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Abstract 

The Enhanced Geothermal System (EGS) built at Soultz has three deep wells drilled to 5000 
m. The wells form a triplet with two producers (GPK2 and GPK4), and a central injector 
(GPK3). The reservoir was created by injecting fluid at high pressure into each of the wells 
after they were drilled in order to establish hydraulic connections between them. Well GPK4 
had a relatively poor connection to the reservoir as shown by the comparatively low 
production rates. To improve this connection, the well was subject to a series of high-
pressure injections of various types of acid. Well productivity and injectivity was significantly 
improved by the treatments. However, it was discovered that most of the improvement came 
from several leaks that developed in the casing during the treatment program. The leaks are 
at 4385 m and 4710 m. Subsequently further leaks developed at 4719 and 4725 m. Two 
explanations for the leaks have been proposed. One is that they reflect corrosion that was 
accelerated by the transient contact of the steel with the acid during the injections. The other 
is that the leaks reflect fractures formed by the deformation of the casing, which is forced by 
shear movement on fracture zones mobilized by the high formation pressures during the 
injections. Previous work at Soultz has established the history of the development of the 
leaks, and has related them to ovalization or thinning of the casing inferred from an ultrasonic 
radial-scanning casing inspection log (i.e. Schlumberger USIT) run in 2005. This work is 
summarized and some further detail added to the history of leak development. However, the 
primary contribution of this thesis is analyze a further USIT log run in 2008 and also repeat 
section logs run in 2005 to evaluate the consistency of the identifications of ovalization and 
thinning from the 2005 main log. The results suggest that many of the identifications of 
casing ovalization are fictitious and a probable consequence of eccentering of the sonde. 
The leak at 4386 m correlates with anomalies in thickness of the casing seen on both USIT 
logs, and is probably a consequence of corrosion that was perhaps accelerated by the HCL 
acid treatment. No natural fractures cut the wellbore near this leak.  However, the lower leak 
at 4710 m is located close to a fracture zone that accounted for loss of mud during drilling. 
Significant ovalization, which is consistent between all three passes of the 2005 log (the 
2008 log does not extend to this depth), occurs at this location. Thus shearing is a possible 
explanation for this leak. No evidence of ovalization was found at the depths of the other 
leaks in this section at 4719 and 4725 m. However, these leaks did not develop until after the 
2005 USIT log, and so it is possible that ovalization which produced the leaks occurred later. 
The cement in this section is poor, and so once one leak develops for whatever reason, high 
pressure fluid in the wellbore during subsequent injections could migrate along the annulus 
and enter other fracture zones, resulting in shearing. There were four high-pressure 
injections conducted before the leaks at 4719 and 4725 m were first observed in October 
2006. It is possible that the first leak at 4710 m was initiated by the HCL acidization, like the 
leak at 4385 m, and this led to the pressurization of the annulus which in turn initiated 
shearing. 
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1 Introduction 

1.1 General information about the geothermal systems 

Conventional geothermal energy plants use the natural sources of steam or more commonly 
hot water that exist in the underground to produce useful energy. Geothermal water has 
been used for hundreds of years by humans for numerous proposes. Archeological evidence 
shows that early humans used geothermal water in natural pools and hot spring for cooking, 
bathing and heating. Also, recorded history documents the use of geothermal hot water in 
baths in Roman Empire, the middle kingdom of the Chinese and Ottoman Empire. This 
custom was extended to geothermal spas in Japan, central Europe, and Iceland (Lund, 
2007). The first geothermal district heating system in the world was at Chaudes-Aigues in 
France which started at the 14th century and is still going (Lund, 2007). The use of 
geothermal energy for electricity production started with experimental work in Italy between 
1904 and 1905, and the first commercial power plant was initiated also in Italy in 1913. The 
early geothermal power plants utilized steam produced directly from the earth (Lund, 2007). 

Temperature in the uppermost several kilometers of the Earth increases with depth at an 
average rate of about 30° C/km (Lund, 2007). However, in some areas the temperature 
gradient is higher than the average and these areas are the target for geothermal projects. 
These shallow geothermal resources accrue due to one or more of the following reasons: 
intrusion of magma from greater depth, circulation of groundwater to depth of several 
kilometers, rocks covered by thick formation of thermal insulation material such as shale, or 
radioactive decay in shallow rocks (Lund, 2007). Generally speaking, the geothermal 
resources above 150° C are often used in producing electricity, while the resources below 
150° C are more commonly used directly for heating and cooling applications. The 
geothermal resources can be classified into different types as shown in Table 1 - 1(Lund, 
2007). 

 

Resource Type Temperature (°C) 

Convective hydrothermal resources  

Vapor dominated 240˚ 

Hot-water dominated 20 to 350˚+ 

Other hydrothermal resources  

Sedimentary basin 20 to 150˚ 

Geopressured 90 to 200˚ 

Radiogenic 30 to 150˚ 

Hot rock resources  

Solidified (hot dry rock) 90 to 650˚ 

Part still molten (magma) >600˚ 

Table 1 - 1: Geothermal resources types (Lund, 2007). 
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Most of the potentially-exploitable geothermal energy is found in the Hot Dry Rock (HDR) 
resources, and is estimated to be on the order of 10 billion quads (one quad equals to 293 
TWhr), which is about 300 times greater than fossil fuel resources (Duchane, 2002). A quad 
is the energy equivalent of about 180 million barrels of oil. As an example, the total US 
energy consumption in 2001 was 90 quads (16.2 billion barrels of oil) (Duchane, 2002). In 
addition, the HDR is considered as an environmentally clean energy resource with nearly 
zero carbon dioxide (CO2) emissions. These factors account for the interest in HDR as a 
huge resource for power production. Over the past 30 years, the use of geothermal energy 
for electric power production has increased. The geothermal installed capacity per power 
generation had increased almost 1000 MWe from 2000 to 2007, to become 9,732 MWe in 
2007 (Lund, 2007). Currently, many countries are using this energy in producing electrical 
power. In 2007, 27 countries were using the geothermal energy for power generation (Lund, 
2007).   

The concept of HDR was first developed at Los Alamos Laboratories in the USA around 
1970. The original concept considers drilling two wells into hot crystalline rock, and then to 
create a large fracture between the wells by injecting water at high pressure. During 
operation, the cold water is injected into one well and the hot water is extracted at the other, 
the water having heated up as it passes through the fracture linking the wells. To achieve 
commercial flow-rates, the system could develop by creating multiple fractures (Duchane, 
2002).  

The Hot Dry Rock systems are also known by other names that reflect the hydraulic 
characteristics of the reservoir (e.g. Hot Wet Rock systems that have significant quantities of 
fluids in place). More recently, such geothermal systems that require the engineering of a 
heat exchanger within the reservoir are collectively known as Enhanced or Engineered 
Geothermal Systems (EGS). An Enhance Geothermal System may differ from a classical 
HDR system in as much as the reservoir may contain natural permeable structures that host 
substantial volumes of natural brines (Genter, 2009). 

1.2 The EGS Soultz project 

1.2.1 General information   

The Soultz project seeks to develop a prototype Enhanced Geothermal System in the Rhine 
Graben in the northern Alsace in France. The site is located about 40 km to the northeast of 
Strasburg and about 35 km to the Southwest of Karlsruhe in the central part of the upper 
Rhine Graben (UGR) (Baumgärtner, 1996 and Cornet, 1997). The project was begun in 1986 
by a French and German team and was supported entirely by public funds from France, 
Germany, and the European Union, with later contributions from the UK and Switzerland. 
More recently, the project has been led and co-funded by energy industry (Genter, 2009).  

1.2.2 Geological background of Soultz 

The Upper Rhine Graben (UGR) is part of the European Cenozoic rift system that extends 
from the Mediterranean to the North Sea coast. It started to form during the late Eocene in 
response to NNE trending Alpine compression. At the project site, the faulted granite 
basement is covered by 1400 m of sediments. The granite basement is the target for 
developing of the geothermal reservoir (Genter, 2009 and Cornet, 1997). The thermal 
anomaly in the URG is likely to be related to mantle uplift which rises up to 24 km in the 
southern part of URG (Genter, 2009). The thermal anomaly at Soultz is particularly high as 
shown from the borehole data. The granite basement divides into two petrographic units. A 
grey porphyritic monzo-granite which extends to about 4.5 km depth and a grey fine grained 
two mica granite below (Genter, 2009). The circulation of natural fluid in the fractures has 
resulted in strong hydrothermal alteration, which is manifest as a strong dissolution of the 
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primary minerals such as boitite and plagioclase, and then deposits of some altered minerals 
such as clay minerals, calcite, secondary quartz and sulfides. In strongly altered granite, 
organic matter was observed, which indicates a hydraulic connection between the basement 
and the sediments at some time in the past (Genter, 2009). The crystalline basement is 
highly fractured at all scales from micro cracks through fracture zones to faults. Two types of 
discontinuities are observed in the wells, individuals fractures and fracture zones which are 
larger scale structures of highly clustered natural fractures that have up to 10-20 m thickness 
(Genter, 2009). In addition, it was found that one of the deep wells at Soultz (GPK3) has 
been intersected with many large faults (Dorbath, 2008). Several thousands of preexisting 
fractures have been intersected by Soultz boreholes. Including 40 fracture zones were 
observed in the granite between 1400 and 5000 m (Dezayes, 2010). Some of the fractures 
were naturally permeable before the hydraulic stimulation, a process that would later 
reactivate a limited numbers of the fractures. The small scale fractures which have been 
identified from coring and imaging log, are nearly vertical with orientation around N175°E in 
the sandstones and from N160°E to north south in the granite. The fracture zones have high 
angle and strike N160°E ±10 with secondary set that strike N20°E ±10° and N130°E ±10° 
(Evans, 2005). In these fractures, hydrothermal brines have been observed. The brines have 
circulated in the fracture and locally still circulate, creating the aforementioned hydrothermal 
alteration (Ledésert, 2009). The hydrothermal alteration modifies the mineralogy, porosity 
and permeability of the rock. These effects make hydrothermal alteration very important to 
consider in any EGS project.  

The Soultz wells were aligned with the main orientation of the fractures network and in the 
direction of the maximum horizontal stress SHmax (Genter, 2009) which is oriented N169°E 
±14°. The minimum principle stress at Soultz is horizontal and about 53% of the vertical 
stress (Valley & Evans, 2007). The magnitude of the principle stresses was determined by 
the following equations (Valley & Evans, 2007):                    

Sv [MPa] = 0.3 + 25.60z [km].                                                                                             
Shmin [MPa] = –1.8 + 14.09z [km] –1.2 + 22.95z [km] < SHmax [MPa] < –1.4 + 26.775z [km]. 

The fractures in the granite are critically stressed because of the very high shear stress that 
results from the small value of the minimum principle horizontal stress (Shmin). This 
indicates that the rock mass and the fractured within it are very strong (Evans, 2005).  

1.2.3 Development of Soultz project 

The Soultz project began with a literature study and a site survey from 1984 to 1987. The 
drilling, exploration, and reservoir development stage started at 1987, with exploration drilling 
of boreholes (GPK1 and EPS1) to 2 km depth. Then GPK1 was depended to 3600 m and 
GPK2 was drilled to 3880 m. In 1997, a circulation test was performed between GPK1 and 
GPK2 for 4 months in the upper fractured granite reservoir between 3 and 3.6 km (Genter, 
2009). After this successful circulation test, GPK2 was deepened and GPK3 & GPK4 was 
drilled to 5 km depth. GPK3 was designed as the injection well, and GPK2 and GPK4 as 
production wells (Genter, 2009). These three wells were drilled from the same platform and 
cased to approximately 4.5 km true vertical depth (TVD), leaving approximately 500 m of 
open hole below. The injection well is in the centre between the production wells (Figure 1 - 
1). The horizontal distance at 5 km depth between GPK3 and each of the other wells is 
approximately 600 m. The lower reservoir between 4.5 and 5 km was the target of these 
wells (Genter, 2009).  In deep EGSs such as Soultz, the natural resistance to flow between 
the openhole sections of the wells (i.e. the impedance) is usually too high to allow flow rates 
that are required for commercial operation and so must be reduced. This was accomplished 
by making massive injections of water to increase the pore pressure in the rock mass and 
promote shearing of natural fractures. The process is called hydraulic stimulation. The 
productivity and injectivity indices appear to be the same under Soultz conditions, so these 
terms are used interchangeably (Nami, 2008). The injectivity or productivity index measures 
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by the unit l/s/MPa or l/s/bar and it represents the injection or production flow rate per 
wellhead pressure unit under steady state conditions (Genter, 2009). The initial productivity 
of the wells was determined from low rate injection tests to be as follows: GPK2: 0.2 l/s/MPa, 
GPK3: 2 l/s/MPa and GPK4: 0.1 l/s/MPa (Schindler, 2008). The productivity development in 
the deep Soultz wells is listed in Table 1 - 2. The productivity of GPK3 was much higher than 
the one for the other wells, because it intersects a natural permeable fault in the openhole 
section (Schindler, 2008).  

 

Productivity  GPK2  

l/s/MPa 

GPK3 

l/s/MPa  

GPK4  

l/s/MPa 

The initial productivity 0.2  2  0.1  

Productivity after hydraulic stimulation 4  3.5  2  

Productivity after chemical  stimulation 4.5  4  5  

Table 1 - 2: The productivity improvement in the deep boreholes at Soultz. 

The first well to be stimulated was GPK1 which was hydraulically stimulated between 2.8 and 
3.6 km leading to improvement in productivity with a factor of 15. The three deep wells were 
hydraulically stimulated in the openhole section below 4.5 km, the hydraulic stimulation 
operations in these wells are listed in Table 1 - 3 (Schindler, 2008).  

 

Well  Year  Duration (d)  Volume (m3)  Flow rate 
(l/s)  

seismic events 

GPK2  2000  6  23400  50  14000  

GPK3  2003  11  34000  50  21600  

GPK4  
2004  

2005  

3.5 

 4  

9300  

12300  

30 

45  

5700 

3000  

Table 1 - 3: Overview of hydraulic stimulation operations of the Soultz wells (Schindler 2008). 
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Figure 1 - 1: schematic of the deep wells at Soultz project (Tischner, 2007). 

 

The productivity/injectivity indices of the three wells after hydraulic stimulation were:  GPK2: 
4 l/s/MPa, GPK3: 3.5 l/s/MPa and GPK4: 2 l/s/MPa (Table 1 - 2) (Schindler, 2008). After the 
hydraulic stimulations, a circulation test was performed between the three wells for 5 months 
(July to December 2005) in the lower reservoir between 4.5 and 5 km. Unfortunately, the 
productivity of the production well GPK4 after the hydraulic stimulation was disappointing 
low. A further higher-rate stimulation was not favoured because of the risk of inducing felt 
seismicity.  Thus, a series of different chemical stimulations was performed on the well in 
which different acids were injected and flushed into the rock mass (Nami, 2008). In addition, 
GPK2 and GPK3 were also subjected to chemical stimulation operations in order to further 
improve the productivity of these wells. These operations are listed in Table 1 - 4. The 
productivity of the wells after the chemical stimulations was estimated to be as follows: 
GPK2: 4.5 l/s/MPa, GPK3: 4 l/s/MPa and GPK4: 5 l/s/MPa (Table 1 - 2) (Nami, 2008). 

 

The chemical stimulation 
operations 

The chemical solution   GPK2  GPK3  GPK4  

Hydrochloric Acid (0.09-
0.45%HCl)  

x x x 

Conventional acid systems  
Regular Mud Acid 
(12%HCl-3%HF)  

  
x 

Chelatants  
Nitrilotriacetic Acid (19% 
Na3NTANaOH)  

  
x 

Retarded acid system  
Organic Clay Acid (5-10% 
C6H8O7, 0.11% HF, 0.5-
1.5% HBF4, 1-5% NH4Cl)  

 
x x 

Table 1 - 4: Overview of the chemical stimulation operations at the three deep wells in Soultz (Nami, 

2008). 
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1.2.4 GPK4 casing leaks 

The net result was that the productivity of GPK4 increased to 5 l/s/MPa, which was good 
news. However, the bad news was that most of the improvement in the injectivity was due to 
the development of leaks in the steel casing, and that the productivity of the open hole 
section alone had been increased to only 3 l/s/MPa (Nami, 2008). Whilst it is good to have 
increased production, regardless of where it comes from, it raises the question as to the 
origin of the casing leaks. Is it due to corrosion assisted by the acidization operations? Or is it 
due to shearing on fracture zones? The fact that the leaks develop at locations where there 
was a productive fracture zone (if there is no fracture zone, the permeability is very low) 
indicates that the second hypothesis is more likely occurred. However, the flow could migrate 
through the cement annulus from a fracture at a different depth of the leak, if the cement 
condition is poor. This is further complicates the analysis and make the origin of the leak not 
clear. The issue of whether injection-induced shearing on structures within the rock mass 
poses a risk to casing is important for deep geothermal reservoir development. 

1.2.5 Contribution of the thesis 

The objective of the thesis work is to bring together a diverse range of observations that are 
relevant to estimate the likely explanation for the development of the casing leaks. The data 
include state-of-the-art casing imaging logs (USIT), fracture imaging logs (UBI), flow and 
temperature logs, microseismic and borehole hydraulic data. The background literature 
includes examples from the oil and gas industry where casing or boreholes have been 
damaged or cut by shear movement on fracture zones or faults.  

