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Multiple Hydraulic Fractures vs. Tortuosity

 
Figure 49.  Illustration of fracture complexity:  near-wellbore versus far-field 
 

The following section details all the individual fracture treatments with graphs of treatment data, 
fracture closure analysis, net pressure matches and resulting fracture geometry along with the 
production analysis plots.  

4.2.3 Jennings Ranch C-10 

The C-10 treatment was the only treatment where the mini-frac reached closure pressure. It was 
estimated to be about 0.87 psi/ft (Figure 51). Figure 52 shows that near-wellbore tortuosity and 
perforation friction are fairly low (190 psi near-wellbore and 100 psi perforation friction at 25 
bpm). The net pressure match is shown in Figure 53. Fracture length is estimated to be about 450 
ft with fracture height slightly more than the perforated interval. The production match in Figure 
56 and Figure 57 shows how stress-sensitive permeability improves the quality of the flowing 
pressure match.   



Stimulation Technologies for Deep Well Completions 
DE-FC26-02NT41663 

4.  Case History of Hydraulic Fracturing in Jennings Ranch Field, TX 
 

Pinnacle Technologies, Inc. 76 

Jennings Ranch C-10
Treatment Data

Lobo 6 12-8-1999

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

     0.0     60.0    120.0    180.0    240.0    300.0       0

    3000

    6000

    9000

   12000

   15000

     0.0

    20.0

    40.0

    60.0

    80.0

   100.0

    0.00

   10.00

   20.00

   30.00

   40.00

   50.00

       0

    3000

    6000

    9000

   12000

   15000

 
Figure 50.  Treatment data:  Jennings Ranch C-10 Lobo 6 
 

Jennings Ranch C-10
Closure Analysis

Lobo 6 12-8-1999

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.260    0.520    0.780    1.040    1.300   10200

   10400

   10600

   10800

   11000

   11200

       0

     200

     400

     600

     800

    1000

       0

     200

     400

     600

     800

    1000

BH Closure Stress: 10709 psi
Closure Stress Gradient: 0.871 psi/ft
Surf Closure Pressure: 5415 psi
Closure Time: 25.7 min
Pump Time: 43.9 min
Implied Slurry Efficiency: 30.5 %
Estimated Net Pressure: 394 psi

Closure

 
Figure 51.  Closure analysis:  Jennings Ranch C-10 Lobo 6 
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Jennings Ranch C-10
Stepdown Test Analysis

Lobo 6 12-8-1999

Pumping Rate (bpm)

Observed Fric (psi) Est. NWB Friction (psi)
Est. Perf Friction (psi)
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   400.0

   500.0

@ 25 bpm
NWB= 190 psi
PERF= 100 psi

 
Figure 52.  Step-down test analysis:  Jennings Ranch C-10 Lobo 6 
 

Jennings Ranch C-10
Net Pressure Match

Lobo 6 12-8-1999

Time (min)

Net Pressure (psi) Observed Net (psi)

     0.0     60.0    120.0    180.0    240.0    300.0
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Figure 53.  Net pressure match:  Jennings Ranch C-10 Lobo 6 
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Jennnings C-10 Lobo 6
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Figure 54.  Model fracture geometry:  Jennings Ranch C-10 Lobo 6 
 

Jennings Ranch C-10
Production Log-Log Plot

Lobo 6 12-8-1999
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Figure 55.  Log-log diagnostic plot of well production:  Jennings Ranch C-10 Lobo 6 
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Jennings Ranch C-10
Production Match: Frac Model & Stress-sensitive Perm

Lobo 6 12-8-1999

Time (days)

Calc'd Btm  Press (psi) Production Btm Pres (psi)
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BEST MATCH

k=0.09 md, DA= 70 ac.

 
Figure 56.  Best production match using frac model length and stress-sensitive 
permeability:  Jennings Ranch C-10 Lobo 6 
 

Jennings Ranch C-10
Production Match: Frac Model - Constant Permeability

Lobo 6 12-8-1999
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Figure 57.  Production match using model frac length and constant permeability:  
Jennings Ranch C-10 Lobo 6 
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4.2.4 Jennings Ranch C-12 

The net pressure match is shown in Figure 60. Fracture length is estimated to be about 600 ft 
with some downward growth below the perforated interval. Stress-sensitive permeability was also 
used in this case to improve the quality of the flowing pressure match. 

Jennings Ranch C-12
Treatment Data

Lobo 6

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

     0.0     24.0     48.0     72.0     96.0    120.0       0

    3000
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    9000

   12000

   15000
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   100.0

    0.00
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       0
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   15000

 
Figure 58.  Treatment data:  Jennings Ranch C-12 Lobo 6 
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Jennings Ranch C-12
Closure Analysis

Lobo 6

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.300    0.600    0.900    1.200    1.500       0
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   10800

   13500

       0
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     600

     800

    1000

     0.0

    40.0

    80.0

   120.0

   160.0
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BH Closure Stress: 0 psi
Closure Stress Gradient: 0.000 psi/ft
Surf Closure Pressure: 0 psi
Closure Time: 0.0 min
Pump Time: 12.0 min
Implied Slurry Efficiency: 0.0 %
Estimated Net Pressure: 11829 psi

No Closure

 
Figure 59.  Closure analysis:  Jennings Ranch C-12 Lobo 6 
 

Jennings Ranch C-12
Net Pressure Match

Lobo 6

Time (min)

Net Pressure (psi) Observed Net (psi)
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Figure 60.  Net pressure match:  Jennings Ranch C-12 Lobo 6 
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Jennings Ranch C-6 Lobo 6 Fracture Geometry
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Figure 61.  Model fracture geometry:  Jennings Ranch C-12 Lobo 6 
 

Jennings Ranch C-12
Production Log-Log Plot

Lobo 6
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Figure 62.  Log-log diagnostic plot of well production:  Jennings Ranch C-12 Lobo 6 
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Jennings Ranch C-12
Production Match: Frac Model & Stress-Sensitive Perm

Lobo 6
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Figure 63.  Production match using model frac length and stress-sensitive permeability:  
Jennings Ranch C-12 Lobo 6 
 

4.2.5 Jennings Ranch C-18 

The net pressure match is shown in Figure 66. Fracture length is estimated to be about 660 ft 
with slight height growth around the perforated interval. In this case, it was not necessary to 
model production with stress-sensitive permeability. 
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Jennings Ranch C-18
Treatment Data

Lobo 6

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

   120.0    156.0    192.0    228.0    264.0    300.0       0

    3000

    6000

    9000

   12000

   15000

     0.0

    20.0

    40.0

    60.0

    80.0

   100.0

    0.00

   10.00

   20.00

   30.00

   40.00

   50.00

       0

    3000

    6000

    9000

   12000

   15000

 
Figure 64.  Treatment data:  Jennings Ranch C-18 Lobo 6 
 

Jennings Ranch C-18
Closure Analysis

Lobo 6

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.820    1.640    2.460    3.280    4.100       0
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   10400

   13000

    0.00

    8.00

   16.00

   24.00

   32.00

   40.00

     0.0

    40.0

    80.0

   120.0

   160.0

   200.0

BH Closure Stress: 0 psi
Closure Stress Gradient: 0.000 psi/ft
Surf Closure Pressure: 0 psi
Closure Time: 0.0 min
Pump Time: 11.7 min
Implied Slurry Efficiency: 0.0 %
Estimated Net Pressure: 11565 psi No Closure

 
Figure 65.  Closure analysis:  Jennings Ranch C-12 Lobo 6 
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Jennings Ranch C-18
Net Pressure Match

Lobo 6

Time (min)

Net Pressure (psi) Observed Net (psi)
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Figure 66.  Net pressure match:  Jennings Ranch C-18 Lobo 6 
 

Jennings Ranch C-18 Lobo 6 Fracture Geometry
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Figure 67.  Model fracture geometry:  Jennings Ranch C-18 Lobo 6 
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Jennings Ranch C-18
Production Log-Log Plot
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Figure 68.  Log-log diagnostic plot of well production:  Jennings Ranch C-18 Lobo 6 
 

Jennings Ranch C-18
Production Match 
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Figure 69.  Production match using model frac length and constant permeability:  
Jennings Ranch C-18 Lobo 6 
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4.2.6 Jennings Ranch C-19 

The net pressure match is shown in Figure 72. Fracture length is estimated to be about 400 ft 
with slight height growth around the perforated interval. In this case, it was not necessary to 
model production with stress-sensitive permeability.  

