GEOFLUIDS IS

Geofluids (2016) 16, 688-710 doi: 10.1111/gf1.12192

3D fluid flow in fault zones of crystalline basement rocks
(Poehla-Tellerhaeuser Ore Field, Ore Mountains, Germany)

P. ACHTZIGER-ZUPANCIC!, S. LOEW!, A. HILLER? AND G. MARIETHOZ"3

'ETH Ziivich, Geologic Institute, Chair of Engineering Geology, Ziirich, Switzerland; 2Division Engineering/Radiation
Protection, Wismut GmbH, Chemnitz, Germany; 3 Institure of Earth Surface Dynamics (IDYST), University of Lausanne,
Lausanne, Switzerland

ABSTRACT

A comprehensive dataset for discrete groundwater inflows to mines in the Poehla-Tellerhaeuser Ore Field and the
mining scale fault zones has been compiled from unpublished data recorded by eastern German and Soviet
hydrogeologists at the Soviet-German stock company (SDAG) Wismut. This dataset has been analyzed to provide
novel insights into the 3D distribution of preferential groundwater pathways and the impacts of faulting on the
distribution of hydraulic parameters in crystalline rocks at site scale. The sampled 1030 discrete inflows include
flow rates ranging from 1.7E-8 to 3.7E-2 m® sec™ ", which were transformed into mesoscale fracture transmissiv-
ity values ranging between 3E-13 and 2E-4 m? sec™". These mesoscale fracture transmissivities were spatially cor-
related with fault zones exhibiting trace lengths between 0.3 and 30 km, which were mainly formed during and
reactivated several times since Variscan orogeny. The statistical correlations are based on a 3D geological model
composed of 14 litho-stratigraphic units and 131 mining scale faults, separated into five main strike directions.
These fault zones strongly overlap and cover about 90% of the investigated rock mass volume with a decreasing
percentage of overlap in the investigated depth range (0-900 mbgs). 97% of all inflows are located within fault
damage zones, and most of the flow occurs within the overlap of multiple fault damage zones. A dimensionless
hydraulic model for the distribution of flow Q as a function of the position x within mining scale fault zones has
been derived as Q = 1.1e *>* (where x decreases from the fault core to the protolith and the exponent varies as
a function of fault orientation). 75-95% of the flow occurs within the inner 50% of the damage zone, and
mainly NW-SE and NE-SW striking mining scale faults are transmissive. The orientations of conductive mesoscale
fractures within these damage zones show a larger variability than the corresponding mining scale faults.
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conditions in fractured rocks is still very limited (Berkowitz
2002; Ingebritsen & Manning 2010). Flow rates depend
on a number of intrinsic factors, such as transmissivity,/per-

INTRODUCTION

Understanding and predicting the hydraulic properties of

fractured crystalline rocks at site scale has high practical rel-
evance and economic importance within the context of, for
example, the production of hydrothermal and petrothermal
energy, groundwater resources, ecarthquake prediction,
geological waste disposal, mining, orebody formation, and
underground constructions. But, although groundwater
flow at site scales has been studied for decades (e.g., Mas-
sonnat 1981; Maréchal 1998; Masset & Loew 2010; See-
beck et al. 2014), our capability to reliably predict flow

meability, storativity/specific storage, pressure head, and
fluid viscosity (e.g., Snow 1965; Bear et al. 1993). Tec-
tonic structures and their architecture are most important
extrinsic factors for water flow on any scale in low porosity
rocks such as crystalline basement as they provide porosity
and connectivity (e.g., Long ez al. 1996). Other examples
for extrinsic factors influencing fluid flow in fractured rock
are the coupled thermo-hydro-mechanical-chemical

(THMC) properties of the host rock, the existence of
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fracture infill and its appearance, and in situ stress condi-
tions (e.g., Rutqvist & Stephansson 2003; Micklethwaite
et al. 2010; Bense et al. 2013; Stober & Bucher 2015;
Ingebritsen & Gleeson 2015). The focus of this article is
on the 3D relationships between faulting and fracture
transmissivity at the scale ranging from a mining drift to
an entire ore field in crystalline rocks, based on a unique
3D dataset from the Ore Mountains in Saxony.

Fault zone architecture

Different authors described fault zones to consist of a fault
core surrounded by a damage zone and the protolith itself
(e.g., Sibson 1982; Chester & Logan 1987; Forster &
Evans 1991; Byerlee 1993). Although this is the standard
architecture of faults, at different sites the fault core was
missing (especially in immature faults). Therefore, Caine
et al. (1996) described a conceptual model for fault zone
related fluid flow, which is based on the relative extent of
fault core and fault damage zones by comparing fault zone
architectures and their permeability structure in different
settings.

