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ABSTRACT

The characterization of flow behavior in fracture network is important for the optimal design and long-term management of enhanced
geothermal systems (EGS). In this study, we investigate the feasibility of characterizing fracture flow patterns in the EGS Collab
experiment through stochastic modeling of tracer tests. A fracture model involving connected hydraulic and natural fractures is first
developed based on applicable field data, including core logs, seismic events, DTS and flow measurements. An injection well, a production
well and multiple monitoring wells are also included in the model according to experiment design. We then use a brute-force, Monte Carlo
approach to perform massive realizations to simulate tracer transport processes in the hydraulic and natural fractures, and tracer
breakthrough curves at multiple monitoring wells are obtained for each realization. A fitting criterion is then employed to select viable
solutions that yield optimal fits of the measured tracer breakthrough curves. Through these selected solutions, we estimate the aperture
distributions in the hydraulic and natural fractures and try to identify flow patterns in the fracture model. The modeling study indicates
that the aperture of the hydraulic fracture is about 100 microns, and the aperture of the natural fracture is about one magnitude larger. The
flow field in the natural fracture might be more channelized than that in the hydraulic fracture. We also find that the fluid/tracer may leak
from the hydraulic fracture to matrix through a sink to the left of the hydraulic fracture.

1. INTRODUCTION

Enhanced geothermal system (EGS) provides a promising solution for the increasing global demand of electric power (Vogt et al., 2012;
Guo et al., 2016a; Lu et al., 2018). Heat resources stored in subsurface hot dry rock (HDR) is extracted by circulating fluid through
injection and production wells connected by the fractur network in the HDR. One of the key factors for a successful EGS development is
an enhanced permeability in the target HDR which can promote fluid flow between injection and production wells and also enlarge the
effective heat exchange area. Hydraulic fracturing has been used to create fractures in low-permeability HDR to improve heat extraction
efficiency in EGS (Brown et al., 2012; McClure and Horne, 2014; Cladouhos et al., 2016; Fu et al., 2016). The stimulated hydraulic
fractures and pre-existed natural fractures together form a fracture network that provides main flow paths for fluid circulation. It is
therefore of great importance to characterize the stimulated fracture network and understand flow patterns in the fracture network before
heat production. Many techniques have been employed to monitor the development of hydraulic fractures and characterize the hydraulic
connectivity of fracture networks, including electrical resistivity tomography (ERT), seismic imaging, distributed acoustic sensing (DAS),
distributed temperature sensing (DTS) and tracer test (Fischer, et al., 2008; Ayling et al., 2016; Knox et al., 2016; Chen et al., 2018; Gao
etal.,2018; Mattson et al., 2018; Wu et al., 2018). Among these techniques, tracer test has proven to be an effective method for identifying
flow patterns, such as preferential flow channels, in unconventional reservoirs (Dverstorp et al., 1992; Guo et al., 2016b; Zhou et al.,
2018).

EGS Collab project is an ongoing in situ experiment designed to investigate the stimulation of fracture networks in rocks and circulation
of fluids in these fracture networks at an intermediate scale (between the laboratory bench scale and field scales), coupled with geophysical
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monitoring (optical/acoustic televiewer logging, seismic tomography, and ERT) and hydraulic characterization tests (flow test and tracer
test) (Kneafsey et al., 2018; Kneafsey et al., 2019; White et al., 2019). The first testbed of the project is in the West Access Drift of the
Sanford Underground Research Facility in South Dakota at 4,850 feet below ground in the Poorman Formation. Eight wells were drilled
into the experimental volume (Fig. 1(a)), including an injection well (E1-I), a production well (E1-P), four monitoring wells parallel to
the expected hydraulic fracture (PDT, PDB, PST and PSB), and two monitoring wells almost orthogonal to the expected hydraulic fracture
(E1-OT and E1-OB). In Experiment 1 of the EGS Collab project, several stimulation activities are performed at different notches along
E1-I to create hydraulic fractures to connect E1-I and E1-P. During the stimulation activities, ERT data, seismic events and DTS data are
obtained for the subsequent analysis of the location and extents of the stimulated hydraulic fractures. After the stimulation activities, flow
test and tracer test are conducted to investigate the hydraulic connectivity of the fracture network (White et al., 2019).