Jennings Ranch C-19
Treatment Data

Lobo 6

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

   120.0    156.0    192.0    228.0    264.0    300.0       0
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   12000

   15000
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    20.0
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       0
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   15000

 
Figure 70.  Treatment data:  Jennings Ranch C-19 Lobo 6 
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Jennings Ranch C-19
Closure Analysis

Lobo 6

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.520    1.040    1.560    2.080    2.600       0
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   200.0

BH Closure Stress: 0 psi
Closure Stress Gradient: 0.000 psi/ft
Surf Closure Pressure: 0 psi
Closure Time: 0.0 min
Pump Time: 6.9 min
Implied Slurry Efficiency: 0.0 %
Estimated Net Pressure: 11786 psi

No Closure

 
Figure 71.  Closure analysis:  Jennings Ranch C-19 Lobo 6 
 

Jennings Ranch C-19
Net Pressure Match

Lobo 6
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Net Pressure (psi) Observed Net (psi)
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Figure 72.  Net pressure match:  Jennings Ranch C-19 Lobo 6 
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Jennings Ranch C-19 Lobo 6 Fracture Geometry
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Figure 73.  Model fracture geometry:  Jennings Ranch C-19 Lobo 6 
 

Jennings Ranch C-19
Production Log-Log Plot
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Figure 74.  Log-log diagnostic plot of well production:  Jennings Ranch C-19 Lobo 6 
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Jennings Ranch C-19
Production Match

Lobo 6
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Figure 75.  Production match using model frac length and constant permeability:  
Jennings Ranch C-19 Lobo 6 
 

4.2.7 Jennings Ranch C-21 

The net pressure match is shown in Figure 78. Fracture length is estimated to be about 500 ft 
with the fracture roughly covering the perforated interval. In this case, it was not necessary to 
model production with stress-sensitive permeability.  
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Jennings Ranch C-21
Treatment Data

Lobo 6

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

     0.0     36.0     72.0    108.0    144.0    180.0       0
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Figure 76.  Treatment data:  Jennings Ranch C-21 Lobo 6 
 

Jennings Ranch C-21
Closure Analysis

Lobo 6

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.680    1.360    2.040    2.720    3.400       0
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   10800
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     0.0

    40.0

    80.0

   120.0
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    40.0

    80.0
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   200.0

BH Closure Stress: 0 psi
Closure Stress Gradient: 0.000 psi/ft
Surf Closure Pressure: 0 psi
Closure Time: 0.0 min
Pump Time: 4.6 min
Implied Slurry Efficiency: 0.0 %
Estimated Net Pressure: 11728 psi No Closure

 
Figure 77.  Closure analysis:  Jennings Ranch C-21 Lobo 6 
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Jennings Ranch C-21
Net Pressure Match

Lobo 6
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Figure 78.  Net pressure match:  Jennings Ranch C-21 Lobo 6 
 

Jennings Ranch C-21 Lobo 6 Fracture Geometry
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Figure 79.  Model fracture geometry:  Jennings Ranch C-21 Lobo 6 
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Jennings Ranch C-21
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Figure 80.  Log-log diagnostic plot of well production:  Jennings Ranch C-21 Lobo 6 
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Figure 81.  Production match using model frac length and constant permeability:  
Jennings Ranch C-21 Lobo 6 
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4.2.8 Jennings Ranch C-24 

The net pressure match is shown in Figure 84. Fracture length is estimated to be about 400 ft 
with the fracture height slightly more than the perforated interval. In this case, it was not 
necessary to model production with stress-sensitive permeability. 

Jennings Ranch C-24
Treatment Data

Lobo 6

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)
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Figure 82.  Treatment data:  Jennings Ranch C-24 Lobo 6 
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Closure Analysis
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Figure 83.  Closure analysis:  Jennings Ranch C-24 Lobo 6 
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Figure 84.  Net pressure match:  Jennings Ranch C-24 Lobo 6 
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Jennings Ranch C-24 Lobo 6 Fracture Geometry
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Figure 85.  Model fracture geometry:  Jennings Ranch C-24 Lobo 6 
 

Jennings Ranch C-24
Production Log-Log Plot
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Figure 86.  Log-log diagnostic plot of well production:  Jennings Ranch C-24 Lobo 6 
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Jennings Ranch C-24
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Figure 87.  Production match using model frac length and constant permeability:  
Jennings Ranch C-24 Lobo 6 
 

4.2.9 Integration and Application of Results 

Hydraulic Fracture Optimization 

Current well spacing is specified to be about three to four wells in 80 to 120 acre fault blocks. 
Using the well information in the Jennings Ranch C-12, a generic well was created to investigate 
what the optimum fracture length would be, given three different well spacings (80 acres, 40 
acres and 20 acres). Net pay was assumed to be 60 ft, porosity 18%, water saturation 50%, 
permeability 0.02 md and pore pressure 10,200 psi. Economic criteria were assumed to be $4.00 
flat gas price, 10% discount rate, and frac costs of about $1.00 per pound of proppant with ⅓ 
being fixed costs and ⅔ being variable costs depending on treatment size. These numbers are just 
rough assumptions but are mainly used to highlight the importance of fracture optimization for 
continued infill drilling.   

The results show that optimum fracture size depends heavily on well spacing. For 80 acre spacing 
the optimum frac size is 420 klb (Figure 88), for 40 acre spacing the optimum size decreases to 
about 240 klb (which is close to current designs) (Figure 90), and for continued infill drilling to 
20 acre spacing, optimum size would decrease to about 130 klb (Figure 91).  
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Jennings Ranch Optimization Well
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Figure 88.  Fracture optimization generic well 80 acre spacing 
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Jennings Ranch Well Optimization
40 acre Spacing
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Figure 89.  Fracture optimization generic well 40 acre spacing 
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Jennings Ranch Optimization Well
20 Acre Spacing

Lobo 6

FinalPropTot (klbs)

Final NPV (M$)

     0.0    120.0    240.0    360.0    480.0    600.0
    2000

    2200

    2400

    2600

    2800

    3000

Current Job Size ~ 275 klbs

Optimum Job Size ~ 130 klbs

 
Figure 90.  Fracture optimization generic well 20 acre spacing 
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5. Case History of Hydraulic Fracturing in Table 
Rock Field, Wyoming 

This study focused on three deep gas productive targets in the Table Rock Field in Wyoming. The 
primary target is a higher permeability dolomite layer (20 to 30 ft thick) surrounded by thick (150 
to 200 ft) low permeability/porosity sandstones (secondary targets) designated as the Lower 
Weber (below dolomite), and Upper Weber (above dolomite) at depths of roughly 17,300 to 
18,100 ft. While the dolomite provides the majority of the gas flow rate (75 to 90% of total 
without hydraulic fracturing), it is limited in reserves due to its smaller thickness. The Weber 
Sands, on the other hand, are very thick and potentially contain vast amounts of gas reserves but 
are limited in flow rate and require hydraulic fracture stimulation. Natural fractures are believed 
to play a role in the production of both Weber Sands and Dolomite. One theory is that the 
dolomite could actually be serving as a high permeability conduit, with the Weber Sands feeding 
gas through a natural fracture system. Decline curve estimates and gas-in-place calculations 
indicate that gas reserves are higher than can be attributed to the dolomite alone; however, the 
current reserve estimates are very uncertain, having a large spread, which is partly due to 
uncertain delineation of the field and location of a water-contact. Studies are currently being 
performed to ascertain the reserve base.  

The field includes 17 wells drilled in the late 70’s and early 80’s. All wells are located to the east 
of a NNE to SSW trending thrust fault. Recently ChevronTexaco and Anadarko have started a 
new wave of development in this field. Most of the older wells had natural completions in the 
dolomite (perforated and acidized) and in some cases in the Upper Weber. Five of the older wells 
had hydraulic fracture completions with varying success. Currently the Upper Weber and 
sometimes the Lower Weber are stimulated with hydraulic fractures followed by a natural 
completion in the dolomite (perforate and acidize).  The best well in the field was perforated and 
acidized only, and has a current cumulative production of about 34 BCF in twelve years. Well 
performances indicate that reservoir quality can vary significantly across the field, with the 
challenge being to obtain consistent economic success for every well drilled. Being able to 
exploit the large Weber gas reserves with effective hydraulic fracture stimulation would be an 
important “add-on” to the high productivity dolomite. 

The general problem with treatments in this area appears to be the creation of complex, multiple 
fracture systems during hydraulic fracturing. This causes fracture widths to be very small, which 
is problematic for pumping higher concentrations of proppant and has led to screenouts in the 
majority of treatments. The propagation of complex fractures and the inability to transport 
proppant deep into the hydraulic fracture will result in low quality fracture stimulation due to 
short, low conductivity fractures, which is aggravated by the high stress environment at large 
depths. This conclusion was supported by a post-frac pressure buildup test, which revealed 
largely ineffective fracture stimulation. The fracture complexity may also be related to the close 
proximity of a thrust fault, which can create complex stress fields. In addition, the normal- to 
even under-pressured pore pressure poses a severe challenge for effective hydraulic fracture 
stimulation and production.  

Three different types of fracture treatments were reviewed in this study. The most frequently 
pumped design is a CO2-assisted heavy crosslinked gel treatment with moderate concentrations of 
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bauxite (up to 4 ppg). In January of 2004, one well was completed with a hybrid-frac design, 
which uses a large slickwater pad followed by a “low gel loading” crosslinked fluid and lower 
proppant concentrations of bauxite (up to 2 ppg). The hope was that the hybrid design would 
increase fracture length, which is the most important design parameter in low permeability rock, 
while also reducing potential polymer damage to the natural fractures. In April 2004, an acid 
fracture treatment was pumped to target the dolomite reservoir formation. 

It is unclear at this point which type of treatment provides the best fracture stimulation. Fracture 
modeling indicates that the hybrid treatment may have created longer fractures but production 
was not better than in the other conventional Upper Weber completions. The key to economic 
development of this field is high-grade drilling locations that ensure a high quality dolomite zone. 
Completion technology and stimulation of the low permeability Weber Sands provides added 
value in these wells.  The completion and stimulation of these wells are challenging and it 
appears that every attempt at improved stimulation does not result in a significant enhancement of 
well production as reservoir quality is the key driver for performance. It is highly recommended 
to more frequently employ diagnostic technologies such as pressure buildup tests to segregate 
completion effectiveness from reservoir quality and estimate pore pressure as this will help both 
in the optimization of well completion and reserves quantification. 

5.1  Conclusions  

1. There is strong evidence that created hydraulic fractures are very complex multiple 
fracture systems. The fracture complexity causes created fracture widths to be very 
small, which is problematic for pumping higher concentrations of proppant. The 
majority of treatments in this study had problems with severe increases of treating 
pressures during the proppant stages leading to screenouts in some cases. The 
fracture complexity may also be related to the close proximity of a thrust fault, which 
can create complex stress fields. 