The damage zones typically act as ‘conduits” with perme-
abilities usually several orders of magnitude higher than
those measured in the fault core (Caine et al. 1996; Evans
et al. 1997; Seront et al. 1998; Caine & Forster 1999;
Sutherland ez al. 2012; Welch & Allen 2014). Water flow
within the damage zone is mainly dependent on the orien-
tation of the fault within the current stress field, the frac-
ture connectivity, the aperture distribution, and fracture
roughness (Gale 1982; Caine et al. 1996, 2010; Evans
et al. 1997; Ball et al. 2010; Faulkner et al. 2010; Welch
& Allen 2014). Fracture density and permeability are
expected to decrease with increasing distance to the fault
core, measured perpendicularly to the fault strike (Beau-
doin et al. 2006; Faulkner ez al. 2006, 2010; Caine et al.
2010; Bense ez al. 2013). Fault systems composed of over-
lapping fault zones and multiple repetitions of fault core
and damage zones are even more complex (Wallace &
Morris 1986; Sibson 1996; Miller & Nur 2000; Faulkner
et al. 2003, 2010; Benedek & Molnar 2013; Bense et al.
2013).

Fault zone orientation, stress, and permeability

Statistical investigations of fracture and fault orientation,
regional stress fields and Mohr-Coulomb frictional strength
show at many sites that critically stressed fractures and
faults correlate with increased fracture transmissivity (e.g.,
Barton et al. 1995; Talbot & Sirat 2001; Ingebritsen &
Appold 2012). Additionally, some authors state that sec-
ondary faults not oriented favorably within the regional
stress field may be permeable due to stress rotation around
a governing fault which slips regularly (see Faulkner ez al.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710

3D fluid flow in mining scale fault zones 689

2010; Micklethwaite e al. 2010; Bense et al. 2013; Tsang
& Niemi 2013 and references therein). Topographic effects
and alteration cause stress perturbation close to the surface
which intensifies dispersion of transmissive fracture orienta-
tion (Lawson 1968; Gale 1982; Pan et al. 1994, 1995;
Henriksen 1995; Lachassagne et al. 2011).

Study objectives and approach

As shown above, substantial work on fault zone hydrology
has been conducted already, but is mostly related to single
faults (e.g., Caine er al. 1996; Aydin 2000; Berkowitz
2002; Mori et al. 2003; Faulkner ez al. 2010; Bense ez al.
2013; Gentier et al. 2013) and only rarely to fault net-
works on the decameter to kilometer scale (e.g., Bear et al.
1993; Rutqvist & Stephansson 2003; Neuman 2005;
Micklethwaite ez al. 2010). Past research on fault zone
hydrology was related to outcrops or linear galleries, thus
to 1D or 2D objects. In this study, we had the unique
opportunity to study fault hydrogeology in crystalline base-
ment rocks on a km scale in 3D. The objectives of this
article are to explore and describe the 3D transmissivity
pattern and the detailed interrelationships between tectonic
faults and fluid flow in crystalline basement rocks at site
scale. This analysis will be based on the spatial distribution,
transmissivity, and orientation of conductive mesoscale
fractures within and around up to kilometer scale faults in
crystalline basement rocks. We relate these hydraulic prop-
erties to fault zone architecture, tectonic history, and the
present day regional stress field. These dependencies are
studied based on a unique 3D dataset compiled from
unpublished reports for the deposits Globenstein, Haem-
merlein, and Tellerhacuser at Pochla-Tellerhacuser Ore
Field (Ore Mountains, Germany) stored at the archive of
Wismut GmbH. About 1.100 discrete inflows were local-
ized and characterized while the mine was prospected
between 1968 and 1991. The statistical processing of mine
inflows and geologic structures is based on a 3D geological
model created with SKUA-GOCAD, ArcGIS, and Matlab
scripts.

This article focusses on the impacts of fault zone orienta-
tion, fault zone structure, and structure of the fault net-
work on 3D fluid flow in crystalline rocks at the scale of an
ore field. In a companion paper, we investigate the interre-
lationships between hydraulic properties, lithology, depth,
and metamorphic overprint in mines and galleries of the
Ore Mountains in Saxony.

SITE DESCRIPTION

Ore field description

In this study, we use two different reference systems for
elevation description. The nearly horizontal mine levels are
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expressed in m above sea level (masl). As the topography
above the excavations increases from the N (500 masl) to
the S (900 masl) and hydraulic head is important for the
calculation of transmissivity; inflow points are expressed in
m below ground surface (mbgs).

