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ABSTRACT  

The EGS Collab Experiment has stimulated a fracture network in the 10 m-scale to study stimulation and fluid circulation processes 

related to engineered geothermal systems. While microseismic survey resolved the overall dimensions of the main hydraulic fracture in 

the fracture network, the extent to which flow during the long-term circulation test is channelized remains poorly constrained.  In this 

paper, we reason that a consistent observation in several short-term injection tests, which took place in early 2019, provides information 

to infer the total width of flow channels. By mapping the problem to a leakoff-dominated fracturing model, we estimate the total flow 

channel width to be 3 m. A thermal modeling effort utilizing this result found that only a fraction of a 1°C of temperature drop is 

expected after nearly one year of circulation. This small temperature signal has likely been obscured by the Joule-Thomson effect, 

which is expected to increase the fluid temperature by several degrees at where the temperature is measured. 

1. INTRODUCTION  

The EGS (enhanced geothermal system) Collab project, sponsored by the United States Department of Energy (DOE), Geothermal 

Technologies Office (GTO), focuses on intermediate‐scale (~10‐20 m) EGS reservoir creation processes and related model validation in 

hard, low-permeability rocks [Kneafsey et al., 2020]. The first phase (referred to as “Collab Experiment 1” or “Experiment 1”) of the 

project has been underway at the West Access Drift of the Sanford Underground Research Facility (SURF) in South Dakota at 4850 ft 

(1478 m) below ground since early 2018. Through multiple hydraulic stimulations, we have created a fracture network comprised of 

both hydraulic fractures (created in the tensile mode) and natural fractures (pre-existing). A long-term circulation test started in late 

March 2019 and has continued largely continuously since then, recently sustaining a fluid recovery ratio higher than 95%.  

The fracture system engaged in the long-term circulation test has been delineated with strong evidence from multiple types of field data, 

including detailed wellbore logs, highly accurate microseismic (MEQ) imaging, distributed temperature sensing from observation wells, 

and direct observation of fracture intersections with an open-hole wellbore [Fu et al., 2019].  MEQ imaging allowed an estimation of the 

extents of the hydraulic fracture as detailed in the next section. However, it is well known that flow channeling is ubiquitous in fracture 

networks [Tsang and Tsang, 1989; Guo et al., 2016]. In other words, a fraction, often a relatively small fraction, of the total fracture 

surface area carries the majority of the flow, forming flow channels. The severity of flow channeling, quantifiable by the total area of 

the flow channels, has import implications for the performance of EGS, as it is this flow-carrying area instead of the total fracture area 

that determines the heat production performance.  For the Collab Experiment 1 testbed, quantifying the fracture flow channel area is 

also important for interpreting experiment data, particularly the conservative tracer data [Neupane et al., 2020]. Such tracer data provide 

indications of the “fracture volume” (area x aperture) engaged in the flow field. Combing this fracture volume and the flow channel area 

would allow an estimation of the fracture aperture. 

Quantifying such flow-carrying area is intrinsically difficult. As mentioned above, conservative tracer tests provide some indication of 

the fracture volume, but not fracture area. Adsorbing tracer tests can provide useful information of fracture surface area swept (Hawkins 

et al., 2018). However, the excessively or insufficiently adsorption of an adsorbing tracer will inevitably cause inaccuracy in the 

estimate of the fracture area. Geophysical methods, such as MEQ imaging, electrical resistivity tomography (ERT), and active seismic 

methods such as CASSM, could have the necessary resolution for resolving the overall dimension of a fracture if the accuracy and 

spatial coverage of the sensors are optimal, such as in the highly instrumented Collab Experiment 1 testbed. However, the 

“geophysically differentiable fracture area”, that is, the area that produces certain geophysical signals or signatures, is only loosely 

related to the flow-carrying aspect of a fracture.  