The hydraulic and seismic data was recorded during the different operations in GPK4. This 
data was analyzed and discussed in detail by Nami, Tischner and Schindler (Nami, 2008, 
Schindler, 2008 and Tischner, 2007). The seismic and hydraulic observations have proven 
useful in identifying the developing time of the leaks.  

The flow and temperature logs were processed and studied by Schindler (Schindler, 2007 
and Schindler and Nami, 2008). The plots from many of these logs, which are used in this 
thesis, were taken from Schindler’s reports and publications. In addition, the raw spinner logs 
data, which were obtained during trips into and out of the hole, were analyzed in this study. 
They offered new constrains on the timing of the leaks.  

The Ultrasonic Borehole Imager (UBI) was analyzed by Valley (2007) as part of his PhD 
thesis. Therefore, the main information about the fractures was imported from Valley’s 
analysis. 

The core contribution of this thesis is the analysis of an expanded dataset from USIT logs, 
that includes a log run in 2008 and repeat logs run in 2005. Earlier studies had considered 
only the main log run in 2005. The expanded dataset provides improved resolution of 
ovalization and thinning, and its relation to the development of casing leaks. 

The results of the USIT analysis are brought together with the earlier results from the diverse 
datasets to produce an integrated interpretation of the possible leaks. 
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2 Literature review  

2.1 Casing shear in oil and gas boreholes 

2.1.1 Shearing mechanisms  

Casing can be deformed by shearing of fractures in the rock mass surrounding the borehole. 
The formation or rock shear is a relative lateral displacement in the rock that tends to 
concentrate in plane such as a bedding plan, a joint, or a fault. However, large shear 
stresses will cause the rock to fail along a specific plane, even if there are no obvious 
preexisting planar features. Earthquakes, landslides, and fault movements are expressions 
of induced shear stresses large enough to overcome natural material strength (Dusseault, 
1998). The injection or production activities could cause a casing shear by the following 
mechanism:  

These activities cause a volume change in the reservoirs, because of a pressure or 
temperature change or because of a material movement. The reservoir volume change 
generates stress concentration in the interfaces between two materials with different stiffness 
or on existing discontinuities or weakness planes. The shear failure occurs at these planes 
when induced shear stresses overcome the natural material strength. When shearing in the 
rock mass surrounding the borehole occurs, then the casing will be subjected to offset in the 
horizontal direction through a short vertical interval. The offset increases by time until the 
casing completely collapses (Morris, 1998). 

The casing shear affects the well in two ways: the first way is to loss the pressure integrity of 
the well. This is occurred by one of the following mechanisms, either by losing the seal of the 
casing after the casing collar become sufficiently distorted, or by developing of a physical 
rapture in the casing. The other way is when the deformation of the well becomes too large 
so it does not allow the tools to lower down in the hole or the production device to operate. 
This is observed as a bending in the casing called dogleg as shown in Figure 2 - 1 
(Dusseault, 1998). 

 

 

Figure 2 - 1: Development of casing dogleg (Dusseault, 1998). 
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There are three basic forms of casing damage that have been observed in almost all 
settings:   

1. Localized horizontal shear at weak interfaces confined over a short length of casing (few 
feet) within the overburden during reservoir compaction or heave (Dusseault, 1998).   

2. Horizontal shear at the top of the reservoir during production or injection activities which 
induce volume change and temperature change in the reservoir. The reservoir is normally 
softer than the overburden. The stiffness and pressure contrasts between these 
formations lead to differential lateral expansion and interfacial slip. The combination of 
the lateral movement and the vertical movement of the reservoir cause this type of shear 
(Yadav, 2003).  

3. Casing shear due to axial buckling within the production interval when lateral constrain is 
removed (Dusseault, 1998).  

 
 

2.1.2 Injection induced shearing 

Injection induced shearing is in special interest in the EGS wells such as the ones in Soultz, 
because these wells are subjected to high pressure injection during the stimulation 
operations (more on that later). The injection operations could induce casing shear by the 
following mechanism which is taken from a paper by Dusseault, (1998): 

Injection increases the pore pressure that lead to reduction in the effective normal stress, 
according to the equation:  

σ'ij=σij – a p0  (1)  

Where: σ' is the effective stress, σ is the stress, p0 is the pore pressure and a is the effective 
stress coefficient. 

Note that the rule for calculating the effective stresses (the effective stress law) may be 
different for different properties. For example, we have:  

The effective stress low for elastic deformation: 

 σ'ij=σij – aB p0  (2)  

Where: aB is Biot ´s constant: aB = (1 - K/Ki)  

Where: K is the bulk modulus of the rock without fluid pressure, and Ki is the intrinsic bulk 
modulus of the solid constituents (i.e. of crystals of quartz, feldspars etc.). 

Clearly, Ki is always greater than K, the difference reflecting the effect of pores and 
microcracks which make the bulk rock more elastically-compliant. Thus: 

For high-porosity rocks where K<<Ki, aB  1 

For very low-porosity (Φ) rocks where K  Ki, aB  Φ 

However, aB usually takes values in the range 0.5-1.0. (Note that even intact, crystalline 
rocks with Φ = 0.01 typically have aB > 0.5 at low to moderate confining stress) 

The reduction in the effective normal stress leads to reduction in the shear strength making 
shear easier, according to the equation: 

 τmax = c' + σ'n tan ø' (3) 
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Where: τmax is the shear strength, c' is the cohesion of the rock, σ'n is the normal effective 
stress and ø' is the internal friction angle.    

The reduction in the effective stress leads to a volumetric expansion in the reservoir 
(Equation 2). In contrast, the bounding strata, which are normally impermeable seal rocks, do 
not expand because the stress does not change in these strata. The reservoir tries to expand 
outward which lead to large shear stress concentration near the interface with the bounding 
strata (Figure 2 - 2). 

 

 

Figure 2 - 2: Shear stress concentration at the reservoir/overburden interface during injection 

(Dusseault 1998).  

When the shear stress exceeds the interface strength the slip occurs, causing damage in the 
casing of the offset wells. Reduction the normal effective stress might as well cause 
reactivation of faults. If the injection pressure is too high above the fracture pressure then the 
fracture plane is opened and displacement occurs generating a slip plane in advance of the 
fracture parting plane as illustrating in Figure 2 - 3. The high injection pressure might migrate 
upward along the cement rock and casing cement interfaces increasing the likelihood for 
shearing in any weak zone at higher elevation. The injection operation in the EGS wells aims 
to induce shearing in the fractures. That might case a damage in the casing. In the following 
section a case from oil and gas industry, where pre-existing fracture causes a total collapse 
in the well, is going to be study.  

 

Figure 2 - 3: Shearing in preexisting fracture during injection operation (Dusseault 1998). 
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2.1.3 Drilling induced lateral shifts along preexisting fracture a case study   
at Gas well PTS5 in Aquitaine, France 

The following is taken from a paper by Maury, (1996): the well was drilled in Meillon St. Faust 
gas field in the southwest of France. The gas field has an anticline shape, 28 km long and 3 
km wide, and is made up of several compartments separated by north south faults. The field 
located in the Jurassic dolomites at 4500 m depth. The drilling operation was started with air 
drilling. During drilling with air a significant caving was observed at a fault zone (2380 – 
2440m). Later the air drilling was replaced by mud drilling until the end of the drilling 
operation. Gas kicks were observed between 349 m and 3745 m. When entering the 
reservoir a total loss of the circulation occurred at 5140 m. The deepest part of the well was 
drilled with fluid level controlled at 2700 m. Difficulties in starting gas production led to 
recomplation activities and again dramatic lowering of the fluid level to 2700 m. Then a 
sudden collapse in the 10-3/4 in. casing occurred at the fault zone. The casing collapse 
cases squeezing and collapsing of the 5 in. tubing (Figure 2 - 4). The following observations 
could not be explained:  

The first lowering of the fluid level did not cause any damage of the casing and the collapse 
is clearly linked to the second lowering, the casing collapse happened exactly at the same 
level of the fault zone, and a gas leakage was observed through the annuli from a small 
reservoir at 3500m before and after the collapse. The collapse can be explained by the 
following mechanism:  

The permeability of the fault was increased because of high pressure difference between the 
formation and the borehole which results in a washing out of the fine and medium grained 
infilling material of the fault and important caving of the borehole wall at the fault zone. The 
gas leaks through the annulus left the cement in bad condition. The casing shear occurred 
after the pore pressure build up in the fault because of the high abnormal gas pressure 
channeling through the cement. The high pore pressure decreases the effective normal 
stress. At the same time the shear stress was maintained at the original high value. That 
induced a shear failure. As a result, the casing was slightly deformed (ovalized) because of 
the lateral shift in the borehole trajectory which results from the shear failure (Figure 2 - 4 
left). Ovalization of the casing weakens it, the study showed that 3% ovalization in such 
casing reduces the casing collapse strength from 41.1 to 27.2 MPa. The formation fluid 
pressure was 58.5 MPa at 3500m and 50.5 MPa at 2400m. Therefore the casing was unable 
to stand the external pressure and collapsed at the level of the fault when the internal 
pressure decreases after lowering the fluid level in the well (Figure 2 - 4 right).                     
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Figure 2 - 4: Casing collapse at Gas well PTS5, left casing ovalization initiated by a movement in the 

fault, right total collapse of the well casing and tubing (Maury, 1996). 

2.1.4 Production induced shearing 

Production causes a reservoir compaction. Compaction is a volume decrease in the reservoir 
induced by a reduction in pore pressure p0 and an increase in the effective stress. The shear 
stress concentration in this situation is similar to injection case but in the opposite direction. It 
concentrates on the interface between the reservoir and the bounding strata (Figure 2 - 2 but 
the opposite sense of motion). The strains may be large enough to impair the casing 
especially, when the compressibility of the reservoir is substantial. If a fault exists in a 
tectonically relaxed area, then the production from a reservoir maybe lead to normal fault 
mechanism as shown in Figure 2 - 5 (Dusseault 1998).   

 

 

Figure 2 - 5: normal fault mechanism during production (Dusseault 1998). 
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2.1.4.1 Case study about production shearing (The Belridge field) 

The following is taken from a paper by Marris, (1998): the Belridge field is located in Kern 
Country, California. The field has two production zones, the first zone is Tulare formation, 
which contains a discontinuous reservoir sands. This formation is overlaying the diatomite 
reservoir, which is the second production zone in this field. This formation has an average 
porosity of 40 to 70%. The field has been producing since 1970th. During the production 
period, the field has suffered from several wellbore failures and surface subsidence. In order 
to decrease the surface subsidence rate, water flood operation was performed. The 
operation successfully mitigated the surface subsidence, but it has also increased the lateral 
gradients of the effective stress that in turn has accelerated the subsurface horizontal layer 
interface motions. The casing damage concentrated at two zones, at the interface between 
the diatomite and the overlaying Tulare formation and at a second horizon 90-120 m (300-
400 feet) above diatomite/Tulare interface. The sheared casing can have lateral offsets in the 
horizontal direction of up to 0.3 m (one foot) through a short vertical depth interval of less 
than three meters (Figure 2 - 1), this has been observed from pulled casing of damaged 
wells. An example of an offset in a pulled casing from a well in Kern field is shown in Figure 2 
- 6. 

 

Figure 2 - 6: A picture of casing offset from a damaged well in Belridge field. 

The three basic forms of casing damage, which are mentioned in the section 2.1.1., were 
identified in this area. To measure the casing damage in some of the wells, Ultra Sonic 
Imager (USI) logs were run periodically. USI is going to be used to study the casing integrity 
of GPK4 in Soultz. USI tool and USI logs in GPK4 is discussed in details in section 3.2. The 
casing offsets were calculated using similar triangles, as shown in Figure 2 – 7, from the 
simple relationship:  

O = X (L 1 / L 2)    (4) 

Where: O is the offset, X is the maximum deflection of the tool transducer from the central 
line, L 1 is the distance between the two centralizers of the tool, and L 2 is the distance from 
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the lower centralizer to the transducer. L 1 and L 2 are known parameters. X is determined 
from the radius measurements by taking the raw travel time value and then subtracts the 
average travel time from it. The average travel time, which represents the casing radius, 
should be obtained from a nearby depth where the tool is essentially centered. As an 
example, if the travel time at a distorted zone is 121 microseconds and the average travel 
time is 102 microseconds, then the two ways travel time is 121 – 102 = 19 microseconds. 
Using the velocity as 1.27 microseconds per mm, this translates into a transducer offset (X) 
of 12.15 mm. Then the offset can be determined by applying the calculated transducer offset 
value into equation (4).  

 

Figure 2 - 7: The geometric relationship for the tool and the casing.  

The offset measured by USI at particular depth interval from seven wells monitored since 
1995 in Belridge field are listed in Table 2 – 1. The casing from one of these wells was pulled 
and the offset was measured to be 57 mm (2.25 inches) over a vertical length of 1.12 m (44 
inches). The offset was measured from USI to be 39.6 mm (1.56 inches) ten months before 
pulling the casing. The extrapolated offset from USI last measurement is 70 mm (2.75 
inches). However, because of local reservoir factors, the offset rate will not be linear with 
time. Some of the reservoir factors that effect the offset rate are local fluid injection and 
production history, depth and field location. As a conclusion, ultra sonic imager tool USI can 
successfully be used in casing damage monitoring. The tool can be used to directly 
determine the casing offset dimension without any special modification, because the casing 
damage normally occurs across a short depth interval of less than ten feet. 
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Well Date Interval 1 

mm 

Interval 2 

mm 

1 2/6/95 

7/18/95 

11/20/95 

2.3 

9.6 

13.7 

5.9 

58.7 

58.7 

2 2/8/95 

6/22/95 

5/5/96 

4.3 

39.6 

57.1 

 

3 2/13/95 

11/28/95 

2.8 

11.7 

5.1 

42.9 

4 2/13/95 

6/20/95 

10.9 

20.1 

4.6 

58.7 

5 5/31/95 

7/20/95 

15.5 

22.9 

58.7 

58.7 

6 6/8/95 

12/14/95 

4.3 

4.6 

11.2 

44.2 

7 5/25/95 

8/11/95 

13.7 

14.2 

16.2 

42.7 

Table 2 - 1: Table of casing offset in Belridge field wells (Marris 1998). 
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2.2 Relevant Soultz observations of casing damage  

2.2.1 Chronology of operations in GPK4 

The production borehole GPK4 at Soultz was drilled between 29th August 2003 and 15th April 
2004 to the measured depth 5270 m. The total time of drilling operation was 230 days (nearly 
7.5 months). GPK4 was cemented to nearly 500 m above the casing shoe (between 4767 
and 4159 m). High magnetism resistance (HMR) cement was used in cementing all three 5 
km deep wells at Soultz. This type of cement has very low porosity and has the ability to 
resist chloride. The initial productivity of GPK4 was estimated to be 0.1 l/s*MPa (Table 2 - 2) 
from a 2-day low rate injection test (Tischner, 2007). In order to increase the productivity of 
the well, two hydraulic stimulations were performed. The first hydraulic stimulation took place 
between 13 and 16th September 2004 and the second one was between 7 and 11th February 
2005. The first hydraulic stimulation had improved the productivity to 2 l/s*MPa while the 
second stimulation did not further improve the productivity (Schindler, 2008). After the 
hydraulic stimulation a series of chemical stimulation operations were undertaken in GPK4 to 
increase the productivity of the well. Step rate injection tests were performed before and after 
each chemical stimulation to evaluate their impact (Nami, 2008). All the operations and logs 
in GPK4 are listed in chronological order in Table 2 - 2, which is based on a similar table 
kindly provided by Marion Schindler (Schindler, 2007 and Schindler & Nami, 2008). 
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Date  Activity Logs Injectivity 
l/(s*MPa)  

2004 Finalize drilling  -  

8-13 Sep. 04 Low rate injection 
test  

- 0.1 

13-16 Sep. 04 First hydraulic 
stimulation  

Flow log run by Jonathan Nichols 
during 30 l/s injection rate. 

4709.5 - 5076 m  

 

7_11 Feb. 05 Second hydraulic 
stimulation 

- 2 

22_24 Feb. 05 First step rate test  - 2 

2_4 Mar. 05 Acidizing HCl -  

13_16 Mar. 05 Second step rate test Flow logs run by Jonathan Nichols 
during 10 & 28.5 l/s injection rate. 

4640 - 5080 m 

Three logs. 

3 

25 May 05  - USIT log  

22 Mar 06 Low rate injection 
test 

Temperature log 

4200 – 5000 m  

 

25 Apr. 06 Third step rate test  Flow logs (Schulze) 

Intervals 4380 & 4710. 

3 

16-19 May 06 RMA acidizing  -   

29 May 06 Fourth step rate 
injection test  

-  Increased 
by 1/3 to 4 

13-15 June 06 Injection test at 18 
l/s, 30 l/s and 20 l/s 
for logging. 

Flow logs by Schulze during 18 l/s 
and 30 l/s stages 

 

5-6 Oct 06 Injection test at 10 l/s 
and 30 l/s for logging.

Flow logs by Schlumberger during 
30 l/s stage. 