2. The propagation of a complex fracture system and the inability to transport proppant 
deeply into the fractures will result in low quality fracture stimulation due to short, 
low conductivity fractures. The post-frac pressure buildup in the Table Rock #124 
(Lower Weber and Dolomite) supports this conclusion as it revealed largely 
ineffective fracture stimulation along with a permeability of about 0.63 md and 
formation flow capacity of 19 md-ft (mainly from dolomite). 

3. Fracture complexity was modeled both as multiple branches and increasing leakoff 
due to opening of natural fissures as injection pressures rise above initiation pressures 
of oblique oriented natural fractures. The hydraulic fracturing process at this point 
may actually be a mixed mode of shear and tensile fracturing. The opening of natural 
fissures is confirmed by pressure-dependent leakoff during the mini-frac falloffs. In 
addition, radioactive tracer logs also indicate separate fractures at each set of 
perforations. 

4. There is no evidence that any of the Weber fracture treatments (except for the Table 
Rock #124 where the dolomite was intentionally perforated with the Lower Weber) 
physically fractured into the dolomite; however, it is unclear at this point if the 



Stimulation Technologies for Deep Well Completions 
DE-FC26-02NT41663 

5.  Case History of Hydraulic Fracturing in Table Rock Field, WY 
 

Pinnacle Technologies, Inc. 103 

Weber Sands will eventually feed into the dolomite through natural fractures as the 
dolomite is depleted.  

5. Three different types of fracture treatments were performed:  

a. 25% CO2-assisted 50 to 60 lb/Mgal low-pH crosslinked gel with 30/50 bauxite 
and a 20/40 bauxite tail-in  

b. Hybrid job with a large slickwater pad followed by a crosslinked 32 lb/Mgal gel 
and lower proppant concentrations of 0.25 to 2 ppg 30/60 bauxite and 20/40 
bauxite 

c. Acid fracturing using a pad (linear or crosslinked gel) followed by 15% HCl 
gelled acid 

It is unclear at this point which type of treatment provides the best fracture 
stimulation as only one hybrid treatment was successfully placed so far and initial 
flow back data indicators are uncertain due to reservoir quality issues; however, the 
successful hybrid treatment provided a production response that was on the lower end 
of comparable Upper Weber completions, showing that the desired goal of achieving 
a clearly better stimulation and flow response was not achieved. The other hybrid 
fracture attempt was unsuccessful as very high treating pressures precluded any type 
of propped stimulation. From a treating pressure perspective, it appears that the 
hybrid fracture was able to avoid proppant transport related pressure increases and 
place larger amounts of fluid and proppant. Modeling also indicated that a longer 
fracture was created, which could be a key issue in very low permeability rock.  

6. In the study wells, the majority of the production is coming from the permeable 
dolomite, with some limited contribution (0.8 to 2.0 MMCFD) from the Weber 
Sands. In one case (Table Rock #125) perforating and acidizing the dolomite lifted 
production from about 1.5 to 17 MMCFD. It is common procedure to complete the 
dolomite after the Upper Weber has been fractured (exception is Table Rock #124, 
where dolomite was fractured with Lower Weber). The high gas flow rates from the 
dolomite will serve as a natural gas lift for the continued frac water cleanup from the 
Weber Sands. 

7. The most important issue in developing this field is to identify well locations that will 
ensure a high quality dolomite zone as this is the key to economic well production. 
The completion and stimulation of these wells are challenging and it appears that 
every attempt at improved stimulation does not result in a significant enhancement of 
well production as reservoir quality is the key driver for performance.  

8. The goal to stimulate the dolomite pay zone in the Higgins #17 was achieved, though 
the near-wellbore conductivity could have been improved by a Closed Fracture 
Acidizing (CFA) stage. 
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9. The short-term production forecast in the Higgins #17 is consistent with actual post-
treatment production data of 2 MMscfd. The reservoir permeability has dramatic 
impacts on gas production, and the dolomite zone seems to have a permeability of 0.5 
mD based on early post-treatment production match. 

10. Significant fracture upward growth in the Higgins #17 was observed and caused by a 
poor cement job in the upper intervals. The reservoir pressure was lower than 
expected as the wellbore was only filled with one- third of the completion fluid prior 
to the acid fracture treatment. 

11. It is highly recommended to more frequently employ diagnostic technologies such as 
pressure buildup tests to segregate completion effectiveness from reservoir quality 
and estimate pore pressure, as this will help both in the optimization of well 
completion and reserves quantification. 

12. The study did not evaluate reservoir characterization and well location strategies but 
understanding reservoir quality, especially natural fracturing, is important in this 
field. 

13. Hydraulic fracture mapping would assist in optimizing treatments in this field and 
assist in answering the following questions: 

a. How does fracture azimuth vary with proximity to the thrust fault? 

b. What complexities are evident with fracture mapping and how do they relate to 
screenout problems? 

c. What is the overall fracture height growth and how effective is pay zone 
coverage using various treatment types? 

d. What is the created fracture length and how does it compare to estimates for 
effective fracture length from production? 

5.2 Discussion 

5.2.1 Introduction 

This study focused on three deep gas productive targets in the Table Rock Field. The primary 
target is a higher permeability dolomite layer (20 ft thick) surrounded by low permeability 
sandstones (secondary targets) designated as the Lower Weber (below dolomite), and Upper 
Weber (above dolomite) at depths of roughly 17,300 to 18,100 ft (Figure 91). A field structure 
map is shown in Figure 92. The most significant feature is a NNE to SSW trending thrust fault. 
All wells are located on the east side of this fault. Some of the issues outlined in this study, such 
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as hydraulic fracture complexity, could be associated with a complex stress field created by the 
thrust fault.  

The history of the field includes about 17 wells drilled in the late 70’s and early 80’s. Recently 
ChevronTexaco and Anadarko have started a new wave of development in this field. Most of the 
older wells had natural completions (perforated and acidized) in the dolomite and in some cases 
in the Upper Weber. Five wells had hydraulic fracture completions with varying success.  The 
best well in the field was perforated and acidized only and has a current cumulative production of 
about 34 BCF. Well performances indicate that reservoir quality can vary significantly across the 
field with the challenge being to obtain consistent economic success for every well drilled.  

Both the Lower Weber and Upper Weber section are gas-filled low porosity sandstones (3%) with 
limited amounts of natural fractures. The Upper Weber section is generally considered to be 
higher reservoir quality than the Lower Weber. It is uncertain at this point how the two sandstone 
sections interact with the higher permeability, higher porosity dolomite. One theory is that the 
dolomite is connected by natural fractures to the neighboring sandstones and serves as a 
“conduit” for additional drainage and reserves from these fairly thick sections. RFTs generally 
indicate that pore pressures are currently below hydrostatic pressure, in the range of 5,000 to 
6,000 psi at about 17,500 ft (0.29 to 0.34 psi/ft). These conditions pose quite a challenge for 
hydraulic fracturing given the 18,000 ft well depth and fracture treating pressures.  

The main type of fracture design used for most wells includes pumping 25% CO2-assisted 50 to 
60 lb/Mgal low-pH crosslinked gel with 30/50 sintered bauxite and a 20/40 sintered bauxite tail-
in at the end of the treatment. Bottomhole slurry rates are about 30 bpm and proppant ramps are 
generally 1 to 4 ppg with about 150 klb of total proppant and 3,500 bbl of total slurry volume. A 
small proppant slug of 30/60 proppant (0.25 ppg) is usually pumped during the pad. Pad sizes are 
about 50%. Most treatments showed significant increases of treating pressures after 1 ppg 
proppant concentrations entered the hydraulic fracture, with some treatments resulting in pre-
mature screenouts (Figure 93).  

On a recently drilled well (Higgins #19, January 2004) a new type of hybrid-style waterfrac 
treatment was attempted. A hybrid treatment consists of a large slickwater pad, employed to 
create long fractures using thin fluids, followed by crosslinked gel and proppant with the hope 
that the thicker fluid will transport proppant far down the fracture length thus providing improved 
propped fracture lengths. A true waterfrac treatment using only slickwater may have been 
adequate given the very low reservoir permeabilities and its advantage of eliminating gel damage 
to natural fractures; however, it was not possible to pump this type of treatment given the use of 
high-density bauxite, which will cause substantial settling and proppant transport problems when 
pumped with slickwater.     

The general goal of the hybrid treatment was to achieve longer fractures by pumping larger 
treatments (8,000 bbl of fluid with more than 200 klb of proppant) while maintaining adequate 
conductivity and minimizing gel damage to the natural fracture system. A less aggressive 
proppant ramp starting at 0.25 ppg to a maximum of 2 ppg was used to minimize proppant entry 
problems, which enhances the chances of creating a longer fracture. Also, the use of a large 
slickwater pad  (40%) and low polymer concentration crosslinked gel (32# Vistar system) was 
used to help minimize gel damage (compared to 50 and 60 lb/Mgal gels) while still providing 
adequate proppant transport capabilities. CO2 was not added in this type of treatment. It is not 
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clear at this point if this new type of treatment resulted in better hydraulic fracture performance 
although it did appear to facilitate placing a larger fracture treatment with reduced risk of 
screenout. 

In most wells, the perforations were placed opposite of natural fractures in the Weber sections 
(from FMI logs). This perforation strategy will usually result in six to nine clusters of 
perforations for the Upper Weber and Lower Weber each (if completed). The Higgins #19 was 
perforated differently with only two clusters of 20 ft perforated intervals in the higher porosity 
sections of the Weber Sands. At this point it appears that different perforation strategies have 
little impact on the degree of fracture complexity as all wells show high fracturing net pressures. 
In all cases, the dolomite (if not included with the fracture treatment of the Lower Weber, i.e., 
Table Rock #124) is perforated and matrix acidized after the fracture treatment in the Upper 
Weber has been completed. The available short-term gas flow rates from the Upper Weber (all 
zones are usually commingled) are in the range of 800 to 2,000 MCFD at 400 to 500 psi surface 
flowing pressures. The dolomite contributes to most of the gas flow rate, lifting the well 
production to rates as high as 18 MMCFD in some wells. 