The Pochla-Tellerhacuser Ore Field is situated in SW
Saxony, in the upper Western Ore Mountains. The mining
territory lies close to the border of the Czech Republic, in
the area between the towns of Schwarzenberg and Ober-
wiesenthal. The ore field can be subdivided (from NW to
SE) into the Pochla-Globenstein Sn-W deposit, the Haem-
merlein Sn deposit, and the Tellerhacuser Sn-U deposit

(Fig. 1).

Prospection at the deposit Globenstein started on the
mining levels 410 and 350 masl for uranium at the end of
the 1950s. The mine lacked of resources and was aban-
doned in 1960. Between 1961 and 1967, magnetite skarn
was excavated. During the main exploration period, the
deposit was investigated for tin on three levels (410, 350,
and 315 masl) and with about 50 km of drillings from the
surface lasting from 1974 to 1976 and from 1982 to
1988. The data compiled for the Globenstein deposit are
from these latest periods.

The deposits Haemmerlein and Tellerhacuser were
under exploration for uranium in the late 1970s. The
Haemmerlein—Tellerhacuser mining section was prospected
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Fig. 1. The Poehla-Tellerhaeuser Ore Field area is situated within the Ore Mountains at the border between Germany and Czech Republic. From NW to SE,
it is divided into the deposits Globenstein, Haemmerlein, and Tellerhaeuser. The borders of the deposits are shown schematically as the excavations follow
the ore bodies along their dip to SE and might overlap in plain view. Basement rock mass consists of a prograde metamorphic series from lower greenschist

to higher amphibolite facies (modified from Hiller et al. 2013).
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by both surface drilling and by excavations (starting with a
7.8 km long adit). Excavations at Haemmerlein were situ-
ated at the levels 610, 590 (adit), 530, and 500 masl. The
Tellerhaeuser deposit was developed by two blind shafts
with main galleries at 600 m (adit), 300, 240, 180, 120,
and 85 masl. Additionally, data were sampled from short
galleries hosting air supply boreholes at 785 masl. After
1990, the Pochla-Tellerhacuser Ore Field was definitively
abandoned, sealed, and drowned.

The mine development was strongly driven by the orien-
tation of the main fault clusters (Table S1). Therefore, the
main prospection grid consists of drifts striking NNW-SSE
(Globenstein) to NW-SE (Haemmerlein and Tellerhacuser)
and NE-SW (all). Drifts prospecting single ore bodies fol-
lowed the veins and faults hosting the ore and hence are
oriented accordingly.

Geological and tectono-metamorphic setting

The Ore Mountains are an exhumed Variscan orogen con-
sisting of a prograde series of metamorphic rocks ranging
from greenschist to eclogites facies (e.g., Pilchen & Walter
2011; Sebastian 2012). Tectonically, most intensive phases
occurred during Variscan orogeny (Carboniferous to
Ordovician) and during the opening of the Ohre- (Eger-)
Rift from Eocene to lower Miocene (Kuschka 2002). Kars-
tification of marble/skarn lenses started 42 Ma ago and
was intensified by the tilt and exhumation of the Ore
Mountains as a rift shoulder of the Ohre-Rift in the period
between 30 and 15 Ma (e.g., Pilchen & Walter 2011;
Sebastian 2012; K.P. Stanek, unpublished report). Stress
field inferred from #n sitw stress measurements and earth-
quake focal mechanisms suggest that the major (o) and
the minor (o3) stress component are oriented subhorizon-
tally in NNW-SSE and ENE-WSW direction, respectively,
and the intermediate stress component (c,) is oriented
subvertically for most parts of the Ore Mountains
(Griinthal ez al. 1990; Griinthal & Stromeyer 1992; Bank-
witz et al. 1993, 1995; Horidlek er al. 2000; Heidbach
et al. 2008; Buchholz et al. 2011; Andreani et al. 2014).
According to Berger et al. 2011, the only reasonable mea-
surements of the stress magnitudes in this area were con-
ducted about 30 km NW from Pochla-Tellerhacuser Ore
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Field in about 2000 m depth resulting in o; = 80—
140 MPa, o, = 45-60 MPa, and o3 = 35-45 MPa.

The Pochla-Tellerhacuser Ore Field is a part of the
Fichtelgebirge—Erzgebirge anticline, located in the transi-
tion area between the Schwarzenberg gneiss dome struc-
ture in the north and the Tellerhacuser—Hundsmarter
syncline in the south (Figs 1 and 2). The deposits are
bound to the intersection of the inter-regional NW-SE-
trending Gera-Jichymov Lineament (300 km length) and
the regional ENE-WSW-striking South Erzgebirge Deep
Fault Zone (40 km length).