 

17-23 Oct. 06 NTA acidizing  -  

25-27 Oct. 06 Production test  -  

22-25 Jan. 07 Production test - 4 
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28-31 Jan. 07 Fifth step rate 
injection test  

- 3.5 

21 Feb. 07 OCA acidizing  -  

5-9 Mar 07 Production test - 5 

Table 2 - 2: The chronology of operations and logs in GPK4.  

2.2.2 Mud loss zones observed during the drilling of GPK4 

During the drilling of GPK4, several mud losses zones were encountered. These zones were 
identified from the difference between the injected and the produced mud during the drilling, 
which are listed in Table 2 – 3, and shown in Figures 2 – 8 and 2 – 9. These zones were also 
recorded in the daily drilling reports. A comparison between the mud loss zones identified 
from the drilling progress chart and that recorded in the daily drilling reports with the 
correspondence fracture zones, which are found at the same depth of the mud loss zones, 
are listed in Table 2 – 3. The table shows a good correlation between the two records. 
However, the chart give more accurate measure of the loss rate to certain zone while the 
drilling reports record the average loss per relatively long intervals. Therefore, there is a 
difference in the loss rate between the two records. The mud losses zones are important in 
identifying the source of casing leakage, because these zones are indications of the 
permeable fractures.  

 

 Drilling progress chart  Mud loss observed from 
drilling report 

Date in 
2004 

Drilling/reference 
depth m    

Rate 
m³/h 

Drilling/reference 
depth m 

Rate 
m³/h 

Fractures 

reference depth m 
(Number of  fractures) 

31.01 4550 / 4561 20 4546 – 4553 / 

4557 – 4564  

10 4555 (wide open 
fracture) 

4557 (1) 

4562 (1) 

4565 (1) 

4590 – 4600 / 

4601 – 4611  

50 m³ 

 

4607 (2 ) 

4610 (1) 

02.02 4600 /4611 22 

 

4600 – 4609 / 

4611 – 4620  

4 – 
5.5 

4612 (1) 

05.02 4650 / 4661 18 4641 – 4664 /  

4652 – 4675  

3 – 5  4654 (1) 

4660 (1) 

4662 (1) 
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06.02 4700 / 4711 24 4664 – 4707 / 

4675 – 4718  

1 – 
2.5    

4690 (1) 

4701 – 4706 (4)     
4712 (1) with 
ovalization at the same 
depth.  

4707 – 4726 /  

4718 – 4737  

10 

 

4719 (2) 

4722 (1) 

4726 (1) 

07.02 4725 / 4736 33 

4727 /  4738 10  

22.02 4800 / 4811 27 To 4933 / 4944 1 – 5   

Table 2 - 3: The mud loss zones encountered while drilling of GPK4 from the drilling progress chart 

and from the daily drilling reports with the corresponding fracture zones. 

 

 

Figure 2 - 8: Mud loss zones encountered during the drilling of GPK4 in green lines with injection and 

production flow rate (Nami 2005). 

Investigating the origin of leaks within the steel casing of deep geothermal boreholes at the Soultz EGS site 



                                                                                                                                           30

 

Figure 2 - 9: Estimated mud loss rates during the drilling of GPK4 (Nami 2005). 

2.2.3 Microseismicity and hydraulic observations during the hydraulic 
stimulations 

The objective of hydraulic stimulation is to increase the permeability of the rock mass around 
the borehole at a sufficiently large scale to effectively connect the boreholes to each other 
and to the surrounding fracture network. The hydraulic stimulation induces microseismicity 
that results from either fracturing the rock or shearing the preexisting fracture. During both 
hydraulic and chemical stimulations, the microseismicity was monitored in order to provide 
real-time information on the size of the microseismic events and the geometry of the 
stimulated zone. The microseismicity was recorded by both downhole and surface networks. 
The downhole network consisted of 4-component accelerometer sensors and geophones or 
hydrophones. These sensors were deployed in six observation wells which have depth 
ranging from 1500 – 3500 m (Figure 2 - 10) (Schindler and Nami, 2008). The surface 
network consisted of temporary stations deployed only during the stimulation operations and 
another permanent stations record continuously. From 2000 until 2003, the temporary 
network consisted of 14 temporary stations, 6 with 3-components sensors and 8 with 1-
component vertical sensors. In addition, the permanent network consisted of three stations 
belonging to the French National Seismic Network (ReNaSS) situated in the close vicinity of 
Soultz. On 2003, another permanent network had been installed. The network consisted of 
nine stations, six 1-component and three 3-components sensors. After 2003, The ReNaSS 
stations were no longer active. During the two stimulation stages of GPK4, only six 3-
components stations were added to the nine permanent ones. For the complete period since 
2000, a broad-band Güralp sensor has been operated in a dedicated well at a depth of about 
200 m. The data from this instrument are mostly used for waveform analysis. More recently 
(since 2003), two accelerometers complete the surface monitoring system (Dorbath et al, 
2008). 
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Figure 2 - 10: The three deep wells at Soultz surrounding by the seismic observation wells in orange, 

the stars indicate the depth level of the installed seismic sensors (Schindler & Nami, 2008).  

The stimulation of GPK4 was divided into two parts. This was done to reduce the volume and 
duration of each injection with the objective of avoiding inducing microseismic events that 
were large enough to be felt by the local population (Schindler, 2008 and Tischner, 2007). 
The first part of the stimulation was in September 2004. During 3.5 days, 9300 m³ was 
injected in the borehole, for the most part at 30 l/s flow rate and with peaks of 40 and 45 l/s 
for a few hours each (Schindler, 2008). The well head pressure and flow rate during the 
stimulation are illustrated in Figure 2 - 11 together with the seismic event rate and waveform 
peak amplitude in the time window from 5th to 23rd of September 2004 (Schindler, 2008). The 
wellhead pressure increased rapidly to reach a high level of 17 MPa then decreased slowly 
to 16.6 MPa (Figure 2 - 11). Weak pressure pulses were seen in GPK2 (0.11 MPa) and 
GPK3 (0.15 MPa). A total of 5700 seismic events were located with maximum magnitude of 
2.3 (Schindler, 2008). The events magnitudes were calculated from the coda duration 
(Dorbath et al, 2008).  
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Figure 2 - 11: Hydraulic and seismic observation during the first stimulation of GPK4. The upper figure 

illustrates the wellhead pressure and the flow rate, while the lower one illustrates the seismic event 

rate in gray color and the maximum amplitude in blue color (Schindler, 2008).   

The following is taken from a paper by Schindler, (2008), the second stimulation in GPK4 
was in February 2005. The stimulation last for 4 days during which 12300 m³ of water was 
injected at flow rates of 30, 45 and 25 l/s. The well head pressure and flow rate during the 
stimulation are illustrated in Figure 2 - 12 together with the seismic event rate and waveform 
peak amplitude in the time window from 7th to 21st of February 2005. The wellhead pressure 
reached 18 MPa which is the highest level among all stimulations in Soultz (Figure 2 - 12). 
This indicated a refilling of the already stimulated fractures and at the same time not an 
efficient stimulation. As in the first stimulation, a weak pressure rise was also observed in 
GPK2 (0.17 MPa) and in GPK3 (0.35 MPa). The productivity did not further improve after the 
second stimulation (2 l/(s* MPa)). Only 3000 seismic events were observed during the 
second stimulation which is less than during the first stimulation, even though the second 
stimulation had higher flow rate and pressure. The rate was 50 events per hour. As can be 
seen from the seismicity plot in Figure 2 - 12, the seismicity began about two days after the 
beginning of the stimulation. This late onset of seismicity supports the hypothesis that the 
first part of stimulation only filled the reservoir.  
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Figure 2 - 12: Hydraulic and seismic observation during the second stimulation of GPK4. The upper 

figure illustrates the wellhead pressure and the flow rate, while the lower one illustrates the seismic 

event rate in gray color and the maximum amplitude in blue color (Schindler, 2008). 

2.2.4 Microseismicity and hydraulic observations during the Chemical 
stimulation operations 

Public concern about seismic events and the evidence that fracture fillings contained 
carbonates and other soluble minerals focused interest in the chemical treatments as a 
supplementary or even alternative method of the hydraulic stimulation. The chemical 
stimulation is used to increase near borehole permeability by dissolving the material 
deposited in the fractures. The treatments were made by injecting acid from the wellhead 
through the casing which was protected by using corrosion inhibitors. The chemical 
stimulations performed in GPK4 are listed in chronological order in Table 2-4, together with 
the hydraulic stimulations (Nami, 2008). 

 

Date  Operation  Injected volume m³  

13-16 Sep. 04 First hydraulic stimulation  9300  

7_11 Feb. 05 Second hydraulic stimulation 12300 

2_4 Mar. 05 Acidizing HCl 4700 

16-19 May 06 RMA acidizing  4225 

17-23 Oct. 06 NTA acidizing  5300 

21 Feb. 07 OCA acidizing   

Table 2 - 4: The hydraulic and chemical stimulations in GPK4.  
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The following is taken from a paper by Nami, (2008), each of the chemical treatments were 
preceded and followed by identical step-rate water injection tests to allow the impact of the 
chemical injections to be assessed. The records for the step-rate tests that mostly preceded 
the chemical injections are shown in Figure 2 - 13. In every test, 4500 m³ of fresh water were 
injected at increasing flow rates of 9, 18 and 24 l/s, each held for one day. The wellhead 
pressure at the beginning of each test is highly influenced by the changing profiles of 
temperature and hence density in the well. These effects became small after one day of 
injection. Thus, quantitative comparison of the various step rate tests is only possible from 
the beginning of the second injection step onwards. The wellhead pressure in the steps 
never reaches steady-state level in any of the tests, and thus the true steady-state injectivity 
index (note that this is taken as equal to the productivity index at Soultz) cannot be 
determined. To permit comparison, the injectivity was estimated from the pressure and flow 
rate values defined after three days. This is taken as the productivity. 

 

Figure 2 - 13: Comparison of the wellhead overpressure during the step rate tests in GPK4. 

The first chemical stimulation was performed on 2-4th March 2005 by injecting a low 
concentration of hydrochloric acid HCl at a constant flow rate of 27.2 l/s. The well was 
injected by 4700 l/s of the solution with 0.2% HCL concentration. The objective of this 
stimulation was to dissolve the secondary carbonate minerals (calcite and dolomite) in the 
fractures. The injectivity was estimated from comparing the first step rate injection test 
(denoted as 05Feb.05), which was performed following the second hydraulic stimulation (the 
grey curve in Figure 2 - 13), and the second step rate test, denoted 05Mar13, which was 
conducted after the HCl injection and is shown by the red curve Figure 2 - 13. The injectivity 
increased from 2 to 3 l/s*MPa. However, it was questionable whether it came from the 
openhole or from leakage in the casing (Nami, 2008). 

The profiles of microseismic activity about GPK4 during the period of HCl injection (Acid) is 
shown in Figure 2 – 14, together with the profiles of the step rate tests that preceded (Step1) 
and followed (Step2) the HCl injection. Also shown are the profiles for the two hydraulic 
stimulations performed earlier (Sep. 2004 and Mar. 2005). In these two cases, the 
microseismic activity is largely confined to the depth range of the open-hole, which extends 
from 4500 m to 5000 m TVD. Microseismic activity during the acid injection and the 
preceding step-rate test (Step1) is sparse in comparison. However, during the second step 
rate test (Step2), a dense cluster of seismic events is located close to the casing at 4100 m 
TVD (4300 m MD). The depth range of the cluster (circled in red) corresponds to the depth of 
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a leakage that was confirmed by a flow log run one year later, as discussed later in Section 
3.5.3 (Schindler, 2007 and Schindler & Nami, 2008).   

 

                   
Step2 Mar 2005 

Figure 2 - 14: The microseismicity in GPK4. The upper row shows the radial distance of located 

events from the casing with depth, the grey line is the casing shoe and the lower row shows 

histograms to number of events per depth (Schindler, 2007 and Schindler & Nami, 2008).   

On 16-17th May 2006, some one year after the HCl stimulation, GPK4 was subjected to the 
second chemical treatment, this time using RMA (regular mud acid). As with the previous 
stimulation, step-rate water injection tests at rates of 9, 18 and 24 l/s were conducted before 
and after the chemical stimulation (Schindler, 2007). RMA is a mixture of hydrochloric acid 
HCl and hydrofluoric acid HF, and is used to dissolve minerals like clay, feldspar and micas. 
The stimulation was performed in four steps as shown in Figure 2 - 15. First, 2000 m³ of de-
oxygenated fresh water was injected for more than 24 hours with progressively higher flow 
rates of 18, 22, and 28 l/s. Then, 25 m³ of HCl was injected at 22 l/s, followed by 200 m³ of 
RMA at 22 l/s. Finally, 2000 m³ of fresh water was injected at 22 and 28 l/s for 22 hours. As 
shown in Figure 2 - 15, the rise in wellhead pressure during the second water injection had a 
less pronounced slope after the injection of RMA than before for the same flow rate, 
indicating an enhancement of the reservoir productivity (Nami, 2008). A further increase in 
injectivity to 4 l/s*MPa occurred after the RMA stimulation, as can be seen by comparing the 
pressure curve from the step rate test denoted 06May29 after the RMA (the green curve in 
Figure 2 - 13) with those from the two tests before the RMA (the red and yellow curves) 
(Nami, 2008). The seismicity during RMA acidization also clustered around the level of the 
upper leak (4000m TVD and 4160 m MD) and trending south and upward as shown in Figure 
2 - 16 (Schindler & Nami, 2008). 
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Figure 2 - 15: The wellhead pressure measured during the stimulation with RMA in GPK4 (Nami, 

2008). 
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Figure 2 - 16: The seismicity during the RMA acidization in red circles (Schindler & Nami, 2008). 

The following is taken from a paper by Nami, (2008), after stimulation with RMA, GPK4 was 
subjected to treatment with chelatants (NTA) on 13 - 17th October 2006. The chelatant used 
was nitrilotriacetic acid (C6H9NO6), which reduces the activity of cations such as Fe, Ca, 
and Mg by forming complexes with this cations leading to enhancement of dissolution of the 
corresponding minerals. NTA is less corrosive than other acids like HCl. The records for this 
test are shown in Figure 2 – 17, the green vertical strip marks the time of injection NTA, the 
blue dashed line before the injection of NTA marks the wellhead pressure during the last 
stage of preflush of 4500 m³ fresh water at average flow rate 24 l/s, and the blue dashed line 
after the injection of NTA marks the pressure during  the postflush of 400 m³ fresh water at 
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40 l/s and during a short injection of fresh water at 20 l/s. The wellhead pressure after the 
injection of NTA showed an abnormal increase during the succeeding short water injection, 
suspecting a plugging of the productive zones (second blue dashed line in Figure 2 - 17). 
Therefore, a production test was carried out on 25th October 2006 to remove the residuals of 
NTA solution, resulting in almost complete removal of the chelating agent from the well. No 
seismicity was observed during this stimulation.  The final step rate injection test was carried 
out after the NTA stimulation denoted 07Jan29 (the purple curve in Figure 2 – 13). The 
injectivity implied by this test declined to 3 l/s*MPa. A possible explanation for this is the 
following: chelatants are also cleaning agents, and so they may cause scales to be detached 
from the casing and then transported into the reservoir, resulting in some plugging. 

 

Figure 2 - 17: The well head pressure (above) and the flow rate, where negative values mean injection 

(below) during the stimulation with NTA in GPK4 (Nami, 2008). 

The last stimulation operation was treatment with organic clay acid (OCA) on the 21st 
February 2007. OCA is a retarded acid which allows chemically-active fluid to penetrate deep 
into the reservoir. A rapid increase in the wellhead pressure was observed during the 
preflush phase, followed immediately by stronger trend of the pressure buildup, dotted red 
circle in Figure 2 - 18. After injection of the OCA (purple vertical strip), the pressure curve 
increased from 12 MPa (120 bar) to maximum of 13 MPa (130 bar) and then became flat 
during the postflush phase (the dashed blue line after the purple strip) (Nami 2008). No step-
rate test was conducted following the OCA stimulation. Fortunately, it is possible to assess 
the impact of the treatment by comparing production tests carried out before and after this 
stimulation. The records for the production tests are shown in Figure 2 - 19. The production 
rate after the OCA stimulation was 1.4 times higher than before, indicating a gain in 
productivity which increased from 4 to 5 l/s*MPa (Nami, 2008). The seismicity recorded 
during the OCA (Figure 2 – 20) stimulation showed a similar pattern to that observed during 
the RMA stimulation. The seismicity is diffuse and trends south and upward above 4000 m 
TVD (4160 m MD) (Schindler & Nami 2008).  
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Figure 2 - 18: The well head pressure measured while stimulation with OCA in GPK4 (Nami, 2008).    

 

 

Figure 2 - 19: The production tests performed in GPK4. The upper plot represents the 
wellhead pressure, the middle one represents the temperature of the produced fluid and the 

lower one represents the production flow rate.  
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Figure 2 - 20 : The seismicity recorded during the OCA acidization (the gray circles) 
(Schindler & Nami 2008). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Investigating the origin of leaks within the steel casing of deep geothermal boreholes at the Soultz EGS site 



                                                                                                                                           40

3 Methods 

3.1 The depth 

3.1.1 The depth reference 

I have chosen the depth measured by Schlumberger USIT 2005 log as the reference depth. 
This depth is the depth measured by Schlumberger logging tolls starting at rig floor. I will 
refer to this depth as MD. The depth from rig floor in GPK4 is 9.7m (Schindler, 2008) above 
the ground level and all depth measured from ground level should be corrected by adding 
9.7m. TVD is true vertical depth from ground level. The drilling depth is the depth measured 
from drilling pipes length. It is always shallower than the true depth because of the extension 
of the drilling pipes hanging in the well. This makes the borehole deeper than calculated from 
the sum of the pipes lengths. The casing shoe in GPK4 is at 4767 m MD and 4756 m in 
drilling depth so the drilling depth is 11 m shallower than MD (off rig) depth. The drilling depth 
should be corrected by adding 11m. All the depth presented in this study is MD off rig floor 
depth except where other depth is mentioned.   