We present an innovative method to infer the total flow channel area of a fracture or fracture network by considering unique behavior of 

fluid flow in an opening-mode fracture. The main experiment data that this method relies on is the arrival time of fluid at the production 

well. In this paper, we first review the evidence used to constrain the overall configuration of the fracture system engaged in the flow 

test. We then describe the rationale and equation for fluid front propagation in a fracture in the leakoff-dominated regime. Finally, we 

use the estimated flow channel area to predict the thermal response of the testbed if the circulation test were to continue for a longer 

duration. 

2. THE FRACTURE FLOW NETWORK  

Thanks to the extensive site characterization work and the multiple means of monitoring, the flow network resulting from the hydraulic 

stimulations and engaged in the flow test can be delineated with great confidence. 
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2.1 OT-P Connector, a Prominent Natural Fracture 

According to well logs and core logs, five out of the eight wells at the testbed intersect a prominent natural fracture with variable yet 

overall large aperture, as shown in Figure 1. In a low-pressure hydraulic testing soon after drilling the wellbores and before any 

stimulation, it was found that this fracture establishes a strong hydraulic connection between well E1-OT and E1-P, through which fluid 

can flow under a very low pressure difference. We hence call this fracture the “OT-P Connector”. Microseismic events observed during 

the multiple stimulations from May 22 to June 25, 2018 indicated that the OT-P Connector causes remarkable discontinuity in the 

propagation trajectories of the hydraulic fracture. 

 

Figure 1 Delineating OT-P Connector, a prominent natural fracture in the testbed.  The locations and orientations of the 

intersection traces with each well are shown as small disks. (a) and (b) shows the wellbores and the fitted OT-P Connector plane 

from two angles. (c) shows images of cores where this natural fracture’s intersections with five wells.  

2.2 The Main Hydraulic Fracture(s) 

The long-term circulation test is injecting fluid into an open-hole section centered at 50 m (164 ft) depth in well E1-I. The hydraulic 

stimulations targeting this section occurred on May 22, 23, 24, 25, and June 25, over multiple stimulation “episodes”. Driven by a 

strong thermal stress gradient rooted in the cooling surrounding the mine drift during the many decades of mining operations, the 

hydraulic fracture propagated eastward toward OT-P Connector and the drift, as predicted by modeling results [Fu et al., 2018]. 

Between the injection point and OT-P Connector, the microseismic events conform to a largely vertical plane that is approximately 

perpendicular to the minimum principal stress direction estimated based on prior tests (Oldenburg et al., 2016). The microseismic cloud 

did eventually propagate to the east of OT-P Connector during a longer stimulation episode on May 25 (the second episode on that day) 

and also during a stimulation of the same interval on June 25. Two distinct planar features east of OT-P Connector were 

created/stimulated by these injections, and they significantly deviated from the planar feature west of OT-P Connector. During a 

hydraulic stimulation from the nominal “production well” E1-P on June 25, microseismic events only appeared east of OT-P 

Connectors, strengthening the two eastern planar features. 
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Figure 2 Microseismic events and fitted fracture planes. 

A close inspection of the main microseismic cloud between well E1-I and OT-P Connector reveals that it is comprised of two parallel 

planes, both largely vertical and trending east-west.  The northern plane, denoted “HF-north”, strikes 72.0° and dips 81.9, whereas its 

southern counterpart, “HF-south”, strike 75.5° and dips 79.0°. While these two planes significantly overlap, HF-north seems to occupy 

the higher part of the testbed space while HF-south mostly propagated downwards. There is a smaller planar feature, striking 113.5° and 

dipping 86.5°, growing toward southeast from the bottom of HF-south. This feature is believed to be caused by a natural fracture. Since 

it is small and does not provide hydraulic connection between any other features (fractures and wellbores), its role is not considered in 

our analysis. 

The presence of two parallel hydraulic fractures between well E1-I and OT-P Connector is corroborated by observations on DTS data. 

