizontal stresses (Sv > SHmax = Shmin, respectively −22.6, −16.0, and −16.0 MPa/km). In our model, the minimum horizontal stress is oriented perpendicular to the strike of the fault (parallel to the model x-axis), and maximum horizontal stress is oriented parallel to the fault strike (y-axis). In all modelled cases we assume a hydrostatic pressure gradient. As a result, the initial slip tendency of the fault, defined as the ratio of shear (τs) over effective stress (σ′n) is non-critical with a value | τs/σ′n | ≈ 0.3 at the start of injection. We use the convention that compressive stress is negative.
Cold fluid is injected into the quarter of the injection well at a temperature of 25°C, at a constant rate of 50 kg/s over an open hole section of 100 m. We only model flow and heat transfer in the reservoir section; no flow or thermal conduction into the seal and base rock is modelled. As boundary conditions for flow and heat transport, we impose constant pressure and temperature at the far field vertical boundaries, 2,500 m from the injection well. We assume no displacements in the horizontal direction at the vertical boundaries. For the horizontal boundary at the top and bottom we impose a constant stress, to simulate the weight of the overburden and initial stress equilibrium at depth. The stress response associated to the change of pressure and temperature is computed for the entire model, including the under- and overburden rocks.
Mechanical, thermal and hydrological model parameters and initial conditions and assumptions for the TOUGHREACT-FLAC3D simulations are summarized in Table 1.
2.3 Coulomb Stress at Fault and Seismicity
As a first step we compute effective normal and shear stresses from the stress tensor at the location of the fault plane. From these we derive the Coulomb stress changes on the fault. Coulomb stress change on a fault is an important proxy for seismicity potential. It is defined by the change of the vertical distance of the effective normal and shear stress to the Mohr-Coulomb failure line in a Mohr diagram. The Coulomb stress changes then result from two contributions. The first is the increase in pore pressures in the fault itself, due to diffusion of pressures through the fracture network (fracture pressure P1) into the fault (so-called “direct pore pressure effect”). The second is the combination of poroelastic and thermoelastic stress changes, caused by the deformation of the rocks due to pressure changes in the fractures (P1) and matrix (P2), respectively temperature changes in the matrix rocks (T2). The Coulomb stress changes are written as:
[image: image]
where the symbol Δ denotes a change, τs is shear stress, σn is total normal stress on the fault, µ is friction coefficient of the fault and [image: image] is the pore pressure change in the fault. A positive Coulomb stress change indicates that the stress on that fault segment follows a destabilizing path; conversely a negative Coulomb stress change indicates a stabilizing path. The first two components on the right-hand side in Eq. 1 denote the contribution of poro- and thermoelastic stressing; the last component [image: image]gives the contribution of the “direct pore pressure effect” in the fault.
From the evolution of Coulomb stress changes over time we derive Coulomb stressing rates. In turn, the stressing rates are used as input to the rate-and-state seismicity theory originally proposed by Dieterich (1994) to derive seismicity rate (see also Segall and Lu, 2015; Heimisson and Segall, 2018; Candela et al., 2019). Seismicity rates are calculated as:
[image: image]
where the Coulomb stressing rate is defined as:
[image: image]
with [image: image] is the shear stress rate,[image: image] is the effective normal stress rate, [image: image] is the coefficient of fault friction, in which the functional dependence on t denotes that it depends on the temporal evolution of shear stress over normal stress. For [image: image], a constitutive parameter, we use zero in this study. R is the relative seismicity rate, i.e. the seismicity rate divided by background (tectonic) seismicity rate [image: image], [image: image] is the tectonic stressing rate, and [image: image] is a characteristic time decay which corresponds to the time scale of decay of the aftershock rate following a main shock back to the background rate. [image: image] depends on background stressing rate, fault parameter [image: image] (which quantifies the direct effect of rate and state friction behavior of the fault) and the temporal evolution of normal effective stress [image: image]
[image: image]
In our model workflow, the Dieterich parameters A, [image: image], [image: image] are kept constant for all the simulations.