3.1.2 The depth of important features in GPK4 

 

 Depth m TVD Depth m MD  

USIT 05 

Top of cement 4000 4159  

Upper casing leakage  4100 4386 

Lower casing leakage (Evans, 2006) 4447.7 4710 - 4712 

Minor casing leakage  - 4719 

Casing shoe  4489m  4767 

Borehole depth  5000m 5270m 

Table 3 - 1: Important information GPK4 (Schindler, 2007, Schindler, 2008, and from interpretation of 

USIT 2005). 

Notes:  

1. The flow log performed by Schlumberger (6 Oct 06) identified a different depth for the 
lower leak (4725m) and found minor leaks at 4710 m and 4719m. 

2. The flow log performed by Schulze (27 Apr 06) identified different depth for the upper 
leak at 4360m. 
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3.2 The Schlumberger Ultrasonic Imager Tool (USIT) 

The condition of the casing in GPK4 was determined in 2005 and 2008 by 
running the Schlumberger USIT tool. The USIT sonde, shown in Figure 3 
- 1, uses a single rotating transducer to give a full 360 degrees coverage. 
The transmitter emits an ultrasonic pulse 140 – 180 times per revolution 
and measures the waveform that is reflected from the internal and 
external casing interfaces and beyond (Figure 3 - 2). The pulses 
frequency is ranging from 200 to 700 kHz (Ellis, 2007). Figure 3 - 2 shows 
the wave propagation and the impulse response for the USIT emitted 
waveform. Most of the incident energy is reflected at the mud-casing 
interface, because of the large impedance contrast between the mud and 
the steel. The small fraction of the energy transmitted into the casing is 
multiply reflected in its thickness, releasing a transmitted pulse into the 
cement or mud each time it strikes a casing surface. Thus the impulse 
response consists of a large initial reflection from the internal surface of 
the casing followed by an exponentially decaying series of inverted 
impulses (Hayman, 1991). The tool can be run in two modes, the cement 
mode and the corrosion mode. In cement mode the tool acquires cement 
and corrosion information, while in corrosion mode only corrosion 
information is recorded. The logging mode is selected from the surface 
and can be changed at any time (Hayman, 1991). In cement mode, the 
USIT log is processed to give an indication of the quality of the cement 
bond. The rate of decay of the waveforms received indicates the quality 

of the cement bond at the cement/casing interface.  The principle is to 
make the casing resonate, if the cement is present behind the casing the 
resonance will damped rapidly, while the absence of cement will give 
slow resonance decay (Ellis, 2007). The corrosion modes provide higher resolution to 
produce 360° images of internal and external casing radii, casing thickness, and casing 
mechanical integrity as follows: 

Figure 3 - 1 

 The transit time of the initial reflection determine the casing internal radii by the 
following equation: rinternal=(t*Vmud)/2, where t is the time of arrival of the initial 
reflection and Vmud is the acoustic velocity in the mud (Hayman, 1991).  

 The thickness of the casing is calculated from the transit time of the echo according 
to the following principle: the time separation of the train of negative impulses is 
equal to the go and return time in the casing: ∆t=2d/Vsteel, where d is the casing 
thickness and Vsteel the velocity in the steel (Hayman, 1991). 

 The casing mechanical integrity is determined by analyzing the amplitude and the 
transit time of the reflected waveform. 

To facilitate accurate distance measurement, the profile of sonic velocity of the wellbore fluid 
is measured as the sonde is run into the hole. The very high resolution of USIT, enables it to 
detect channels as narrow as 30.5 mm (1.2 in). The USIT log is used to identify many 
features in the internal and external casing which are: corrosion, scaling, defects and holes, 
and deformation (ovalization) (Deltombe, 2004). Ovalization is a structural distortion or 
deformation in a circular body so it becomes oval in cross section. All casing is oval to some 
degree, due to manufacturing, transport, or running into the hole. As described later in 
section 3.2.1, casing is checked before running into the hole to ensure the ovalisation is not 
excessive.  Thus, ovalisation detected by the USIT log that exceeds this can be taken as an 
indication of shearing.  
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Figure 3 - 2: Schematic view of USIT waveform. 

There are three standard USIT log presentations which are: 'combined' presentation showing 
cementation and corrosion information (which is going to be described in section 3.3), and 
separate cement and corrosion presentations. The header of the corrosion presentation is 
shown in Figure 3 - 3. It contains numerous columns that plot scalar or vector parameters, as 
explained in order from left to right:  

 First column: cable tension at the sonde in yellow, and the eccentering of the tool in 
the borehole in red. 

 Second column: processing flags.  
 Third column: an unwrapped 360° image map of the amplitude of the first echo minus 

maximum amplitude observed in the current 360° sweep. The blue curve shows the 
maximum amplitude for each sweep, the black denotes the average amplitude, and 
the red curve is the minimum amplitude for each sweep.  

 Fourth column: an unwrapped image map of internal casing radius minus the average 
radius for the sweep. Red pixels denote locations where the internal radius is larger 
than the average, blue when it is smaller, and white when they are equal.    

 Fifth column: curves showing the minimum of the internal casing radius in blue, the 
maximum of the internal radius in red, the average of internal radii in yellow and 
gamma ray count in green. 

 Sixth column: curves showing the minimum (blue), maximum (red) and average 
(black) internal radius of the casing. The area between the average internal and 
average external radii is shown stippled. 

 Seventh column:  same as the sixth one except that the scales are reversed. 
 Eighth column: an unwrapped image map of inferred casing thickness minus the 

average for the current scan. White pixels indicate the local thickness is equal to the 
average thickness, red denotes it is smaller, and blue indicates it is bigger (see color 
scale on the figure).     

 Ninth (last) column: curves showing the maximum (blue), minimum (red) and average 
(black) casing thickness observed in each scan. 
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Figure 3 - 3: Header and top section of the USIT 'corrosion mode' log measured around 4575 m in 

2005. 

3.2.1 Casing tubular used in GPK4  

The tubulars used in GPK4 ranged in length between 11 and 12 m, and a nominal outside 
diameter (OD) of 9-5/8 inch (244 mm). However, two different weights, and hence two 
different internal diameters (ID) were used as follows: 

 Tubular from 4756 to 3662 m: the weight is 47 lbs/ft, the internal diameter is 8.681 
inch (220 mm), and the thickness is 0.472 inch (12 mm). 

 Tubular from 3662 m to surface: the weight is 43.5 lbs/ft, the internal diameter is 
8.755 inch (222 mm), and the thickness is 0.435 inch (11 mm). 

The average radii determined by USIT is as follows: 

 Tubular from 4756 to 3662 m: the average internal radii is 4.37 inch (111 mm), the 
average external radii is 4.84 inch (123 mm), and the average tubular thickness in 
0.47 inch (12 mm). 

 Tubular from 3662 m to surface: the average internal radii is 4.41 inch (112 mm), the 
average external radii is 4.85 inch (123 mm), and the average tubular thickness in 
0.44 inch (11 mm). 

Thus, the values determined by the USIT log are in agreement with the casing specifications, 
and it can be concluded that the caliper facility of the USIT sonde has been correctly 
calibrated.  

Casing is not perfectly round, and some deviation from circularity is undoubtedly present due 
to manufacturing and perhaps handling. Prior to running into a well, the minimum internal 
radius of each casing section is checked by passing through it a calibrated drift. For 9-5/8 
inch (244 mm) casing, this drift allows a maximum narrowing of 3 mm from the nominal 
internal diameter of 220.5 mm, which corresponds to 1.5 mm in radius (API specification, 
2001). If the free pipe has become ovalized by application of external loads, then the 
reduction in internal diameter will be accompanied by an equal increase in internal diameter 
in the orthogonal direction. Thus, casing sections where the difference between the minimum 
and maximum internal radius exceeds 3 mm would not be expected to pass the 'drift' test 
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prior to deployment, and thus are likely to have been deformed either through running into 
the hole or through deformation events whilst in-place. An example of USIT images of non-
circular tubing is shown in Figure 3 - 4. In this case, the minimum and maximum internal radii 
do not coincide, although the difference between them is less than 3 mm. 

 

Figure 3 - 4: An example of non circular tubular from 808 to 820 m.  

3.3 The Cement bond log 

The cement operation is important procedure that provides complete isolation of productive 
intervals, supports the casing and protects it from corrosion. In addition, cementing plays an 
important role in borehole stability. Therefore, it is necessary to evaluate the cement job 
quality by running cement evaluation logs. These are used to assess the distribution of 
cement behind casing, to estimate the top of cement and to define casing-cement and 
cement-formation bonding (Ellis, 2007). The condition of the cement in GPK4 was 
determined by running combined logs of CBL-VDL sonic device and USI tool in 2005 and 
2008.    

3.3.1 CBL-VDL logs 

A section of the CBL-VDL log obtained in GPK4 is shown in Figure 3 - 5. The cement bond 
log (CBL) and variable density log (VDL) are different representations of data measured by 
the same sonic sonde. The sonde is simple with one transmitter and two receivers. The 
distance from the transmitter to the first receiver is 3 feet, and to the second receiver is 5 feet 
(Ellis, 2007). The near receiver produces the CBL log. The CBL is a measurement of the first 
arrival amplitude and transit time. The first arrival wave, which travels in the casing, loses 
energy through coupling with the cement. Thus, its amplitude is related to cement-casing 
bond. If the cement-casing bonding is poor or absent, then the casing will resonates and the 
amplitude will be very large. The far receiver is used to make a log of the microseismograms 
of the detected wave train displayed in the variable density log or VDL format. The VDL gives 
a visual indication of casing and formation signal. Therefore, the VDL indicates cement to 
formation bond qualitatively while the CBL measures casing to cement bond quantitatively. A 
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first arrival of high amplitude could be the result not only of a free pipe but also of other 
factors, such as the presence of a microannulus (i.e. a separation of a few microns between 
cement sheath and pipe), or the presence of a very fast formation with good cement bonding. 
A well centralized tool is critical for good CBL data since an eccentred tool will produce an 
erroneous amplitude for the first arrival. The first arrival amplitude measured in the first 
receiver is converted to a bond index ranging from 0 to 1. However, this index is only valid 
when the sonde is properly centralized and there is no fast formation, cycle skipping or 
microannulus, and when attenuation for mud and cement type are taken in consideration. 
The sonic method has another large drawback which is the lack of azimuthally resolution. 
This makes it difficult to distinguish a bad cement job from a void in the cement (Ellis, 2007). 
To overcome this problem, the USI device was developed. An example of CBL-VDL 
produced image is shown in Figure 3 - 5. The columns in the image from left to right contain 
the following data: 

 First column: Curves showing the casing caliper locator CCL in brown, the transit 
time in blue and the transit time calculated with sliding gate method in red, and the 
Gamma Ray log in green. 

 Second column: curve showing the tension of the cable of the toll in brown. 
 Third column curves showing the amplitude of the first arrival in blue and in red for 

the amplitude calculated with sliding gate method. 
 Fourth and last column showing the variable density log VDL.      

 

 

                   1                          2                      3                                             4 

Figure 3 - 5: An example of CBL-VDL produced image from GPK4. The Cement Bond Log is shown in 

the middle column.  The VDL log is shown at right. 
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3.3.2 USIT 

To overcome the drawbacks and the uncertainties of CBL-VDL measurement, ultrasonic 
device combined with CBL-VDL logs is used now days for cement evaluation. USI was 
already discussed in section 3.2. The combined presentation contains both cementation and 
corrosion information, organized in different columns as shown in Figure 3 - 6. From left to 
right, the columns represent:  

 First column: the tension of the cable of the sonde in yellow, Gamma Ray log in 
green and casing caliper locator CCL in brown. 

 Second column: curves showing the minimum of internal casing radii in blue, the 
maximum of internal radii in red, the average of internal radii in yellow and 
average of external radii in black. The area between the average internal and 
average external radii is shown stippled. 

 Third column: exactly the same as the second one, except that the scales are 
reversed.  

 Fourth column: an unwrapped 360° image map of the raw acoustic impedance as 
measured by USI.  

 Fifth column: the acoustic impedance AI, the minimum in red, the maximum in 
blue and the average in black.  

 Sixth column: an unwrapped 360° image map of cement interpreted from raw 
acoustic impedance image, where brown represent cement, blue is fluid and red 
is gas.  

 Seventh column: an unwrapped 360° image map of cement bonding, where blue 
represent liquid, red represent gas and yellow represent cement bonding. The 
USI discriminates between liquid, gas and solid using acoustic impedance 
thresholds, which are nearly 0.04 Mray for gas/liquid threshold and 3 Mray for 
liquid/solid threshold (Hayman, 1991). 

 Eighth and final column: the variable density log from CBL-VDL tool.  
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Figure 3 - 6: An example of cement evaluation log image from GPK4. 
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3.4 The Ultasonic Borehole Imager (UBI) 

The fractures which intersect GPK4 were identified in 2004 by running a Schlumberger 
Ultrasonic Borehole Imager (UBI) log before installing the casing. The tool is a derivative of 
the USIT tool, and produces high resolution images of the acoustic reflectivity of the borehole 
wall in liquid mud. It employs ultrasonic transducer capable of operating at high frequency 
range from several hundred kHz to about 1 MHz. This high frequency provides a very short 
wavelength, which can be as small as millimeter. The ultrasonic transducer rotates at 5 – 10 
rps emitting a pulse of ultrasound 140 – 180 times per revolution. For each pulse, it 
measures the amplitude and the travel time of the reflection from the borehole wall. This 
allows it to be used for fracture imaging (acoustic imaging) and borehole geometry 
measurement (Ellis, 2007).  

Images can be made from either the amplitude of the reflected signal or the transit time. The 
data are represented as unwrapping of the cylindrical borehole wall image. The amplitude 
image physically represents acoustic reflectivity. An example of the amplitude and transit 
time images for a section of the UBI log from GPK4 is shown in Figure 3 - 7. There are 180 
measuring points in the image from left to right and one point every centimeter vertically, 
reflecting the spacing between scans. The images are used to identify dipping beds, 
fractures, and other features intersecting the borehole (Ellis, 2007). A dipping, planar fracture 
appears as a sinusoid in the unwrapped display of acoustic reflectivity, in Figure 3 - 7, the 
arrow refer to an example of a dipping fracture at 4319.5 m from GPK4. Fractures with width 
of less than 1 – 2 mm are usually not seen.     

 

Figure 3 - 7: UBI amplitude and transit time produced images (Evans, 2006).   

The travel time of a single pulse can be transmitted to an estimate of the borehole radius. 
Thus, every single pulse can be considered as one arm of a caliper. Since there are 140 – 
180 pulses per revolution, the UBI represents 140 – 180 arm calipers. The very short 
wavelength (λ=1mm) of UBI makes it very accurate, provide it has been properly calibrated 
by measuring the wavespeed in the borehole. In order to obtain a small vertical spacing 
between scans, the log should be run slowly (2 – 4 m/min) and the sonde should be well 
centralized.   
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3.5 The Flow and temperature log 

The location of permeable fractures intersecting the openhole section of GPK4 were 
identified and quantified by running many temperature and flow logs during different 
operations. Some of these logs extended into the casing and so could be used to identify 
leaks. 

3.5.1 The Flow logs 

The following is taken from Borehole Geophysics lectures given by 
professors Keith Evans and Hansruedi Maurer (ETHZ): the flow log 
profile shows the intervals where the flow is entering or leaving the 
borehole. These intervals reveal the location of permeable units or 
fractures intersecting the borehole. In addition, the flow log profile 
allows the transmissivity of the permeable zones to be determined. The 
flow in the borehole can be measured in several methods. The most 
important method is spinner logs. The spinner sonde (Figure 3 - 8) 
contains impeller mounted within a protective cage. The spinner sonde 
records the rotation rate of the impeller and the depth. This rotation 
rate is proportional to the velocity of the fluid passing through the cage. 
The spinner logs are run centralized, which give a reasonable 
estimation of the mean fluid velocity. However, the tool is not precise if 
the flow rate is very low resulting in laminar flow regime or if it is very 
high resulting in turbulent flow regime. In addition, the impeller may 
stop rotating at low flow rate because of the friction. The friction also 
reduces the rotation rate of the impeller. In order to reduce these 
drawbacks of the tool, spinner flow logs are usually run both up and 
down the borehole. The velocity of the sonde will either add or subtract 
to the flow-induced rotation depending on the direction of the flow in 
the borehole. The spinner sonde records a profile of spinner rotation in 
revolution per minute (RPM). Then from this profile the fluid velocity 
profile is determined by applying the calibration test results to the 
spinner log. Finally, the velocity profile is converted to flow profile by multiplying the velocity 
profile with the cross sectional area profile.   

