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ABSTRACT 

Geothermal systems occur across diverse geologic settings and the viability of a conventional development depends not only on elevated 

temperatures, which are essential, but also on the distribution of permeable rocks and fractures that enable sustained fluid production. 

Observations and analysis from global analogs reveal characteristic pressure and temperature behaviors that allow reservoirs to be 

classified by permeability type. This classification enhances early assessments of resource potential and informs exploration and 

development strategies. The characteristics of four end-member Permeability Regimes are described: Discrete, Limited Distributed, 

Enhanced Distributed, and Stratigraphic. A companion study, Libbey and Murphy (2026), provides greater detail on the geology of these 

regimes and resource parameters of Area and Thickness which characterize these systems as well as detailing a standardized methodology 

utilizing these characteristics for estimating resource capacity. 

1. INTRODUCTION 

Geothermal reservoirs can be characterized by their geologic/spatial characteristics (Libbey and Murphy, 2026) and by their reservoir 

engineering characteristics. Reservoir engineering characteristics include individual well permeability (productivity/injectivity index), the 

feedzone distribution, reservoir permeability-thickness, inter-well connections (e.g. tracer returns), and development metrics such as 

pressure response, temperature/enthalpy response, and per-well generation output. A global survey of geothermal systems suggests that 

geothermal permeability types can be categorized into four regimes: (1) Discrete, (2) Limited Distributed, (3), Enhanced Distributed, and 

(4) Stratigraphic. Low permeability reservoirs, which may be candidates for hydraulic stimulation (EGS) are not considered in this 

categorization but may be considered a low permeability endmember of Limited Distributed or Stratigraphic systems. Figure 1 provides 

a schematic depiction of these Permeability Regimes and characteristics of each. 

Fundamentally, these categories describe a distribution of permeability on a spectrum, where Discrete systems have very low (negligible) 

background permeability and flow is dominated by permeability at localized zones of elevated fracture density, typically at structural 

discontinuities. Limited Distributed systems, conversely, are dominantly background fractures, the cumulative volume of which contribute 

to permeability. If a system with distributed background permeability also hosts larger fractures or faults with enhanced permeability, the 

system should be categorized as Enhanced Distributed. Stratigraphic systems contain stacked sedimentary sequences of variable 

permeability, with the permeability of these systems dominantly in the matrix pore space. 

Identifying the permeability regime of a system is useful to predict the power generating potential of that reservoir and to guide the 

exploration and development strategy by setting expectations for well performance and inter-well interactions. Temperature is an 

independent variable of these permeability types and not a determining factor in categorizing a system under this schema, but the 

commercial potential of a system is highly dependent on the temperature. Sixty-five geothermal fields were characterized for this study 

and are referenced throughout. 

 

Figure 1: Plan-View Generalized Schematics of the Four End-Member Permeability Regimes of Geothermal Systems with 

Representative Ranges of Background and Fracture Permeability (Reproduced from Libbey and Murphy, 2026) 
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2. PRODUCTIVITY INDEX RANGES FOR PERMEABILITY REGIMES 

Productivity Index (PI) is defined as the change in pressure at the center of permeability in a well for a given change in flow rate in that 

well alone. In high permeability formations, pressure will stabilize relatively quickly (matter of minutes to days), but lower permeability 

formations will decline more gradually over a timeframe of weeks or months (Sanyal and Butler, 2010). For the purposes of this 

characterization, productivity index is calculated at the stabilized condition, with the acknowledgement that precise quantification is often 

difficult with varying operating parameters. PI is highly dependent on fluid properties, in particular temperature/enthalpy, and especially 

dynamic in two-phase feedzones and reservoirs (Pasikki 2017). The study herein does not normalize PI to account for these enthalpy 

effects, instead using the demonstrated operating PI in units of kg/s/bar where possible. In using this formulation, care must be taken to 

recognize that the relationship between injectivity index (II), PI for liquid feedzones, and PI for two-phase or dry-steam feedzones is 

complex, and in practical terms the PI can be greatly reduced if two-phase conditions are encountered, due to the combined effects of 

lower density and relative permeability decreasing mobility.  

The median of available production well PIs (MPWPI) on a given field was used to characterize that field throughout this paper, shown 

in Figure 2 for analogs representing each permeability regime with characterizing statistics summarized in Table 1 and individual field 

details provided in Table 4 to Table 7. MPWPIs for the studied Discrete system calibration analogs range from 7.1 to 377 kg/s/bar, and 

the median across all Discrete fields is 39 kg/s/bar. Among the Discrete systems characterized, most are found in the Great Basin region 

of the United States, with Puna in Hawaii, USA and Platanares in Honduras representing systems outside that region. 

Likely the most common Permeability Regime worldwide is the Limited Distributed type, which is characterized by median PIs in the 

range of 0.5 to 5 kg/s/bar, with a median of 1.6 kg/s/bar in the fields characterized herein. As seen in Figure 2, individual wells may fall 

outside this range (up to 20 kg/s/bar in the fields characterized), but the overall development (median producer) is primarily from wells 

with lower productivity. Limited Distributed systems occur across a wide range of temperatures (from 130 °C at Raft River to exceeding 

330 °C at Ijen). They also occur in diverse geologic settings, including volcanic arcs, zones of regional continental extension, and hot spot 

volcanoes (Libbey and Murphy, 2026). The two dry steam fields characterized, The Geysers, California USA and Kamojang, Java, 

Indonesia, are both examples of limited distributed fields, with estimated MPWPIs of 3 and 1.5 kg/s per bar, respectively.  