Wall rocks comprise
metasediments including several litho-stratigraphic units

of Cambrian to Ordovician
folded into a shallow syncline (Fig. 1-3), which is cut off
at depths of 200-1000 mbgs by NW-SE-clongated dome-
shaped Variscan biotite and two-mica granites (Eibenstock
type). As the mines were excavated at the NW flank, the
host rocks strike NE-SW and dip 8-15° SE throughout
the excavations (Fig. 2). Late Hercynian aplite, lampro-
phyre/kersantite, granite porphyry, and occasional Tertiary
phonolite dikes cut the metamorphous rocks. Subconcor-
dant structures of blastomylonite or blastocataclasite are
prevalent and mostly trend aside marble/skarn layers.

Structural geology and faulting

Detailed research about the hydromechanical behavior of
faults in crystalline rock usually was conducted on scales
from pm to some 100th of meters of trace length and a
fault zone thickness in the range of mm to 10th of meters.
The scale of faults at Pochla-Tellerhacuser Ore Field—we
call mining scale—covers a range of 0.3-30 km of trace
length and 5 cm to 1.5 km of fault zone thickness (Figs 4
and 5). The structural inventory was separated into six
groups based on their orientation and their formation
(Table 1). Main formation time of the faults was during
Variscan orogeny. Most of the faults experienced intensive
multiple reactivation of which the (possibly) last ones are
shown in Table 1. Additionally, the range of cumulative
displacements and resulting fault damage and fault core
thicknesses are shown for the fault groups.

Detailed structural descriptions of faults, veins, and shear
lenses are available from about 60 outcrops (of several

Fig. 2. Longitudinal cross section (refer to Fig. 1 for legend) through the Poehla-Tellerhaeuser Ore Field (modified from Hiller et al. 2013).
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meters length) which were mapped at the 600 masl level at
Haemmerlein and Tellerhaeuser during exploration (Fig. 6,
V.I. Velichkin & B.P. Vlasov, unpublished report). Most of
the drawings show the central element of the faults but not
the entire fault zone. Like Kuschka (2002) described for
many faults situated in the Ore Mountains, also at Poehla-
Tellerhaeuser Ore Field fault zones usually consist of multi-
ple fault planes dividing the fault zone in multiple shear
lenses (Fig. 6A,B). This is the result of multiple reactivation
and mineralization cycles creating a dense partially mineral-
ized fault network bordering rhomboidal to rectangular
blocks (Hiller 1995; Kuschka 2002; Andreani et al. 2014;
K.P. Stanek, unpublished report). Although many faults
exhibit a fault core consisting from gouge and/or fault
breccia, displacement indicators are quite rare (Fig. 6). Dis-
placement estimation is therefore difficult. Most of the fault
damage zones are (partially) mineralized with different
types of quartz, fluorite, iron ores, and dolomite. Accessory
mineralizations are barite, calcite, cassiterite, sphalerite,
pitchblende, which resulted from contact metamorphic
overprint of the underlying late-Variscan granites and sub-
sequent metasomatic and hydrothermal processes. Also pro-
cesses altering the damage zone and the host rock were
identified in most faults, such as metasomatism, greiseniza-
tion, albitization, sulfidization, and vein-related alteration.

Inflow sampling and database

The uranium ore pitchblende was originally prospected in
the Poechla-Tellerhacuser Ore Field with radon surveys of

groundwater inflows to long exploration drifts down to a
depth of 900 mbgs. The Soviet-German stock company
Wismut (SDAG Wismut) had a sampling team within the
department of hydrogeology measuring and sampling
inflows with very high accuracy. Up to six control mea-
surements within weeks, months, and years after excavation
are reported whenever high inflow rates or special water
compositions were encountered. Data were compiled in
sampling books which are stored at the Archive of Wismut
GmbH (Table S2). Digitalization of the data was done by
the staff members of this archive and the authors. Datasets
with this quality and quantity of measurements are unique
and provide an extraordinary insight into the hydrology of
an ore field.

The complete hydrogeological database which we have
created for this project consists of a total of 1141 ‘early
time” preferential groundwater inflows to about 125 km of
drifts and 15 km of boreholes (Table S3). The compilation
includes location of inflows, flow rates, host rock petrogra-
phy, mineralogy of the fracture infill, hydrochemical prop-
erties, and small-scale structural information of the
transmissive features. After excluding measurement loca-
tions without inflow, repeat measurements, and discrete
inflows whose position is uncertain, a total of 1030 sam-
pling points remained for analysis (Table 2). Therefore,
overall roughly every 130 m an inflow was encountered. In
comparison, the experimental mining blocks (“Tin Cham-
bers’) within the Haemmerlein deposit exhibit a mean frac-
ture spacing between 15 and 0.4 m. Common maximum
fracture spacings within crystalline rock are in the range of