We refer to Segall and Lu (2015) for a more in-depth discussion of the theory and the parameters involved.
Fault material behaviour is assumed to be fully elastic (i.e. no explicit slip and associated stress redistribution is modelled). To prevent the increase of shear stress and normal effective stress far beyond a realistic failure envelope for shear and tensile strength, we apply corrections for effective normal stress [image: image] and for ratio of shear stress to normal effective stress (τs/[image: image]):
• if [image: image]> −1e−5 MPa → [image: image] = −1.e−5 MPa
• if | τs/σ′n | > 1 → | τs/σ′n | = 1
Based on the spatial and temporal evolution of Coulomb stresses and relative seismicity rates we estimate the time-dependent frequency-magnitude distribution of the simulated seismicity at the fault plane near the injector well.
Here we can distinguish two end members: 1) injection in a so-called “low-stress” environment (Segall and Lu, 2015; Maurer and Segall, 2018) and 2) injection in a tectonically active “high-stress” environment. In a high-stress environment, once an event nucleates, it can potentially propagate over the entire fault plane. In a low-stress environment nucleation and propagation of seismic events is assumed to be restricted by the size of the fault segment that is critically stressed (i.e. there will be no run-away rupture outside this perturbed fault segment). In our approach, we use a critical value of shear-over effective normal stress to distinguish between critically and non-critically stressed fault area. In the low-stress environment seismic slip can only nucleate and propagate inside the critically-perturbed area of the fault, i.e. where | τs/[image: image] | ≥ fcrit.
The estimation of the frequency-magnitude distribution of seismic events is thus dependent on the stress environment.
For the high-stress environment, we assume a time-dependent truncated Gutenberg-Richter as representative of the frequency-magnitude distribution:
[image: image]
where:
[image: image]is the seismicity rate integrated over the predefined fault plane. [image: image] is the expectation value for the number of events with a magnitude ([image: image] larger than or equal to [image: image]. The [image: image] can be chosen representative of the size of the predefined fault plane, or can be defined based on the regional tectonic Mmax. The b-value is chosen constant equal to unity.
For the low-stress environment, again we assume a time-dependent truncated Gutenberg-Richter as representative of the frequency-magnitude distribution where [image: image]is the seismicity rate integrated over the perturbed area. The b-value can be either a constant or a stochastic a-priori parameter. However, in this case the [image: image] is constrained by the dimensions of the critically-perturbed area, which depend on the evolution of shear and effective normal stress on the fault and the value of fcrit. We can choose fcrit as a constant or stochastic parameter. We approximate the critically-perturbed area by a rectangle with dimensions which evolve during the injection period. The smallest dimension corresponds to the [image: image] of the maximum magnitude event [image: image] at a specific moment in time. Assuming an a-priori stress drop [image: image] (either constant or stochastic parameter), and a disk-shaped rupture (aspect ratio of 1), [image: image] then equals:
[image: image]
Our workflow for the assessment of the seismic response of the fault, in terms of the frequency-magnitude evolution then involves the following steps:
- Compute spatial-temporal distribution of the pressure, temperature and stress changes in the reservoir;
- Define a fault geometry (dip, strike, location) in the model;
- Resolve shear, normal stresses and compute Coulomb stress rates on the fault;
- Calculate area-integrated seismicity rate ([image: image]) from Dieterich’s rate-and-state seismicity theory;
- For high-stress environment: define a stress drop, minimum and maximum magnitude and b-value, and based on [image: image], calculate the time-dependent truncated Gutenberg-Richter frequency-magnitude distribution. Note here that the [image: image] is derived a-priori from the size of the predefined fault plane.