As shown in Figure 3., the May 23 stimulation only caused a temperature anomaly in well E1-OT at 47 m deep. The May 24 stimulation 

intersected E1-OT at both 45.5 m and 47 m deep. In the two stimulations on May 25, the temperature anomaly at 47 m deep became 

dominant. In the current analysis, we conceptually treat the two hydraulic fracture planes as one plane as the two closely spaced parallel 

planes have litter overlap in the vertical direction. In regard to fluid leakoff from fracture into rock matrix, such a simplification is 

reasonable. 

 

Figure 3 DTS measurement of temperature change from the baseline temperature along well E1-OT during the hydraulic 

stimulations between May 23 and May 25.,  
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2.3 The Flow Network Model 

The simplified flow network consisting of two wellbores and two fractures, an effective hydraulic fracture and the OT-P Connector, is 

shown in Figure 4.  As reasoned above, the hydraulic fracture represents the effects of the two closely spaced but minimally overlapped 

hydraulic fracture planes. The hydraulic fracture directly intersects well E1-P at approximately 127 ft to 129 deep. Part of the injected 

fluid is recovered from this intersection. The hydraulic fracture also intersects OT-P Connector, and OT-P Connector in turn intersects 

well E1-P at approximately 121 ft deep. Part of the injected fluid is fed into OT-P Connector through the intersection between these two 

fractures, and part or all of that fluid is recovered from the intersection between OT-P Connector and well E1-P. In well E1-P, two 

packers straddle across the intersection with OT-P Connector at 121 ft deep. The flowmeter that measures the outflow rate from this 

natural fracture is denoted channel “PI” because the flow is from the packer “interval”. The intersection(s) with the hydraulic fracture(s) 

is below the lower packer, and that channel is termed “PB”, with B stands for “bottom”. 

 

Figure 4 Conceptual flow network model for the current analysis. 

Only the hydraulic fracture area west of OT-P Connector is included in the simplified model. In more recent flow data, as the system is 

more saturated, more than 90% of the injected fluid is recovered from the two fracture intersections along E1-P. This indicates that little 

fluid reaches east of OT-P Connector and the hydraulic fractures to the east are like “dead ends” for flow. 

Microseismic data suggest that the overall height of the hydraulic fracture(s) is as large as 20 m.  In Figure 4, we show that the “flow-

carrying” part of the hydraulic fracture, conceptualized as a rectangle with a width of Wf and spanning between the injection and 

production wells, is a fraction of the total height of the hydraulic fracture. The width of the idealized fracture, Wf, represents the total 

width of the flow channels. 

Although for this testbed we have an unusual amount of data and information to infer the flow network as described above, there is still 

a great deal of uncertainty in the detailed flow distribution. For example, the total fluid recovery ratio has been largely stable with a 

slow yet steady increasing trend, but the allocations among various outlets, particularly between PI and PB have fluctuated over time, 

implying evolving flow fields or at least dynamic flow allocation at the interface between the hydraulic fracture and OT-P Connector.  

Despite the dynamic and uncertain nature of the flow network, an important fact that enables the subsequent analysis is that the 

diversion of injected fluid from the main hydraulic fracture occurs near the main outlet of fluid, namely the intersection with well E1-P.  

The main objective of this study is to infer Wf, which is the total width of flow channels between the injection well and the production 

well and between the injection well and the connection with OT-P Connector. 

3. KEY FIELD OBSERVATIONS 

3.1 A Brief History of the Testbed 

The testbed has been subjected to multiple stimulation treatments and hydraulic circulation tests. Apart from the stimulations centered 

around the mechanical notch at 164 ft deep as described in section 2.1, stimulations were also performed at 142 ft and 128 ft deep in 

well E1-I. The responses from these three locations were quite different but there was no sign of hydraulic communication among the 

fractures stimulated from these three intervals. Therefore, there is no need to present specific details about the stimulations at 142 and 

128 ft deep.   

