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Ingo Sass & Ulrich Burbaum: Damage to the h.Woric tot¥11 
of Staujell ( Gen:tarty) caused by geothermal driUings throfl.gh 
a1:1h,rdrite-beari11gfomw.tlons 
Shallow geothermal systems for the heating a.Jid cooling of 
buildings will play an important role in the future renewable 
energy supply. Especially in dense settlements the geother~ 

· mal en,ergy utilization for facility heating and cooling is very 
promising. _Therefore, it is important to analyse the damage to 
Staufen im Breisgau (Germany). In September of 2007, seven 
geothermal borehole heat exchanger (BHE) drillings were pet~ 
formed in a small square direetly adjacent to the 161h century 
town hall in the centre of the town. These led to enormous 
structural damage to. buildings as a function of four different 
geological parameters: artesian groundwater, two interacting 
karst formations,· strong tectonization, and a swellable anhy-. 
drite formation. Some weeks after tennination of the well con­
struction, uplift started, and recently (March 201 0) reached a 
magnitude of approximately 26 em. Actually, some 250 build­
ings (March 2010) are involved; showing cracks, tilting. and 
other effects of the differential swelling movements beneath 
the foundations: Surface uplifts with rate up to 10 mm/month 
have been determined using high-resolution spacebome radar 
data ~d radarinterferometric techniq_ues. These amplitudes 
correlate with data from benchmarks of terrestrial geodetic 
surveyng. Besides the uplift due to .the swelling processes, fu­
ture problems could arise from the fact that the gypsum formed 
from the swelled anhydrite is soluble in water. Thus, sinkholes 
and other karst related phenomena may occur. 
Keywords: Anhydrite swelling, borehole· heat exchangers, 
borehole heat exchanger. drillings, damage to buildings, gyp­
sum kant. 

Povzetek UDK 504.6:550.822(430) 
btgo Sass· do Uh-ich Burbaum: Skoda v zgodovinskem mestu 
Staufen·(NemCija) p·ovzmlena z geaternuzlnim vrtanjem skozi 
anhidritne fornuu:ije · 
Plitvi geotermalni sistemi za ogrevanje in ohlajanJe. zgradb 
bodo v prihodnje igrali pomembno vlogo pri oskrbi z obnovlji­
vo energijo: Zlasti v gosto poseljenih naseljih je kor.iScenje geo­
termalne energi.je ·ronogo· obetajoee za ogrevanje in hlajenje. 
Zato je pomembno analizirati skodo. povzroeeno v Staufnu, 
Breisgau (NemCi.ja). Septembra 2007 je bilo v centro mesta, na 

·manjsem trgu v neposredni blilini mestne hise iz 16. stoletja; 
izvedeno vrtanje sedmih geotermalnih vrtin za toplotno izme­
njavo (VTI). Vrtanje je povzroCilo ogromno Skode na stavbab, 
saj j e vplivalo na- stiri razliene geoloske parametre: na artes"ko · 
podtalnico, medsebojno vp~vqnje kri!Skih fonnaci.j, mocno 
tektonizaci.jo in na · nabrekanje anhidritnih formacij. Nekaj 
tednov po zakljuCku izdelave vrtin se je priCelo dvigovanje in 
je m.arca 2010 doseglo prenillce do priblizno 26 em. Dejansko 
je bilo do main 2010 poilkodovanih okoli 250 stavb, .lqer so 
op~e razpoke, nagibi in druge posledice razlicnih premikov 
pri nabrekanju pod temelji. Povrsinski premiki s stopnjo· do 

· 10 mm/mesecso hili doloCeni z interferometrienin1i. tehnikami 
in obdelavo podatkov visok~lotljivega satelitskega radarja. Te 