In the present study, we attempt to characterize aperture distributions and flow patterns in the created fracture network in Experiment 1
of the EGS Collab project through the modeling of tracer test. Results from seismic imaging, core logs, DTS and flow measurements are
used to develop a fracture model which involves a hydraulic fracture (HF) and a natural fracture (NF). A brute-force, Monte Carlo
approach is then employed to run massive realizations to simulate tracer transport processes in the hydraulic and natural fractures by
utilizing the flow and tracer transport solvers in GEOS (Guo et al., 2016b). Realizations that yield good agreement between simulated and
measured tracer breakthrough curves (BTCs) are selected to analyze aperture distributions and flow patterns in the fracture network.

2. HYDRAULIC STIMULATION AND TRACER TEST

In this study, we focus on the hydraulic stimulation and characterization activities performed at 164’ Notch (Fig. 1(a)). The details of the
stimulation procedure and characterization tests are described in White et al. (2019). During the stimulation, flow out of E1-P and E1-OT
are noted. A pressure decay during the shut-in period is observed, indicating that the stimulated hydraulic fracture may have intersected a
natural fracture. In addition, DTS signals are observed at E1-OT and PDT, which means that the hydraulic fracture intersects E1-OT and
PDT at the two locations indicated by the DTS signals (Fig. 1(a)). Seismic events are also shown in Fig. 1(a). From these observations,
the extent of the hydraulic fracture is estimated as shown in Fig. 1(a), connecting E1-1, E1-OT, E1-P, PDT and PDB. A natural fracture
intersecting the hydraulic fracture is also assumed in Fig. 1(a) according to core logs and a sewer camera log of E1-P (White et al., 2019).

To characterize the hydraulic connectivity of the stimulated fracture network, a conservative tracer test was performed on October 31% as
shown in Fig. 1(b). The injection rate is 400 ml/min, and 0.64 g tracer are injected with an initial concentration of Co =305 ppm. During
the tracer test, flow rates at different monitoring wells are measured as annotated in Fig. 1(b). The mass recovery rate of flow is 74%.
Note that E1-P intersects both the hydraulic fracture and the natural fracture. The flow rate at its intersection with the hydraulic fracture
(E1-PBottom) is 80 ml/min, and the flow rate at its intersection with the natural fracture (E1-PInterval) is also 80 ml/min. Fluid samples
are collected at these monitoring wells for subsequent measurement of tracer concentration. During the 7 hours measurement, tracer
signals are detected at E1-PBottom, E1-Plnterval and E1-OT, and the BTC at E1-PBottom shows the earliest breakthrough time and the
largest relative concentration (Fig. 1(c)). The total mass recovery rate of tracer is only 8%.
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Figure 1: Hydraulic stimulation and tracer test at 164’ Notch in Experiment 1 of the EGS Collab project. (a) Configuration of
injection, production and monitoring wells. Observed seismicity events and DTS signals during the hydraulic stimulation
are shown. Based on these observations as well as core logs, a hydraulic fracture and a natural fracture are estimated and
shown. (b) Flow rates at different wells during the tracer test. (c) BTCs at E1-PBottom, E1-OT and E1-PInterval.

3. MODEL AND METHODOLOGY

Based on the above analysis, a fracture model consisting of an elliptical hydraulic fracture and an elliptical natural fracture is developed
for tracer modeling (Fig. 2(a)). The matrix is not considered in the fracture model. The two fractures are coupled through a conductive
segment (leakage interface) on their intersection. Tracer transport process in the fracture model is then modeled in a sequential manner
(Fig. 2(b)). In the first step, we simulate tracer transport in the hydraulic fracture. The location of the leakage interface and the leakage
rate from the hydraulic fracture to the natural fracture (q1) are treated as input parameters in this step. Note that the leakage rate is uniformly
distributed along the leakage interface. After the first step, we can obtain the BTCs at E1-PBottom and E1-OT. Time-concentration curves
at each element along the leakage interface can also be obtained and then used as boundary conditions in the second step to model tracer
transport in the natural fracture and calculate the BTC at E1-Plnterval.
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Parameters for the fracture model are shown in Fig. 2(c). For the hydraulic fracture, parameters include the two semi-axis lengths 41 and
A», aperture w, hydrodynamic dispersion coefficient Dy, location of the leakage interface P1 and P2, and leakage rate ¢i. Because the flow
is not 100% recovered, we also assume a sink on the periphery of the hydraulic fracture to account for flow/tracer leakage from the
hydraulic fracture to matrix. Two parameters 6 and L are used to describe the location and length of the sink respectively. For the natural
fracture, the fracture extent is fixed, and three parameters w’, 8" and L’ are used for aperture, location and length of the sink on the
periphery of the natural fracture respectively. We consider both the uniform aperture scenario and heterogeneous aperture scenario. For
uniform aperture scenario, w and w’ are two numbers. For heterogeneous aperture scenario, we use spatially correlated aperture
distributions for the hydraulic and natural fractures, and w (w’) is determined by three parameters, i.e., average aperture w (w'), standard
deviation o (¢”) and correlation length CL (CL’).
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Figure 2: The developed fracture model and simulation strategy for tracer transport in the model. (a) Fracture model consists of
a hydraulic fracture and a natural fracture. The two fractures are coupled by a conductive segment of their intersection.
(b) Sequential modeling of tracer transport processes in the fracture model. (c) Parameters in the fracture model.