Enhanced Distributed systems start where Limited Distributed systems end, extending from 5 kg/s/bar up to a field median over 100 

kg/s/bar at Steamboat in Nevada, USA, Cove Fort in Utah, USA, and the Don A. Campbell field in Nevada, USA. The median of the 

MPWPI among the studied Enhanced Distributed calibration analogs is 14.5 kg/s/bar. In Enhanced Distributed systems, permeability is 

contained both in minor fractures and background permeability (including those that could comprise a Limited Distributed system) as 

well as more highly permeable fractures and faults that contribute major feedzones and high productivity. 

Relatively fewer stratigraphic systems have been characterized, with MPWPIs ranging from 0.1 to 8.4 kg/s/bar and a median of 1.2 

kg/s/bar. Four of the systems characterized are from sandstone dominated reservoirs in the Imperial Valley region of the United States 

and from Cerro Prieto in neighboring Mexico. Other examples of stratigraphic reservoirs globally would include deep basin systems such 

as DEEP in Saskatechwan, Velika Ciglena in Croatia, and systems in the Upper Rhine Valley, Germany. The matrix permeability of 

stratigraphic systems, especially those hosted in siliclastic sequences, is expected to decrease with increasing depth due to compaction 

and diagenetic processes, which leads to generally lower PIs in systems where the heat source is primarily conductive, compared to higher 

PIs in the Imperial Valley type systems where convective heat transfer elevates the temperatures of shallow sandbodies, with characteristic 

PIs in the range 5 to 10 kg/s/bar. Of the systems characterized, both Heber and the Salton Sea could be further characterized as hybrid 

Stratigraphic-Enhanced Distributed systems (Libbey and Murphy, 2026), with background permeability consisting of porous matrix 

(rather than distributed fractures), and some producers encountering fracture or fault permeability which contribute to higher PIs. 

Table 1: Summary of Reservoir Engineering Characteristics of Permeability Regimes 

Permeability 

Regime 

Median of 

Field 

MPWPIs 

(kg/s/bar) 

Average 

of Field 

MPWPIs 

(kg/s/bar) 

Range of 

Field 

MPWPIs 

(kg/s/bar) 

Median 

of Field 

Average 

KHs 

(D-m) 

Range of 

Field 

Average 

KHs  

(D-m) 

Observed 

Average 

Temp. 

Decline 

(°C/year) 

Average 

Temp. Decline 

(°C/year) 

Normalized 

for 500 kg/s 

Flow 

Discrete 39 77 7.1 - 377 124 17.5 - 323 -1.3 -1.5 

Limited 

Distributed 
1.6 1.7 0.5 - 3.45 6.4 1.2 - 80.3 -0.7 -1.2 

Enhanced 

Distributed 
14.5 130.9 5 - 1500 106 2.6 - 2621 -0.8 -0.3 

Stratigraphic 1.2 2.8 0.1 - 8.4 29 0.1 - 92.5 -0.5 -0.4 
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Figure 2: Median Production Well PI for Characterized Fields as Large Markers, Individual Wells as Smaller Markers 
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3. FEEDZONE DISTRIBUTION 

The distribution of feedzones helps to further characterize permeability regimes. Feedzones are identified through a comprehensive use 

of flowing pressure/temperature/spinner surveys, image log analysis, and drilling indicators (such as lost circulation), and are described 

for calibration analog fields of each permeability regime herein. 

3.1 Discrete System Feedzone Characteristics 

Feedzones in a Discrete System are characterized by distinctive zones of permeability within a well, with negligible permeability between 

those feedzones. Feedzone interpretations from a typical well in a Discrete Permeability Regime (18A-21 at the San Emidio field) is 

shown below in Figure 3. A fault zone is encountered from 575 to 600 meters MD, aligning with two planar fractures observed in image 

logs. Spinner data shows noisy behavior above this feedzone, but the temperature signal shows no indications of additional inflows. This 

single feedzone is associated with very high permeability (250 kg/s/bar). The associated conceptual model is also shown, with the 

feedzones interpreted as intersecting the Lake Range Fault. 

A second example is shown from well BCH-2 at the Brady geothermal field. This well was not a producer, but has been used as an 

observation well throughout the field history. Throughout its operating history, production temperatures at Brady have declined from 180+ 

to 120 °C as a result of injection breakthrough. Well BCH-2 crosses a fault zone which is a primary conduit for fluid flow in the system. 

Temperature surveys collected at 6 and 26 years after plant startup show the cooled, discrete fault zone from 550 to 810 meters depth, a 

wide zone surrounding a discrete permeability feature identified by total losses at 647 m.  

Geologically, the permeable targets in Discrete networks may be well constrained, such as at the Tungsten Mountain field where 

directional drilling has been employed to repeatedly cross the targeted sub-planar fracture (Delwiche et al, 2018)  

 

Figure 3: San Emidio 18A-21 Feedzone Analysis 
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Figure 4: Brady BCH-2 Temperature Profiles at Natural State, 6 Years, and 26 years of Operations 

3.2 Limited Distributed System Feedzone Characteristics 

Wells in Limited Distributed systems typically encounter several minor feedzones which contribute to a cumulative PI less than 5 kg/s/bar. 

A typical example comes from the Zunil field in Guatemala; well ZCQ-3 produces from a liquid reservoir with three zones of inflow 

identified from spinner analysis and the flowing temperature profile, as shown in Figure 5. Despite the 330-meter-thick section of 

permeability, the total PI is only 5 kg/s/bar, the highest encountered at the Zunil field, with other producers ranging from 0.2 to 2.2 

kg/s/bar. 

A second example is well IJN5-1 at the Ijen field in Java, Indonesia (Libbey et al 2026), shown in Figure 6. In this case, an injecting 

spinner log is used to identify feedzones and many fractures were identified from analysis of an image log. This well encountered a thick, 

distributed feedzone from 1700 to 2400 meters, contributing approximately 70% of the permeability. A more highly fractured interval 

below 2400 contributes the remaining 30%. Despite this thick section of permeability evident in IJN5-1 and most wells at Ijen, the median 

PI is 0.6 kg/s/bar, typifying a Limited Distributed system. 