· razseinosti so v korelaciji z oznakami relativnih viSin izmer­
jenimi s terestiCnimi geodetskim.i meritvami. Poleg dvigovanja, 
ki ga je povzroalo nabrekanje,lahko v prihodnosti nastanejo 
dodatni problemi z raztapljanjem iz anhidrita nastale sadre. 
Taka lahko pride do nastanka udora iD. drugih pojavov, ld so 
povezani s koroz.ijo. 
Kljucne besede: nabrekanje anhidrita, vrtin za toplotno iz­
menjavo, skoda na poslopjih, sadreni kras. 
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DAMAGE SYMPTOMS 

Staufen im Breisgau (Staufen) is located in the southwest­
ern Germany on the western flarik of the Upper Rhine 
Valley graben (Fig. 1). The drilling of seven shallow 
borehole heat exchangers (BHE) at the City of Staufen 
triggered a series of events in completely different do­
mains that have caused a very problematic situation. 1l1e 
complicated process is not completely investigated today. 
Since the installation of the BHE in September 2007, the 
subsoil in the inner city shows an uplift of up to approxi­
mately 10 nun/month (LGRB 2009). The current cumu­
lative value (as of March 2010) is approximately 26 em. 
The geothermal wells were drilled up to 140m depth, and 
were intended to supply the town hall·wit~ geothermal 
energy for heating an_d cooling purposes: 

Fig. 1: Staufen im Breisgau. 

Fig. 2: Uplijt cracks i1t building KirdJStrajJe. inner courtyard, distance to 
the well field approx. 20 m to the east. Destructi<m of the Stipp orting ma­
scml)l March 2009 (Photo; U. Burbaum). 
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The clifferential uplift affects buildings as well as in­
frastructure by inducing stresses which exceed the ten­
sion and shear strengths of the structural components", 
producing tension and shear cracks (Figs. 2 and 3). In 
addition; the deformations also cause tilting, which in 
turn puts compressive stress on bearing elements. The 
uniaxial compressive strength of construction compo­
nents is locally exceeded, ~d they fail Damages to the 
local infrastructure (Fig. 4) are severe. For example, gas 
and water utilities require expansion bends (Fig: 5) to 
prevent future desasters. The damage patterns are depen­
dent upon the tectonic setting, the lithologic conditions, 

.hydrogeological heterogeneity, and the BHE drilling ge-
ometry as well as varying BHE construction quality. 

Fig. 3: Tensfon crack in a baseplate, building Jiigergasse, distance to the 
well .field approx. 70 m to the· northeast, Mcu·ch 2009 (Photo: U. Bur­

. baum). 

Apertures of cracks typically range up to some cen­
timeters, with some more than 10 em. To date (March 
2010) approximately 250 houses are seriously affected, 
and the number is still increasing (although this num:. 
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Fig. 4: Crack in the street jii.gergasse», distance to the wel'!field approx. . Frg. 5: Installaffon of an expansion bend in a PE-HD gas pipe, Meier­
SO m to the NE, March 2009 (Photo: U. Burbaum). ' gtisse, distarJce to the well field approx. 80 m in northnortheast direction, 

Mardr 2009 (Plwto: U. Btubaum). 

ber may include cracks formed in objects that could not 
verifiably be linked to the uplifting process). Therefore, it 
appears that the area of damage is growing, and that the 
uplift in vertical as well as in radial extension around the 
well field persists ru;J.d damages rises. 

The financial damage, and the best point of time for · 
reconstruction of buildings and infrastructure, are not 

determinable Since the sw-elling persists and is quanti­
tatively not predictable to date. Thus, an economic ba­
sis for the claim settlement does not exist. A method to 
quantify the restoration and compensation costs must be 
·developed in the near future. 