- For low-stress environment: calculate the time-dependent critically-perturbed area and derive [image: image]. Define a stress drop, minimum and maximum magnitudes and b-value; and based on [image: image], calculate the time-dependent truncated Gutenberg-Richter frequency-magnitude distribution. Note here that the [image: image] is derived from the [image: image].
3 MODELLING RESULTS: EFFECT OF THERMAL FRONT ON SEISMIC FOOTPRINT IN DENSELY AND SPARSELY FRACTURED CARBONATE RESERVOIR
For the two cases of fracture spacing defined above, we investigate the evolution of pressure, temperature, fault stress (rate) and seismicity in space and time. As described in Gan and Elsworth (2014), for the end-member of a high flowrate and large fracture spacing, the thermal drawdown in the reservoir is expected to be gradual in time and space, without the presence of a distinct thermal front. For the end-member of low flowrates and small fracture spacing, the thermal drawdown propagates through the reservoir as a distinct front similar as in a porous medium. In our models we keep the injection rates constant, and vary the fracture distance between 2 m (case 1) and 200 m (case 2). All other model parameters for the two models are kept equal.
Figure 2 shows the evolution of pressures and temperatures for the orthogonal fracture network with 200 m spacing within the first 100 days of injection. Pressures reach a steady state within a few days after the start of the injection, and even in the matrix, pressures approach steady state conditions within the first 100 days of the injection period (Figure 2A). The response in terms of temperature changes is much slower: though temperature changes are observed in the fractures during the first 100 days, the effect on the rock matrix is negligible (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Short-term pressure evolution during first 100 days after onset injection; 200 m fracture spacing, (B) short-term temperature evolution during first 100 days after onset injection; 200 m fracture spacing. Solid lines (T1, P1) indicate values in the fractures, dashed lines (T2, P2) in the matrix. The black vertical line represents the horizontal position of the fault, measured at mid-height reservoir level.
Figure 3 presents the long-term evolution of temperatures in the fractures and rock matrix for both the 2 m fracture distance and the 200 m fracture distance. In case of the 2 m fracture distance, the delay in cooling between rock matrix and fractures is very limited, resulting in almost equal mean equilibrium temperatures for fractures and matrix. Consequently, the temperature gradients observed in the rock matrix follow gradients in the fractures, and the temperature propagates through the rock matrix as a sharp front: over a distance of less than 100 m temperature differences of more than 60°C can exist. In case of the 200 m fracture distance, cooling of the rock matrix is more delayed, resulting in a clear temperature difference between fractures and rock matrix, largest in the first years of injection and gradually declining further away.
[image: Figure 3]FIGURE 3 | Long-term temperature evolution in the fractures and rock matrix, (A) for fracture distance of 2 m, (B) for fracture distance of 200 m. Solid lines (T1) indicate fracture temperature change, dashed lines (T2) indicate matrix temperature change. The black vertical line represents the horizontal position of the fault, measured at mid-height reservoir level.
In Figure 4A—f, we present the short- and long-term evolution of pressure, temperature and Coulomb stress change on the fault plane. The stress path on the fault varies and depends on the location of monitoring, due to the 3D geometry of the pressure and temperature front and fault. We choose a monitoring position which is located at the center of the fault (see Figure 1 at y = 0), just below mid-height of the reservoir (at depth = −2,375 m). Stress changes at the early stages of injection result from a combination of direct pore pressure, poro- and thermoelastic effects, whilst fault stress changes at later stages are mainly due to propagation of the temperature front.