In the Great Basin, the Patua field in Nevada, USA is an example of a Limited Distributed system, which is characterized by a large area 

but low permeability, inferred to have a median of 3-4 kg/s/bar from reported well flow rates (NDOM, 2026). Patua produces from a 

granodiorite that is describe as “extensively fractured”, but feedzones are predominantly from a “few large fractures”, associated 

conceptually with SSW-NNE striking fault zones (Cladouhos et al, 2015). This fault-associated permeability is differentiated from 

Discrete systems due to the lower individual well permeability and the existence of an extensive thermal anomaly (mean of 7.7 km2, 

Libbey and Murphy 2026) throughout the fractured granodiorite. 
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3.3 Enhanced Distributed System Feedzone Characteristics 

Enhanced Distributed systems are characterized by sections of distributed permeability, with some individual fractures or faults 

contributing to higher permeability (greater than 5 kg/s/bar total). The Mammoth field in California, USA provides one example of the 

feedzone distribution in an Enhanced Distributed. Figure 7 shows the spinner analysis and flowing temperature profile from wells 14C-

25. Geologically, these wells primarily target a NW trending, steeply dipping fault zone, but also drill through the heavily fractured Bishop 

Tuff. In 14C-25, the primary fault is encountered at 715 meters and represents the dominant inflow, but the spinner analysis and 

temperature profile shows gradual inflows from 600 to 700 meters throughout the fractured Bishop Tuff. The total PI of 14C-25 is 18 

kg/s/bar and neighboring 14B-25 has a PI of 67 kg/s/bar from similar permeable features. 

Olkaria West in Kenya provides another example of an Enhanced Distributed system. An injecting temperature profile shown in Figure 8 

shows feedzones distributed from 1857 to 2733 meters, collected during an injection test which measured an injectivity of 20 kg/s/bar. 

While flowing, Well A has produced up to 160 kg/s at 1220 kJ/kg with a calculated PI of 9 kg/s/bar. Feedzones in the Olkaria West are 

associated with rift-zone parallel fractures and features associated with the cross-cutting Olkaria Fault Zone. Wells which do not encounter 

major fault zones may have low PIs (0.5 to 3 kg/s/bar, representing Limited Distributed permeability), but several producers including 

Well A produce from larger fault zones with PIs up to 40 kg/s/bar. Olkaria West Well B (Figure 8) shows a cooling profile similar to 

Brady BCH-2, with primary permeable zones evident as zones of increased injection breakthrough. A 2022 flowing temperature survey 

shows two sharply cooled zones at 1300 and 1370 meters depth and a static survey in 2025 confirms a roughly 100-meter cooled zone 

above 1310 meters depth. Similar behavior was observed in the first decade of production at Tiwi, another Enhanced Distributed system, 

with a single feedzone cooling at a rate of ~10 °C/year (Nag-4, Barker et al 1990). 

The Ulubelu field in Sumatra, Indonesia is a third example of an Enhanced Distributed system or on the high end of Limited Distributed 

permeability, inferred from the total generation and number of production well which indicate an average flow over 95 kg/s per producer 

at plant startup and an average PI from 4 to 6 kg/s/bar estimated using wellbore modeling. Ulubelu also has evidence for high permeability 

in individual wells, such as UBL-DL5 with a total flow > 200 kg/s during well testing and 168 kg/s during operations, and UBL-JL3 

which exceeded 220 kg/s total flow, both indicating PIs exceeding 10 kg/s/bar (Yuniar et al, 2015, Sugiharto et al 2021). Arifin et al 

(2021) provides a detailed characterization of the mix of minor and major feedzones, with dominant feedzones contributing 30-80% over 

10-100 meter thick zones, and minor zones as low as 5% being identified throughout the wells. Through image log and conceptual model 

interpretation, feedzones contributing over 40% are associated with faults, primarily in a NW-SE orientation. At Ulubelu, the rhyolitic 

tuff reservoir unit is inferred to provide both bulk permeability and host discrete zones. 
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Figure 7: Feedzone Interpretation in Mammoth 14C-25 (Temperature from Testing, Heated to 163 °C) 

 

Figure 8: Feedzone and Cooling Pathway Evidence from Olkaria West 
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3.4 Stratigraphic System Feedzone Characteristics 

Stratigraphic systems are characterized by distributed feedzones associated with primary permeability in porous formations. The Heber 

Field in the Imperial Valley, USA provides a typical example. A spinner analysis from injector HGU-255 is shown in Figure 9, showing 

a distributed zone of feedzones from 918 to 2000 meters. Shown at right is the Net Reservoir, a combined parameter described in Ramirez 

et al (2023) characterizing potential flow units. A flow zone from 1000 to 1100 meters depth contributes ~40% of the injection capacity 

and is associated with very high Net-to-Gross, bed thickness, and reservoir quality (Net Reservoir) resulting in the high permeability of 

this zone. HGU-255 encounters additional permeable zones contributing the remaining 60% of injectivity occurring through the thick 

reservoir from 1100 to 2000 meters depth. The total injectivity index of this well is 4.5 kg/s/bar, and would have an anticipated PI of 

approximately the same value using typical ratios from Heber. Figure 10 shows a second example from Ormesa, which has, in general 

comparatively thinner feedzones than Heber, but can host comparable or higher PIs owing to reservoir continuity and quality. 