Between late October and late November 2018, a suite of circulation tests were performed by injecting into the 164 ft interval of E1-I. 

Experiments included constant rate (mostly 400 ml/min) injection, high rate stimulation when injection pressure increased at an 

unacceptable rate, altering the water source and chemical compositions, and cooling the injected fluid.  The tests were plagued by 

unexpected issues most likely caused by geochemical and/or biological processes.  The uncontrollable injection pressure increase forced 

the tests to terminate and the team to seek additional stimulations from the 142 ft internal in December 2018. 

When the 142 ft interval stimulations did not yield a viable flow path, owing to a natural fracture set blocking the flow path between the 

injection and production wells and damage to observation wells, the focus of the experiment returned to the 164 ft interval.  
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3.2 Key Observations for the Current Study 

Between February 4 and 7, 2019, various injection configurations were experimented included short-term pressurization of E1-P, the 

nominal production well. Starting on February 20, the focus was shifted to evaluating whether reproduceable responses to 400 ml/min 

injection at the 164 ft interval could be attained from the testbed. The experiment consisted of multiple injection tests, all at a nominal 

rate of 400 ml/min. These tests each lasted between four hours and two days, with variable idling periods between them as shown in 

Figure 5.  The long-term injection started on March 27, 2019 and has continued except for several relatively minor interruptions (mostly 

due to equipment issues) into February 2020 and is still underway.  

 

Figure 5 Injection and fluid recovery in a series tests between late February and early April, 2019. The upper panel shows the 

injection pressure (blue) and injection rate (green). The lower panel shows the fluid recovery rates from several channels.  

Because the part of the purpose was to test the system, some repurposing of the recovery rate channels took place in this time 

window. 

The key observation used in the current study is that it took approximately two hours from the start of injection for water to flow out of 

the intersection between the hydraulic fracture and well E1-P (i.e. flow channel PB). We only consider the injection tests each with at 

least 4 days of inactivity in the testbed prior to the test to ensure that the effects of prior injection have dissipated. These include the 

injections that started on Feb. 21, Feb. 26, Mar. 19, and Mar. 27, 2019.  The results of these four tests are shown in Figure 6.  They had 

the same injection rate, 400 ml/min; and they also had similar, and largely constant over time, injection pressure, reflecting the 

“pressure-limiting” behavior, typical of flow through an open fracture. In all cases, fluid arrived at E1-P after approximately 2 hours of 

injection. Note that for these four tests, the lower packer in E1-P was not inflated so that the PI and PB intervals were not separated. 

Based on results in April 2019, when the lower packer was inflated, fluid was expected to arrive at PB much earlier than at PI. 

Therefore, the arrival time was controlled by fluid arriving at well E1-I through the hydraulic fracture, although the later measurements 

likely included contributions from both PI and PB. The consistency among the fluid arrival time at E1-I was especially remarkable as 

we notice how variable the actual flow rate though E1-P was and how variable the arrival time at well E1-PDT was. 

4. ESTIMATING THE FLOW CHANNEL AREA 

4.1 Leakoff rate estimation 

Based on the consistency in the data, it is reasonable to hypothesize that the fluid arrival time at E1-P reflects how fluid front caused by 

the injection propagates along the hydraulic fracture in the “leakoff-dominated” propagation regime.  To verify that it is indeed in the 

leakoff-dominated regime, we calculate the expected leakoff rate. 

The Carter’s leakoff coefficient which is usually used as an empirical coefficient, can be related to physical properties of the rock by 

assuming 1D diffusion. 

𝐶𝐿 = Δ𝑃 (
𝑘𝜙𝐶𝑡
𝜋𝜇

)
0.5

 

The following list explains the parameters and justifies the values used in this work. 