Figure 3 - 8 

3.5.2 The Temperature log 

The following is taken from Borehole Geophysics lectures given by 
professors Keith Evans and Hansruedi Maurer (ETHZ): the temperature 
log is measured by a simple sonde (Figure 3 - 9) which include 
temperature and electrical conductivity sensors. The accuracy of the 
temperature measurement is usually better than ±0.5°. The temperature 
of the fluid in the borehole largely reflects the temperature of the 
surrounding rocks. The temperature profile is useful for evaluation the 
geothermal resources, understanding regional hydrogeology circulation, 
designing the chemical composition of the cement, and identification of 
permeable zones. The latter is done by a special method, first the 
borehole is injected by cold water. This will cool the walls of the 
borehole, particularly at the permeable zones. Then the operation 
reversed and the well is pumped. The cooling diffuses away quickly in 
impermeable zones and the fluid that come out of the fractures will be 
colder than the ambient temperature. Later, the cold inflows coming out 
of the permeable fractures are identified by running a temperature log. 
This method is very effective in locating the permeable zones or 
fractures in the borehole and in identifying any leak in the casing.  

Figure 3 - 9 
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4 Results 

4.1 Analysis of casing ovalisation in GPK4 from USIT logs  

To search for sections of the GPK4 casing that showed ovalisations which were too large to 
be ascribed to manufacturing or transport, the 'corrosion mode' USIT logs from 2005 and 
2008 were examined as described below. 

4.1.1 Details of USIT logs in GPK4 

To evaluate the cement condition and the mechanical integrity of the casing in GPK4, USIT 
logs were performed in 2005 and 2008. The logging parameters of the logs are listed in 
Table 4 - 1. 

Parameters  2005 2008 

First log 4757.9-4541.2 m: 8.67 
m/min 

2251.5-2185.7 m: 5.98 m/min 

Second log  4755.9-4555.5 m: 5.27 
m/min 

2250.5-1827.3 m: 12.09 
m/min 

Main log 4755.9-475.1 m: 6.72 m/min 4411.7-2184.0 m: 13.84 
m/min 

Logging 

 speed  

Third log 495.4-199.0 m: 4.56 m/min - 

Frequency 200 kH  - 

Scan rate 3.58 rps 3.58 rps 

Length 6.02 m 6.02 m 

Weight 151 kg 151 kg 

Transponder OD 6.69" (Type C) OD 6.25" (Type B) 

Ultrasonic working mode 5DEG_1_5IN_6OU_LF 5DEG_3IN_6OU_LF 

Transponder firing rate 258 Hz 258 Hz 

Azimuthal sample interval 5 deg 5 deg 

Motor rotation rate 7.15 rps 7.1 rps 

Pixel height for main log 3.8 cm 7.5 cm 

Stick-slip sections 2600-4760 2300-4125 

Acoustic impedance of 
casing 

46.25 Mray 46.25 Mray 

Table 4 - 1: The logging parameters of the 2005 and 2008 USIT logs. 
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4.1.1.1 The stick slip problem  

The USIT logs, which were run in GPK4, are affected by stick slip movement of the sonde 
arising from the use of stiff centralizers (needed to ensure eccentering in the inclined 
sections of the hole) and remnant cement on the inside of the casing. The effects of the stick-
slip movement are evidenced by the checkerboard pattern seen on the internal radius and 
thickness distributions in columns 4 and 8 respectively in Figures 4 – 1 and 4 – 2. The stick-
slip is severe at the deepest part of USIT 2005 log which includes the identified leaks. Each 
straight section of the 'checkerboard' reflects repeated measurements at the same depth by 
a stationary tool. The depth scale of the log increments normally during is time as the cable 
continues to move regularly at the surface, resulting in cable stretch and increasing tension. 
Once the tension exceeds the frictional force at the centralizer-casing contact, the sonde will 
move upwards with considerable acceleration. The straight sections vary in length from over 
a meter at the deepest part of USIT 2005 log and at 4125 m in 2008 log to approximately 0.5 
m at around 2500 m, above which they disappear (the hole becomes more vertical at this 
point). The short sections between the straight sections represent measurements made 
when the tool is travelling upwards between stationary points. Since the movement of the 
tool during this time is likely to involve significant acceleration and deceleration, the resulting 
measurements are of questionable stability and quality. Thus, where stick-slip is prevalent, 
the only measurements of casing geometry that can be taken on face value are those made 
when the tool is stationary (i.e. the straight sections). Thus, for the case in Figure 4 – 1, the 
sample frequency of casing geometry is about one measurement per meter. Fortunately, 
stick-slip is not present at the deepest part of the 2008 log below 4125 m which includes a 
significant leak. The transition from stick slip to smooth movement for this log is shown in 
Figure 4 - 2.  

 

 

Figure 4 - 1: The stick slip problem in USIT 2005 log between 4450 and 4475 m. 
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Figure 4 - 2: Transition from stick-slip (above) to smooth translation (below) at 4125 m of the logging 

sonde in the 2008 log 

4.1.1.2 Criteria of picking Ovalization 

Casing ovalization was identified by comparing the minimum and maximum internal radii 
measured by the USIT sonde, which are presented in columns 5, 6, and 7 of the 'corrosion 
mode' log (Figure 3 – 3). The following criteria were applied to exclude ovalisations that were 
small enough to ascribe to manufacturing or transport. 

In free pipe section: Casing ovalization is suspected if both the minimum and the maximum 
internal radii diverge in different directions from the mean internal radius for the tubing. The 
difference between the minimum & maximum internal radii should exceed 3 mm for low-
confidence recognition of ovalisation, and 5 mm for high-confidence recognition. Three mm 
(0.12 inch) represents half the distance between two black grid lines in the USIT image. The 
divergence of the minimum and maximum internal radii should occur in orthogonal directions.  
Deviations less than 3 mm could represent ovalisations that were present before deployment 
in the borehole due to manufacturing or handling process as discussed before. In sections 
affected by stick-slip motion, deviations exceeding 3 mm that are localized to isolated single 
sections where the sonde moves rapidly between two stationary positions are not considered 
as ovalizations because of possible dynamic effects. However, when such anomalies extend 
over at least one stationary position, then they are considered as ovalizations but assigned 
as low confidence, even if they exceed 5 mm (Figure 4 - 3). Two examples of suspected 
ovalization in the free pipe section are presented in Figure 4 - 4.  

In cemented section: The same criterion applies as for free pipe, but in addition, observations 
where either the minimum or maximum internal radii deviates from the mean radii are also 
considered indicative of ovalisation. As with the free pipe section, the divergence should be 
at least 3 mm. However, in the cemented section, it is no longer required that the divergence 
occurs in orthogonal directions. Two examples of suspected ovalization in the cemented 
section are presented in Figure 4 - 5.  
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Figure 4 - 3: An example of suspected ovalizations at 4710 m (blue arrows) in section effected by 

stick-slip motion of USIT 2005 log. 

 

 

Figure 4 - 4: Examples of suspected ovalization in the free pipe section at 1788.5 & 1783m. The red 

horizontal lines denote casing joints that have a separation of 11-12 m. 
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4357 
4701 

4703 

Figure 4 - 5: Examples of suspected ovalization at the cemented section at 4357 m left and 4701 m 

(both low confidence), and 4703 m (high confidence) right. 

4.1.1.3 The ovalizations in USIT 2005 log 

The USIT log was run in GPK4 on the 25th May 2005 between 205 m and 4765 m. The log 
was commissioned as a commercial service from Schlumberger, and the results were 
delivered in a PDS file together with an analyst ُs report. No DLIS file containing the raw data 
was provided, which limited the scope of the present work. Four locations were mentioned in 
Schlumberger report where the casing shows severe ovalization. These are listed in Table 4 
- 2: 

 

Depth 
Interval 

Schlumberger's remarks  

3973-3971 Corresponds to zone with large washout measured in open hole  larger than 
elsewhere  

3956-3954 Casing is ovalized in several zones 

3940-3937 Ovalization is severe and USIT stopped rotation  

4710.3 Local ovalization that can be interpreted as potential zone of leakage. 

Table 4 - 2: Ovalizations in GPK4 from Schlumberger report. 

As part of this study, the USIT log from 2005 was examined and ovalized sections identified 
by applying the recognition criteria defined earlier. A total of 29 suspected ovalizations were 
identified, including 4 high confidence features. These are listed in Table 4 - 3. Also included 
in the table are the depth of fracture zones that lie close to the ovalisations. These were 
identified from an Ultrasonic Borehole Imager log of the well that was run in the open hole in 
2004, prior to casing, and is described later. 
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Number  Ovalization 
(USIT)  

m MD 

Evaluation Fracture 
(UBI) m 
MD 
(number of 
the 
fractures) 

Note  

1.  
1458  Low 

confidence  
1458.48 (1) - 

2.  
1531 Low 

confidence  
- - 

3.  
1541 Low 

confidence  
- - 

4.  
1645.5 Low 

confidence  
1644.67 (1) - 

5.  
1647 Low 

confidence  
1647.07 (1) - 

6.  
1762 Low 

confidence  
1762 (1)  Spike on max radius at 1760m 

due to telemetry error.    

7.  
1783 Low 

confidence  
1783 (1) - 

8.  
1788.5 Low 

confidence  
1788 (1) - 

9.  
2025 Low 

confidence  
2025.95 (1) - 

10.  
2462 Low 

confidence  
2462 (2) - 

11.  
2666 Low 

confidence  
- - 

12.  
3126.5 Low 

confidence  
3125.3 (1) - 

13.  
3526 Low 

confidence  
3524 (2) - 

14.  
3725 Low 

confidence  
3725.7 (1) -  

15.  
3937.5-3940 High 

confidence
3942.7 (1) Matches Schlumberger. 

Eccentering index is off scale 
(>10 mm).   

16.  
3953.5-
3955.5  

High 
confidence

3954 & 
3956 (2) 

Matches Schlumberger. 
Eccentering index is off scale.  
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17.  
3971-3973 High 

confidence
3973.4 (1) Matches Schlumberger. 

Eccentering index is off scale 
(>10 mm)  

18.  
4061 Low 

confidence  
4063.7 (1) - 

19.  
4357 Low 

confidence  
4359 (1) - 

20.  
4382-4384 Low 

confidence  
- -  

21.  
4387 Low 

confidence  
- - 

22.  
4582-4584 Low 

confidence  
- - 

23.  
4609-4611 Low  

confidence 
4610.5 (1) -   

24.  
4637-4639 Low 

confidence  
- - 

25.  
4690-4691 Low  

confidence
4690.9 (1) - 

26.  
4695 Low 

confidence
- - 

27.  
4701-4702 Low 

confidence  
4701.8 (1) - 

28.  
4703-4704 High 

confidence 
4704.5 (1) - 

29.  
4710-4712 Low  

confidence
4712  (1) Match Schlumberger 

Table 4 - 3: The suspected ovalizations in GPK4 from USIT 2005 log. 

4.1.1.4 The ovalizations in USIT 2008 log 

Another USIT log was run in GPK4 on the 24th January 2008 between 2200 m to 4400 m at 
no cost to 'GEIE Exploitation Miniere de la Chaleur'. A PDS file and a DLIS file were 
delivered as a courtesy, but no report was provided since the log was not commissioned. As 
part of this study, the USIT log from 2008 was examined and ovalized sections identified by 
applying the recognition criteria defined earlier. A total of 19 suspected ovalizations were 
identified, including two high confidence features. These are listed in Table 4 - 4. Also 
included in the table are the depths of fracture zones that lie close to the ovalisations.   
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Number Ovalization Evaluation  Fractures Note  

1.  
2662-2663 Low 

confidence  
2662 (3) 
2661 (2) 

- 

2.  
2780 Low 

confidence  
2781 (3) 
2782 (3) 

- 

3.  
2936 Low 

confidence  
2937 (6) 
2938 (1) 

- 

4.  
2941 Low 

confidence  
- - 

5.  
3168 Low 

confidence  
3169 (3) -  

6.  
3389-3396 Low 

confidence  
3390 – 
3397 (8) 

Eccentering exceeds 10 mm. 

7.  
3513-3517 Low 

confidence 
- Eccentering exceeds 10 mm 

8.  
3882 Low 

confidence  
3882.4 (1) Eccentering exceeds 10 mm 

9.  
3927-3931 Low 

confidence 
- Eccentering exceeds 10 mm.  

10.  
3942-
3946.5 

High 
confidence 

3942 – 
3946 (5) 

Eccentering exceeds 10 mm.  

11.  
3963-3966 High 

confidence 
3966 (1) Eccentering exceeds 10 mm.  

12.  
3967-3969 Low 

confidence   
- Eccentering exceeds 10 mm.  

13.  
4024-4026 Low 

confidence 
- Eccentering exceeds 10 mm. 

14.  
4109-4110 Low 

confidence 
- Eccentering exceeds 10 mm. 

15.  
4308 Low 

confidence 
4308 (2) - 

16.  
4327 Low 

confidence  
4327 (2) -  

17.  
4335 Low 

confidence  
4334 (2) - 

18.  
4381.5 Low 

confidence  
- - 
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19.  
4386 Low 

confidence  
- - 

Table 4 - 4: The suspected ovalizations in GPK4 from USIT 2008 log. 

4.1.1.5 The depth matching between USIT 2005 and 2008 logs 

In order to compare the ovalizations identified in both USIT 05 and 08 logs, their depth 
scales should be matched. The USIT 05 has been considered as the reference depth. The 
depth matching was performed by comparing similar anomalies in the gamma ray curve from 
both logs. By matching the 7 anomalies listed in Table 4 - 5, the depth-correction curve 
shown in Figure 4 - 6 was produced. To check whether the correction was sufficient, the 
casing joints depths of both logs were compared and found to coincide. 

 

Number  USIT 05 USIT 08 Depth difference 

1.  2340 2337.5 2.5 

2.  2733 2731 2 

3.  2819.5 2817.5 2 

4.  3431 3429.5 1.5 

5.  3874.5 3873.5 1 

6.  4003 4002.5 0.5 

7.  4261.5 4261 0.5 

Table 4 - 5:  Depths of common anomalies identified in the gamma-ray curves from the USIT 05 and 

08 logs. 

 

Figure 4 - 6: The depth correction chart between USIT 05 & 08 logs. 
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4.1.2 The reliability of USIT logs in identifying casing ovalizations 
(Comparison between USIT 2005 and 2008 logs) 

The objective of comparing USIT 2005 and 2008 logs is to distinguish real ovalizations from 
the artifacts. The depth correction chart (Figure 4 - 6) was used to correct the depth of 
suspected ovalizations (or anomalies) in the USIT 2008 log and then compared it with the 
suspected ovalizations in the 2005 log. Although the depth correction was found to be 
accurate, but in order to be more precise the anomalies in the logs were compared to each 
other within 1 m interval. The anomalies identified in both logs, the depth of the fracture 
zones that lie within 2 m of USIT anomalies, and other important information regarding the 
leaks, are listed in Appendix 1. Upon examining these data, it was found that only three low 
confidence anomalies match between USIT 2005 & 2008 logs. One of these anomalies 
matched perfectly, one matched within 0.5 m and one within 0.9 m. The matched anomalies 
are listed in Table 4 - 6 and shown in the Figures 4 – 7 and 4 – 8, where the red arrows 
indicate the anomalies. The anomalies that match in both logs have been considered to 
represent real damage in the casing, where the damage could be a result of either corrosion 
(holes) or shearing (ovalizations). The anomalies seen in only one of the logs and not in the 
other are considered as artifacts. In sections 4.1.1.3 and 4.1.1.4, it was found that USIT 2005 
log contains 29 anomalies including 4 high confidence anomalies (Table 4 - 3), while USIT 
2008 log contains 19 anomalies including two high confidence anomalies (Table 4 - 4). 
Therefore, there are 16 anomalies in the 2008 log which are considered to be artifacts. It 
should be noted that the comparison was only possible between 2200 and 4400 m because 
the 2008 log was run only in this interval. Thus, as a result of the comparison between the 
logs in this interval, 11 anomalies in the 2005 log are considered as artifacts. The remaining 
anomalies above and below the compared interval, which are 10 anomalies above and 8 
below, can not be considered as artifacts. Five of the anomalies below the compared interval 
are in interest, because they are located in the section of the lower leak, so they are going to 
be discussed later. The result was not expected, because the ovalizations, which match in 
both logs, have been assigned as low confidence in both of the logs. Furthermore, none of 
the high confidence anomalies correlate between USIT 2005 and 2008 logs, the possible 
explanation of this will be given later. The high confidence anomalies in each of the USIT 
2005 and 2008 logs are listed in Table 4 – 7. 

 

Number Ovalization 05 
Depth 
reference  

Ovalization 08 
Corrected depth 
+∆D 

Depth 
difference 
USIT 08 –USIT 
05 

Evaluation Fracture 
(Number of 
fractures) 

1.  
2665-2666.5 2664.1-2665.6 -0.9 Both low 

confidance 
2662 (3) 

2.  
4382-4384 4382 0 Both low 

confidance 
- 

3.  
4386 & 4387 4385.5-4386.5 -0.5 Both low 

confidance 
- 

Table 4 - 6: The ovalizations that match in both USIT 2005 and 2008 logs. 
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High confidence anomalies in USIT 05 Depth 
reference  

High confidence anomalies in USIT 08 
Corrected depth 

- - 

3937-3940 - 

- 3942.8-3947.3 

3953.5-3955.5  - 

- 3963.7-3966.7 

3970.5-3973 - 

- - 

- - 

4703-4704 - 

Table 4 - 7:  The high confidence anomalies in each of the USIT logs. 