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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Fig. 5. Structural data compared to datasets compiled by (A) Torabi & Berg
(2011), (B) and (C) Childs et al. (2009). Red dots in A and B display data
of 131 faults from literature, geologic maps, and cross sections at Poehla-
Tellerhaeuser Ore Field (a total of 131 measurements of fault trace length,
68 of fault displacement, 28 of thickness of fault zone, and 92 of the thick-
ness of fault core). Blue dots in C display the upper limit reported for each
fault, and red dots display the lower limits. Green dots represent data esti-
mated by the power law relationships established by Kolyukhin & Torabi
(2012).

decameters, therefore at least an order of magnitude lower
in comparison with spacing of inflows observed here (com-
pare e.g., Talbot & Sirat 2001). The 3D spatial informa-
tion of inflows is obtained from digitalization of drift maps
of the individual levels of the mine. No structural measure-
ments are available at the inflows at Globenstein and only
for 35% and 47% of all inflows at Haemmerlein and Teller-
haeuser, respectively (Table 2). The flow rates are taken as
representative of structurally induced flow, thanks to the
carly time measurements and because the tunnels were
usually not grouted.

Flow rates in the range of 1.7E-8 to 3.6E-2 m® sec™
were measured at Tellerhacuser and Haemmerlein and
8.3E-7 to 3.7E-2 m®sec' at Globenstein. The lowest
limit is assigned to dripping inflows with rates lower than

1

1.7E-8 m® sec ! (corresponding to 1 ml min™"). The dis-
tribution of inflow rates is close to log-normal (Fig. 7).
For such log-normal shaped flow rate distributions, and as
described in Masset & Loew (2010), a few very high
inflows typically dominate the total inflow to underground
excavations. This is also the case for the Poehla-Tellerhacu-
ser Ore Field, where the five largest single discrete inflows
(Q > 0.01 m® sec™!) account for about 35% of the cumu-
lative inflow rate (Fig. 7). As these inflows are important
for the overall hydraulic behavior of the mine, they are
described in detail in Table 4. Large inflows are spatially
distributed all across the Pochla-Tellerhacuser Ore Field
and exhibit no significant relation to factors like lithology
and overburden. However, they are all situated in the cir-
cumference of one or more faults hosted in mica schists or
calcareous rocks.

To validate our inflow dataset, we cumulated the inflow
rate for single mining levels and compared those to inde-
pendently measured maximum pumping rates from these
mining levels (Table 3). As inflow rates to deep under-
ground excavation have to decrease with time and inflows
often show hydraulic interactions, the cumulated (early
time) inflow rate to the individual levels should be higher
than the highest pumping rate from these levels as mea-
sured during excavation. The comparison of these values as
shown in Table 3 can be regarded as a semiquantitative
validation of our inflow measurements. Only levels 180
and 85 masl exhibit smaller cumulative early time flow
rates than measured. The difference could be partially

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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Table 1 Compilation of main fault groups, their orientation, structural properties, style, and time of activation as well as time and style of last reactivation

(data compiled and generalized from Hiller 1995; Hosel 2002; Schuppan & Hiller 2012; K.P. Stanek, unpublished report).

Group Strike (°)  Dip (°) D (m) DZT(m) CT (m) Initial formation Style Last reactivations Style
NW-SE 120-150 50-70 SW (NE) 0-300 <350 - Upper SS Ductile/Brittle  Post-Miocene SS
Carboniferous Tertiary RF?
Post-Cretaceous NF
NE-SW 30-75  40-50 SE 0-20 <30 <5 Lower SS/NF Ductile/Brittle  Pliocene but before SS/NF?
Carboniferous last reactivation of
60-75 SE 0-20 - <5 Carboniferous SS NNW-SSE striking faults ~ SS/NF?
0-20 SE >km? <50 <1 Lower RF Ductile 'younger movements' -
Carboniferous
N-S 160-180 45-80 E/W <20 <20 <20 Carboniferous NF/RF?  Brittle Before most recent -
0-30 and/or reactivation of
Cenozoic NW-SE striking faults
W-E 75-100 55-90 S - <170 <4 Upper - Brittle Post 30 Ma partially NF
Carboniferous before last reactivation
of NW-SE striking faults
NNW-SSE  150-160 70-90 ENE/(WSW) <2 <50 <2 - - - SS

D, displacement; DZT, fault damage zone thickness; CT, fault core thickness; SS, strike-slip fault; RF, reverse fault; NF, normal fault; ?, unsure; —, unknown.

attributed to process (drilling) water pumped into the
mine, which becomes an important contributions, when
the tunnel inflows are small. Overall, it is believed that
most of the discrete inflows to the tunnels were measured
accurately and completely.