 

Figure 9: Injecting Spinner Profile and Sand Body Analysis from Heber HGU-255, Reproduced from Ramirez et al 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Correlation of Flow Zones from Interpreted Feedzones, Gamma Ray and Density-Porosity Logs for Select Wells at 

Ormesa, California, USA (Ramirez and Araya, 2024) 
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4. RESERVOIR PERMEABILITY 

Figure 11 summarizes available permeability thicknesses (kh) from selected fields according to their permeability regime category. 

Interference testing is the ideal method for characterizing kh, but a pressure transient analysis of an individual well test can also be used 

to calculate this parameter. Whereas PI is summarized by the median production well PI, which avoids skewing towards outlier values, 

kh is summarized using a field average from all available analyses. Kh is a measure of the permeability between wells and an average of 

tests can more appropriately summarize the total field properties. There is a limitation in fields with multiple reservoir sectors (e.g. 

Momotombo with a dichotomy between the primary shallow, high permeability production and deep wells with much lower permeability, 

Porras and Bjornsson, 2010), and a more detailed study of kh for each field could improve on the analysis herein. However, as Figure 11 

shows, there is a strong relationship between permeability type, median production well PI, and average kh. 

Discrete systems range from 17.5 to 320 Darcy-meters (D-m) with a median of 124 D-m for the fields characterized. Enhanced Distributed 

systems range from 9.6 to 2600 D-m with an median of 106 D-m, omitting an outlier with limited data at 2.6 D-m. These values 

demonstrate the extremely high permeability which can exist in geothermal systems, and in the case of some Enhanced Distributed systems 

be spread over a large area and volume. 

Limited Distributed systems range from 1.2 to 80 D-m with a median of 6.4 D-m. In the case of Limited Distributed fields, the wide 

spread of values and few high kh values are most likely attributed (1) two-phase effects, which reduce mobility and therefore PI in 

otherwise high permeability formations or (2) high skin effects (or permeability plugging with mineralization or clay as was hypothesized 

at Patua) can cause low productivity wells in a higher permeability formation. An alternative methodology of permeability type using kh 

might identify these systems as Enhanced Distributed, but this study utilizes PI which are a more reliable predictor of field output, as 

discussed in the conclusions regarding Recovery Factor, below, and a more direct indicator of well performance. 

The stratigraphic systems available for characterization range from 8 to 92.5 D-m with an average of 29 D-m omitting an outlier at 0.1 D-

m. Ormesa, with a kh of 8 D-m, represents a purely stratigraphic system producing from sandstones, whereas fields such as Heber, Salton 

Sea, and Cerro Prieto are interpreted to have some degree of fracture-supported permeability. The Heber field has two sections which 

demonstrate the differing magnitudes of kh: Heber 1 which has higher productivity and an average kh of 100 D-m, with several wells 

producing from a combination of sandstone and fracture-hosted permeability, and Heber 2, which is immediately adjacent to the west, 

produces exclusively from sandstones and has a lower kh of 19 D-m. The Salton Sea field is also known to produce from both sandstones 

and fracture permeability (Hulen 2003), and Cerro Prieto is estimated to have a kh of 92.5 D-m from available data. These systems exist 

on a spectrum, therefore, having many characteristics of a Stratigraphic system but productivity and permeability which are similar to an 

Enhanced Distributed system. Deeper stratigraphic systems, which exist in the absence of convective heat flow have generally lower PI 

and would be expected to have lower kh. This holds true at Groß Schönebeck, in the North German Basin, with a kh of 0.1 D-m, whereas 

Rittershoffen in the Upper Rhine Valley, Germany has a published kh of 29 D-m despite a low PI of 1.6 kg/s/bar. 

 

Figure 11: Average Field Permeability Thickness (kh) vs Median Production Well Productivity Index 
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Figure 12 depicts the pressure behavior during extended well testing of several fields, normalized to a production rate of 50 kg/s. The 

differing behavior of each Permeability Regime is apparent in these tests, particularly in the early-time response. Discrete and Enhanced 

Distributed systems are characterized by a fast pressure response associated with high permeability and an overall low magnitude of 

pressure decline, with McGinness Hills, Tungsten and San Emidio being most representative of a Discrete system and Don A. Campbell 

representing an Enhanced Distributed System. Raft River, Ijen, Patua, and Sumikawa represent limited distributed systems, with minimal 

response before ~1 day, but moderate magnitude by the end of the test (~1 month). In Limited Distributed systems, the monitoring pressure 

shown is much lower than the pressure decline in the producing well (e.g. nearly 100 bar in the producing well at Ijen). This large pressure 

decline is localized and does not transmit to the monitoring points due to the low permeability.  

At late-time (>1 day), the pressure response of each Permeability Regime is more varied. At Tuscarora and Neal discrete systems with 

high MPWPIs of 7.9 and 164.5 kg/s/bar respectively, pressure decline does not stabilize after several days of production and declines 

similar magnitudes to lower permeability systems. At Dixie Valley, an Enhanced Distributed field with MPWPI of 13.9 kg/s/bar (and the 

fastest response among the fields shown, characteristic of the high permeability), the pressure decline at 1000 hours was only exceeded 

by Sumikawa (MPWPI of 0.59 kg/s/bar). This suggests that long-term pressure decline is less associated with individual well productivity 

or Permeability Regime and can be greatly affected by reservoir boundaries and the injection strategy, which has been evident in the long-

term operational response of each of these fields. 

At Tuscarora, pressure decline continued after the field was brought into production, a phenomenon likely related to a structural 

compartmentalization of the production and injection zones (Kluge et al 2025). Conversely, at Neal sufficient injection support has 

minimized long-term pressure decline. At Dixie Valley, the lack of pressure stabilization was noted by the developers, and injection 

support has proven critical at Dixie Valley (Benoit 1991, Benoit 2000). Mammoth represents a much higher permeability enhanced 

distributed system, as seen in Figure 13, which shows the nearly identical, extremely low magnitude monitoring response between wells 

at both 60 and 600 meters from a well test of well 14B-25 producing 60 kg/s. A calibrated line-source model of this behavior is best 

matched with the extremely high permeability thickness of 2620 D-m, the highest value found in Figure 11. 