The Higgins #17 well was acid fracture treated to target the dolomite pay zone on April 21, 2004. 
Fracture growth behavior in the region is found very complex – fracture modeling analysis for the 
Higgins #17 acid treatment indicated a high net pressure of 2,300 psi and complex fracture 
growth of six multiple fractures. Unlike propped fracture treatments, acid fracture treatments do 
not run into any risk of screenout. The Higgins #17 acid fracture treatment was executed to 
completion with a treatment schedule consisting of 1,197 bbl of linear and crosslinked pad and 
1,495 bbl of 15% HCl gelled acid. There was no wellhead pressure during the first nine minutes 
of pumping, which indicated that the wellbore was partially filled prior to the treatment and that 
the reservoir pressure was lower than expected. 
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Higgins #19 Well Logs
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Figure 91.  Example showing typical log section:  Higgins #19 
 

Dolomite 

Upper Weber 

Lower Weber 



Stimulation Technologies for Deep Well Completions 
DE-FC26-02NT41663 

5.  Case History of Hydraulic Fracturing in Table Rock Field, WY 
 

Pinnacle Technologies, Inc. 108 

 
Figure 92.  Table Rock Field structure map 
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Figure 93.  Typical fracture treatment data for conventional CO2 frac:  Table Rock #124 
Upper Weber 
 

5.2.2 Fracture Engineering 

A total of seven treatments in five wells were analyzed in this study.  Table 4 to Table 11 
summarize the most important fracturing treatment information from all study wells.  Fracture 
closure pressure is generally about 0.66 to 0.69 psi/ft in the Upper Weber (with the exception of 
0.8 psi/ft in the Table Rock #123). The “combination” frac treatment of Upper Weber and 
Dolomite in the Table Rock #124 showed a slightly lower closure of 0.62 psi/ft, which is 
probably more representative of the dolomite since its perforations were the uppermost set. 
Closure pressure could not be determined in the Higgins #19 Lower Weber frac attempt since 
leakoff was slow and fracturing pressures were 1.11 psi/ft. To model the frac upward growth in 
Higgins #17, the following stress data were used:  0.623 psi/ft for dolomite, 0.75 psi/ft for shale, 
0.80 psi/ft for sandstone below dolomite, and 0.70 psi/ft for all other sandstone formations. 

Fracturing net pressures are generally very high, ranging from about 500 to 3,500 psi in the mini-
fracs and up to 5,000 psi in the main treatment (the screenout in the Table Rock #124 Lower 
Weber and Dolomite may not reflect the “true” net pressure in the main frac body). ISIP gradients 
can vary substantially up to 1.1 psi/ft after the mini-frac. The two treatments with the highest ISIP 
(Table Rock #123 Upper Weber and Higgins #19 Lower Weber) could not be successfully 
pumped due to pressure limitations. “Successful” treatments have mini-frac ISIPs in the range of 
0.69 to 0.82 psi/ft.  ISIPs at the end of the treatments ranges from about 0.86 psi/ft to as high as 
1.33 psi/ft.  
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Except the acid frac treatment on Higgins #17, all other jobs had substantial net pressure 
increases throughout the treatment ranging from about 2,300 psi to over 3,400 psi (not counting 
the 9,000 psi increase for the screenout in the Table Rock #124 LW and dolomite). High 
fracturing pressures and net pressures are usually a guarantee for very complex hydraulic 
fracturing. In this field, these circumstances have frequently resulted in either: 

• Inability to pump the treatments below the pressure limitations 

• Substantial pressure increases during the job due to small fracture widths as proppant is 
entering the fracture, eventually leading to screenouts 

 
Table 8.  Summary of Fracture Treatments:  Diagnostic Injections 

Cls P Eff Cls Grd ISIP(BH) ISIP Grd Net P
(ft) (ft) psi (%) psi/ft psi psi/ft psi

TR 123 UW 17350.0 17480.0 13999 35% 0.80 15963 0.92 1964
TR 124 LW +DOL 17484.0 17726.0 10842 30% 0.62 14426 0.82 3584
TR 124 UW 17114.0 17340.0 11899 11% 0.69 13435 0.78 1536
TR 125 UW 17448.0 17750.0 11556 32% 0.66 13668 0.78 2112

Higgins 19 LW 18068.0 18144.0 n.a. n.a. n.a. 20024 1.11 n.a.
Higgins 19 UW 17474.0 17660.0 11511 40% 0.66 12044 0.69 533
Higgins 17 DOL 17967.0 17975.0 n.a. n.a. n.a. n.a. n.a. n.a.

                                 Diagnostic Injection-Frac Summary
Well Zone

Top Perf 
MD

Btm Perf 
MD

 
Table 9.  Summary of Fracture Treatments:  Propped and Acid Frac Treatment 

Vol Rate Prop ISIP(BH) ISIP Grad Net P Screen Net P Increase
bbls bbls/min klbs psi psi psi Out? psi

TR 123 UW 1038.0 30 to 40 2 18309 1.05 4310 y 2346
TR 124 LW +DOL 3414.0 30.0 101 23391 1.33 12549 y 8965
TR 124 UW 3735.0 30.0 157 16812 0.98 4913 y 3377
TR 125 UW 3700.0 30.0 153 16182 0.92 4626 n 2514

Higgins 19 LW 5014.0 30 to 6 3 20228 1.12 n.a. y n.a.
Higgins 19 UW 7966.0 44.0 221 15091 0.86 3580 n 3047
Higgins 17 DOL 2692.0 26.0 0 13491 0.75 2300 n n.a.

                               Propped/Acid Frac Treatment Summary
Well Zone

 
Table 10. Summary of Fracture Treatments:  Comments 

Well Zone Prop/Etech Prop/Frac Conductivity (frac system) Multiple Fracture Settings
Length (ft) Height (ft) (mD-ft) Volume-Leakoff-Opening

TR 123 UW 0 0 0 14-8-14

TR 124 LW +DOL 85 164 880 16-14-16
TR 124 UW 119 231 715 7-9-7
TR 125 UW 150 302 1120 10-5-10

Higgins 19 LW 79 104 0 60-5-60
Higgins 19 UW 292 272 770 5-9-5
Higgins 17 DOL 223 360 384 6-1.2-6
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Table 11.  Summary of Fracture Analysis Results 

Comments
(ft) (ft)

TR 123 UW 17350.0 17480.0 Borate x-link Gel; could not pump due to pressure limit
TR 124 LW +DOL 17484.0 17726.0 25% CO2 low PH 50-60# x-link; Screen-out
TR 124 UW 17114.0 17340.0 25% CO2 low PH 50-60# x-link; Pressure rise as proppant enters frac
TR 125 UW 17448.0 17750.0 25% CO2 low PH 50-60# x-link; Pressure rise not as extreme

Higgins 19 LW 18068.0 18144.0 Hybrid Frac- Slickwater/Vistar 3200; could not pump due to pressure limit
Higgins 19 UW 17474.0 17660.0 Hybrid Frac- Slickwater/Vistar 3200
Higgins 17 DOL 17967.0 17975.0 Acid Frac of alternating 15%HCl Gelled acid & 30#Pur-Gel III pad stages

Btm Perf MD
Well Zone

Top Perf MD

 
 

Table 4 shows a summary of the fracture modeling results. All fracture modeling was performed 
using the 3-dimensional hydraulic frac simulator FracproPT™.  Pressure-dependent leakoff 
(cross-cutting fissures opening at high injection pressures) is present in most of the falloffs, which 
is consistent with the presence of natural fractures leading to multiple complex fracturing. In 
conjunction with high net pressures, this is an indication of far-field fracture complexity (multiple 
fractures) which can severely limit fracture extent (Figure 94). Near-wellbore fracture 
complexity (tortuosity), which manifests itself as friction pressure, was moderate in most cases 
and does not appear to be the main problem for treatment execution. Every treatment had to be 
modeled with a large degree of fracture complexity, which included both multiple competing 
fractures and increasing leakoff throughout the job as fissures open. 

M ultip le H ydraulic  Fractures vs. Tortuosity

 
Figure 94.  Illustration of fracture complexity:  near-wellbore versus far-field 
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Figure 95 shows an example of a G-function analysis plot (from Table Rock #124 Lower 
Weber/Dolomite) indicating significant pressure-dependent leakoff (PDL, where oblique-oriented 
natural fissures open during the fracturing process). Such a behavior in conjunction with high net 
pressures is strong evidence for very complex fracture growth. 

Table Rock #124 Lower Weber + Dolomite
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)

   0.000    0.580    1.160    1.740    2.320    2.900       0

    3200

    6400

    9600

   12800

   16000

       0

    1200

    2400

    3600

    4800

    6000

       0

     600

    1200

    1800

    2400

    3000

BH Closure Stress: 10842 psi
Closure Stress Gradient: 0.616 psi/ft
Surf Closure Pressure: 3293 psi
Closure Time: 11.7 min
Pump Time: 20.8 min
Implied Slurry Efficiency: 29.8 %
Estimated Net Pressure: 3366 psi

Closure @ 0.616 psi/ft

Pressure-dependent leakoff (PDL)

Table Rock #124 Lower Weber + Dolomite
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)

   0.000    0.580    1.160    1.740    2.320    2.900       0

    3200

    6400

    9600

   12800

   16000

       0

    1200

    2400

    3600

    4800

    6000

       0

     600

    1200

    1800

    2400

    3000

BH Closure Stress: 10842 psi
Closure Stress Gradient: 0.616 psi/ft
Surf Closure Pressure: 3293 psi
Closure Time: 11.7 min
Pump Time: 20.8 min
Implied Slurry Efficiency: 29.8 %
Estimated Net Pressure: 3366 psi

Closure @ 0.616 psi/ft

Pressure-dependent leakoff (PDL)

 
Figure 95.  Example of pressure-dependent leakoff due to fissure opening:  Table Rock 
#124 Lower Frac 
 

The following section details all the individual fracture treatments with graphs of treatment data, 
fracture closure analysis, net pressure matches and resulting fracture geometry.  