GEOLOGY AND ANHYDRITE SWELLING 

The location of Staufen on the western flank of the Up­
per Rhine Valley graben (Fig. 6) is affected by complex 
and partially unexplored. tectonic conditions (Landes- . 
vermessungsamt Baden-Wiirttemberg 1996}. Fig. 7 
shows a NW-SE geologic cross-section in the area of the 
inner city (after Schreiner 1991, as cited in a report by 
the Landesanstalt fiir Umweltschutz Baden-Wiirttem­
berg 2005}. Small scale features of shearing, compres­
sive and extensive tectonic movements are typical, and 

produce multi-phase fracture systems {Geyer & Gwin­

ner 1991). 
Thus; the quantitative detennination of the ground-

water movement and its flow paths is difficult However, 
it is most likely that.the fracture system can provide vari­
ous hydraulic connections. Drilling 'risks should there­
fore be categorized as high since drill holes could col­
lapse, or other problems may occur. 
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Complicated groundwa­

ter conditions, and local oc­
currence of artesian ground­
waters, are typical at the 
Rhine Valley flanks. For this 
reason, the guidelines for the 
utilization of shallow geother­
mal energy (LGRB 2005) of 
Baden-Wuerttemberg assigns 
geotherrilal well drillings 
into the highest case; group 
D. This group permits geo­
thermal drillings only after 
individual examinations, and 
only under certain technical 
and regulatory conditions. 

Fig. 6: Mod~"ied detail image of the geological map of Fteiburg. M 1:50.000. (I.arltlesvermessungsamt Baden- The general stratifica­
tion in the vicinity. of the 
town hall {Figs. 6 and 7) can 
be taken from the g~ological 
map (Landesvermessungsamt 

~'{"urttemberg 1996). · 

0.2 0.4 o.s 0.8 

· Baden-Wurttembergl996;La­
ndesvermessungsamt Baden­
Wwttemberg 1999), which 
proved to be quite appro­
priate. Basically, thin-bedded 
strata of Jurassic age cover 
some meters of Schilfsand­
stein (Stuttgart Formation) 
and Gipskeuper ( Grabfeld 
Formation). The Gipskeuper 
reaches a thickness of about 
100 to ISO m (Geyer & Gwin­
ner 1991) throughout the 
southwest of Baden-Wurt­
temberg. 

Fig. 7: Geological cross section NW-SB (modified after Schreiner, A. 1991, dted iiJ: Landesanstalt 
for Umweltsdtutz Baden-Warttemberg 2005). 

- In Staufen, wells proved 
a thickness of about 100m. 
The geothermal probes ·pre­

. sumably reached their final 
depths in the Lettenkeuper 

tc = Tertiary conglomerate, Hr = Hauptrogenstein, bj2,; Bajocian 2, bjl = Bajocian 1, al2 =Aalenian 2, all = 
Aalenian 1: Opali1tus day, km = 1\!fdd/e Keuper, icu =Lower Keuper, nw = Upper Muscheikalk, mm = Middle 
Muschelkalk, s = Buntsandstein, G = Granite. 

Anhydrite: CaS04 +Water: 2H,O 

Fig. 8: Swelling process of anhydrite into gypsum. 

236 ACTA CARSOLOGICA 39/2- 2010 

(Erfurt Fomiatlon). The un­
derlying Muschelkalk has not been drilled yet (according 
to known well logs, Gemeinde Staufen 2007). One research 
drilling later reached the Muschelka1k in Summer 2009.­
Hawever, the Lettenkeuper has only some meters thick­
ness and 4ue to the structural fracturing, the hydraulic 
head of the Muschelkalk is probably connected to the drill 
site. Due to the petrographic patterns and the strong tec­
tonics, the Lettenkeuper has to be regarded as an aquifer­
aquitard intercalation. The hydrogeological map (LGRB 
1977) shows limestone, and dolomite, respectively, in the 

- vicinitY of Staufen. This could be Muschelkalk (Landes-
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Stress u [MN/m') ([MPa]) ing in the formation, with 
an increase of volume up 
to· 60% (Fig. 8). Swelling 
processes -in anhydrite have 
been described often (Chiesi 
et aL 2010; Steiner 1989, 
1993~ 2007). If swelling is 
prevented due to confining 
conditiops, immense swell­
ing pressures may occur. In 
some tunnel projects in an­
hydrite rock, swelling pres­
sures from 1.7 up to 4.7 MPa 
were monitored {Steiner 
I ~89, 1993, 2007). Swell­
ing could be avoided only if 
sufficient overburden rock 