5. TRACER RESPONSE 

A tracer return curve from injection to production can also be diagnostic of the Permeability Regime of a geothermal system, although 

the nature of a tracer response will also vary greatly depending on the inter-well distance, the presence/absence of barriers, and 

injection/production rates, making normalization difficult. For reference, five tracer response curves are shown in Figure 14, with 

concentrations normalized to 100 kg of tracer injected. The tests and well pairs were chosen to represent producers with high rates of 

cooling and high rates of tracer return from the injector, while choosing pairs that were generally representative of the field operating 

configuration. The Discrete systems show a rapid response with high concentration, with >200 ppb in <1 day at Tuscarora and 49 ppb in 

8 days at Brady. Peak returns in Enhanced Distributed systems are lower and slower, 8.4 ppb at 42 days at Olkaria West and 8.9 ppb at 

139 days in Dixie Valley, although faster peaks (10-30 days) were observed at Salak which motivated re-distributing injection (Acuna et 

al 2008). 

Interestingly, returns in several limited distributed systems are similar to a Discrete network, as seen by the 83 ppb peak in 7 days at Zunil. 

Similar magnitudes were observed at Patua (Cladouhos et al, 2017), Desert Peak (Rose et al, 2009), and similar magnitudes but slower  

(30-50 day) peaks at Lahengong (Suherlina 2022). This behavior in Limited Distributed systems suggests that when background and 

overall permability is low, the primary fracture conduits can focus injection returns even if those fractures are low permeability compared 

to those observed in Discrete and Enhanced Distributed systems. As discussed in Section 6.2, the cooling observed in Limited Distributed 

systems is similar to Discrete systems (when normalizing for total flow rate), and Enhanced Distributed systems see generally lower 

cooling. This comparison on the basis of peak concentration and peak return time is limited and could be improved by comparing the 

magnitude of cumulative returns, which is generally more predictive of overall cooling (Silva et al 2026). No tracer study data was 

available for a Stratigraphic system; one tracer study was conducted at Heber but no returns were observed, suggesting that the thick 

sections of porous formation cause the tracer to disperse below observable limits. Should that tracer study be re-attempted, a higher mass 

of tracer may be necessary to generate a response. 
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Figure 12: Pressure Depletion Behavior Normalized to 50 kg/s (Internal Data, except Patua from Combs et al 2012 and 

Sumikawa from Garg et al 1997)   

 

Figure 13: Mammoth (Basalt Canyon) Pressure Response during 60 kg/s Flow Test 
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Figure 14: Representative Tracer Returns for Permeability Regimes, Normalized to 100 kg Tracer Injected and Corrected for 

Flash. No Adjustments made for Thermal Degradation of Tracers. 

6. CONCLUSION: IMPACT OF PERMEABILITY REGIMES ON DEVELOPMENT 

6.1 Well Output 

The Permeability Regime of a geothermal system will have a significant impact on the likely outputs of individual wells in a field. Figure 

15 shows the expected generation output per well across the four permeability regimes, an adaptation and update to a similar plot from 

Sanyal et al (2007). For this analysis, plant and production pump parastitics are included to provide a representative Net generation. No 

adjustment is made for potential injection parasitic requirements. 

To calculate these outputs, reservoir assumptions include a feedzone depth of 1250 meters, water table of 100 meters below ground 

surface, and up to a 16” production casing for pumped wells and 13 3/8” for artesian wells. 16” production casing is common for pumped 

wells in Discrete or Enhanced Distributed Permeability Regimes, but is less common in artesian producers (exceptions include the 

successful deployment at Heber, the Salton Sea, and larger well designs implemented at Ngā Tamariki, Mak-Ban and Salak (Hulen 2003, 

Quinao et al 2015). 

6.2 Temperature Decline 

Temperature/enthalpy decline can significantly impact a field’s performance and data suggests that the proposed Permeability Regimes 

can predict general cooling trends of a developed geothermal field. The actual cooling observed in a field depends on the overall level of 

fluid throughput, injection/production spacing, and the proximity to cooler, marginal fluids, which should be considered in addition to 

these high-level trends. 

Significant data is available from fields exhibiting liquid enthalpy, including several with over 20 years of operating history (Table 3). By 

virtue of their single-phase production, high-resolution temperature data is typical and is not impacted by the complexity of steam/water 

mixtures (excess enthalpy). Figure 16 shows the temperature behavior vs time for 23 fields exhibiting liquid enthalpy and sufficient 

operating history. For each field, the decline is measured from the time that field reached a representative operating configuration and 

flow. In addition to the absolute temperature decline, a normalized decline is shown, which is the decline multiplied by the ratio of the 

fields operating flow to a 500 kg/s development. Averages for each permeability regime are provided in Table 3. Discrete Permeability 

systems exhibit the strongest cooling (-1.3 °C/year, -1.5 °C/year normalized). In these systems, the high permeability associated with the 

production area may have a limited area, and finding injection outside the main producing structures is difficult. Injection may therefore 

return along that narrow permeable pathway. In the case of the worst cooling fields (Jersey Valley, Beowawe, and Blue Mountain), tracer 

returns suggest limited volume between injection and production. Figure 4 from Brady illustrates this narrow zone of temperature 

breakthrough characteristic of a Discrete system.  
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Limited Distributed Permeability systems cool at a similar rate when normalized (-0.7 °C/year, -1.2 °C/year normalized). In these systems, 

although injection could be distributed in the distal background permeability, pressure support and therefore nearby injection is required 

to maintain production, resulting in cooling. The tracer response curves discussed in Section 5 illustrate the similarity in 

injection/production connection between Discrete and Limited Distributed systems suggesting that despite the existence of background 

permeability, the injection returns may focus along a more focused pathway due to the overall low permeability of the system. 