Although data from seismic monitoring, core logs, DTS and flow measurements provides significant information to constrain the fracture
model, the system is still under-constrained due to its intrinsic complexity. As mentioned above, there are 12 parameters if we assume
uniform aperture distributions in the hydraulic and natural fractures, and 16 parameters if we assume heterogeneous aperture distributions
in them. For such a high-dimensional problem, Monte Carlo may be the only feasible method. In addition, for heterogeneous aperture
scenario, the aperture field cannot be parameterized using continuous function forms, and some deterministic methods such as Bayesian
inversion may not be able to yield desired results (Vogt et al., 2012). Therefore, a brute-force, Monte Carlo approach is employed in this
study to simulate tracer transport processes in the fracture model. Massive realizations are performed to obtain viable solutions that yield
optimal fits of the measured tracer BTCs in Fig. 1(c).

For each realization, the following workflow is employed: 1) A random parameter set is first generated. The ranges of these parameters
are listed in Table 1. Note that the leakage interface is an arbitrary consecutive segment along the intersection of the hydraulic and natural
fractures. Also note that the leakage rate g1 needs to satisfy flow rates in both the hydraulic and natural fractures. 2) According to the
aperture parameters, a uniform or a heterogeneous aperture field is generated and applied to the hydraulic or natural fracture. 3) The flow
solver in GEOS is called to calculate the flow field in the fracture model according to the aperture field with all the flow measurements
in Fig. 1(b) being honored. In GEOS model, the fractures are represented by thin layers of porous medium with an equivalent porosity,
and the permeabilities of the fractures are calculated according to the cubic law (Guo et al., 2016b). Based on the calculated flow field,
the tracer solver with the upwind difference scheme in GEOS is called to calculate tracer transport process in the fracture model. 4) A
function is then used to calculate the misfit between the simulated and measured BTCs. For the hydraulic fracture, the function is

ro= e[ a) s (o) e e - ) e (o) ] o

Pm_PB m_PB Pm_oT tmoT

where R; is the misfit for the im realization; ni ps and ni ot are the number of peaks on the simulated BTCs at E1-PBottom and E1-OT
respectively (Although the measured tracer BTCs only have one peak, the simulated BTCs may have multiple peaks); pi ps j and 4 ps j,
pior jand ti ot j are the magnitude and time of the ju peak on the simulated BTCs at E1-PBottom and E1-OT respectively; pm ps and
tm PB, pm ot and fm ot are the magnitude and time of the peak on the measured BTCs at E1-PBottom and E1-OT respectively. For the
natural fracture, the function is
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where ni_p1 is the number of peaks on the simulated BTC at E1-PInterval; pi p1_jand 4 pi j are the magnitude and time of the ji peak on the
simulated BTC at E1-PlInterval respectively; pm_p1 and fm_p1 are the magnitude and time of the peak on the measured BTC at E1-PlInterval
respectively. To select successful realizations, we sort all the realizations in an ascending order of the calculated misfit. The parameters
and aperture distributions of the top realizations are then systematically analyzed to gain insights of the fracture flow patterns.

Table 1: Ranges of parameters for the brute-force, Monte Carlo approach to simulate tracer transport processes in the fracture

model.
Uniform aperture scenario
Parameter A1 (m) Az (m) w (mm) D (m?/s) g1 (ml/min) 6 (°)
Range 14~17 8~13 0.01~1 10°~10¢ 120 ~ 224 0~360
Parameter L (m) w’ (mm) 6’ (°) L’ (m)
Range 3~15 0.05~10 0~360 3~15
Heterogeneous aperture scenario (additional parameters)
Parameter w (mm) o (mm) CL (m) w (mm) o’ (mm) CL’ (m)
Range 0.01~0.5 0.01~0.5 4~15 05~5 05~5 4~20
4. RESULTS