          

Figure 4 - 7: Casing ovalization at 2665m (red arrows) in the USIT logs 2008 left and 2005 right. 
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4382m 

4386m 

Figure 4 - 8: Casing ovalizations at 4382 & 4386m (red arrows) in the USIT logs 2008 left and 2005 

right. 

4.1.3 The high confidence ovalisation anomalies between 3935 and 3973 m 
in the USIT 2005 and 2008 logs 

This interval includes the uppermost three ovalization sections indentified in the 
Schlumberger report of USIT 2005 log and two high confidence anomalies found in USIT 
2008 log. They are listed in Table 4 – 8 and shown in Figures 4 - 9 to 4 - 13. Stick-slip 
movement affects all these sections in both logs, and results in a sampling interval of about 1 
m. In the USIT 2005 log, the difference between the indicated minimum and maximum 
internal radius at 3937-3940 m depth is large, and extends over more than one sample 
interval (Figure 4 - 9). For intervals 3954-3956 m, and 3971-3973 m, the difference is less 
pronounced, and the extension is only 1-2 sample intervals (Figures 4 – 11 and 4 – 13). 
Significantly, there is no evidence of ovalisation at any of these depths in the 2008 log. Thus, 
it is reasonably clear that the ovalisations inferred from the 2005 log are fictitious. It can be 
seen that all parameters including echo amplitude are disturbed at these depths (columns 3 
to 7 in the figures 4 - 9 to 4 - 13). An explanation is that the tool is severely eccentred at 
these depths, as can be seen by the eccentering curve in Column 1 of the upper figure of 
Figures 4 - 9, 4 - 11 and 4 - 13. Similar eccentering problems can be noticed at the 
ovalisation anomalies at 3942.8-3947.3 and 3963.7-3966.7 m in the USIT 2008 log (Column 
1 of the lower figure of Figures 4 - 10 and 4 - 12). For 3942.8-3947.3 (Figure 4 – 10), the 
difference between the minimum and maximum internal radius extends over 1 sample 
interval. While for 3963.7-3966.7 (Figure 4 – 12), the difference is larger and it extends over 
2 sample intervals. There is no evidence of ovalizations at the same depth of these 
ovalizations in the USIT 2005 log. They also correlate with depths where the tool is 
eccentred, and thus are considered fictitious. 
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Ovalization 
05  

Depth 
reference 

m MD  

Ovalization  

USIT 08 

 

Ovalization 08  

corrected depth 

m MD 

Evaluation Fracture UBI 

m MD 

(No. of 
fractures 
within 2 m)  

Schlumberger 

report  

USIT 2005 

3937.5-3940 - - High 
confidence 

3942.7 

(1) 

3937-3940 

- 3942-3946.5 3942.8-3947.3 High 
confidence 

3942-3946 

(5) 

 

3953.5-
3955.5  

- - High 
confidence 

3954 & 3956 

(2) 

3954-3956 

- 3963-3966 3963.7-3966.7 High 
confidence 

3966 

(1) 

 

3971-3973 - - High 
confidence 

3973.4 

(1) 

3971-3973 

Table 4 - 8: The high confidence anomalies in USIT 2005 and 2008 logs in the depth interval between 

3935 and 3973 m. 

 

 

USIT 2005 log 

3937 

3940 
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USIT 2008 log 

3937 

3940 

Figure 4 - 9: Ovalization anomaly at USIT 2005 log between 3937.5 and 3940 (the upper figure) and 

the corresponding depth from the USIT 2008 log (the lower figure).  

 

   

 

USIT 2005 log 

3942 

 

3946 

 

USIT 2008 log 

3942 

 

3946 

Figure 4 - 10: Ovalization anomaly at USIT 2008 log between 3942 and 3946.5 (3942.8-3947.3 

corrected depth) (the lower figure) and the corresponding depth from USIT 2005 log (the upper figure). 
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USIT 2005 log 

3953 

3955 

 

USIT 2008 log 

3953 

3955 

Figure 4 - 11: Ovalization anomaly at USIT 2005 log between 3953.5 and 3955.5 (blue arrows) and 

groove (green arrows) between 3960 and 3963 (the upper figure) and the corresponding depth from 

USIT 2008 log where the groove is also observed (the lower figure).  

   

 

USIT 2005 log 

3963 

   
3966 
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USIT 2008 log 

3963 

   
3966 

Figure 4 - 12: Ovalization anomaly (blue arrows) at USIT 2008 log between 3963 and 3966 m (3963.7-

3966.7 m corrected depth) and groove (green arrows) between 3958.5 and 3963 (3959.2 - 3963.7 

corrected depth) (the lower figure) and the corresponding depth from USIT 2005 log where the groove 

is also observed (the lower figure).  

 

 

USIT 2005 log 

3971 

3973 

 

USIT 2008 log 

3971 

3973 

Figure 4 - 13: Ovalization at USIT 2005 log between 3971 and 3973 (the upper figure) and the 

corresponding depth from USIT 2008 log (the lower figure).  
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4.1.4 The section below 4690 m of USIT 2005 log 

The 2008 USIT log was run to only 4407 m, and thus below this depth only the 2005 log is 
available. However, the deepest part of the 2005 log was logged three times (i.e. a main log 
and two 'repeats' run at different logging speeds). This section is in interest because it 
includes the lower leak. All logs are severely affected by stick slip movement. There are 
several ovalisation anomalies in this section, but it was hard to identify their origin: whether 
they are due to ovalization in the casing or just an effect of stick slip movement. To answer 
this question, all ovalisation anomalies (i.e. low and high confidence) at the repeated logs 
were compared in Table 4 - 9 and in figures, Figure 4 - 14 to Figure 4 - 16. 

The difference between the minimum and maximum internal radius is generally consistent 
between logs, and thus can be considered as reliably determined. However, the length of the 
ovalized section in most cases differs between logs. The explanation is that: when the 
anomaly is at stationary measuring point (stationary section), the anomaly is exaggerated, 
and the opposite happened when the anomaly are in between two measuring points (at the 
movement section). In this case, the tool will move through the section very fast so the 
anomaly will appear small or might not appear at all if it is small. The ovalisation anomalies 
found in all the logs have to be considered real and represent damage in the casing. When a 
main log anomaly is not present in either of the repeated logs, then the ovalisation is 
considered to be fictitious. All the anomalies we have in this section are found in all repeated 
logs except at 4701 m which is probably a small ovalization in the casing. All other anomalies 
probably represent real anomalies, and most likely casing ovalizations. 

 

The difference between min. and max. internal radius of the anomaly 
(mm) and its length (m)in parenthesis. 

Ovalisation anomaly 
depth m MD. 

Main log First repeated 
section 4556-4760 m 

Second repeated 
section 4650-4760 m 

4690 5 mm  

(0.5 m) 

5 mm 

(0.2 m) 

5 mm 

(2 m) 

4695 6 mm 

(0.5 m) 

6 mm  

(3 m) 

6 mm  

(1 m) 

4701 3 mm 

(1.5 m) 

- 3 mm 

(1 m) 

4703 6 mm 

(1.5 m) 

5 mm 

(2 m) 

5 mm 

(2 m) 

4710 10 mm 

(2 m) 

8 mm 

(2 m) 

8 mm 

(3 m) 

Table 4 - 9: The anomalies identified from USIT 2005 log between 4690 and 4725 m. 
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Figure 4 - 14: The main log of USIT 2005 log between 4690 and 4725 m.  
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Figure 4 - 15:  The first repeated log of USIT 2005 log between 4690 and 4725 m. 
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Figure 4 - 16: The second repeated log of USIT 2005 log between 4690 and 4725 m. 

 

4.1.5 The ovalizations in GPK4:  

The recognized ovalizations include the ovalizations which match in both USIT 2005 and 
2008 logs (Section 4.1.2) and the ovalizations that match in all three passes (the main log 
and two repeat sections) of the interval between 4690 and 4720 m in the 2005 log (Section 
4.1.4). These ovalizations are listed in Table 4 - 10. 
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USIT 2005 Ovalizations USIT 2008 ovalizations Evaluation 

2665-2666.5 2664.1-2665.6 Both low confidence 

4382-4384 4382 Both low confidence 

4386 & 4387 4385.5-4386.5 Both low confidence 

4690 Low confidence 

4695 Low confidence 

4701 Low confidence 

4703 High confidence 

4710 

N
O

 D
A

T
A

 
Low confidence 

Table 4 - 10: The recognized ovalizations from USIT 2005 and 2008 logs in GPK4. 

4.2 Analysis of Cement bond log  

In order to evaluate the cement condition in Soultz deep boreholes, combined CBL-VDL and 
USI logs were run and interpreted together according to the following criteria which is taken 
from Schlumberger report (The interpretation of USIT log in GPK4, 2005): 

 AIAV is the average cement acoustic impedance that is measured by the USIT 
sonde. The limit for fluid and contaminated cement is 2.6 Mray. Therefore, when 
AIAV is above 2.6 Mray, then cement is present behind casing.  

 The CBL amplitude is low when the cement-to-casing bond is good, and high when 
the bond is poor or absent. 

 Weak casing arrivals on the VDL are indicative of good casing-to-cement bonding 
and vice versa. The presence of VDL formation arrivals is indicative of the presence 
of the cement sheath, even if the cement is not directly with contact with casing.      

Therefore, the following cases can be distinguished: 

 The absent of cement (free pipe) will give high CBL amplitude, strong VDL casing 
arrival and absent of formation arrival, and low AIAV.  

 Good cement-casing bond will give a low CBL amplitude, a weak VDL casing arrival 
and presence of the formation arrival, and a high AIAV. 

 Poor cement-casing bond will give a high CBL amplitude, the presence of both 
casing and formation arrivals on the VDL, and a low AIAV. 

 The presence of a liquid filled microannulus between the cement and casing will 
give a different response for the USIT and CBL. The CBL will give a high amplitude 
and show a strong casing arrival on the VDL, while the USIT log will give a AIAV 
value greater than 2.6 Mray.    

The casing to cement bonding described as follows: above 80% good, between 80 and 40 % 
medium and below 30% poor. 

4.2.1 Cement bond log in GPK4 

Based on the analysis of data from the CBL-VDL and USI logs and on the concept already 
discussed in section 4.2, GPK4 can divided into the following three sections according to the 
presence of cement and its condition: 
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 4760 – 4723 m: poor cement-to-casing bonding that could be due either to poor 
cementation or to a gap between the cement sheath and the casing. 

 4723 – 4159 m (top of cement): cement is present, but a liquid filled annulus is 
present between the casing and the cement.  

 4159 – Surface: Free pipe.  
 
The section of log near the top of cement (TOC) is shown in Figure 4 - 17.  

 

 

Figure 4 - 17: The top of cement TOC in GPK4 at 4159 m as observed form the USIT log. 

4.2.2 The cement condition at the depth of Ovalizations and leaks 

It can be noted that only one of the recognized ovalizations (Table 4 - 10) are located in the 
free pipe section above 4159 m and all the others are located in the cemented section. The 
cement condition in the interval between 4378 and 4390 m, where the second and third 
ovalizations and the upper leak are located, is poor with present of liquid filled channels and 
gas filled channels and it improves below 4390 m. This can be indicated from Figure 4 - 18 
and Figure 4 - 19, where between 4378 and 4390 m the AIAV is low (sometime less that 2 
Mray), the CBL amplitude is high and exceed 10 Mv and the VDL casing arrival is strong, 
while below 4390 m the AIVA become almost 4 Mray and the CBL amplitude decrease. 
Furthermore, the cement condition in the interval between 4690 and 4720 m, where the last 
five ovalizations and the lower leak are located, is medium in general with present of liquid 
filled channels and good in some short section of this interval. This is shown in Figure 4 - 20 
and Figure 4 - 21, where the AIAV is above 2.6 Mray, the CBL amplitude is less than 25 Mv, 
and the VDL casing arrival is weak. The cement condition became poor below 4720 m.   
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Figure 4 - 18: The cement condition at interval between 4375 and 4400 m that correlate with 

ovalizations at 4382 – 4384 m and at 4385 – 4387 m and with the upper leak at 4386 m. 

 

Figure 4 - 19: CBL_VDL at interval between 4375 and 4400. 
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Figure 4 - 20: The cement condition at the interval between 4690 and 4725 m that correlate with the 

last five ovalizations and with the lower leak at 4712m. 
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Figure 4 - 21: CBL_VDL at the interval between 4690 and 4725 m. 

 

4.3 Analysis of fracture zones from UBI logs in GPK4  

A Schlumberger UBI log was run in GPK4 two times. The first was run on the 15th Feb. 2004 
from 1431 to 4733m in 12.25 inch diameter section. The second was run on the 12th Apr. 04 
in 8.5 inch section from 4740 to 5263m. The acoustic reflectivity images were analysed by B. 
Valley (2007, PhD thesis) to identify fractures and the fracture zones that cut the well, and 
determine the dip, the azimuth and the type of the fractures. All the fractures that correlate 
with suspected ovalizations are listed in Appendix 1. 

4.3.1 Comparison of the ovalizations with the fractures  

The ovalization anomalies identified in either the 2005 or the 2008 USIT logs were compared 
to natural fractures seen in the UBI log in order to check whether fractures were present at 
the depth of the anomalies. All fractures that lay within 2 m of an apparent ovalization 
anomaly are listed alongside the anomalies in Appendix 1. Fractures that correlate with the 
recognized ovalizations (Table 4 - 10) are listed in Table 4 - 11 and the UBI acoustic 
reflectivity images for four of them are shown in figures (Figures 4 - 22 to 4 - 24) (images 
from Valley, 2007). Fractures were classified according to the typology developed by the 
BRGM for the Soultz site (Maqua, 2003; Valley, 2007) which is:  
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 Type 11: continuous, dipping, planar fracture that appears entirely open. 
 Type 13: continuous, dipping, planar fracture more than 50% open. 
 Type 14: continuous, dipping, planar fracture less than 50% open (green sinusoid 

Figure 4 - 22). 
 Type 15: uncertain open dipping planar fracture. 
 Type 23: continuous, dipping, planar fracture greater than 50% closed.  
 Type 24: continuous, dipping, planar fracture less than 50% closed (light blue 

sinusoid). 
 Type 25: uncertain closed dipping planar fracture (blue sinusoid). 

It should be noted that 'open' in this context refers to the visibility of the trace on the image, 
and does not necessarily imply a state of being mechanically or hydraulically open. 
 

Numbers  Ovalization depth 
m 

Fracture depth m Azimuth  Dip Type  

2662.57 314 65.3 14 

2662.69 313.4 67.5 14 1.  

2664 – 2666.5  

2662.90 309.8 69.8 14 

2.  4382 None - - - 

3.  4385 – 4387 None - - - 

4.  4690 4690.9 58.8 62.9 11 

5.  4695 None - - - 

6.  4701 4701.8 42.9 70.9 13 

7.  4703 4704.5 37.8 71.3 13 

8.  4710 - 4712 4712.1 199.9 65.4 11 

Table 4 - 11: The recognized casing ovalizations and the corresponding fractures in GPK4. 
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Figure 4 - 22: Three natural fractures at 2662 m. 

 

Figure 4 - 23: No fractures found at 4382 and at 4386 m. 
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(a) 

 

(b) 
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(c) 

Figure 4 - 24: UBI images between 4690 and 4716 m which show: (a) a natural fracture at 4691 m and 

the absent of fractures at 4605 m, (b) natural fractures at 4702 and 4704.5 m and (c) a natural fracture 

at 4712 m, which accounted for significant mud loss during drilling. 
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4.4 The Flow and temperature logs in GPK4 

In order to determine and quantify the outlet in the well, several flow and temperature logs 
were run during different operations in GPK4. A summary of these logs in GPK4 is given in 
Table 4 - 12.  

 

Date  Operation  Observation  

14 Sep. 04 Flow log run by Socomine between 
4709.5 & 5076 m during first hydraulic 
stimulation at 30 l/s.  

The leak was not present at that 
time.  

14 Mar. 05 

 

Flow logs run by Socomine between 
4640 & 5080 m during the 10 l/s stage 
of the step-rate injection test that 
followed the first acidization.  

16 Mar. 05 Flow logs run by Socomine between 
4640 & 5080 m during the 28.5 l/s 
stage of the step-rate injection test 
that followed the first acidization 
(Table 2-4). 

Lower leak at 4710 m identified 
and quantified as taking 25% of 
total injected fluid. 

22 Mar 06 

 

Temperature log with low rate injection 
test.  

Two leaks suspected after two 
cool anomalies identified at 
around 4300 m & 4700 m  

27 Apr. 06 Flow logs run by the Schulze company 
using a novel sensor around intervals 
4380 & 4710 m during the 19 l/s stage 
of the step-rate injection test that 
preceded the RME acidization (Table 
2-4).  

Leaks confirmed  

4319, 4360m (8%) 

4712m (11%) 

13-14 June 06 Flow logs run by the Schulze company 
during the injection test at 18 l/s and 
30 l/s for logging. 

Quality is not good due to strong 
temperature effect. 

6 Oct 06 

 

Flow log run by Schlumberger during 
a 30 l/s injection.  