In Enhanced Distributed Permeability systems, the prolific permeability and large areas give good opportunities to distribute injection and 

minimize cooling, and the distributed fractures provide beneficial thermal recovery to the returning injectate, with an average cooling of 

-0.5 °C/year and -0.2 °C/year normalized). The multiple cooled zones in Olkaria West Well B (Figure 8) illustrate the spreading of returns 

across a thick permeable interval. Similarly, in Stratigraphic systems, cool fluids return slowly, recovering temperature in the permeable 

matrix, resulting in low rates of cooling (-0.5 °C/year, -0.4 °C/year normalized). Heber stands out, with an average of -0.1°C/year per 500 

kg/s produced after over 30 years of producing history. 

Isolating liquid enthalpy decline is difficult in high-enthalpy, self-flowing systems, because as wells decline in enthalpy they also reduce 

in flow or cease to flow, and total field enthalpy is apparently unchanged despite the underlying decline. At Olkaria West, some liquid 

zones have cooled at a rate up to 3.6 °C/year (-1.9 °C/year normalized to 500 kg/s), and a small number of wells have periodically ceased 

to flow to design separator pressure due to liquid enthalpy decline (generally below 235 °C, 1010 kJ/kg). Despite this cooling, overall 

enthalpy at Olkaria West has stayed above 1200 kJ/kg. Liquid enthalpy decline has also been cited as a cause of decline at Salak 

(Ganefianto et al 2010), but published data on total field enthalpy show an increasing trend in enthalpy (increasing from liquid at 1100 

kJ/kg to >1800 kJ/kg overall). 

 

Figure 15: Productivity Index and Temperature Impact on Well Output (Net MW, Including Pump Parasitic) 
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Table 2: Average Temperature Decline for Permeability Regimes 

Permeability Regime 

Observed Temp.  

Decline (°C/Year) 

Temperature Decline Normalized 

to 500 kg/s (°C/year) 

Discrete Average -1.3 -1.5 

Limited Distributed Average -0.7 -1.2 

Enhanced Distributed Average -0.8 -0.3 

Stratigraphic Average -0.5 -0.4 
 

 

Figure 16: Temperature Decline History in Liquid Enthalpy Systems (A) Observed and (B) Normalized to 500 kg/s Flow 

(A) Observed 
Temperature Decline 

(B) Decline Normalized to 
500 kg/s Total Production 
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6.3 Recovery Factor 

The concept of a recovery factor has been applied to volumetric, heat-in-place analyses of geothermal systems throughout the development 

history of such systems. The US Geological Survey published an early heat-in place methodology and applied it to systems throughout 

the United States (Nathenson, 1975a; 1975b; Nathenson and Muffler, 1975; Muffler and Cataldi, 1978; Brook, et al., 1979). Garg and 

Combs proposed updates to this, in particular noting the importance of utilizing field data where available (Garg and Combs, 2010) and 

improvements in the conversion efficiency (Garg and Combs, 2011). In 2018, Grant updated relevant recovery factors for many systems 

and noted the importance of a clear definition of volume, resulting in different recovery factors for “tight” and “wide” volume definitions 

(Grant, 2018). A method published by Standar Nasional Indonesia in 1999 establishing standards for volumetric heat-in place calculation, 

which utilized a recovery factor which is a function of porosity, although the few publicly available examples of this method do not 

provide a rigorous analysis of the relevant porosity in a fractured system and typically default to a 10% porosity and 25% recovery factor 

recommended in the method definition (SNI, 1999) 

A detailed and well-defined method for calculating area, thickness, and reservoir temperature is provided in Libbey and Murphy, 2026. 

Utilizing this systematic method and calculating the 30-year power capability of developed systems allows for calculations of calibrated 

recovery factors for these systems. These values pertain only to the volumetric definitions as provided and are therefore not directly 

comparable to the recovery factors cited above or in other methods. As Grant (2018) noted, the calibrated recovery factor depends on the 

choice of plant parameters. To address this, the 30-year power capability uses a consistent calculation of efficiency, which depend on inlet 

temperature/enthalpy, ambient temperature, and injection temperature. The results of this calibration demonstrate that recovery factor is 

heavily influenced by both permeability type and PI. Uncertainty is inherent in heat-in-place methods, and a Monte Carlo approach is 

applied to uncertain parameters when determining the calibrated recovery. As shown in Figure 17, there is a clear and positive correlation 

between recovery factor and median production well PI. Using the diagnostic features described herein and in Libbey and Murphy, 2026, 

expected ranges of Recovery Factor for each permeability type can be applied, with a narrower range if the MPWPI is known. 