4.1 Modeling of tracer transport in the hydraulic fracture with a uniform aperture

As mentioned before, we first model tracer transport in the hydraulic fracture. A uniform aperture is assumed, and about 2,000,000
realizations are performed. Using the misfit function in equation (1), three realizations that yield good fit of the BTCs at E1-PBottom and
E1-OT are selected as shown in Fig. 3. The parameters for the three realizations are similar, and an estimation of these parameters are
obtained as: 41 =16.8 m, 42 =11.1 m, w = 0.14 mm, 0 = 245°, L = 13 m, q1 = 212 ml/min, and the magnitude of Dris about 107 m?/s.
Another commonality is the location of the sink, that all the three realizations indicate a sink to the left of the hydraulic fracture.
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Figure 3: Selected modeling results of tracer transport in the hydraulic fracture with a uniform aperture. (a) Comparison of the
BTCs at E1-PBottom and E1-OT for the three realizations. Parameters used in each realization are also annotated. (b)
Location and length of the sink and leakage interface for the three realizations.

4.2 Modeling of tracer transport in the natural fracture

We use the results from the first realization in Fig. 3(a) to model tracer transport in the natural fracture. First we assume a uniform aperture
in the natural fracture and perform about 800,000 realizations. The selected top fits are shown in Fig. 4(a). The parameters are similar but
none of them is able to yield an acceptable goodness of fit for the BTC at E1-PInterval. We then perform another 800,000 realizations
assuming a heterogeneous aperture distribution in the natural fracture, and the selected top fits are shown in Fig. 4(b). All of them show
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a good match for the BTC at E1-PlInterval, but it is difficult to find commonality in parameter values (Fig. 4(b)) and aperture distributions

(Fig. 4(c)) among these realizations.
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Figure 4: Selected modeling results of tracer transport in the natural fracture. (a) Selected top fits for the uniform aperture
scenario. (b) Selected top fits for the heterogeneous aperture scenario. (c) Aperture distributions in the natural fracture
corresponding to the realizations in (b).
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4.3 Modeling of tracer transport in the hydraulic fracture with a heterogeneous aperture

In this section, we revisit the modeling of tracer transport in the hydraulic fracture by assuming a heterogeneous aperture. About 1,640,000
realizations are performed, and Fig. 5 shows ten of the top fits from these realizations. Fig. 5(b) shows the heterogeneous aperture
distributions for the ten realizations, and we cannot identify any common feature in these aperture distributions. One commonality among
these realizations is the location of the sink. Similar to the uniform aperture scenario, all the ten realizations in Fig. 5 indicate that the sink
locates to the left of the hydraulic fracture.
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Figure S: Selected modeling results of tracer transport in the hydraulic fracture with a heterogeneous aperture distribution. (a)
Comparison of the BTCs at E1-PBottom and E1-OT. Parameters used in each realization are also annotated. (b) Aperture
distribution, as well as location and length of the sink and leakage interface in the selected realizations.

5. CONCLUSIONS

A unified, high-fidelity model incorporating applicable field measurements, including results from seismic imaging, DTS, core logs and
flow measurements at different wells, is developed to characterize the fracture flow patterns in Experiment 1 of the EGS Collab project.
We use a brute-force, Monte Carlo approach to simulate tracer transport in the model, and multiple solutions that yield optimal fits of the
measured tracer breakthrough curves are obtained. By analyzing the commonalities in these solutions, the following conclusions about
the aperture distributions and flow patterns in the hydraulic and natural fractures are drawn.

All the obtained solutions indicate that there might be a sink at the left periphery of the hydraulic fracture. During the stimulation activities
and tracer test, fluid/tracer may leak from the hydraulic fracture to matrix through this sink. For the hydraulic fracture, both the uniform
and heterogeneous aperture scenarios can fit the measured tracer breakthrough curves, while for the natural fracture, a heterogeneous
aperture is necessary to fit the measured tracer breakthrough curve. Compared with the flow field in the hydraulic fracture, flow field in
the natural fracture might be more channelized. According to the obtained viable solutions, the aperture in the hydraulic fracture is
estimated to be about 100 microns, and the aperture in the natural fracture is about one magnitude larger.

Due to the intrinsic complexity of the subsurface fracture system, the problem is still high-dimensional although multiple field
measurements have been used to constrain the model. For such an under-constrained problem, we are unable to obtain deterministic
patterns of the heterogeneous aperture distributions in hydraulic and natural fractures. It is therefore beneficial to further constrain the
model using results from other geophysical tests, including ERT and future tracer tests involving both conservative and non-conservative
tracers.
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