Dissolution and paleo-karstification

One significant inflow at Globenstein is unequivocally
related to a larger karst dissolution cavity (‘unregistered’
in Table 4) with a dimension of 2 x 3 x 15 m (Hosel
2002). this the
Globenstein deposit and the fast decrease of inflow rate,

Based on geologic  observation at
the geologist claimed that high water inflows at the
Tellerhacuser deposit at level 300 masl (sample numbers
300017 and 300028) are also related to paleo-karst
structures (Schuppan & Hiller 2012). A total of 25
inflows are situated within this area. In addition, a total
of 70 minor inflows are situated within fractured marble
and cataclastic marble at the level 350 masl (plus 1
inflow at the level 410 masl) in the Globenstein deposit
and might be a result of minor karstic dissolution along
fractures. As it can be shown that Kkarstic features and
respective inflows in the Pochla-Tellerhacuser Ore Field
are usually associated with faults, inflows possibly fed
from dissolution features remained in the database used
for further analysis.

Mesoscale fracture properties at inflow locations

Most preferential inflows are related to faults or joints.
For 30% of these, a thickness of the transmissive struc-
ture (ranging between 0.4 and 150 cm) has been
reported (Table 2). While larger faults usually were cre-
ated naturally, smaller fissures or joints without infill

might also be the result of excavation. As the mechanism

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710

of creation and the persistence of these conduits is often
not known, we will further refer to them as mesoscale
fractures. Conductive mesoscale fractures show a large
variation in spatial orientation, with a dominance of
NW-SE oriented and rather steeply (>45°) SW dipping
orientations (Fig. 8A). Half of the inflow rate to the
drifts is derived from NW-SE striking mesoscale fractures
(Table 5) while the other half is equally distributed
within the other main orientations (10-17% each). Par-
tially, this trend is biased as orientation of the mesoscale
fractures was not measured within the deposit Globen-
stein. We did not a direct relationship
between the thickness of transmissive structures, their

encounter

orientation, and the flow rate.

DATA PREPARATION AND PROCESSING

GoCad model boundaries and workflow

Preferential groundwater inflows, faults, and litho-strati-
graphic units have been integrated into a 3D geological
model using the code SKUA-GOCAD. The type of data,
data description, and data sources used for the 3D geo-
logic model are compiled in Table S2. The model of
Pochla-Tellerhacuser Ore Field is based on geologic sur-
face maps (4) and geologic mining plans (11) as well as
cross sections (Figure S1A). Geological sections roughly
trend NW-SE (5) and NE-SW to W-E (10) crossing the
main axis of the mine in the depth range between —500
and 900 masl (Figure S1B). Usually, both the geologic
(level) maps and the cross sections exhibit litho-strati-
graphic units and fault traces. The information was
cross-checked against additional sources, such as regional
structural maps. The surface of the underlying granites is
modeled using elevation maps from the greater mining
arca of Schlema-Alberoda and Pochla-Tellerhacuser Ore
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Architecture of large NE-SW striking faults at
deposit Tellerhaeuser

1- Phonolite Dyke

2- Bright quartzitic mica-schist with feldspar
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4- Fractures with skarn

5- Silicified breccia

6- Quartz veins
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Architecture of N-S striking faults in carboniferous
schist at deposit Tellerhaeuser

1- Carboniferous mica-schist

2- Bright quartzitic mica-schist with feldspar
3- Quartz veins

4- Argillitization

5- Sericitization

6- Fault with slickensides
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Architecture of bedding parallel fractures in
muscovitic gneisses at deposit Haemmerlein
1- Muscovitic gneiss

2- Amphibolites and amphibolitic veins

3- Albitization

4- Chloritization

5- Milky quartz

6- Coarse grained cassiterite

Fig. 6. Examples of the fault zone architecture at the 600 masl level at the Haemmerlein and Tellerhaeuser deposits. (A) Plain view onto a NW-SE striking
fault with typical shear lense architecture. (B) NE-SW striking fault which was reactivated multiple times and therefore consists of multiple fault planes. (C)
‘Young' N-S striking fault with single fault plane surrounded by drag folds. (D) ‘Young' N-S striking fault with slickensides. (E) Bedding parallel thrust faults
showing amphibolitic overprint (compiled from V.1. Velichkin & B.P. Vlasov, unpublished report).
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Table 2 Reported inflow sampling locations, parameters, and distribution of
the measurements within the entire dataset and the subdatasets.