[image: Figure 4]FIGURE 4 | Pressure and temperature changes on the fault (central, mid-height location) at 300 m distance from the injection well. (A) pressure and temperature change during first 10 days–fracture distance 200 m, (B) contribution of direct pressure effect (blue), total normal stress changes (black), shear stress (green) to Coulomb stress change on the fault (red), fracture distance 200 m, during first 10 days, (C) pressure and temperature change during total period of 50 years–fracture distance 2 m, (D) contribution of direct pressure effect (blue), total normal stress changes (black), shear stress (green) to Coulomb stress change on the fault (red), fracture distance 2 m, during total period of 50 years. Dashed black line indicates moment normal stresses become tensile. Shear stress declines after 25 years due to the effects of stress arching, (E) pressure and temperature change during total period of 50 years–fracture distance 200 m, (F) contribution of direct pressure effect (blue), total normal stress changes (black), shear stress (green) to Coulomb stress change on the fault (red), fracture distance 200 m, during total period of 50 years.
Figure 4A shows the evolution of pressure and temperature during the first days of injection, for 200 m fracture spacing. Figure 4B presents the associated contributions of pressure, total normal stress and shear stress to the Coulomb stress, and the resulting Coulomb stress change on the fault plane. We use the convention that compressive stress is negative; a positive normal stress change (“unclamping” of the fault) results in an increase of Coulomb stress on the fault. We observe a small, but rapid Coulomb stress loading immediately after the start of the injection operations. This can be explained by the quick diffusion of pressures (P1) in the high permeability fractures, which almost immediately affects the pressures in the fault plane. It is followed by a temporary decrease of Coulomb stresses during the first days, when pressures in the matrix (P2) gradually increase and volumetric changes result in a (stabilizing) poroelastic loading of the fault. Thermo-elastic effects are linked to the temperatures (T2) and thermal strains in the matrix rocks. The role of thermo-elastic stress during the early stages of injection is negligible, as temperature changes in the matrix are still very small. We observe a similar short-term response in our model for the 2 m fracture spacing (not plotted here).
For the long-term temperature effects are dominant. In Figures 4C,E we plot the temperatures and pressures for the 2 m, respectively 200 m fracture spacing. Temperatures in the matrix rocks decrease by −30 to −45°C, whereas pressure changes in both the fractures and the matrix are negligible after the first 100 days.
In both types of reservoirs, cooling and thermal contraction of the matrix rocks leads to a continuous lowering of total normal stresses at the fault which results in “unclamping” of the fault and a positive contribution to the Coulomb stress change (black lines in Figures 4D,F and Eq. 1). The vertical dashed line in Figure 4D shows the level at which effective normal stress at the fault becomes tensile. For the 2 m case we observe tensile stresses at the central monitoring point after 31 years of injection. From that time onwards normal effective stresses are kept constant, as we do not allow opening of the fault. For the 200 m fracture spacing, the normal stress at the fault does not become tensile at this particular location.
As temperatures in the rock matrix decline, fault shear stress in the densely fractured reservoir gradually increases during the first 25 years of injection (Figure 4D). Thereafter shear stresses decline again. The net result are positive Coulomb stress changes, which destabilize this fault location during the first 31 years of injection. The combination of constant normal stress and simultaneous decrease of shear stress during the last 19 years of the injection period results in a net decrease of Coulomb stress (Figure 4D). For the 200 m fracture spacing the shear stress increases during the first 45 years of injection (Figure 4F), whereafter shear stress remains unchanged. In this case Coulomb stress continues to grow up to 50 years (Figure 4F). In both cases the effect of direct pressure on the long-term Coulomb stress changes is negligible.
Figure 5A shows changes in both normal and shear stress with time at a fault position just below mid-height reservoir (at y = 0). The stress paths in Figure 5A can be related to the propagation of the temperature front, which causes arching of stresses within and around the cooling rocks. Thermal compaction of the reservoir causes a decrease of the horizontal stress in the reservoir, both within and around the cooled rock mass. In addition, it causes a decrease of vertical stress within the cooled rock and an increase of vertical stress in the reservoir section just around the cooled area. In Figure 5C we show the change in total vertical stress, for the 2 m fracture spacing. Stress arching affects the shear stress on the fault (see Figure 5C–small graphs). The contribution of shear stress to fault loading varies with position on the fault. Figure 5B shows that after 25 years of injection shear stress on the upper fault segment (above the level of the injection interval), caused by volumetric compaction, add to the shear stress already present from the tectonic loading. The increments in induced shear stresses on the lower fault segment however counteract the in-situ tectonic shear stresses. Effects of stress arching are most pronounced for the 2 m fracture spacing, where a sharp temperature front evolves.