5.2.3 Table Rock #123 Upper Weber Frac Attempt 

In this well it was not possible to successfully fracture treat the Upper Weber as meaningful 
injection rate could not be established due to surface pressure limitations of 12,000 psi. Figure 96 
clearly shows decreasing injectivity through the course of the pad resulting in a premature 
termination of the treatment without any meaningful amounts of proppant being pumped. Figure 
97 shows that near-wellbore tortuosity and perforation friction are moderate and not the root 
cause of high injection pressures. The net pressure match shows high frac complexity (Figure 99) 
resulting in a very short, 50-ft un-propped fracture (Figure 100). Following this failed fracture 
attempt, the dolomite was perforated and acidized resulting in initial flow rates of almost 6 
MMCFD. 
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Table Rock #123  Upper W eber
Frac Attempt: Treatment Data

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

     0.0     30.0     60.0     90.0    120.0    150.0       0

    5000

   10000

   15000

   20000

   25000

     0.0

    20.0

    40.0

    60.0

    80.0

   100.0

    0.00

    4.00

    8.00

   12.00

   16.00

   20.00

       0

    5000

   10000

   15000

   20000

   25000

- Treating pressures were at maximum pressure limit
- Injectivity decreased throughout job
- Job could not be pumped

ISIP=0.916 psi/ft

BHP

Table Rock #123  Upper W eber
Frac Attempt: Treatment Data

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Conc (ppg) Meas'd Btmh (psi)

     0.0     30.0     60.0     90.0    120.0    150.0       0
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- Treating pressures were at maximum pressure limit
- Injectivity decreased throughout job
- Job could not be pumped

ISIP=0.916 psi/ft

BHP

 
Figure 96.  Treatment data:  Table Rock #123 Upper Weber frac attempt 
 

Table Rock #123  Upper Weber
Frac Attempt: Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)

   0.000    0.480    0.960    1.440    1.920    2.400       0

    3600

    7200

   10800

   14400

   18000

       0

     600

    1200

    1800

    2400

    3000

       0

     600

    1200

    1800

    2400

    3000

BH Closure Stress: 13999 psi
Closure Stress Gradient: 0.803 psi/ft
Surf Closure Pressure: 6546 psi
Closure Time: 8.7 min
Pump Time: 11.7 min
Implied Slurry Efficiency: 34.8 %
Estimated Net Pressure: 1965 psi

Closure @ 0.803 psi/ft

PDL

Table Rock #123  Upper Weber
Frac Attempt: Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)
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BH Closure Stress: 13999 psi
Closure Stress Gradient: 0.803 psi/ft
Surf Closure Pressure: 6546 psi
Closure Time: 8.7 min
Pump Time: 11.7 min
Implied Slurry Efficiency: 34.8 %
Estimated Net Pressure: 1965 psi

Closure @ 0.803 psi/ft

PDL

 
Figure 97.  Fracture closure analysis:  Table Rock #123 Upper Weber 
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Table Rock #123  Upper Weber
Frac Attempt: Stepdown Test Analysis

Pumping Rate (bpm)

Observed Fric (psi) Est. NWB Friction (psi)
Est. Perf Friction (psi)

    0.00    10.00    20.00    30.00    40.00    50.00       0

     200

     400
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     800

    1000

       0

     200

     400

     600

     800

    1000

       0

     200

     400

     600

     800

    1000

Values @ 25 bpm:
NWB Tortuosity = 340 psi
Perf Friction = 206 psi (39 out of 160 perfs)

Table Rock #123  Upper Weber
Frac Attempt: Stepdown Test Analysis

Pumping Rate (bpm)

Observed Fric (psi) Est. NWB Friction (psi)
Est. Perf Friction (psi)
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Values @ 25 bpm:
NWB Tortuosity = 340 psi
Perf Friction = 206 psi (39 out of 160 perfs)

 
Figure 98.  Estimating tortuosity and perforation friction:  Table Rock #123 Upper Weber 
 

Table Rock #123  Upper Weber
Frac Attempt: Net Pressure Match

Time (min)

Net Pressure (psi) Observed Net (psi)
Slurry Flow Rate (bpm)

     0.0     30.0     60.0     90.0    120.0    150.0       0
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    80.0

   100.0

Very high net pressures of 2,000 to 4,000 psi
indicate frac complexity

Table Rock #123  Upper Weber
Frac Attempt: Net Pressure Match
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Very high net pressures of 2,000 to 4,000 psi
indicate frac complexity

 
Figure 99.  Net pressure match:  Table Rock #123 Upper Weber frac attempt 
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Figure 100.  Model fracture geometry:  Table Rock #123 Upper Weber frac attempt 
 

5.2.4 Table Rock #124 Lower Weber and Dolomite  

In this well, the Lower Weber and Dolomite were perforated and fracture treated together with a 
25% CO2-assisted 50 to 60 lb/Mgal crosslinked gel (YF 850/860LPH). The dolomite perforations 
were the uppermost set. The mini-frac pressure falloff analysis (Figure 101) indicated rapid fluid 
leakoff with a fairly low closure stress of about 0.62 psi/ft, which is probably an indication that 
the fracture treatment was mainly located in the Dolomite (uppermost perforated interval with 
lowest stress and pore pressure). The falloff also indicates pressure-dependent leakoff, an 
indication of fissure opening and susceptibility to complex fracturing. The treatment data in 
Figure 102 shows that bottomhole pressures immediately increase as 0.5 ppg, 30/60 bauxite 
enters the fracture. This is an indication of very small fracture widths and high fracture 
complexity resulting in a continuous rapid increase of treating pressures and screenout. As the 
proppant is unable to move substantially into the fractures, it accumulates and eventually creates 
a barrier leading to the screenout. The net pressure was matched using high fracture complexity 
and is shown in Figure 103.  The resulting model fracture geometry indicates a very short, 85-ft 
fracture. Figure 104 shows an after-frac tracer log in this well, indicating that the model 
predicted fracture geometry is not correctly predicting the position of the fracture along the 
wellbore (model is centered around dolomite and upper perforations). The tracer indicates that, 
except for the lowest set, all perforations took fracturing fluid and proppant; however, the tracer 
is mainly confined to the perforation clusters without connection at the wellbore supporting the 
presence of multiple fractures. Initial gas rates from this completion were about 4.5 MMCFD. 
The results of the post-frac PBU indicated very poor fracture stimulation and are presented in 
Section 3.3. 
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Table Rock #124 Lower Weber + Dolomite
Treatment Data

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
CO2 Flow Rate (bpm) Proppant Conc (ppg)
Meas'd Btmh (psi) Btm Prop Conc (ppg)
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    20.0

    40.0

    60.0

    80.0

   100.0
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   16.00

   20.00

Immediate pressure increase as 0.5 ppg proppant 
hits perfs indicating severe frac width problems  

ISIP=0.812 psi/ft
BHP

Table Rock #124 Lower Weber + Dolomite
Treatment Data
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Figure 101.  Treatment data:  Table Rock #124 Lower Weber and Dolomite 
 

Table Rock #124 Lower Weber + Dolomite
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)

   0.000    0.580    1.160    1.740    2.320    2.900       0
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    3000

BH Closure Stress: 10842 psi
Closure Stress Gradient: 0.616 psi/ft
Surf Closure Pressure: 3293 psi
Closure Time: 11.7 min
Pump Time: 20.8 min
Implied Slurry Efficiency: 29.8 %
Estimated Net Pressure: 3366 psi

Closure @ 0.616 psi/ft

Pressure-dependent leakoff (PDL)

Table Rock #124 Lower Weber + Dolomite
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Surf Press [Csg] (psi)
(G·d/dG) Surf Press [Csg] (psi)

   0.000    0.580    1.160    1.740    2.320    2.900       0

    3200

    6400

    9600

   12800

   16000

       0

    1200

    2400

    3600

    4800

    6000

       0

     600

    1200

    1800

    2400

    3000

BH Closure Stress: 10842 psi
Closure Stress Gradient: 0.616 psi/ft
Surf Closure Pressure: 3293 psi
Closure Time: 11.7 min
Pump Time: 20.8 min
Implied Slurry Efficiency: 29.8 %
Estimated Net Pressure: 3366 psi

Closure @ 0.616 psi/ft

Pressure-dependent leakoff (PDL)

 
Figure 102.  Fracture closure analysis:  Table Rock #124 Lower Weber and Dolomite 
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Table Rock #124 Lower Weber + Dolomite
Stepdown Test Analysis

Pumping Rate (bpm)

Observed Fric (psi) Est. NWB Friction (psi)
Est. Perf Friction (psi)
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Values @ 20 bpm:
NWB Tortuosity = 787 psi
Perf Friction = 477 psi (16 out of 492 perfs)

Table Rock #124 Lower Weber + Dolomite
Stepdown Test Analysis

Pumping Rate (bpm)
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Perf Friction = 477 psi (16 out of 492 perfs)

 
Figure 103.  Estimating tortuosity and perforation friction:  Table Rock #124 Lower Weber 
and Dolomite 
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Table Rock #124 Lower Weber + Dolomite
Net Pressure Match

Time (min)

Net Pressure (psi) Observed Net (psi)
Proppant Conc (ppg)
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Model indicates high complexity with 
insuffic ient frac widths to accept proppant, 
leading to screen-out in model (similar to actual 
one)
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Figure 104.  Net pressure match:  Table Rock #124 Lower Weber and Dolomite 
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Figure 105.  Fracture geometry:  Table Rock #124 Lower Weber and Dolomite 
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5.2.5 Table Rock #124 Upper Weber  

The Upper Weber was fractured with a 25% CO2-assisted 50 to 60 lb/Mgal crosslinked gel (YF 
850/860LPH). The mini-frac pressure falloff analysis (Figure 106) indicates rapid fluid leakoff 
with a closure stress of about 0.69 psi/ft. Although not as pronounced as in the other cases, the 
falloff exhibits some pressure-dependent leakoff. Similar to the lower stage, the treatment data in 
Figure 107 shows that bottomhole pressures immediately increase as 0.5 ppg, 30/60-bauxite 
enters the fracture, indicating small fracture widths and high fracture complexity. Treating 
pressures continued to rise but in this case the treatment was flushed and pumped to completion.  
The net pressure was matched using high fracture complexity and is shown in Figure 108.  