50 +-+-+-+-+-+--!'· 
61 

Ffg. 9: Swelling pressure (modified from Steiner 1989, 1993, 2007). 

vermessungsamt Baden-Wtirttemberg 1996; LGRB 1977; 
Wagenplast 2005). The aquifers in the Muschelkalk have, 
due to their location and their catchment areas on the 
higher ground in the outlying hills, the potential to bear­
tesian in the inner city districts ofStaufen (Fig. 7). 

When anhydrite and water interact, anhydrite 
recrystallizes as gypsum. 'Ihis process involves swell-

mass is present The rela­
tionship between necessary 

overburden rock mass and possible swelling pressure is 
shown in Fig. 9. 'Ihe dead weight of rock mass related 
to its depth is compared to the swelling pressure moni­
tored by Steiner (Steiner 1989, 1993, 2007). 'Ihe anhy­
drite rock in Staufen is located at about 60 m depth (see 
below}. 'Ihus, the overburden rock mass is insufficient 
to prevent swelling. 

'BOREHOLE HEAT EXCHANGER SYSTEMS 

Worldwide, several systems for borehole heat exchangers 
(BHE) are established. The capacity of a borehole heat ex­
changer is essentially determined by the thermal proper­
ties of the surrounding ground and the backfilling in the 

annular space between exchanger pipes and borehole lin­
ing. The heat transport from the surrounding ground to 
the pipes is dominated by groundwater. For a good heat 
transport, the borehole backfill should be a5 permeable 

as possible (unsealed BHE 
sj-stems, Fig. 10, left side). 
If groundwater is present, it 
is thermally most efficient 
to use no backfill. However, 

· regulations in Germany re­
quire a complete grouting of 
the annular space. 

A great advantage of 
sealed systems {Fig. 9 right 
side} is the protection of 

Fig. 10: Filliltg of bori11gs j01· 
b01·ehole heat exchangers. · 

Left: Unsealed BHE; Right: Sealed 
BHE 
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groundwater resources. l,Jsing ungrouted BHE systems, 
heat exchanger fluids (if they contain antifreeie agents 
like monoehtyleneglycol) may contaminate groundwa- . 
ter in case of a leakage from the pipes. Furthermore, lay­
ered aquifers are kept from comniunicating with each 
other. Additionally, surface contaminants may infiltrate 
downward into groundwater resources in unsealed BHE 
systems. . 

'l;herefore, in some countries authorities require a 
sealing by use of an impermeable backfill. National rules 
in this particular matter vary widely. However, from a 
hydrogeologic(l1 perspective, the sealing ofBHE is indis-

. . 

pensible and the thermal capacity of borehole heat ex­
changers is then somewhat decreased. But the reduced 
performance of such a BHE is an acceptable trade-off. 

For this reason, in Germany, the joining of t\¥0 

aquifers is forbidden. Each borehole of a heat exchanger 
has to be sealed by a cementbased backfill, which can be 
thermally enhanced to reduce the negative impact on the 
BHE performance. The backfill grout must be durable · 
for long-term use according to groundwater quality, and 
it must be grouted from the borehole bottom to the top 
to provide a proper seal · · 

BOREHOLE HEAT EXCHANGER INSTALLATION IN STAUFEN 

The drilling, cementing and casing operations on all sev· 
en double-U-tube geothermal probes (Sl to S7 in chron­
ological order) were performed betvveen 03.09.2007 and 
21.09.2007 {Figs. 10, 11 and 12, Tab. 1) (Report 2007b). 
Distances between wells are at least 4.5 to 10m. It is no- · 
ticeable that the drill logs of S2 report a :final depth of 
105 m, while the planned and the authorized depth was 
140m (Gemeinde Stil.ufen 2007; Landratsamt Breisgau­
Hochschwarzwald 2007, Report 2007a). Presumably, the · 
borehole collapsed below a depth of 105m. Sl also col­
lapsed from 135 to 140m before installation of the heat 
exchanger pipes. Collapsed borehole sections cannot be 
grouted successfully. 
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Tab. 1: Data of borings (Report2007b). 