[image: Figure 5]FIGURE 5 | (A) Stress path at the fault, just below mid-height reservoir at location y = 0, for both small and large fracture spacing. The four circles on the stress paths indicate stress conditions at 5, 10, 25, and 50 years after onset of injection. (B) Shear stress at the fault plane. Vertical axis: Mid-height reservoir at 0 m, units in depth (m) along dip. Location of projected injection well at y = 0. (C) Arching of total vertical stress around the cooling rock volume, for 2 m fracture spacing. Contour plots represent a vertical cross section (x-direction) through the injection well, perpendicular to the fault plane. Contour plots show change in total vertical stress (dszz) after 5 and 25 years of injection. Mid-height reservoir at 0 m, units in depth (m) along dip. Location of projected injection well at x = 0. Note compressive stress = negative; hence positive value for dszz means total vertical stress decreases. Black solid line shows position of the fault. Small graphs above contour plots show change in shear stress dss, which affects stress path gradients in (A).
Coulomb stress change is less for the 200 m spaced network than for the 2 m spaced network, mainly because the temperature decrease in the bulk rock mass (the matrix) and the related thermo-elastic stress changes are smaller and more gradual. Rates of Coulomb stress changes during this first period are higher for the 2 m spacing (Figure 4D) than for the 200 m spaced fracture network (Figure 4F). This is confirmed by the direction of the stress path for the two cases, as shown in Figure 5A.
From Coulomb stress change vs time shown in Figure 4, Coulomb stress rates are derived, which are converted to seismicity rates through the Dieterich model (Eq. 2). Figure 6 presents the temporal evolution of relative seismicity rates on the fault (i.e. relative to the tectonic background rates) on a section along-dip at position y = 0. Values are shown for one particular realization (input model values are shown in the caption of Figure 6). Variations in stressing and seismicity rates are relatively large for the 2 m fracture distance (Figure 6A), with high seismicity rates at mid-height of the reservoir during the first 25 years of injection (shear stresses increasing, see also Figures 4D, 5A). During late-stage injection seismicity rates at the central part of the reservoir decrease as shear stresses are reducing, and ultimately vanish once tensile normal stresses evolve. Deeper sections of the fault show significant seismic activity at late-stage injection. Note that distance of the fault plane to the injection interval varies with depth due to fault dip orientation. Fault dip orientation also affects the sign of the change in shear stress (as shown in Figure 5B) and thus the seismicity potential with depth.
[image: Figure 6]FIGURE 6 | Relative seismicity rates versus time after onset of injection for (A) 2 m fracture spacing uncorrected for the size of the perturbed area and (B) 200 m fracture spacing uncorrected for the size of the perturbed area, (C) 2 m fracture spacing, spatial distribution is corrected for the size of the perturbed area and (D) 200 m fracture spacing, spatial distribution is corrected for the size of the perturbed area. Dashed lines indicate top and bottom of reservoir layer. Mid-height reservoir at 0 m, units in depth (m) along dip. Location of projected injection well at y = 0. Relative seismicity rates (R) are shown for one particular realization, with fcrit = 0.4, Mmin = -1, A = 0.001 and [image: image] = 0.0002 and b = 1.
The reservoir with 200 m fracture distance (Figure 6B), characterized by a slower cooling of the reservoir rocks and an absence of a sharp cooling font, shows seismicity rates that are much more constant in time, with the exception of the rapid rise in seismicity rates observed almost immediately after the start of injection. Here relative seismicity rates peak between 20 and 25 years after the onset of injection. Figures 6C,D show relative seismicity rates for the same realization, but now corrected for the size of the critically perturbed area. In both cases, during the first stages of injection no seismicity is expected, as the fault is not yet critically stressed (no perturbed fault area present yet).