 ΔP is the pressure difference driving the diffusion. Assuming an open fracture and ignoring frictional loss (which is small for 

an open fracture), it is the injection pressure minus the in situ pore pressure. Owing to the long drainage history around the 

mine drift, we assume the pore pressure is approximately atmospheric pressure.  Therefore, we choose ΔP=4350 psi or 30 

MPa. 

 k is the intrinsic permeability of the rock. The host rock is high heterogeneous and has foliation planes and natural fractures. 

According to Frash et al. (2019), intact Poorman schist has permeability no greater than 1 μD while intact foliation has 

permeability as high as tens of mD. We tentatively use k = 2 μD in the current work. 

  is the rock’s porosity. Typical value for the rock at the testbed is estimated to be =5%. 

 Ct = 10-9 1/Pa is the total compressibility including the fluid’s and pore space’s compressibility.  

 μ = 0.8 cP is water’s dynamic viscosity at 30 MPa and 30°C. 

Plugging in these parameters, we obtain CL = 0.006 mm/s0.5. The leakoff rate per unit fracture area is 2CL/t0.5, where t is the time of the 

fracture area has been pressurized. After one hour of pressurization, the total leakoff rate per m2 of fracture area would be 12 ml/min. A 

fracture area of 33 m2 would consume the entire injection rate of 400 ml/min. In other words, it will take hours of injection to even 
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saturate such a surface area under this hypothetical condition. The 2-hour fluid arrival time is therefore consistent with a rough estimate 

of the surface area of the hydraulic fracture, which is tens of m2. 

 

 

Figure 6 Results from the four selected “largely independent” injection tests. The axis is adjusted to that the time when injection 

was started in each test corresponds to the origin.  

4.2 Leakoff-dominated fracture propagation 

There exists an analytical solution for hydraulic fracture propagation in the leakoff-dominated domain. Here we reiterate the logic 

behind this equation and proves that it is applicable to the problem studied here although it does not involve propagation of a fracture.  

Consider binary states for any point on a fracture: “open” means the two opposing walls are jacked open by pressurized fluid whereas 

“closed” means the pressure is lower than the “closure stress Sclosure” and the two opposing walls are in contact. Owing to the “cubic 

law”, the transmissibility of an open fracture is much greater than that for closed fracture, so frictional pressure loss along an open 

fracture is very low. For the open segment, the fluid pressure only needs to be slightly higher than the closure stress and therefore is 

approximately constant.  

 

Figure 7 Conceptual aperture, pressure, and leakoff distribution: differences between open fracture and closed fracture 

For a given fracture area under a constant fluid pressure, the leakoff rate decreases over time as the surrounding rock matrix gets 

pressurized. Under a constant injection rate, the open area needs to increase, that is, the fracture front or the fluid front needs to 

propagate, to accommodate the injection. In other words, the open fracture (and the associated fluid front) propagates in a rate that the 

total leakoff and the fracture volume increase happen to balance the injection rate.   
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𝐿(𝑡) =
𝑞𝑡0.5

𝜋𝑊𝑓𝐶𝐿
 

where L(t) is the total fracture length after injection at a constant rate q for time t. Although this equation was originally developed for a 

propagating fracture (the “closed” part would be intact rock instead of fracture walls in contact), as opposed to the progressive opening 

of an existing fracture, it applies to both scenarios because rock toughness is ignored anyway. To make L(2 hours) = 10 m, which is the 

approximate distance between the injection and production wells, we need to have Wf = 3 m. In other words, the equivalent total flow 

channel area between the two wells on the hydraulic fracture is approximately 30 m2. 

5. ESTIMATING THERMAL PERFORMANCE 

With the inferred width (Wf) of flow channels in the hydraulic fracture, we further model the long-term circulation test and analyze the 

thermal responses in the fracture network. We developed a 3D thermal model which includes the fracture network as well as the rock 

formation surrounding the hydraulic fracture and the OT-P Connector. The two fractures are represented by two thin layers 0.004 m in 

thickness (Fig. 8(a)). The initial 3D temperature field in the model is obtained from a 2D model by White et al. (2018), which 

considered the effect of ambient geothermal gradient, hydrological state and historical miming operations (excavation, flooding, 

dewatering, and mine closure). Fig. 8 (b) shows the flow channel we included in the hydraulic fracture. The aperture within the flow 

channel is 0.6 mm, and that out of the flow channel is 0.01 mm. The aperture in the OT-P Connector is 1.0 mm. 