Length Length 
· Borfng (drif/ed) (compfeted} Diameter 

[m} [m] 

51 140 135 
Q-14m:161 mm 
14-135 m: 135 mm 

52 140 lOS 
Q-14m:161 mm 
14-105 m: 135 mm 

53-57 140 140 
0-14m:161 mm 
14-140 m: 135 mm 

Wells were drilled with a roller bit, and pressurized 
air was used as the drilling fluid. The surface casings ex­

tended to a depth of up to 
14m (Report 2007b). 

Well S1 reportedly 
penetrated artesian ground­
water at a depth of 32 m. 
The piezometric level at the 
wellhead was at about 0.5 m 
above ground surface (Re­
port 2007b ). All other wells 
did not. encounter. artesian 
conditions (according to 
residents and the adminis­
tration of Staufen). It can be 
concluded that the hydraulic· 
potential of the Muschelkalk. 
karst aquifer was connected 

Fig. 11: Site sketch of weU loca­
tums with interspaces at the city 
ofStaufen town centre. 
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to the borehole SI via fractures penetrating the Letten­
keuper layerS". However, drilling contractor well logs 
show artesian conditions in all wenS. Information on ar­
tesian control during drilling operations are missing in 
the well logs. 

· A water-suspended mixture of powdered cl,ay and 
cement wa~ used as backfilling grout The amoun~ of 

Pig. 12: Borelwle heal exchanger field at Rathcrosgasse with driU rig for 
the first explofi}tion bnnng for determining the cause of damage (Mimh 
2009). Photo taken from. the tower. of the town hall by U. Buroaum. 

injected grout materials are shown in Tab. 2 {Report 
2007b). Noticeable is well S2 which had a grout take 
much larger than predicted. 

Tab. 2: Volume of sealing material i1t boreholes Sl-S7 (Report 
2007b). 

Gross volume Injected amount 
Difference 

Bofing (target) according to logs 
[m"J 

[m"J (actual) [m3
} 

51 201 2.23 022 

52 159 i.oo -0.41 

53-57 2.09 . 2.00 -0.09 

Well Sl was drilled to its planned depth, but the 
borehole could not be cemented and backfilled for the 
last 5 m due to cave-ins. It is uncertain whether the filled 
excavations are all sealed-off. Due to the fact that the 
drilling operations were performed with only a short 
surficial casing, groundwater could ascend through the 
fractUre system into the anhydrite- and possibly correns­
ite-bearing zones. of the Gipskeuper, which is located be-

N 

EKB2 

20m 

Fig. 13: Deviation of ckillings. 

low the gypsum level Based on later surveys, it is likely 
that a fault was penetrated. Later observations (see be­
low) suggest the swelling process was possibly triggered 
with the first well drillirig operation. 

The second well (S2) presumably penetrated the 
same fault or another related fault at about 105 m depth, 
as suggested by cave-ins prior to the installation of the 
geothermal probe at 140 to 105m. These flow paths wete 
probably not sealed off completely during the drilling 
operation. 

An investigation of the inclination of the drillings 
shows a great horizontal deviation of all drillingli up to 
some 20m (LGRB 2010). This is shown in Fig. 13.1he. 
main deviation occurs in a depth of approx. 60 to 70 m. 
The depth correlates with the lower end of the temporary · 
drilling casings. 