Figure 7 shows the evolution of the critically stressed area and the cumulative number of seismic events. We observe that for the 200 m fracture distance, the onset of seismicity is later than for the 2 m fracture distance, due to the slower development of fault criticality. The total critically-perturbed fault area and number of events that nucleate on the entire fault plane is highest for the 2 m fracture distance.
[image: Figure 7]FIGURE 7 | Temporal evolution of perturbed area and total number of seismic events for the 2 and 200 m fracture spacing, in a low stress environment.
Figure 8 presents relative seismicity rates at selected times. During the later stages of injection, the spatial pattern of Coulomb stressing rates and relative seismicity rates for the cases with 2 and 200 m fracture spacing is distinctly different. In case of the 2 m fracture distance we observe a clear ring or “halo” of elevated Coulomb stressing and seismicity rates, which is related to higher rates of cooling at the passage of the thermal front (see Figure 8A). Inside, a seismically quiet area arises, where cooling rates after the “passage” of the thermal front have effectively come to an end. Moreover, effective normal stresses within this ring can be tensile. This aseismic area appears at a much later stage for the 200 m fracture distance. The general distribution of seismicity rates for the widely spaced fracture network is more homogeneous.
[image: Figure 8]FIGURE 8 | Comparison of relative seismicity rates (R) at the fault plane in a low stress environment. Location of projected injection well at y = 0. Left (A) 2 m fracture spacing, right (B) 200 m fracture spacing. Mid-height reservoir at 0 m, units in depth (m) along dip.
Finally, the extent of the perturbed fault area and the seismicity rates are used to derive the temporal evolution of seismicity (as described in Section 2.3). Figure 9A shows an example of the time-dependent truncated Gutenberg-Richter frequency-magnitude distribution of seismic events for the densely fractured carbonate reservoir. The frequency-magnitude distribution shows an increase of the probability of higher magnitudes in time. Note that here we show the outcome for a single realization. The frequency magnitude distribution is created using input parameters and assumptions summarized in Table 2. Figure 9B shows the evolution of cumulative seismic moment release over time in a low stress environment, for both the densely fractured and less damaged carbonate. Cumulative seismic moment release for the 2 m fracture spacing is significantly larger than for the case with 200 m spacing. Rates of seismic moment release for the 200 m fracture spacing during later stages of injection “catch up” with rates of seismic moment release for the 2 m fracture spacing. This is due to the fact that after the passage of the thermal front, a large part of the fault in the densely fractured carbonate reservoir is aseismic. Figure 9C presents estimates of cumulative seismic moment release for the 2 m fractures spacing in a low stress environment, taking into account parameter uncertainty for fault dip, stress drop, threshold fcrit and b-value (parameter ranges used are summarized in Table 2). Estimates for the total amount of seismic moment that is released vary between ∼7 1013 Nm (P10) and 8.7 1014 Nm (P90). However we emphasize that the amount of seismic moment release on the fault is directly dependent on the choice of Mmin. In the current analysis we choose a constant value of Mmin = 0 in combination with a background seismicity rate of r0 = 1 event per year, which means 1 tectonic event occurs per year with a magnitude of at least M = 0. In practice, Mmin and r0 cannot be chosen independently and should be based on the characteristics of the seismic monitoring network (completeness) and the observed natural seismicity rates.