 

Figure 17: Recovery Factor versus MPWPI for Calibration Analogs utilized in this study. The MPWPI of Don A. Campbell is 

capped to 250 kg/s/bar, although data suggests this value may be >1000 kg/s/bar. See Libbey and Murphy, 2026 for the detailed 

methodology for calibrating and utilizing Recovery Factor. 
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SUPPLEMENTARY TABLES 

Table 3: Temperature Decline Summary, Individual Fields 

Field Name Permeability Regime 

Temperature 

Decline 

(°C/Year) 

Temperature 

Decline at 500 kg/s 

(°C/year) 

Beowawe Discrete -1.2 -2.5 

Blue Mountain Discrete -2.9 -2.3 

Brady Discrete -1.8 -1.6 

Jersey Valley Discrete -1.6 -3.9 

McGinness Hills Discrete -1.3 -0.3 

Neal Discrete -0.5 -0.4 

Salt Wells Discrete -0.6 -0.5 

San Emidio Discrete -0.7 -1.3 

Stillwater Discrete -0.7 -0.8 

Tungsten Mountain Discrete -1.2 -0.7 

Tuscarora Discrete -1.4 -2.2 

Desert Peak Limited Distributed -0.9 -1.8 

Patua Limited Distributed -0.6 -0.7 

Raft River Limited Distributed -0.4 -0.7 

Soda Lake Limited Distributed -0.9 -1.6 

Cove Fort Enhanced Distributed 0.0 0.0 

Dixie Valley Enhanced Distributed -0.7 -0.5 

Don A. Campbell Enhanced Distributed -2.0 -0.6 

Mammoth (Casa Diablo) Enhanced Distributed -0.1 -0.1 

Steamboat Enhanced Distributed -1.2 -0.3 

Brawley Sedimentary -0.5 -1.3 

Ormesa Sedimentary -0.6 -0.3 

Heber Sedimentary -0.5 -0.1 

Salton Sea Sedimentary -0.3 0.0 

 

Table 4: Productivity and Permeability-Thickness, Discrete Systems 

Permeability Type Field 

Median 

Production Well 

Productivity Index 

(kg/s per bar) 

Permeability-

Thickness 

 (D-m) Source 

Discrete Beowawe 33.0 146.0 Internal Pump Performance, Interference Testing from Faulder et al 1997 

Discrete Blue Mountain 11.7  Internal Pump Performance 

Discrete Brady 17.5  Internal Pump Performance 

Discrete Dixie Meadows 118.6 121.9 Internal Data from Well Testing 

Discrete Jersey Valley 7.1 38.4 Internal Data from Well Tests 

Discrete McGinness Hills 63.0 214.4 Internal Data from Well Tests, Pump Performance, and Interference Testing 

Discrete Neal 164.5  Internal Pump Performance 

Discrete Paisley 7.9  Ayling et al, 2020 

Discrete Platanares 376.7  Internal Well Testing Data 

Discrete Puna 10.0 17.5 Internal Testing, kh is Post-2018 Eruption 

Discrete Salt Wells 162.5  Internal Pump Performance 

Discrete San Emidio 58.8 322.8 Internal Pump Performance and Interference Testing 

Discrete 

Tungsten 

Mountain 45.4 48.8 Internal Pump Performance and Interference Testing 

Discrete Tuscarora 7.9 81.7 Internal Pump Performance and Well Test Analysis 

Discrete Field Median 39.2 101.8  
Discrete Field Average 77.5 123.9  
Discrete Field Min 7.1 17.5  
Discrete Field Max 376.7 322.8  
Discrete Well Median 30.1 -  
Discrete Well Average 79.7 -  
Discrete Well Max 468.8 -  
Discrete Well Min 4.1 -  
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Table 5: Productivity and Permeability-Thickness, Limited Distributed Systems 

Permeability Type Field 

Median 

Production Well 

Productivity Index 

(kg/s per bar) 

Permeability-

Thickness  

(D-m) Source 

Limited Distributed Amatitlan 0.46  Internal Wellbore Model Calibration 

Limited Distributed Desert Peak 3.45  Internal Well Performance 

Limited Distributed Hellishedi 2.65 6.4 Limited Data from Wondwossen 2013, Elmi and Axelsson 2009 

Limited Distributed Ijen 0.56 1.7 Internal Well Test Analysis 

Limited Distributed Kamojang 1.50 4.9 

Estimated from flow per well and internal wellbore modeling, Zuhro 2004, 

Sudarman et al 1995 

Limited Distributed Krafla 1.47 2.0 Landvirkjun 2015, Bovardssson et al 1984 

Limited Distributed Lahendong 0.50 4.3 

Estimated from Published Well Outputs, Yani 2006, Brehme et al 2019, Fanani 

et al 2025 

Limited Distributed Mahanagdong 0.49 5.9 

Estimations from Wellbore Simulation and Injectivity, Urmeneta 1993,Yglopaz 

et al 2000, Sta. Ana et al 2002 

Limited Distributed Momotombo 1.70  

Estimates from Wellbore Simulation, Lopez and Ekstein 1980, Porras and 

Bjornsson 2010 

Limited Distributed Mt. Apo 2.00 15.9 

Estimations from Wellbore Simulation, Esberto et al 1998, Molina et al 1998, 

Molina and Esberto 2001, Emoricha et al 2010, Malibiran et al 2013 

Limited Distributed Mutnovsky 2.20 1.2 Assaoulov 1994, Kiryukhin 2005 

Limited Distributed Ngawha 2.92  Grant et al 2013 

Limited Distributed Ohaaki 2.29 80.3 Leaver 1986, Grant et al 2013 

Limited Distributed Patua 3.30 37.3 

Estimates from Public Flow Data, Nevada Department of Minerals, Combs et al 

2012 

Limited Distributed Raft River 1.92  Internal Pump Performance 

Limited Distributed Rotokawa 0.69 24.0 Bush and Siega 2010, Quinoa 2013, Grant et al 2013 

Limited Distributed San Jacinto 2.00  Estimates from Per-Well Flow Rates 

Limited Distributed Soda Lake 1.50  

Estimates from Public Flow Data, Nevada Department of Minerals and Ohren 

et al 2011 

Limited Distributed Sumikawa 0.59 13.9 Garg et al 1997 

Limited Distributed The Geysers 3.00 26.0 

Estimated from flow per well and internal wellbore modeling, Enedy 2015, 

Faulder 1996 

Limited Distributed Tongonan 1.36 13.3 Limited Data from Abapo et al 2013 

Limited Distributed Zunil 0.96 4.5 Internal Wellbore Model Calibration and Menzies et al 1990 