UPLIFT IN THE URBAN AREA OF STAUFEN 

In November 2007, only 6 to 8 wee~ after :finishing the 
installation of the BHE, the fust cracks were noticed 
in buildings. Cracks were quite small at £rst. and were 

not linked to the drilling operations. From 12/2007 
to 01/2008 cracks were marked with gypsum markers 
(Fig. 14). . 

ACTACARSOLOGlCA39/2 -2010 239 

--------------------~-----



INGO SASS & ULRICH BURBAUM 

Soon so many buildings were affected that geodetic 
leveling measurements were performed (Schad 2008), 
and revealed an e:rtensive uplift of the tovm centre of 
Staufen. · 

The distribution of the uplift has been monitored 
since the 22.07.2008 by high-resolution, satellite-aided 

. radar data (Petrat & Al-Enezi 2006}. The procedure is 
based on radar interferometry, which has the advantage 
of an extensive monitoring of ground movement under 

Fig. 14: Gypsum markers on a crack, building Rathausgasse 3, 
-with logs of the ft·acture spacing since D~=ber 2007 (Photo 
fro1n March 2009 by I. Sass & U. !3urbaum). 

ideal conditions. Radar interferometry is used in min­
ing and oil and gas production (Petrat & Al-Enezi 2006). 
Small scale and complex ground and building move-· 
ments cari be monitored a:n_d measured quit~ well using 
the high (better than 1 m) resolution satellite data. High­
resolutiqn satellite images are provided through the ra­
dar satellite TerraSAR-X, which has been commercially 
active since 2008. TerraSAR-X has a comparatively short 
circulation time of 11 days (by comparison to conven­
tional radar satellite systems), which allows a reliable 
temporally-variable monitoring of the ground move­
ments. Data shown in Fig. 15 are withdrawn from Petrat 
(Petrat & Al-Enezi 2006; Sass et aL 2009). TerraSAR-X 
operates at a wavelength of 3.1 em. 1he movement of the 
buildings was monitored in the so called Strip Map mode, 
totaling nine data sets. Phase differences can be deter­
mined by comparing individual data sets, and are shown 
in interferograms. Differences are generally det~rmined 
by analyzing the topography and ground movement 
that occurred between two succeeding data sets (satel­
lite passes). After a revision of i:he topographic phase, 
each interferogram shows movement-related·phase frac­
tions, which can be converted into ground movement 
by assuming a movem~t directioU. The data commonly 
contains atrnosphelic phases, which can be reduced by 
adequate stacking or by integrating multiple succeeding 
data sets. Data analysis suggests a considerable ground 
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Fig. 15: Analysis of satellite-based ground l~n-el uplift monitaring by 1-adar 
ir:teifenmietry. a) July 2008 to 29.' October 2008, b) July 2008 to 3. Janu­
ary 2009, c) July 2008 to 25. January 2009. 

movement in the town centre of Staufen. An example of 
the chronological development of the ground movement, 
which was calculated by integrating inrlividual interfero­
_grams is given in Fig. 15a-c. Missing areas in individual 
images are caused by a loss in coherence due to changes 
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Fig. 16: Uplift rates in the city centre (LGRB 2009) plotted aver the geological 
. map Blatt 8112, Staufon im Breisgau, .M 1:25.000. 
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1~~====4=~~~~--+-~--+----~ 

o~------~~-'--~~------~------4-------~----. 

01.06.2006 21.07.2008 09.09.2008 29.10.2008 13.12.2008 05.02.2009 

Fig.l7: CTzrOilologicol dtvelopment_ofthe uplift_ of the town centre. 

in vegetation on the surface. 
Longer time ranges cause 
higher losses. The movement 
information was ii1terpolated 
to achieve a better interpre­
tation. Interpolations were 
used to calculate contour 
lines, which have been plot­
ted over the available uplift 
results (Fig. 16). The time­
uplift relationship for a se~ 
lected location is plotted in 
Fig. 17. The calculated uplift 
rate is approx. 12 mm per · 
month. This value correlates 
well with the geodetic level­
ing measurements (Schad 
2008). 