4386m (24%) 

4725m (12%) 

4719m minor leak.  

Table 4 - 12: The flow and temperature logs in GPK4 
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The first flow log in GPK4 was run during the first hydraulic stimulation at 30 l/s injection rate. 
The log was run between 4709.5 and 5076 m on the 14th September 2004. The log was 
analyzed by M. Schindler of Bestec who produced the flow profile shown in Figure 4 - 25 that 
has been corrected for the effect of cross-sectional area variations. The log formally begins 
at 4710 m, which is the precise location of the leak that was subsequently discovered. Thus, 
the formal log does not determine whether a leak was present at the time. However, during 
the upward logging trip, logging actually extended up to 4683 m, as shown in the raw spinner 
data in Figure 4 - 26.  No change in spinner rotation rate is seen at 4710 m, demonstrating 
that leakage at that time was zero or very small.  

 

 

Figure 4 - 25: The first flow log in GPK4. Analysis and correction of the effects of cross-sectional area 

variations (left) on the flow by M. Schindler of Bestec. 
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Figure 4 - 26: The complete record of the spinner rotation rate during the operation associated with the 

flow log that was run on 14th Sep. 2004, when the injection rate was 30 l/s. 

The next flow logs were run on 14 & 16th March 2005 between 4640 & 5080 m. The logs 
were run during the step rate test that followed the first acid (HCL) injection at rates of 8.6 
and 26.6 l/s respectively. They were analyzed and corrected for the effects of variations in 
cross-sectional area by M. Schindler of Bestec, and are shown in Figure 4 - 27. Both logs 
show a step-offset in flow-rate at 4711 m, indicating a leak in the casing. The leak is 35% of 
the injection rate for the first log and 20.4% for the second. The following year, a further leak 
at 4385 m was identified, as described shortly. Both logs in 2005 formally started below this 
depth, and thus cannot determine whether it was active at that time. However, the spinner 
sonde, which was also used to record downhole pressure and temperature during the 
injection, was pulled out of the hole after the first log on 14th March for repair, and then run 
back down. The record of spinner rotation was recorded each minute throughout these 
downhole operations (Figure 4 - 28). The rotation rate during the trip into the hole after 
repair, when the injection rate was 8.6 l/s, shows no offset at 4385 m, as shown in Figure 4 - 
29, which is an extended view of Figure 4 - 28. Thus, leakage at that depth was either zero 
or very small at that time.   
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Figure 4 - 27: The flow logs which were run on 14 Sept 04 in blue, Mar 14, 05 in orange, and Mar 16, 

05 in green and red (Schindler, 2007). 
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The log 
of 
interest 

Figure 4 - 28: The complete spinner rotation rate history during the 2nd step rate test on 14 – 16th 

March 2005. The log of interest, marked by a blue arrow, was recorded as the sonde was tripped into 

the hole after repair, when the injection rate was 8.6 l/s. 

 

Figure 4 - 29: Expanded view of Figure 3-18. The log that crosses the upper leak is indicted by green 

arrows. 
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From 6th to 8th March 2006, a low-rate injection test was performed in GPK4 followed by 2-
day venting (Pfender et al, 2006). A temperature log was run in the shut-in well on 22nd 
March (blue curve in Figure 4 - 30). Two temperature deviations indicating enhanced cooling 
can be seen at 4110 and 4440 m TVD (4380 m and 4700 m MD) with a minor feature at 
4280 m TVD ( 4600 m MD) suggesting leaks at these depths. Whilst the leak at 4710 m was 
known, this was the first wellbore-related evidence for a leak at 4380 m.  

 

Figure 4 - 30: The temperature logs run in GPK4 in March 2006. The reference log (blue) was run on 

22nd March, 6 days after a low-rate injection and venting test.  The green and red logs were run a 

week later after a further injection (Pfender et al, 2006). 

Shortly after the temperature logs, a flow log was run by Schulze on 27th April 2006, during 
the third step rate test when the injection rate was 19 l/s. The log was not run continuously in 
the borehole but instead was run only in the two intervals of suspected leaks, at around 4380 
and 4710 m, as shown in Figure 4 - 31. Leaks were identified at 4360 m and 4712 m, with a 
minor leak 4319 m. This is the only evidence for leaks at 4319 and 4360 m. The depth of this 
log could not be determined as precisely as the other logs because it did not extend to the 
open hole and hence could not be matched with the cross-sectional area log.  
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Figure 4 - 31: The flow log on 27 Apr. 06. The log was run two times in every section. 

The most recent flow log was run by Schlumberger on the 6th October 2006 when the well 
was being injected at 30 l/s (Figure 4 - 32). The main log, shown in Figure 4 – 32, identifies 
two leaks: an upper leak at 4386 m, where 24% of the flow entered the formation, and a 
lower leak at 4725 m, where 12 % entered. No flow is obvious at 4710 m, which is known to 
be a leak. Several repeat logs were made of the lower leak zone, and these are shown in 
Figure 4 - 33. From this figure, three leaks can be identified: the major leak is at 4725 m, a 
minor leak at 4719 m, and the old leak at 4710 m which is still present, but is less 
pronounced than before.  
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Figure 4 - 32: The Schlumberger flow log. 

 

Figure 4 - 33: The repeated sections of Schlumberger flow log. 
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4.4.1 Correlate the ovalizations with the flow and temperature logs and with 
seismicity  

In order to check if the ovalizations are accompanied with permeable zones, it was compared 
to the leak discovered by the flow and the temperature logs or inferred from the seismicity. 
Several leakages in the casing of GPK4 were identified by the flow and temperature logs as 
discussed in section 4.4, these leaks are listed in Table 4 - 13. The seismic events clearly 
clustered at the level of the upper leak (above 4300 m MD (4100 m TVD)) during the 
following operations (as discussed in section 2.2): 

 The second step rate test (13th – 16th March 2005) 
 The RMA chemical stimulation (16th – 19th May 2006) 
 The OCA chemical stimulation (21st February 2007) 
 

The depth of the leaks in m MD and the leak rate in 
parentheses  

The flow log data  

(Injection rate l/s) 
The upper leak The lower leak  

14.04.2004 No leakage was discovered 

14.03.2005 (8.6) No leak  4711 (35%) 

16.03.2005 (26.6) Run below 4711 (20.4%) 

Temperature log 

22.03.2006 

4300 4700 

27.04.2006 (19) 4360  4712 

06.10.2006 (30) 4386 (24%) 4725 (12%) 

4719 

4710 

Table 4 - 13: The identified casing leaks in GPK4 from different flow and temperature logs. 

4.5 Summary of casing leakage observations in GPK4 

The first flow log was run in GPK4 (14Sep.04) below 4710 m showed no leaks below this 
depth (Figure 4 - 25). Examination of the raw spinner data, which extend higher up the 
casing, show that the lower leak at 4710 m was not present at that time (Figure 4 - 26). The 
presence of casing leaks in GPK4 was first directly observed in Socomine flow logs 
(14&16Mar.05) during the second step rate test (Figure 4 - 27). Only one leak was identified 
at 4710 m where 25% of the fluid was lost (later denoted as the lower leak). Examination of 
the raw spinner data during a trip out of and into the well during the 8.6 l/s injection stage 
show that no leak was present at 4386 m (later denoted at the upper leak) during this stage 
(Figure 4 - 28 and Figure 4 - 29).  However, the microseismicity recorded during this test 
showed a cluster of events concentrated around 4100m TVD (4300 m MD) which 
corresponds closely to the depth of what would later be identifies as the upper leakage 
(Figure 2 - 14). During low rate injection test (22Mar.06) two leaks were suspected from a 
temperature log when two anomalies were presented in the log at 4110 m TVD (4380 m MD) 
and 4440 m TVD (4700 m MD) (Figure 4 - 30). The leaks were observed in Schulze flow log 
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(27Apr.06). The depths of the leaks were identified to be: the upper leak at 4360 m, a smaller 
leak at 4319m and the lower leak at 4712 m (Figure 4 - 31). During the RMA acidizing 
operation (16-19May06), and the later OCA acidizing stimulation operation (21Feb.07), 
diffuse seismicity extended upwards from around 4000m TVD (4160 m MD) (Figure 2 - 16 
and Figure 2 - 20), which may indicate an active leak. The upper and the lower leaks were 
confirmed from Schlumberger flow log run on 06Oct.06 (Figure 4 - 32 and Figure 4 - 33). The 
depths of the leaks were identified to be: the upper leak at 4386 m (25% of total injection 
fluid), the lower leak at 4725m (12%), and minor leaks at 4719 m and at 4710 m. All 
evidences about the casing leaks in GPK4 are listed in chronological order in Table 4 - 14. 

Date Operation  Observation Upper 
leak  

Lower 
leak  

2003 - 2004 Drilling  Mud losses where 
encountered  

-  4700 to 
4727m       

14Sep04 No leak present at 4710 m stimulation - - 

13-16Mar. 05 

 

Second step rate test First indication of 
the upper leak 
from seismicity 

4300 m - 

14-16Mar. 05 

 

Flow logs Socomine between 
4640 and 5080 m  

Lower leak at 
4710 m identified.  
No evidence of 
upper leak at 8.6 
l/s stage. 

- 4710 m 
(25%) 

22Mar. 06 Low rate injection test with 
temperature  log 

Temperature 
anomalies 
suggest two or 
three leaks 

4300 m 4700 m 

27Apr. 06 

 

Flow logs Schulze run at 
intervals around 4380 & 4710

Leaks confirmed 4360m 4712m  

16-19May 06 RMA acidizing Seismicity 
clustered above 
the level of the 
upper leak 

4300 m - 

6 Oct 06 Flow log Schlumberger Confirmed of 
leakage 

4386m 
(24%) 

4710m 

4719m 

4725m 
(12%) 

21 Feb. 07 

 

OCA acidizing  Seismicity 
clustered above 
the level of the 
upper leak 

4300 m - 

Table 4 - 14: Casing leaks observations at GPK4. 
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5 Discussion 

5.1 Analyses of the depth and the developing time of GPK4 possible 
casing leaks 

5.1.1 The upper leak 

The initial interpretation of the 2005 USIT log documented in the Schlumberger report did not 
recognize an anomaly at the depth of the leak. However, following the Schlumberger flow log 
(Oct. 06), which identified that 24% of the injected flow rate was going into this leak, the 2005 
USIT log was re-evaluated by Schlumberger and a feature interpreted as a hole was 
identified at the depth of the leak. This feature is the small negative spike on the curve for 
minimum casing thickness (red curve in Column 9 at far right of Figure 5 - 1) at 4386 m. The 
2005 log is severely affected by stick-slip as clearly seen on columns 4 and 8 of Figure 5 - 1, 
and the feature occurs over a short section where the tool moves rapidly upward about a 
meter between two positions where it was stationary. This raises the question as to whether 
the sharp signal is a consequence of 'dynamic' tool movement. However, the anomaly is 
found in both USIT 2005 and 2008 logs. Furthermore, such a feature is not present in 
anywhere else in USIT 2005 log. Stick-slip movement affects most of this log, so if the spike 
were to be a consequence of dynamic tool movement, similar features might be expected to 
be seen elsewhere. Thus, the spike is considered as reflecting real damage in the casing 
that was present at the time of the 2005 USIT log. The term casing damage means that the 
anomaly is a result of either shearing (ovalization) or corrosion (hole). 

 

 

Figure 5 - 1: The USIT 2005 log from GPK4 at the upper leak level, where the arrow indicates the 

leak. 
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Fortunately, the 2008 log is less affected by stick-slip in this zone. The minimum thickness 
curve for this log (red curve in Column 9 of Figure 5 - 2) also shows a disturbance at 4386 m. 
An expanded view of the relevant curves in the vicinity of this feature is shown in Figure 5 - 3 
(data exported from the DLIS file). The circumferential casing scans spiral up the hole with a 
7.5 cm separation, which defines the vertical pixel height. From the curve of the minimum 
thickness recorded for each scan (red curve in column 7 at right), it can be seen that single 
scans immediately above and below the scan at 4385.6 m indicate a reduction in the casing 
thickness from 11.2 mm to 8.6 mm. The thinning appears to be predominantly on the inside 
of the casing, since the maximum internal radius (blue curve in column 5) increases by ~2 
mm for both scans but the external radii are largely unaffected (Figure 5 - 2). The thickness 
distribution plot (column 6 of Figure 5 - 3) indicates thinning occurs at several points around 
the scans. These points may reflect the presence of holes whose size is smaller than the 
resolution of the ensonifying beam, which would explain why the thickness is not zero. 

  

 

Figure 5 - 2: The USIT 2008 log from GPK4 at the upper leak level, where the arrow indicates the 

leak. 
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Figure 5 - 3: The cross sectional plot for the upper leak anomalies.  

At the depth of the leak, no fractures are evident on the UBI log (Figure 4 - 23). However, the 
cement bond log shows that cementation is locally poor, but improves a meter below the leak 
(Figure 4 - 18 and Figure 4 - 19). Thus, the fluid does not come from a fracture directly at the 
level of the leakage, but instead it may originate at a fracture or fractures, probably above the 
leak where the cement condition is poor, and then migrate through the annulus. 

During the second step rate test (14th to 16th of March 2005), two flow logs were run when 
the injection rate was 8.6 and 26.6 l/s. Unfortunately, only the first log crosses the upper leak 
level, and this shows no evidence of a leak at that time (Figure 4 - 28). However, seismicity 
recorded during this test accumulates at the level of the upper leak. About 100 of 256 events 
occur at a depth between 4000 and 4200 m TVD (4160 and 4420 m MD). Most of these 
events occur less than 100 m from the casing as shown in Figure 5 - 4. At the time of writing 
it is not known at which time in the test the microseismic activity began. The USIT log of 25th 
May 2005 shows a spike-like anomaly at 4386 m. There were no operations in the borehole 
between the second step rate test and the USIT log. These observations suggest that the 
leak developed during the second step rate test between 14th and 16th of March 2005.    
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Figure 5 - 4: The seismicity recoded during the second step rate test. The figure shows the radial 

distance of the events from the casing. The depths of the events are in true vertical depth (Pfender, 

2006).            

There is a possible leak at 4360 m which was identified only by Schulze flow log (27Apr.06). 
The minimum and maximum radius curves for the 2005 USIT log are shown in Figure 5-5. 
Taken on face value, a localised ovalisation is suggested, but it is small enough to be of 
manufacturing origin. No such anomaly is present in the USIT 2008 log (Figure 5 - 5). 
Therefore, there is no evidence for damage in the casing at this depth. Similarly no evidence 
of casing damage in either USIT log was evident at 4319 m, where the 27Apr06 Schulze flow 
log indicated a minor leak was present. Given that the Schlumberger flow log run in October 
2006 failed to show leaks at these depths, the reliability of the leak identifications in the 
Schulze flow log of 27Apr06 is questionable.  

Thus, it is concluded that the upper leak occurs only at 4386 m, and no other leaks were 
present at this level. 

   

Figure 5 - 5: Compare USIT 2005 and 2008 log at 4360 m. Left is 2005 log, where the arrow indicates 

the anomaly identified at 4360 m and right is 2008 log, where no anomaly was identified.  
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5.1.2 The lower leak  

The lower leak was first developed at 4711 m. The raw spinner series recorded during the 
stimulation in Sep.04 shows no evidence of the leak at that time (Figure 4 - 26). It was first 
detected in a flow log run on 14th of March 2005 during the second step-rate test that 
followed the HCl acidization. Following the RMA acidization on May 2006, a Schlumberger 
flow log run in Oct. 2006 indicated the presence of several leaks in the section, one of which 
was the leak at 4711 m. However, the major leak was now at 4725 m (Figure 4 - 33). 

The leak developed in a section of casing that shows several ovalized intervals between 
4690 to 4720 m. The 2005 USIT log for the section in question is shown in Figure 5 - 6. The 
2008 USIT log did not extend to this depth. Cementation quality is medium throughout the 
section, and becomes poor below 4720 m (Figure 4 - 20 and Figure 4 - 21). The 2005 USIT 
log is severely affected by stick-slip in this depth range, with slips of almost 1.5 m between 
stationary positions. Schlumberger identified an ovalisation at 4710 m that correlated with the 
leak. The feature is a short section of apparent length less than 20 cm where the sonde 
moves between two stationary positions under the stick-slip movement. This is shown in the 
expanded view of Figure 5 - 6 which is taken from the Schlumberger report (Figure 5 - 7). 
During the period of movement, the minimum internal radii decreases by up to 5 mm and the 
maximum increases by 5 mm.  The symmetry of the azimuthal variation of radii also has the 
form consistent with ovalisation, but there is no evidence of thinning.  The true travel of the 
sonde during the movement is about 1 m. The logging speed for the main log appears to 
have been 6.72 m/min, and thus the average sonde velocity during the period of movement 
is about 33.6 m/min (56 cm/s). If the transponder rotation rate is 3.5 rps, then the average 
separation of measurement tracks during the movement is 16 cm. Even larger separations 
will occur at the centre of travel when the velocity reaches its maximum. Thus, during these 
periods of movement, the scan has the geometry of an elongated spiral rather than 
approximating a circle. This complicates the interpretation of the scans for casing geometry 
in cross-section. However, in the present case, this does not necessarily invalidate the 
recognized ovalisation since it appears to be observed on five scans that are made during 
the period of tool movement. A more detailed analysis of this feature was hampered by the 
absence of a DLIS file. Nevertheless, the feature appears on all three passes (the main log 
and two repeat sections) of the USIT 2005 log at this interval (see section 4.1.4). 
Consequently, it is taken to represent real ovalisation in the casing that is presumed to be 
related to the development of the leak.  
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Figure 5 - 6: The USIT 2005 log from GPK4 at the lower leak level, where the upper arrow indicates 

the leak at 4710 m and the lower one indicate the possible leak at 4719 m. 