The resulting model fracture geometry indicates a very short, 120-ft fracture (Figure 109). The 
after-frac tracer log for this stage (Figure 110) indicates that the two lowest set of perforations 
took most of the fracturing fluid and proppant, although some tracer was also found in some of 
the upper perforations. When comparing the tracer log with the fracture modeling results, it is 
unclear if the tracer is showing the total fracture height since fractures may not be fully aligned 
with the wellbore. If the fracture height covers the interval from the uppermost indication of 
tracer to the lowest, it coincides fairly well with the overall modeled fracture height of 230 ft. The 
tracer log generally shows that tracer is confined to each set of perforations with no apparent 
connection in between. This may indicate separate fractures not growing together. In the Lower 
Weber, only the lowest set of perforations was not stimulated. The tracer log appears to confirm 
the conclusion from fracture modeling that fracture complexity is high. Except for the exact 
position along the wellbore, the overall fracture heights of the top and bottom tracer roughly 
correspond to the overall fracture model heights. Once all zones were commingled, the well 
produced at an initial rate of about 6.5 MMCFD, with the Upper Weber contributing about 1.5 to 
2 MMCFD. 
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Figure 106.  Treatment data:  Table Rock #124 Upper Weber 
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Table Rock #124 Upper Weber
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)
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Closure Stress Gradient: 0.692 psi/ft
Surf Closure Pressure: 4549 psi
Closure Time: 0.6 min
Pump Time: 4.1 min
Implied Slurry Efficiency: 11.2 %
Estimated Net Pressure: 1512 psi

 
Figure 107.  Fracture closure analysis:  Table Rock #124 Upper Weber 
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Figure 108.  Net pressure match:  Table Rock #124 Upper Weber 
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Figure 109.  Model fracture geometry:  Table Rock #124 Upper Weber 
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Figure 110.  RA-tracer log in Table Rock #124 
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5.2.6 Table Rock #125 Upper Weber  

In this well only the Upper Weber was fracture treated using a 25% CO2-assisted 50 to 60 
lb/Mgal crosslinked gel (YF 850/860LPH). The mini-frac pressure falloff analysis (Figure 112) 
indicated rapid fluid leakoff with a closure stress of about 0.66 psi/ft. The falloff also indicates 
pressure-dependent leakoff, an indication of fissure opening and susceptibility to complex 
fracturing. The treatment data in Figure 111 shows that bottomhole pressure immediately 
increases as 0.5 ppg, 30/50 bauxite enters the fracture. Again, this is an indication of very small 
fracture widths and high fracture complexity resulting in a continuous rapid increase of 
bottomhole treating pressures. In this case, the fracture treatment was pumped to completion 
without screenout.  The net pressure was matched using high fracture complexity and is shown in 
Figure 113. 

The resulting model fracture geometry indicates a very short, 150-ft fracture (although longer 
than in the previous Table Rock #124 treatment (Figure 114).  

Table Rock #125 Upper Weber
Treatment Data
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Figure 111.  Treatment data:  Table Rock #125 Upper Weber 
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Table Rock #125 Upper Weber
Closure Analysis

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)
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Closure Time: 4.5 min
Pump Time: 7.1 min
Implied Slurry Efficiency: 31.7 %
Estimated Net Pressure: 2112 psi

Closure @ 0.658 psi/ft

PDL
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Figure 112.  Fracture closure analysis:  Table Rock #125 Upper Weber 
 

Table Rock #125 Upper Weber
Net Pressure Match
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Figure 113.  Net pressure match:  Table Rock #125 Upper Weber 
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Figure 114.  Model fracture geometry:  Table Rock #125 Upper Weber 
 

5.2.7 Higgins #19 Lower Weber  

This treatment could not be pumped as planned due to extremely high treating pressures, which 
reached the surface pressure limitation almost immediately after pumping was started. The design 
in this treatment was different than in the previous Table Rock wells and is similar to hybrid fracs 
pumped in East Texas. It included pumping a large slickwater pad followed by a crosslinked 32-
lb/Mgal crosslinked gel (Vistar 3200) and lower proppant concentrations of 0.25 to 2 ppg. The 
mini-frac injection ISIP was already 1.106 psi/ft (Figure 115). The mini-frac pressure falloff 
analysis (Figure 116) indicated pressure-dependent leakoff, which in conjunction with high ISIPs 
is a recipe for complex fracturing, possibly even in different planes (vertical, subvertical, or even 
horizontal). Entry friction was not a problem as tortuosity was low. It was not possible to 
determine closure stress since it was not reached within the time-frame of the falloff  (one hour).  
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Higgins #19 Lower Weber 
First Attempt: Treatment Data

Lower Weber
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Figure 115.  Treatment data mini-frac:  Higgins #19 Lower Weber frac attempt 
 

Higgins #19 Lower Weber 
First Attempt: Closure Analysis

Lower Weber

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    1.120    2.240    3.360    4.480    5.600       0

    4500

    9000

   13500

   18000

   22500

       0

     400

     800

    1200

    1600

    2000

       0

     400

     800

    1200

    1600

    2000

No closure – Pressure dependent leakoff

No closure!

Higgins #19 Lower Weber 
First Attempt: Closure Analysis

Lower Weber

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    1.120    2.240    3.360    4.480    5.600       0

    4500

    9000

   13500

   18000

   22500

       0

     400

     800

    1200

    1600

    2000

       0

     400

     800

    1200

    1600

    2000

No closure – Pressure dependent leakoff

Higgins #19 Lower Weber 
First Attempt: Closure Analysis

Lower Weber

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    1.120    2.240    3.360    4.480    5.600       0

    4500

    9000

   13500

   18000

   22500

       0

     400

     800

    1200

    1600

    2000

       0

     400

     800

    1200

    1600

    2000

No closure – Pressure dependent leakoff

No closure!

 
Figure 116.  Fracture closure analysis:  Higgins #19 Lower Weber frac attempt 
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The treatment data in Figure 117 shows the difficulties of pumping the treatment. Surface 
treating pressures were continuously just below the limit, and when crosslinked gel was pumped 
the higher friction pressures required a rate reduction down to 5 bpm. At this point, it was decided 
to revert back to linear gel which helped re-establish injectivity; however, after pumping just 3 
klb of proppant, it was decided to shut down the treatment since pressures were continuously 
rising towards the maximum allowable pressure. The net pressure was matched using high 
fracture complexity and is shown in Figure 118. Even though virtually no proppant was placed in 
the formation, the treatment did manage to inject a large amount of fluid (5,000 bbl); however, it 
is unlikely that an un-propped fracture will be successful at this depth and in these reservoir 
conditions unless it manages to enhance and maintain the conductivity of existing natural 
fractures under production conditions. The net pressure match is shown in Figure 118 and the 
resulting model fracture geometry in Figure 119 indicating an un-propped 300 ft fracture. 

Higgins #19 Lower Weber 
Frac Attempt 2: Treatment Data
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Figure 117.  Treatment data:  Higgins #19 Lower Weber frac attempt 
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Figure 118.  Net pressure match:  Higgins #19 Lower Weber frac attempt 
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Figure 119.  Model fracture geometry:  Higgins #19 Lower Weber frac attempt 
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5.2.8 Higgins #19 Upper Weber  

The Upper Weber treatment behaved completely differently than the Lower Weber. Treating 
pressures were about 6,000 psi lower than in the Lower Weber and posed no problems for 
treatment execution.   Due to the high pressures in the Lower Weber treatment and operational 
considerations, the Lower Weber perforations were left open for the Upper Weber fracture 
treatment with the hope that the stress differential in the two zones would be enough for diversion 
into the upper interval.  

The mini-frac injection ISIP was only 0.69 psi/ft (Figure 120). The mini-frac pressure falloff 
analysis (Figure 121) indicated pressure-dependent leakoff and a closure of about 0.66 psi/ft. The 
step-down test after the mini-frac indicated no tortuosity.  

The treatment data in Figure 120 shows that the treatment was pumped as planned, with no 
significant pressure increase as proppant entered the fracture, but the overall treating pressures 
still increased by about 3,000 psi from mini-frac to the end of the treatment as a result of 
increasing fracture complexity (increase was mainly during the pad). The net pressure was again 
matched using high fracture complexity and is shown in Figure 122. The model fracture 
geometry in Figure 123 indicates a propped fracture length of about 300 ft.  

Figure 124 shows the after-frac tracer log in the Higgins #19 indicating that the Upper Weber 
intervals took the majority of the fluid and proppant, although there appears to be some small-
scale stimulation in the Lower Weber. Interestingly, the tracer distribution again shows very 
limited height growth at the wellbore around the perforations with no apparent connection, 
pointing to the possibility of independent fracture growth at each set of perforations. 