In general, results of 
the geodetic surveillance 
and satellite-based radar im­
ages (Fig. 15a-c) of the up­
lifted zone show an elliptical 
dome with a NNE-SSW axis 

(Fig. 16). This position coin­
cides well with the bedding 
of the Jurassic, Keuper and 
Muschelkalk series. · 
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MAPPING OF DAMAGES AND GEOLOGY 

Concepts for the technical restoration of the City of 
Staufen require detailed data on the complex geological 
situation.. There are no outcrops in the damage area. Since 
the Grabfeld-Formation (Gipskeuper) is a subject to easy 
weathering, outcrops withln this stratum are also not 
available. Structural geology data can only be achieved by 
analogue studies of the surrounding outcrops of younger 
or older beds with. respect to the Middle and Upper Keu-

per. Three very small outcrops of the Muschelkalk and 
the Tertiary could be investigated, Fig. 18 shows related 
jointing rose diagrams fur the outcrop locations. The ma­
jor directions can be mapped in the historic city centre of 
Staufen by categorizing the cracks on the outside walls of 
the buildings (Fig. 18). 

Investigations into the intensity of damages to 
buildings were caxried out. Four categories of damage 

were chosen: 
J.ioo;$11,. . c open· fissures· (width: 

m!i!!i:;:s:s::::S:::===:::J centimeter), 

., ., Supposed 1ec!onic 
., main fracture ;;;011es 
r.:;, Young Alfuvial Deposits 
~ {Quartemacy) 

0 loess (Quarternary) 

1i1!111 Slope Detritus 
IIlii! (Quarternary) 
~ coast-yonglom.enite 
~ ForntatiOn {Tertiary} 
llii!!!ilil Middle Jurassic 
11111!!!1 {undilferentialed) 

··• Keuper {undilferentialed) 
89 lower to Middle MuscheJ. 
~ kalk (undifferentiated) 

~ Bunler (uncfdferentiated) 