 

Figure 5 - 7:  The expanded view of USIT 2005 log from GPK4 at the lower leak level, where the circle 

indicates the leak at 4710 m. 
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A major fracture is seen on the UBI log at 4712 m (Appendix 1 and Figure 4 - 24). This 
fracture most likely accounted for a huge loss of mud during the drilling of the borehole. The 
loss rate was 24 m³/h, which indicates that the fracture is highly permeable. 

The Schlumberger spinner log of October 2006 showed that the leak at 4710 m had become 
less active, and a new significant leakage had developed at 4725 m, with additional minor 
leakage at 4719 m. All three passes of the USIT 2005 log show no anomaly in the casing 
geometry or thickness at 4725 m, perhaps because the leak developed after the USIT 2005 
log was run. The UBI log shows that a fracture is present at 4726 m which might conduct 
fluid from the hole or crack into the rock mass. Alternatively, the fluid could migrate through 
the annulus from other fractures since the cement condition in this section is poor. 

At 4719 m, a feature similar to that seen at 4710 m is evident: specifically divergence of the 
minimum and maximum inner radii over the short section where the tool moved between 
stationary positions. Nevertheless, the anomaly only appears on one of the three passes of 
USIT 2005 log, which suggests that it may partly be of dynamic origin, rather than reflecting 
casing ovalisation. Unfortunately, the 2008 USIT log was run only to 4406 m and thus did not 
image this section of the hole. Two fractures are present at 4719 m. One of them could be 
the origin of the leak. A casing joint occurs at 4720.5 m, just below the leak (Figure 5 - 6), 
and the question arises as to whether the joint is actually the source of the leak. The depth 
matching between the logs is probably about 1 m. Therefore, the possible leak at 4719m 
does not correlate with casing joint and is a result of casing damage. 

5.2 The origin of the casing damage and leaks in GPK4 

In this section I address the question as to whether the leaks are due to corrosion, or 
cracking of the casing through external loading, such as by shear on fractures that cut the 
wellbore.  

5.2.1 The origin of casing damage at the Upper leak 4386m  

At the level of the upper leak, the deviation of the cross-sectional form of the casing from 
perfect circle for the two scans that show thinning is shown in the two middle insets in 
column 4 of Figure 5 - 3 (note: these plots show the azimuthal variation of radii about the 
mean value, and the scale of the variation is amplified with respect to the absolute radii). 
Taken on face value, the upper inset indicates that the points of apparent thinning for the 
scan centered at depth 4385.55 reflects inner radii estimates that oscillate about the mean in 
the SW sector. Where as, the scan at 4385.7 m primarily reflects ovalisation of the casing. 
The uppermost and lowermost insets are for scans taken above and below the disturbance 
zone, and are shown to provide an indication of the forms seen across 'normal' casing. 
Deviation from circularity is seen in both cases, although they are not as pronounced as in 
the lower of the two scans that suggest thinning of the casing. The only section that meets 
the criterion of picking ovalization mentioned in section 4.1.1.2 is the single scan at 4385.7 
m, where the difference between the minimum and maximum radii is 5 mm and the form is 
oval. However, this applies to only 7 cm of casing at most, and it is questionable whether 
ovalisation due to external loading could produce such localized deformation. As mentioned 
in section 2.1.1, rock shearing always develops at a preexisting fracture. However, no 
fracture is evident at this depth in the UBI log. This makes it even harder to believe that the 
leakage is a result of deformation due to shearing. So corrosion is the favoured mechanism. 

It is still questionable whether the acid itself had any impact on the leak. At least, the acid did 
not initiate the leak, because the leak developed during the second step rate test, which was 
performed a few days after the HCL acidization.  It is possible, however, that the acid could 
have started the corrosion and then the corrosion further developed during the second step 
rate test until it finally cause the holes in the casing. This hypothesis needs further 
investigation, especially regarding casing corrosion mechanism and development.      
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5.2.2 The origin of casing damage at the lower leak level  

The section of the lower leak suffers from many casing ovalization features. Unfortunately, 
only the USIT 2005 log was run in this section. As already mentioned, the USIT 2005 log was 
severely affected by stick slip problems. Nevertheless, since 3 passes of the log were made 
of the section, some features can reliably be interpreted as indicating ovalization, one of 
which is at 4712 m. Since a major fracture that accounted for significant mud loss intersects 
the borehole at 4712 m, it is certainly possible that the ovalisation reflects shear movement 
on the fracture, and that this accounts for the leakage. The leak developed during one of the 
hydraulic stimulations or the HCL acidization because it was discovered by flow log run 
during the second step-rate test that followed the HCL acidization. The second stimulation 
did not further improve the productivity of the well. This suggests that the leak did not 
develop during this operation, because it would then have improved the productivity. In 
contrast, the productivity increased during the first hydraulic stimulation and during the HCL 
acidization, which suggest that the leak developed during one of these operations. As shown 
in Figure 4 - 26, raw spinner data recorded during the 30 l/s stage of the first hydraulic 
stimulation shows no offset across 4710 m, indicating that the leak was not active at that 
time. The development of the lower leak could be explained by one of the two following 
hypotheses: 

 The first one suggests that one of the hydraulic stimulations deformed the casing, 
causing several ovalizations to develop in this section of the well. However, the 
ovalizations did not crack the casing and thus, the leak did not develop. Nevertheless, 
the ovalizations weakened the casing and enhanced the effect of the acid on these 
intervals. Then the HCL acid corroded the deformed interval of the casing, causing 
the leak to develop. 

 The second one suggests that the HCL acidization develops the leak by corroding the 
casing. Then the high pressure got inside the rock mass behind the casing through 
the hole created by corrosion and mobilizes the fractures causing the casing 
ovalizations in this interval.      

The leaks at 4719 and 4725 m developed afterwards. They were first identified in the 
Schlumberger flow log of 6th of October 2006, and did not appear in the March 2005 flow log 
or the April 2006 Schulze flow log, although the reliability of the latter log is questionable. The 
USIT 2005 log showed an anomaly at 4719 m which is probably due to the rapid tool 
movement, but no anomaly was evident at 4725 m. Thus, all evidence suggests the late 
development of the leaks, perhaps after April 2006. They should have been resulted from 
one of the chemical stimulations or step rate tests that tended to precede and follow each 
acidization. Since the USIT 2008 log did not extend to this depth, the distribution of damage 
at that time cannot be determined. Therefore, it is not possible to say whether the 
development of the leaks was associated with ovalisation (i.e. shearing) or is the result of 
corrosion, and if it was corrosion, whether the acid treatments were responsible. As indicated 
from Schlumberger flow log, the leak at 4712 m became less pronounced when the other 
leaks developed, which suggest that they are linked by permeable pathways in the annulus. 
The source of these leaks could be the same fracture or network of fractures.  

Based on these observations, the casing damages that might have caused the 4719 and 
4725 m leaks could have been developed as follows. The leak at 4712 m allowed the flow of 
water or acid at potentially high pressure through the poor cement of the annulus and into the 
permeable fractures. The increase in the pressure in the fractures reduces the effective 
stress and allows them to slip. Such shearing might explain why many ovalizations are seen 
at this zone. Natural fractures exist at four out of five ovalized intervals in this zone (Table 4 - 
9 and Appendix 1).  
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6 Conclusion  

The 5 km deep Soultz well GPK4 has been subjected to many injection operations, which 
improved its productivity. At least part of the productivity improvement has come from several 
leaks at the casing that were first seen shortly after an injection of HCl acid. This study tried 
to improve the knowledge of the development of the leaks, and to address the origin of the 
leaks by analyzing ultrasonic casing inspection (USIT) and ultrasonic borehole televiewer 
(UBI) logs to determine whether the leaks correlate with sections of wellbore where the 
casing is ovalized and there are natural fractures.  

The upper leak at 4386 m developed during the second stage of the step rate test that was 
conducted following the HCl acid injection in March 2005. Thinning of the casing seen in both 
the 2005 and 2008 USIT logs together with the absence of natural fractures within 2 m of the 
leak imply that the leak was caused by corrosion, most probably accelerated by the acid 
injection.  

The lower leak at 4710-4711 m was already active at the time of the step-rate test that 
followed the HCl acidization. It was not active mid-way through the first hydraulic stimulation 
on 14th September 2004 when a spinner sonde was run past the interval. Since the well 
injectivity remained constant from this time until immediately after the HCl acidization, the 
leak most likely developed during or shortly after the HCl injection. The casing is ovalized at 
the location of this leak, and there is a fracture zone within 2 m that accounted for a loss of 
mud during drilling. So it is quite possible that the ovalization reflects activation of the fracture 
zone in shear. However, it is not clear whether the leak developed before shearing, or vice 
versa. If the leak developed first, then high pressure fluid in the wellbore during the step-rate 
test could find its way to the annulus and migrate, as the cement quality is poor at this 
locality. This, fracture zones that intersect the well could become pressurised and activated 
in shear. On the other hand, shearing could have been initiated during the first or second 
hydraulic stimulations by overpressure migration from the open-hole section, resulting in 
casing damage. The stressed casing may have been more susceptible to leak development 
when exposed to the acid. Further leaks at 4719 m and 4725 m became active by October 
2006. Fractures are located at these depths, but there is no evidence of ovalization in the 
2005 USIT log. Since the leaks most likely became active after this log was run, it remains 
possible that they developed in response to shearing on the fractures during the step-rate or 
RMA (regular mud acid) injection that took place between April and October 2006. The 
presence of the leak at 4710 m and the poor cement would have allowed pressure to migrate 
to the fractures at 719 m and 4725 m. 

Based on these findings, there is a risk of suffering casing damage during both the hydraulic 
stimulations, due to shear mobilization of fracture zones, and also acidizing operations, due 
to corrosion. However, it seems that the hydraulic stimulations have a bigger consequence 
on the casing integrity than the chemical stimulations, because they could lead to total 
collapse of the casing, as can be seen in the case studies from oil and gas industry. On the 
other hand, the acid may damage the casing, but the effect of the acid on casing could be 
minimize or even completely avoided by injecting the acid through tubing. 

The flow logs are the most reliable and accurate logs to identify the casing leaks. Therefore, 
it is recommended to run the flow logs not only in the openhole section but also through the 
casing, in order to detect any leak at an early stage. USIT log is also very useful in 
monitoring the casing integrity after the stimulation operations. Therefore, it is important to 
run the USIT log several time in order to observe the development of any casing damage.  
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Appendix 1 



Ovalization 
2005  
Depth 
reference 
m MD  

Ovalization 
USIT 2008 
 

Ovalization 
2008  
corrected 
depth 
m MD 

Evaluation Fracture  
UBI  
m MD& 
(No. of 
fractures)

Schlum-
berger  
report  
USIT 
2005 

Casing 
leak  
depth 

Note & 
Casing leak 
(logs & date)  

1458  Low 
confidence  

1458 
(2) 

- - - 

1531 Low 
confidence  

- - - - 

1541 Low 
confidence  

- - - - 

1645.5  Low 
confidence  

1644.67 
(1) 

- - - 

1647 Low 
confidence  

1647.07 
(1) 

- - - 

1762 Low 
confidence  

1762 
(1)  

- - - 

1783 Low 
confidence  

1783 
(1) 

- - - 

1788.5 Low 
confidence  

1788 
(1) 

- - - 

1893 Low 
confidence  

1892.39 
(1) 

- - - 

2025 

N
O

 D
A

T
A

 

N
O

 D
A

T
A

 
Low 
confidence  

2025.95 
(1) 

- - - 

2666 2662-2663 2664.1 Both low 
confidence 

2662(3) 
2661(2) 

- - - 

- 2780 2782 Low 
confidence  

2781(3) 
2782(3) 

- - - 

- 2941 2942.9 Low 
confidence  

- - - - 

3126.5 - - Low 
confidence  

3125.3 
(1) 

- - - 

- 3168 3169.7 Low 
confidence  

3169 
(3) 

- - - 

- 3389-3396 3390.5-
3397.5 

Low  
confidence 

3390 – 
3397(8) 

- - Eccentering 
of 2008 log 
exceeds 10 
mm 

- 3513-3517 3514.5-
3518.5 

Low 
confidence 

- - - Eccentering 
of 2008 log 
exceeds 10 
mm 

3526 - - Low 
confidence  

3524 
(2) 

- - - 

3725  - - Low 
confidence  

3725.7 
(1) 

- - - 

- 3882 3883.1 Low 
confidence  

3882.4 
(1) 

- - Eccentering 
of 2008 log 
exceeds 10 
mm 

- 3927-3931 
 
 
 
 
 
 
 

3927.8-
3931.8 

Low 
confidence  

- - - Eccentering 
of 2008 log 
exceeds 10 
mm 



3937.5-
3940 

- - High 
confidence 

3942.7 
(1) 

3937-
3940 

- Eccentering 
of 2005 log 
exceeds 10 
mm 

- 3942-
3946.5 

3942.8-
3947.3 

Low  
confidence 

3942-
3946(5) 

- - Eccentering 
of 2008 log 
exceeds 10 
mm 

3953.5-
3955.5  

- - High 
confidence 

3954 & 
3956 (2) 

3954-
3956 

- Eccentering 
of 2005 log 
exceeds 10 
mm 

- 3963-3966 3963.7-
3966.7 

High 
confidence 

3966 
(1) 

- - Eccentering 
of 2008 log 
exceeds 10 
mm 

- 3967-3969 3967.7-
3969.7 

Low 
confidence  

- - - Eccentering 
of 2008 log 
exceeds 10 
mm 

3971-3973 - - High 
confidence 

3973.4 
(1) 

3971-
3973 

- Eccentering 
of 2005 log 
exceeds 10 
mm 

- 4024-4026 4024.7-
4026.7 

Low 
confidence 

- - - Eccentering 
of 2008 log 
exceeds 10 
mm 

4061 - - Low 
confidence 

4063.7 
(1) 

- - - 

- 4109-4110 4109.7-
4110.7 

Low 
confidence 

- - - Eccentering 
of 2008 log 
exceeds 10 
mm 

- 4308 4308.5 Low 
confidence  

4308 
(2) 

- - - 

- 4327 4327.5 Low 
confidence  

4327 
(2) 

- - - 

- 4335 4335.5 Low 
confidence  

4334 
(2) 

- - - 

4357 - - Low 
confidence  

4359.2 
(1) 

- - - 

4382-4384 4381.5 4382 Both low 
confidence  

- - 4382 - 

4387 4386 4385.5-
4386.5 

Both low 
confidence 
 

- - 4386 See footage 
1. 

4582-4584 Low 
confidence  

- - - - 

4609-4611 Low  
confidence 

4610.5 
(1) 

- - - 

4637-4639 Low 
confidence  

- - - - 

4690-4691 Low  
confidence 

4690.9 
(1) 

- - - 

4695 Low  
confidence 

- - - - 

4701-4702 

N
O

 D
A

T
A

 

N
O

 D
A

T
A

 

Low 
confidence  

4701.8 
(1) 

- - - 



Appendix 1: The suspected ovalizations in USIT 2005 log, USIT 2008 log, and USIT 2008 log 
after correcting the depth, together with the corresponding fractures from the UBI log, the 

ovalizations mentioned in Schlumberger report and the leaks observations from different logs 
and operations in GPK4.   

4703-4704 High 
confidence 
 

4704.5 
(1) 

- - -  

4710-4712 Low  
confidence 

4712 
(1) 

4710.3 4710 See footage 
2. 
 

- - 4719 
(2) 

- 4719 See footage 
3. 

- - 4726 
(1) 

- 4725 See footage 
4. 

Ovalization 
2005  
Depth 
reference 
m MD  

Ovalization 
USIT 2008 
 

Ovalization 
2008  
corrected 
depth 
m MD 

Evaluation Fracture  
UBI 
m MD& 
(No. of 
fractures)

Schlum-
berger  
report  
USIT 
2005 

Casing 
leak  
depth 

Note & 
Casing leak 
(logs & date)  

 
1. Seismicity concentrated around 4300 m MD (4100 TVD) during second step rate test 

(05Mar13-16), during RMA acidizing stimulation (06MAY16-19) and during OCA 
acidizing stimulation (07FEB21), temperature log (06Mar22) showed an anomaly 
around 4380 m MD (4110 TVD), Schlumberger flow log (06OCT6) showed a leak and 
Re-interoperated of USIT log (06Oct) showed a hole at this depth. 

2. Socomine flow logs (05MAR14-16) showed a leak at 4710 m, USIT log (05MAY25) 
showed an ovalization, temperature log (06Mar22) showed an anomaly around 4700 
m MD (4440 TVD), and Schlumberger flow log (06OCT6) showed a small leak at this 
depth. 

3. Schlumberger flow log (06OCT6) showed a minor leak at this depth. 
4. Schlumberger flow log (06OCT6) showed a major leak at this depth. 

 
 
 