[image: Figure 9]FIGURE 9 | (A) Temporal evolution of truncated Gutenberg-Richter frequency-magnitude distribution of seismic events for 2 m fracture distance (single realization). Vertical axis shows number of events [image: image], i.e. the expectation value for the number of events with a magnitude [image: image] larger than or equal to [image: image]. Blue to green colors represents FMD in low-stress environment at different times after onset of injection, see legend. Black line presents FMD after 50 years of injection for the high-stress environment. Input parameters for low-stress environment: Mmin = 0, b-value = 1, Δσ = 5.0 MPa. Input [Mmin, Mmax] = [0, 5.0] for high-stress environment. Dieterich seismicity parameters for this realization: A = 0.001, [image: image]= 0.002 MPa/yr, and r0 = 1; fcrit = 0.4. (B) Comparison of cumulative seismic moment release for both fracture distances in a low stress environment (single realization). Input parameters for this realization equal to values mentioned under Figure 9A. (C) Distribution of cumulative seismic moment release on the fault in densely fractured reservoir in a low stress environment, taking into account uncertainties in parameters. Shaded area shows cumulative seismic moment release between P10 and P90. Parameters fault dip (60°–80°), fcrit (0.3–0.5), Δσ (0.1–10 MPa) and b-value (0.8–1.2). Values for other input parameters equal to values mentioned under Figure 9A.
TABLE 2 | Parameters and ranges for modelling rate-and-state seismicity and frequency-magnitudes distributions. Values between square brackets indicate a stochastic range of input parameters (uniform distribution).
[image: Table 2]4 DISCUSSION
In current state-of-the-art, fault stability and seismicity potential is mostly assessed based on analysis of Coulomb stress changes and reactivated fault area. In our workflow, we adopt rate-and-state seismicity theory to assess changes in seismicity rates based on Coulomb stressing rates (Segall and Lu, 2015; Maurer and Segall, 2018) in our numerical scheme. We compare the seismic response of a fault during constant-rate injection in a highly fractured and a sparsely fractured carbonate reservoir. Our study indicates that even though the thermal loading is generally slow, stressing rates can still cause elevated seismicity rates during the approach and “passage” of the thermal front through the fault plane. Our models show that stressing rates and seismicity rates in densely fractured carbonates are highest, which can be explained by the propagation of a steep thermal front related to stronger and more localized cooling of the reservoir. This steep thermal front and localized strong cooling promotes arching of stresses and locally and temporarily high Coulomb stressing and seismicity rates. The occurrence of steep thermal fronts are not necessarily limited to densely fractured carbonates. Steep temperature gradients can also occur in more homogeneous porous sandstone reservoirs, specifically under low injection rates.
The effects of varying thermal loading rates in time and space on fault stability and seismic risk need to be further understood to enable long-term seismic risk assessment of injection operations. We note that we compare the “seismic footprint” in the densely fractured and less damaged carbonates under the assumption that the rate-and-state parameters for the fault in both types of reservoirs are similar. In reality, rate-and-state parameters for faults in different types of carbonate reservoirs may differ.
Another point of attention is the change of nucleation length (the minimum length of critically stressed fault required for seismic rupture to occur) during progressive cooling of the reservoir. As shown, the simultaneous increase of pressures and thermal contraction of the rocks during injection may lead to very low effective normal stresses on the fault plane. The nucleation length tends to increase with lowering normal effective stress. Also, in the current study stress drop was assumed constant, but in reality the stress drop will decrease as the normal stress decreases as they are linked through frictional weakening. This would lead to smaller events or even aseismic behavior. It needs to be further analyzed in what way low normal stresses influence the role of aseismic fault slip during progressive cooling of the rocks.
The dimensions of the fault segment that becomes critically stressed during operations form an important factor for the magnitude of seismic events in a low stress environment. At present, our method is based on the assumption that the rupture area of the seismic events is circular. More insight is needed on what aspect ratios of fault rupture can realistically occur in elongated reservoirs that are potential targets for geothermal energy production, and what is the effect of reservoir confinement on frequency-magnitude distributions and seismic risks.