It is not clear at this point if this new type of treatment resulted in better hydraulic fracture 
performance although it did appear to facilitate placing a larger fracture treatment with reduced 
risk of screenout. Two weeks of flowback for the Weber completions indicated initial gas flow 
rates of about 800 to 1,000 MCFD at 150 to 600 psi flowing wellhead pressures. 
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Higgins #19 Upper Weber 
Treatment Data
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injection to end of job indicating increasing frac complexity 
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Figure 120.  Treatment data:  Higgins #19 Upper Weber frac 
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Closure Analysis
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Figure 121.  Fracture closure analysis:  Higgins #19 Upper Weber frac 
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Net Pressure Match
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Figure 122.  Net pressure match:  Higgins #19 Upper Weber frac 
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Figure 123.  Model fracture geometry:  Higgins #19 Upper Weber frac 
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Figure 124.  RA-tracer log in Higgins #19 
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5.2.9 Higgins #17 Dolomite 

The prolific Dolomite pay zone in the Higgins #17 well was treated by acid fracturing on April 
21, 2004. A tracer log was run to understand fluid coverage and fracture growth in the near-
wellbore region for the acid fracture treatment. As shown in the after-frac tracer log in Figure 
125, the treatment fluids were taken over a very large wellbore interval from a depth (MD) of 
17,610 to 18,040 ft.  Note from Table 1 that the perforation interval is located between 17,967 
and 17,975 ft. Confirmed from the operator, the fluid coverage over such a long interval was 
caused by a poor cement job behind the casing. 
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Figure 125.  RA-tracer log in Higgins #17 
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Unlike propped fracture treatments, acid fracture treatments do not run into any risk of screenout. 
As shown in Figure 126, the treatment was executed to completion and a total volume of 2,692 
bbl of fluids was pumped. No mini-frac was conducted prior to the main acid treatment. The 
treatment schedule consisted of 1,197 bbl of pad (239 bbl of linear gel in the first pad stage and 
960 bbl of 30# PURGEL III crosslinked gel in the remaining stages) and 1,495 bbl of 15% HCl 
gelled acid. The treatment was pumped by alternating pad and acid stages to facilitate differential 
etching and deep acid penetration. The treatment data indicated a surface ISIP of 5,765 psi and an 
ISIP gradient of 0.75 psi/ft. Note that there was no wellhead pressure during the first nine minutes 
of pumping, which indicated that the wellbore was partially filled prior to the treatment and that 
the reservoir pressure was lower than expected. 

Time (min)
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Figure 126.  Treatment data:  Higgins #17 acid fracture 
 

Fracture growth behavior in the region is very complex. For example in Higgins #19, the propped 
treatment in the Lower Weber could not be pumped due to extremely high treating pressures and 
multiple fracture growth with excessive fluid leakoff and very high net pressure was observed in 
the Upper Weber during the propped treatment.  As summarized in Table 2 and Table 4, fracture 
modeling analysis for the Higgins #17 acid treatment indicated a high net pressure of 2,300 psi 
and complex fracture growth of six multiple fractures, but a low leakoff factor of 1.2. To model 
the frac upward growth in the Higgins #17, the following stress data were used:  0.62 psi/ft for 
dolomite, 0.75 psi/ft for shale, 0.80 psi/ft for the sandstone layer right below the dolomite, and 
0.70 psi/ft for all other sandstone formations. The same rock mechanical properties such as 
Young’s modulus from Higgins #19 were used for the modeling in Higgins #17.  The Dolomite 
pay zone was initially (prior to the acid fracture treatment) estimated to have a permeability 

Acid Stage 
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around 1.0 to 5.0 mD, but net pressure match of the treatment data indicated a lower permeability 
of 0.5 mD. The net pressure was matched and is shown in Figure 127.  

Time (min)

Net Pressure (psi) Observed Net (psi)
Slurry Rate (bpm)
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Figure 127.  Net pressure match of Higgins #17 acid fracture treatment Data: 
 

The predicted fracture geometry and acid-etched profile obtained from the net pressure match are 
shown in Figure 128 and Figure 129, which indicate the following modeling results:  fracture 
half-length = 326 ft, total fracture height = 360 ft, depth to fracture top = 17,682 ft, depth to 
fracture bottom = 18042 ft, etched fracture half-length = 223 ft, average conductivity = 384 mD-
ft, and FcD = 3.5. Acid spending is a function of reaction rate, acid concentration and 
temperature. As a result, the maximum acid-etched conductivity did not occur in the near-
wellbore region; a maximum conductivity of 1,130 mD-ft at a distance of 127 ft away from the 
wellbore.  If a CFA (closed fracture acidizing) stage was pumped at the end of the job, the near-
wellbore conductivity could have been improved. It is worth pointing out that the overall fracture 
height is over 40 times larger than the net Dolomite zone thickness, which is only 8.4 ft. The vast 
fracture area that was covered by the acid includes sand/shale formations, which are not reactive 
with HCL acid. 
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Figure 128.  Model fracture geometry for Higgins #17 
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Figure 129.  Acid etched fracture conductivity and length for Higgins #17 
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Based on modeling results in Figure 128 and Figure 139, production forecast and economic 
analysis for the acid fracture treatment in the Higgins #17 were carried out. The following 
assumptions were used for the study:  drainage area = 640 acres, net pay = 8.4 ft, water saturation 
= 35%, porosity = 11%, initial reservoir pressure = 5,800 psi, etched fracture half-length = 223 ft, 
average etched conductivity = 384 mD-ft, gas price = $3.00, discount rate = 12%, cost of the acid 
fracture job = $150,000, reservoir permeability = 0.5 mD, and wellhead flowing pressure = 300 
psi. As shown in Figure 132, early gas production yielded about 2 MMscft/day using the actual 
post-treatment flow-back/production pressure. The predicted production is consistent with actual 
data. Also shown in the same figure, the predicted one-year NPV is $1.5 million dollars. 

Time (days)
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Figure 130.  One-year gas production and NPV Forecast 
 

Two acid fracture models (FracproPT™ default and ADP) were used to study the impacts of acid-
etched length/conductivity prediction uncertainties on post-treatment production. Both models 
use the same fracture geometry predicted by the FracproPT™ 3-D fracture growth model. The 
two models differ in acid transport – the default model tracks the acid inside the fracture using 
elliptical rings, with each ring representing an acid stage or a fraction of an acid stage, while the 
ADP model assumes piston-like acid transport and that the acid covers the entire fracture height. 
The default model could over-predict acid etched length, while the ADP model tends to under-
predict acid etched length. The ADP modeling prediction is shown in Figure 131. Using an end-
point conductivity value of 200 mD-ft as the cut-off point, the following results were obtained 
from the ADP model:  an etched fracture half-length of 107 ft, an average conductivity of 298 
mD-ft, and Fcd of 5.6. The etched fracture half-length predicted from the ADP model is 50% of 
that from the FracproPT™ default model; however, as shown in Figure 132, the production rate 
from the ADP model is only about 10% lower than that from the FracproPT™ default model. 
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Figure 131.  Acid etched fracture conductivity and length predicted by the ADP model 
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Figure 132.  Production comparison based on the FracproPT™ default and ADP acid 
models 
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Prior to the acid fracture treatment, the Dolomite pay zone was initially estimated to have a 
permeability around 1.0 to 5.0 mD; however, post-treatment net pressure analysis indicated a 
lower permeability of 0.5 mD. Permeability is a major factor in affecting reservoir performance. 
To evaluate permeability uncertainties on production, simulations with permeability values of 
0.5, 1.0 and 5,0 mD were conducted. As shown in Figure 133, the reservoir permeability has 
dramatic impacts on gas production. The short-term post-treatment production of 2 MMscfd 
seems to match well the production forecast with a dolomite permeability of 0.5 mD. 
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Figure 133.  Production comparison with permeability values of 0.5, 1.0 and 5.0 mD 
 

5.2.10 Post-Frac PBU in Table Rock #124 Lower Weber and Dolomite 

The post-frac PBU in the Table Rock #124 was performed for the Lower Weber and Dolomite 
completion. The well had been on production for about five days with gas rates climbing to about 
4.5 MMCFD. The analysis and final match of the post-frac PBU is shown in Figure 134 and the 
results are summarized in Table 12. The PBU does not indicate the presence of a conductive 
hydraulic fracture. There is no indication of formation linear flow at any time during the buildup. 
The pressure derivative (red curve) flattens out fairly quickly indicating immediate radial flow in 
the formation. It appears that this buildup is mainly showing the flow contribution from a slightly 
stimulated dolomite (skin is about –3) with a permeability of about 0.63 md (19 md-ft) but there 
is no evidence of a conductive hydraulic fracture at this point of production.  

As discussed previously, the fracture treatment encountered a screenout with a possible model 
length of only 100 ft.  Since the tracer log showed that all perforations accepted fluid and 
proppant, it is very likely that at the time of the PBU, the hydraulic fracture had not cleaned up 
yet and was still damaged from the treatment as a result of high screenout pressures that may have 
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caused a “polymer squeeze-off” into the natural fractures. Another possibility is that the 
complexity of the hydraulic fractures may be so extreme that fractures are very short and in 
different planes (“shattered zone” around the wellbore), negating any dominant linear flow from 
fractures in a single plane.  