Ore
Globenstein ~ Haemmerlein ~ Tellerhaeuser  Field
Total number of 213 453 364 1030
sampling locations
Spatial information 213 453 364 1030
Inflow rate 213 453 364 1030
Strike/Dip of 0 213 128 341
transmissive
fracture
Thickness of 0 210 119 329
transmissive
structure
Altered/strained 84 69 17 170
rock mass
Cataclastic rocks 0 16 23 39

Field. The geologic special maps (field maps) of Breiten-
brunn, Erla, and Zweibach are used for the surrounding
area of the mine.

The 3D model roughly follows the surface outline of the
Poehla-Tellerhaecuser Ore Field stretching over an area of
14 x 4 km in NW-SE and NE-SW direction
(Fig. 1). The surface topography has been derived from a

about

2 m-DEM of Saxony which was upscaled to 10 m forming
the upper model boundary, and the bottom boundary is
set to —100 masl. The faults, litho-stratigraphic, and litho-
logical surfaces are modeled by fitting traces on the cross
sections and geologic maps with a discrete smooth interpo-
lation algorithm partially embedded in the Structural
Modeling Workflow (Figure S1C-E). Faults are usually
based on at least two individual traces derived from differ-
ent level maps and/or cross sections. Occasionally, faults
are modeled with one trace wherever gaps in the structural
framework are encountered. The dip of those faults is
inferred from neighboring faults. Such badly constrained
faults only amount to about 10% of the total number of
faults and are situated on the edges of the model and

3D fluid flow in mining scale fault zones 697

between the deposits Globenstein and Haemmerlein. A
total of 131 faults are modeled (Figure S1F), of which
31 faults exhibit a displacement of 10 m or more (Fig-
ure S1G). These faults with larger offsets define the com-
partmentalization of the 14 modeled litho-stratigraphical
units (Fig. 3 and Figure S1H).

Calculation and distribution of discrete inflow
transmissivities

The transmissivities of conductive mesoscale fractures
drained by the mine are estimated from the simplified ana-
lytical solution of Jacob & Lohman (1952):

Ah 2.3 (2.25T* t) ()

O(t) 4nxT 8 728
where A/ is the hydraulic head drawdown (m), Q(#) is the
measured flow rate (m® sec™), T is the transmissivity
(m? sec™"), 7 is the radius of the well or drift (m) and § is
the storativity (—). The basic assumptions are confined
radial Darcy flow to a circular well or drift with constant
drawdown (governed by the atmospheric pressure condi-
tions in the open drift). 2D radial flow is a good approxi-
mation for flow from a single persistent fracture oriented
at a large angle with the axis of a linear underground
excavation.

As the inflow measurements were usually conducted
shortly after excavation of exploratory drifts into virgin
ground, an initially undisturbed hydraulic head field is
assumed based on a topographic control of the hydro-
static pressure conditions. The groundwater table is
assumed to be near ground surface, which is in good
agreement with the observed water tables usually found
2-15 mbgs (Schuppan & Hiller 2012). An underestima-
tion of transmissivity resulting from the long-lasting
excavation process in the mines, and ore fields are pre-
vented by careful selection of (mainly reconnaissance)
drifts. Nevertheless, the excavation scheme suggests that

400 T
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200

Counts (-)

150

100
Fig. 7. Histograms of inflow rates (column)
and cumulative flow rates (graphs) for the
entire dataset (black) and the subdatasets 0
Globenstein (green), Haemmerlein (blue), and
Tellerhaeuser (red).
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flow rates may be underestimated at intermediate levels
between the reconnaissance and active mining levels
(levels 300 & 180 masl).

Storativity of the rock mass in the Ore Mountains is
poorly known. The storativity is set to 1E-5 m/m which is
the average experimentally estimated value for fracture
zones in granites at the Grimsel Test Site situated in the
Swiss Alps (Guyonnet & Lavanchy 1992; S. Loew & O.
Masset, unpublished report).

The delay between the time of inflow measurement and
the excavation of individual inflows is estimated based on
the excavation progress documented on the plain views of
the mine levels. The delay ranges between some days to
3 weeks; an average time of 2 weeks was used for most cal-
culations. Inflows from boreholes were measured during
drilling, and we estimated that measurements were taken

Table 3 Comparison of cumulative early time flow rates to mine levels and
highest measured pumping rates from the same mine levels (yearly
averages).

Cumulative
flow rate Cumulative
measured’ early time
Deposit Mine level (m*h™") inflow rates
Haemmerlein/ +610, +585/600, 75.2 203.4
Tellerhaeuser +530,+500 masl
Tellerhaeuser +300 masl 40.6 326.8
+240 masl| 57.6 94.8
+180 masl 6.6 2.3
+120 masl 30.3 108.4
+85 masl 131 3.4
Globenstein Entire deposit 120.0* 570.0

*Only reported value from Hosel (2002). TFrom Schuppan & Hiller (2012).