In our approach we aim to analyze the loading of a fault by the pressure and temperature changes in the surrounding medium. In our simplified model, we do not account for the presence of damage zones around faults with locally high fracture density, nor the effects of fault barriers and sealing faults. Anisotropies caused by the presence of high permeability flow paths in damage zones or low permeability fault cores impeding fault-perpendicular flow will affect the pressure and temperature fields, fault loading and seismicity (Wassing et al., 2021).
The workflow has been demonstrated for a synthetic injection case in a fractured carbonate reservoir. Seismicity is dependent on a large number of input parameters, most of which are poorly constrained before the start of the operations. As shown in Figure 9, parameter uncertainty has a large effect on the estimates of seismic moment release. As a result, at this stage the workflow can only be used for a relative “ranking” of reservoirs of different characteristics. Input data for models are generally poorly constrained, therefore models need to be calibrated and validated based on data from seismic monitoring networks. Parameter ranges and uncertainties need to be constrained based on information from (seismicity) monitoring: details on the specifics of the network used for seismic monitoring (e.g. level of completeness defining Mmin), mapped total fault area and fault density, stress drops, seismicity rates and magnitudes recorded during the injection operations. In addition to monitoring during operations, the understanding of changes in seismicity rates and seismicity potential of the faults requires monitoring of background seismicity rates well in advance of the injection operations. A closed loop of seismic monitoring (near-)real-time data-assimilation and model updating is considered crucial for a robust estimation and update of seismic risks during injection operations.
5 CONCLUSION
We built a workflow to assess the evolution of seismicity associated to injection of cold fluids in a single injector close to a fault. We employ the coupled numerical thermo-hydro-mechanical simulator of FLAC3D-TOUGHREACT to simulate the spatial and temporal evolution of pore pressures and temperatures in a fractured carbonate reservoir and the associated Coulomb stress changes on the fault. Adopting rate-and-state seismicity theory we assess induced seismicity rates from Coulomb stressing rates at the fault. Seismicity rates are then used to assess the evolution of seismicity in terms of the time-dependent frequency-magnitude distribution of seismic events. We compare the seismic response of a fault in a highly fractured and a sparsely fractured carbonate reservoir. We analyze the effect of tectonic regime and compare the seismic response in a low-stress and high-stress environment. From the above analysis, we draw the following conclusions:
• The seismic response of the fault, in terms of the timing of the peaks of elevated seismicity and total seismic moment release, depends on the fracture density, because this density affects the heat exchange rate between cold fluid in the fractures and the intermediate matrix and hence the temperature decrease in the bulk rock volume and thermo-elastic stress change.
• A dense fracture network results in a steeper thermal front which promotes stress arching, which leads to locally and temporarily high Coulomb stressing rates. The total seismic moment release is consequently largest for the densely spaced fracture network. Also, it occurs at an earlier stage of the injection period: the release is more gradually spread in time and space for the widely spaced fracture network.
• Frequency-magnitude distributions and seismic moment release have been derived both for a low-stress subsurface and a tectonically active area with initially critically stressed faults. The evolution of seismicity in the low-stress environment depends on the dimensions of the fault area that is perturbed by the induced stress changes. The probability of larger, “felt”, earthquakes and the associated seismic risk are thus reduced in low-stress environments.
• Injection of cold fluids into a competent rock like carbonate causes cooling of the reservoir and significant thermal stresses. Pore pressures reach steady-state conditions relatively quickly, but the evolution of seismicity during injection over the long-term is non-stationary: we observe an ongoing increase of the fault area that is critically stressed as the cooling front continues to propagate from the injection well into the reservoir. During later stages, models show the development of an aseismic area surrounded by an expanding ring of high Coulomb stressing and seismicity rates at the edge of the cooling zone. This ring can be related to the “passage” of the cooling front.
• Input data are generally poorly constrained, therefore models need to be calibrated and validated based on data from seismic monitoring networks. A closed loop of seismic monitoring (near-)real-time data-assimilation and model updating is considered crucial for a robust estimation and update of seismic risks during injection operations.
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