Ill Granile (phorphyrtlic) 

~~~ Paragnelss 

Fig. 18: Mapping of damages and geology. 
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D~mage-class - open fissures (width: 
millimeters), 

- fissures smaller than 
one millimeter, 

- rio fissures: 
Some buildings or parts 

of the buildings could not be 
evaluated. Most of ~e. fis­
sures were smaller than one 
millimeter. Some buildings 
have fissures of some niil­
Iirneters width. More than 
four buildings have fissures 
of some ceutimeters width. 

The zone of the most 
damaged buildings is consis­
tent with the main orienta­
tion of geologicq.l fault struc­
tures, which is NNW-SSE 
and WSW-ENE (Fig.18). 

The orientation ofbuild­
ing damages correSponds to 
the orientation of the dis­
continuities (Figs. 18 and 19) 
that were obtained by a field 
study in October 2009. It can 
be concluded that ground­
water not only flows through 
drillings but now through 
discontinuities, too. 'The 
swelling process . therefore 
cannot be stopped by sealing 
the BHE-Drillings. A larger 
area remediation approach 
must be found. 
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Fig; 19: Rose dfagrams of outcrops. 

Left: Upper Muschelka1Jc, Right: 
HauptrogensteitL 

CONCLUSIONS 

In total. four geological circumstances probably came 
into interaction due to an unsuitable drilling process, 
which resuhed in the uplift caused by swelling: I) artesian 
groundwater in the karst section of the Gipskeuper, ll) 
high anhydrite concentrations in that fon:n,ation below; 
ill) strong tecton.ization due to the position on the graben 
shoulder and IV) good connectivity to the Muschelkalk 
aquifer with a high hydraulic potential w~th respect to the 

. Black Forest. · 
The uplift of the ground surface is obviously linked 

to large-scale swelling· processes in the Gipskeuper. Fur­
thermore. additional swelling of day minerals (e.g., Cor­
rensite) possibly occurs due to the cqntact with water. 
The contact with water has ·been rendered possible by 
hydraulic connections betvveen the· affected rocks and 
confined groundwater. These hydraulic connections were 
initiated by" the geothermal drillings: 
· 1. The chronological coherence between the drill­
ings and the appearance of the cracks is a strong evi­
dence for the causal coherence. 

2. The contour lines of the uplift are elliptical 
around the well field (Figs. 15 and 16). which is an indi­
cation that the contact between water and Gipskeuper is 
located in the centre of the ellipse. 

The natural causes discussed in Schad (2P08), 
whicli explain the hydraulic pati?.ways Vvithin and into · 
the Gipskeuper strata by geological zones of weakness 
that opened up due to earthquakes, can be excluded, as 
damage symptoms and the damage history are not con­
sistent with this hypothesis. Furtbennor~ there were no 
seismic events in the time period in question. 

In 2007, only earthquakes with a ma,Onitude up 
to 2.6 on the Richter scale were registered in the area 

(LGBR 2007a, b). This magnitude is in no case able to 
produce such displacemen~. 

The first step towards a complete tectonic and hy­
draulic investigation in and around the BHE field is done 
(LGRB 2010} but this is insufficient to supply a temporal 
and geometrical prognosis of the uplift. It is quite certain 
that the uplift will continue until the inflow of water into 
the swelling strata ceases. or until the entire hydraulical­
ly-accessible anhydrite has reacted to gypsum. 

At this point, the rehabilitation concept of the geo­
thermal well field has to fit in. Under supervision of th.e 
state geological survey (LGRB) the grouting of the BHE 
was begun in late 2009. A new method to perforate the 
BHE plpes from inside was applied to inject sealing grout 
into backfill failures (LGRB 2010}. At the end of March 
2010 about 14m3 of grout were injected into the BHE 
field. The rate of uplift seemed to slow down in the cen­
tre of the swelling ar~a.. However, the number of dam­
aged buildings still increases. This remedial measure was 
assisted by an ongoing groundwater withdrawal of about 
2 Ils from the investigation well EKB 2, whlch.leads to a 
drawdoWn of more than 100m. 

Furthermore, gypsum is dissolving due to the con­
tinuous groundwa~er contact 'This gives rise to recent 
karstification. Fine cavities will arise and will be distrib­
uted according to the distribution of the anhydrite and 
gypsum in the rock. These cavities will be closed due to 
the vertical stress of the overlying rocks. with subsidence 
of the ground surface as the consequence. If these :fine 
distributed cavities get linked witli each other, subsid­
ence of the buildings into sinkholes may occur. A sink­
hole event some tens of meters west of the to·wn hall was 
reported 17 years ago. Therefore, this scenario is very 
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likely. The recent decrease of the uplift rate could also be 
related to the beginn.ing of karst fu1mation or to the hy­
draulic drawdown. Further observations and investiga­
tions will be necessary to clarify this uncertainty. 

The reconstruction of the City of Staufen is not ex­
pedient until the uplift ceases. In the short-tem1, only 
actions that serve the security and preserve the building 
substance and infrastructure should take place. 

Sealing tlie geothermal wells currently seems to be 
the only option the stop the water inflow. This approach 
has to be carried out by the state geological survey. It is 
doubtful that this will affect the uplift in the entire 250 to 
200 m elliptical dome. 

In March 2009, a first boring to investigate the dam­
age has been aborted, with the Lettenkeuper (Lower Ke-

. uper, Erfurt Formation) penetrated at only 16m depth. 
In fact, it wa.S expected at about 120 to 130 m. A sur­
vey proved a tectonic fault in the geothermal well field. 
A second investigation boring was finish~d in February 
2010. The currentlevel of information suggests that BHE 
well Sl penetrated an artesian aquifer. 

A first step to a geological model has been devel­
oped, but more information is now required. 
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