Limited Distributed Field Median 1.60 6.4  
Limited Distributed Field Average 1.70 16.1  
Limited Distributed Field Min 0.46 1.2  
Limited Distributed Field Max 3.45 80.3  
Limited Distributed Well Median 1.58 -  
Limited Distributed Well Average 3.28 -  
Limited Distributed Well Max 55.56 -  
Limited Distributed Well Min 0.07 -  
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Table 6: Productivity and Permeability-Thickness, Enhanced Distributed Systems 

Permeability Type Field 

Median 

Production Well 

Productivity Index 

(kg/s per bar) 

Permeability-

Thickness  

(D-m) Source 

Enhanced Distributed Bouillante 50.0  Internal Wellbore Modeling and Well Test Analysis 

Enhanced Distributed Cove Fort 151.9  Internal Pump Performance Analysis 

Enhanced Distributed Dixie Valley 13.9 326.7 Internal Well Test Analysis and Wellbore Simulation. Limited Data for kh. 

Enhanced Distributed Don Campbell 1500.0 335.3 Internal Data from Well Testing and Interference Testing 

Enhanced Distributed Kawerau 10.0 541.7 

Extrapolation from Well Performance, Burnell 1987, Bush and Siega 2010, 

Grant et al 2013, White and Clotworthy 2018 

Enhanced Distributed Mammoth 118.6 2621.0 Internal Pump Performance and Interference Test Analysis 

Enhanced Distributed Mokai 5.0  

Published Values and Estimates from Well Performance, Grant 1985, Bush and 

Siega 2010, Mokai Field Consenting Documentation 2022 

Enhanced Distributed 

Namora-I-

Langit 28.6 89.0 Internal Well Test Analysis and Wellbore Simulation 

Enhanced Distributed Ngā Tamariki 15 100 

Estimated from Total Flows, Bosley et al 2010, and Ngā Tamariki Consenting 

Documentation 

Enhanced Distributed Olkaria West 8.3 9.6 Internal Wellbore Modeling and Well Test Analysis 

Enhanced Distributed Reykjanes 6.3 2.6 Axelsson 2006, Limited Data for kh from Rutagarama 2012 and Kajugus 2015 

Enhanced Distributed Salak 10.0 122.8 

Published cumulatives adjusted for recent published drilling results, Limited kh 

Data, Pasikki and Gilmore 2006, ti al 2015, Libert 2017, Golla et al 2020 

Enhanced Distributed Silangkitang 23.6  

Internal Well Test Analysis and Wellbore Simulation. Insufficient kh 

information to represent field due to high permeability. 

Enhanced Distributed Steamboat 141.1  Internal Pump Performance Analysis 

Enhanced Distributed Tiwi 7.0 33.5 

Estimated from Flow Rates at Startup, Limited kh data, Barker et al 1990, 

Gambill and Beraquit 1993, Menzies et al 2011 

Enhanced Distributed Ulubelu 5.0  

Estimated from Wellbore Simulation and flow Rate per Well, Yuniar 2015, 

Sugiharto et al 2021, Arifin et al 2021 

Enhanced Distributed Field Median 14.5 105.9  
Enhanced Distributed Field Average 130.9 415.1  
Enhanced Distributed Field Min 5.0 2.6  
Enhanced Distributed Field Max 1500.0 2621.0  
Enhanced Distributed Well Median 43.1 -  
Enhanced Distributed Well Average 213.5 -  
Enhanced Distributed Well Max 1900.0 -  
Enhanced Distributed Well Min 0.3 -  

 

Table 7: Productivity and Permeability-Thickness, Stratigraphic Systems 

Permeability Type Field 

Median Production 

Well Productivity 

Index (kg/s per bar) 

Permeability-

Thickness  

(D-m) Source 

Stratigraphic Brawley 5.4  Internal Pump Performance Analysis 

Stratigraphic Brühl 3.2  Limited Data, Vidal and Genter 2018 

Stratigraphic Bruschal 0.6  Limited Data, Vidal and Genter 2018 

Stratigraphic Cerro Prieto 0.8 92.5 Arellano 1983, Shroder et al 1980 

Stratigraphic Cronenbourg 0.1  Limited Data, Vidal and Genter 2018 

Stratigraphic DEEP 0.4  Interpreted from DEEP Energy Press Release, 2020 

Stratigraphic 

Groß 

Schönebeck 0.1 0.1 Limited Data, Blöcher et al 2015 

Stratigraphic Heber 8.4 63.6 

Internal Well Testing and Pump Performance, Hoang and Epperson 1984 and 

Faulder 1993. Note that Heber 1 kh = 100 D-m and Heber 2 kh = 19 D-m 

Stratigraphic 

Landau/ 

Insheim/ 

Lionheart 0.8  Vidal and Genter 2018, Vulcan Energy Press Release, 2026 

Stratigraphic Ormesa 7.0 8.0 Internal Pump Performance and Narashiman et al 1978 

Stratigraphic Rittershoffen 1.6 29.0 Limited Data, Vidal et al 2017 and Vidal 2018 

Stratigraphic Salton Sea 5.0  

Extrapolated from Public Flow Data (CalGEM), Wellbore Simulation, and 

Siddique et al 2024 

Stratigraphic Field Median 1.2 29.0  

Stratigraphic 

Field 

Average 2.8 38.6  
Stratigraphic Field Min 0.1 0.1  
Stratigraphic Field Max 8.4 92.5  
Stratigraphic Well Median 0.7 -  

Stratigraphic 

Well 

Average 4.7 -  
Stratigraphic Well Max 20.1 -  
Stratigraphic Well Min 0.1 -  
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