 
Table 12.  Post-frac Analysis Results Table Rock #124 

 

 
Figure 134.  Post-frac PBU analysis in Table Rock #124 
 

xf (ft) k (md) kh (md-
ft) 

Fc (md-
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FcD Skin Pi (psi) 
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6. Case History of Hydraulic Fracturing in the 
Springer, Granite Wash and Arbuckle 
Formations in Oklahoma 

This study focused on deep gas productive horizons in Stephens and Caddo County, Oklahoma 
operated by Marathon Oil Company. The primary targets are the Springer and Granite Wash 
Sands and Arbuckle Carbonate Formations (dolomitic limestone) at depths of roughly 15,000 to 
18,700 ft. The Arbuckle is the deepest target and produces gas with a sour gas content of 2 to 
4.5%.  The study shows treatment examples from all three formations.  Less information was 
available for these wells, compared to the other two case studies, so a reduced engineering effort 
was spent on this area of the project. 

The geologic setting of the Arbuckle is an anticline with possible thrust faulting and is believed to 
contain a fine network of natural fractures. The Springer and Granite Wash Sands are a seismic 
stratigraphic play removed from structure. Temperatures range from about 240 F to 270 F and 
pore pressures from about 7,000 to 13,000 psi, with most target zones being over-pressured (0.65 
to 0.75 psi/ft). The Springer and Granite Wash Sands are usually completed with crosslinked gel 
fracture treatments and high strength proppants. The carbonates in the Arbuckle are completed 
with acid fractures (some are hybrid treatments including high-strength proppant).  

Fracture treatments in the Springer and Granite Wash Sands show fairly high fracturing net 
pressures and, in some cases, high tortuosity (near-wellbore fracture complexity). This indicates a 
tendency towards fracture complexity (multiple fractures) and higher risk of screenouts. 
Marathon has been combating some of these challenging issues with specific perforating 
strategies (such as low-density, zero-degree phasing) that can limit the amount of multiple 
fractures. In addition, large pad sizes with lower proppant concentrations are employed to reduce 
the risk of early screenouts. 

Completions in the deep (17,900 to 18,700 ft) Arbuckle Carbonate Formations face the challenge 
of achieving economically successful wells in a challenging environment with 2 to 4.5% sour gas 
production. So far, four wells have been completed with mixed success. Initial production can be 
fairly high (10 to 12 MMCFD) followed by a rapid decline. From a completion point of view, the 
biggest challenge is to find the best acid fracture stimulation technique that will maintain enough 
fracture conductivity at these large depths.   

6.1 Discussion 

6.1.1 Introduction 

This study focused on deep gas productive horizons in Stephens and Caddo County, Oklahoma 
operated by Marathon Oil Company. The primary targets are the Springer and Granite Wash 
Sands and Arbuckle Carbonate Formations (dolomitized limestone) at depths of roughly 15,000 
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to 18,700 ft. The Arbuckle is the deepest target and produces gas with a sour gas content of 2 to 
4.5%. The geologic setting of the Arbuckle is an anticline with possible thrust faulting and is 
believed to contain a fine network of natural fractures. The Springer and Granite Wash Sands are 
a seismic stratigraphic play removed from structure. Temperatures range from about 240 F to 270 
F and pore pressures from about 7,000 to 13,000 psi, with most target zones being over-pressured 
(0.65 to 0.75 psi/ft). The Springer and Granite Wash Sands are usually completed with 
crosslinked gel fracture treatments and high strength proppants. The carbonates in the Arbuckle 
are completed with acid fractures (some are hybrid treatments including high-strength proppant).  

The study shows treatment examples from all three formations. Figure 135 shows a typical log 
section of the Springer Sand intervals, Figure 136 a log section of the Granite Wash and Figure 
137 a log section of the Arbuckle Carbonate Formations. 
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Figure 135.  Well log example:  Springer Sands 
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Figure 136.  Well log example:  Granite Wash Sands 
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Figure 137.  Well log example:  Arbuckle 
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6.2 Engineering Data 

The following shows fracture treatment examples and analyses from the Springer Sands, Granite 
Wash and Arbuckle. 

6.2.1  Springer Sands 

The Springer Sands are generally completed in multiple fracture stages using a borate crosslinked 
fracturing fluid with 20/40 high-strength bauxite. Figure 138 shows an example of a fracture 
treatment in the so-called Basal Boatwright. The perforated interval was 17,119 to 17,172 ft at 
four shots-per-foot and 120 degree phasing. Closure pressure was estimated to be about 0.806 
psi/ft (Figure 139). Figure 140 shows the net pressure match and Figure 141 the estimated 
model fracture geometry showing a 200-ft tall and 300-ft long fracture. A step-down test showed 
fairly high tortuosity (near-wellbore fracture complexity) of 1,250 psi at 28 BPM; however, the 
tortuosity decreased as the treatment with proppant was pumped, and was successfully completed.  

Treatment Data
Emma BIA 1-16 Basal Boatwright
Treatment Data

Basal Boatwright 6/22/04

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Concentration Meas'd Btmh (psi)
Btm Prop Conc
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Figure 138.  Springer example:  treatment data 
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*-

Closure Analysis
Emma BIA 1-16 Basal Boatwright
Closure Analysis

Basal Boatwright 6/22/04

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)

   0.000    0.480    0.960    1.440    1.920    2.400   12000
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BH Closure Stress: 13827 psi
Closure Stress Gradient: 0.806 psi/ft
Surf Closure Pressure: 6358 psi
Closure Time: 1.2 min
Pump Time: 4.9 min
Implied Slurry Efficiency: 16.8 %
Estimated Net Pressure: 603 psi

Closure

 
Figure 139.  Springer example:  fracture closure analysis 
 

Net Pressure Match

Closure
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Net Pressure Match
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Figure 140.  Springer example:  net pressure match 
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Model Fracture Geometry

Closure Model
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Figure 141.  Springer example:  model fracture geometry 
 

6.2.2 Granite Wash 

Similar to the Springer Sands, the Granite Wash is generally completed in multiple fracture stages 
using a borate crosslinked fracturing fluid with 20/40 high-strength bauxite.  In this area 
screenouts are more frequent. Due to the increased risk of screenouts, 100-mesh sand is 
frequently pumped in the pad. Figure 142 shows an example of a fracture treatment that 
encountered a screenout in the 4-ppg proppant stage. The perforated interval was 15,170 to 
15,316 ft at one-shot-per-foot and 120-degree phasing. Closure pressure was not reached within 
the timeframe of the mini-frac falloff (Figure 143). Figure 144 shows the net pressure match up 
to the screenout and Figure 145 the estimated model fracture geometry showing a 250-ft tall and 
300-ft long fracture. Tortuosity was not the cause of the screenout since the step-down test 
showed very low tortuosity (near-wellbore fracture complexity); however, the mini-frac showed 
some minor pressure-dependent leakoff due to fissure opening, which may indicate some far-field 
fracture complexity that could have caused the screenout.   
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Treatment Data
Lovett #3-11 Stage 3
Treatment Data

Granite Wash 08/2002

Time (min)

Surf Press [Csg] (psi) Slurry Flow Rate (bpm)
Proppant Concentration Meas'd Btmh (psi)
Btm Prop Conc
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Figure 142.  Granite Wash example:  treatment data 
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Closure Analysis

Fracture Height Recession

Lovett #3-11 Stage 3
Closure Analysis

Granite Wash 08/2002

G Function Time

Meas'd Btmh (psi) (d/dG) Meas'd Btmh (psi)
(G·d/dG) Meas'd Btmh (psi)
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Figure 143.  Granite Wash example:  closure analysis 
 

Net Pressure Match
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Figure 144.  Granite Wash example:  net pressure match 
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Figure 145.  Granite Wash example:  model fracture geometry 
 

6.2.3 Arbuckle 

The Arbuckle is fracture stimulated with acid fractures. To increase the effective fracture 
conductivity at this large depth, Marathon has attempted to pump high strength proppant after the 
acid stages. In the first couple of treatments, this resulted in screenouts due to insufficient fracture 
width for the 30/60-mesh proppant. Subsequently, Marathon modified the treatment design with 
more diverter stages and less aggressive proppant schedules and was successful at placing the 
designed treatment. Marathon is still evaluating conventional acid fractures without any proppant 
as the better alternative. In general, the acid fracture treatment designs were as follows: 

• A diagnostic injection (or fluid efficiency test) was conducted for each zone 

• 15% HCl neat acid was pumped to break down the formation 

• A couple of cycles of 10# linear gel, 5% ZCA, and 15% ZCA were repeatedly injected, with 
0.5 to 1.5 ppg of 100-mesh sand for fluid loss control 

• ZCA (Zonal Coverage Acid) is a crosslink system designed for crosslinking to occur as the 
acid is nearly spent 
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• The stage of 5% ZCA is used as diverter as it is spent quickly 

• 15% ZCA was the main stimulation acid 

• 25# linear gel was then pumped with 30/60 proppant at 0.5 to 2.0 ppg (eliminated in some 
treatments) 

Figure 146 shows an example of an Arbuckle acid fracture treatment. The perforated interval had 
five clusters (18,110 to 18,130 ft; 18,150 to 18,170 ft; 18,210 to 18,230 ft; 18,250 to 18,270 ft; 
18,295 to 18,315 ft) perforated with one-shot-per-foot and spiral phasing. Closure pressure was 
estimated at about 0.57 psi/ft (Figure 147). Figure 148 shows the net pressure match and Figure 
149 the estimated model fracture geometry showing a 300-ft tall and 300-ft long fracture. 

Fox Alliance 9-3 Stage 2 Treatment Data

Fox 9-3 Stage 2
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Figure 146.  Arbuckle example:  treatment data 
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Fox Alliance 9-3 Stage 2 
G-function analysis of the diagnostic test

Fox 9-3 Stage 2

G Function Time
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Figure 147.  Arbuckle example:  closure analysis 
 

Fox Alliance 9-3 Stage 2 – Net Press Match

Fox 9-3 Stage 2
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Figure 148.  Arbuckle example:  net pressure match 
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Figure 149.  Arbuckle example:  model fracture geometry 
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