Fig. 9 shows the injection and outflow rates at different wells (PB, PI, E1-PDT) during the long-term circulation test. The injection rate 

remained at almost at 400 ml/min except several shut-in periods. However, the outflow rates varied drastically during the test. To 

appropriately model the flow field in the fracture network, we use step functions to approximate the outflow rate changes in the thermal 

modeling. Note that we include sink to account for water leakage to natural fractures that are not explicitly included in the model. In the 

thermal modeling, the sink was used as a pressure boundary. Fig. 8 also shows the injection temperature during the long-term 

circulation test. Also note started to inject chilled water on May 8 with the injection temperature reduced from 28 °C to 11.5 °C. The 

parameters for rock and fluid properties used in the thermal modeling are listed in Table 1. 

 

Figure 8: Initial temperature distribution and flow channel in the thermal model. (a) Initial temperature distribution in the 

hydraulic fracture and OT-P Connector. (b) A flow channel in the hydraulic fracture. 
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Figure 9: Injection/outflow rates and injection temperature. (a) Measured injection rate and outflow rates at E1-PB, E1-PI and 

E1-PDT. (b) Injection temperature. The solid lines are field measurements and the dash lines are fitted step functions used in 

the thermal simulations. 

Table 1: Rock and water parameters used for thermal modeling. 

Parameter Value Parameter Value 

Porosity of rock  0.003 Permeability of rock (m2) 2 × 10-18 

Solid density of rock (kg/m3) 2500 Specific heat capacity of rock (J/kg/K) 790 

Specific heat capacity of water (J/kg/K) 4460 Water viscosity (Pa·s) 0.001 

Water compressibility (Pa-1) 2 × 10-10 Thermal conductivity of rock (W/m/K) 5 

 

The thermal modeling started on April 5, 2019 and continued for 480 days. Fig. 10 compares the temperature responses at E1-PB with 

different thermal conductivities. The thermal breakthrough occurs at approximately 24 days after chilled water injection on May 8, 

2019. With a larger thermal conductivity, the heat exchange between the chilled water in the hydraulic fracture and the rock formation is 

more remarkable, and therefore the temperature decrease at E1-PB is smaller. The temperature increase at around 210 days is due to the 

shut-in operation and the significant decrease of the outflow rate at E1-PB (Fig. 9). 

 

Figure 10: Comparison of thermal responses at E1-PB with different thermal conductivity. 
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6. CONCLUSIONS 

In this paper, we present our effort to quantify the total flow channel area engaged in the long-term circulation test at the Collab 

Experiment 1 testbed. The fracture network carrying the flow includes a hydraulic fracture and a major natural fracture. Because the 

intersection between the two main fracture is near the production well, the arrival time of fluid to the production well is mainly 

influenced by flow on the hydraulic fracture. In four short-term injection tests, fluid arrived at the production well after 2 hours of 

injection, forming a very consistent pattern. We argue that during this process, the fluid front propagates in the leakoff-dominated 

regime. A close-form solution allows to estimate the total flow channel width to be approximately 3 m, which is one order of magnitude 

smaller than the overall dimension of the fracture. A thermal modeling using this result shows that it still take several hundred days for a 

significant thermal breakthrough to be observed.  For the circulation test performed so far, the temperature change in PB is obscured by 

Joule-Thomson effect, which increases water temperature by several degrees.  Nevertheless, the estimated of the total flow channel 

width could be used for understanding the testbed itself and many other tests performed there. 
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