Table 4 Inflows with high inflow rates.

up to 1 h after drilling through the water bearing zones.
For the detailed procedure and the discussion of critical
parameters, please refer to Masset & Loew (2010, 2013).
The
inflows is shown in Fig. 9.

distribution of transmissivities obtained from all

Structural properties of modeled fault zones

As shown in Fig. 8 and Table 5, modeled faults are mainly
striking NW-SE dipping to the SW and NE-SW dipping to
the SE. Dip angles are usually fairly steep, mainly ranging
between 45° and 90°. Due to the NW-SE elongated model
arca, NW-SE striking faults are under-represented in num-
ber but overrepresented in total fault length—the relation-
ship is vice versa for NE-SW striking faults (Table 5).
NNW-SSE, N-S, and W-E striking faults are of minor
importance. Structural properties of these fault groups are
rather uniformly distributed.

A total of nine cross sections perpendicular to the main
orientations of the faults are sampled from the 3D model
for spacing analyses. Each cross section only takes into
account the spacing between faults of the same orientation
group, and each group is represented by 6.6-11.2 km total
sampling length. Table 6 shows that average values of fault
spacing increase with depth, for example, the median val-
ues nearly double from about 250 to 430 m within the
elevation interval of 700-200 masl.

The hydraulic behavior of fault zones is strongly depen-
dent on the geometrical properties of fault core and dam-
age zones. Therefore, fault displacements, length, and
thickness are compiled from Schuppan & Hiller (2012)
and Hosel (2002), the geologic surface maps, and the

Over-
Sample Level  burden ™/ Flow rate  Litho- Azimuth/  Distance
number Date Deposit (masl)  (mbgs)  Location DM (m) (m®sec™” stratigraphy  Structure Dip (°) (m)
410018 05.1975  Globenstein 410 224 Qu. 18N 920 0.037 Lower 3 unnamed ~245/85 5
Raschau faults ~245/30 20
~90 or 15
270/—
350010 10.1984  Globenstein 350 156 Str. 103b (D) - 0.013 Lower Globenstein 135/51 5
Raschau fault
Unregistered*  — Globenstein 350 - Str. 20 - 0.022 Lower - - -
Raschau
600217 04.1970 Haemmerlein 600 217 Qu. 1 (D) 187 0.028 Middle Unnamed - 15
Jachymov fault
300017 01.1988  Tellerhaeuser 300 628 Fe. 8903 97 0.036 Upper Luchsbach ~221/53 -
Jachymov faults
Kunnersbach  ~62/75 -
faults
300028 02.1988  Tellerhaeuser 300 607 Fe. 8903 (D) 42 0.013 Upper Luchsbach ~221/53 -
Jachymov faults
Kunnersbach  ~62/75 -
faults

D, drilling; TM/DM, tunnel meter/drilling meter; Qu./Fe., crosscut; Str., drift; —, unknown. *Reported by Hosel (2002).

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710



3D fluid flow in mining scale fault zones 699

Symbol LOG (7)
< -1
-1 - -10
. -10 - -9
. -9 - -8
. -8 - -7
° -7 - -6
-6 - -5
() -5 - -4
@ -4 - -3
Color Density concentrations
0.00 - 3.00
3.00 - 6.00
9.00 -12.00
12.00 — 15.00
15.00 — 18.00
18.00 — 21.00
21.00 — 24.00
24.00 — 27.00
27.00 <
Maximum density | 27.85 %
Contour data | Pole Vectors
Contour distribution | Fisher
Counting circle size | 1.0 %

S

Fig. 8. Poles to fault planes (lower hemisphere) and density contours (Fisher distribution) of (A) transmissive mesoscale fractures, (B) transmissive mining
scale faults determined by the RCFD approach, (C) transmissive mining scale faults determined by the ACFD approach. The poles to fault planes are color
coded according to the decimal logarithm of the transmissivity. Scaling circles are situated at dips of 30°, 60°, and 90°. Densities represent orientation densi-

ties. Note that multiple discrete inflows may be situated at the same pole.

geologic 3D model of Poehla-Tellerhacuser Ore Field
(Figs 5 and 10). These fault properties are mainly available
for the NW-SE;, NNW-SSE, and N-S§ striking faults. The
fault trace length is calculated from the edge points of the
modeled faults if no other description is available. The
trace length is generally well estimated for most of the
faults. Only for five NE-SW striking faults (four of which
situated close to inflows), the length might be underesti-
mated because of truncation by the 3D model boundaries.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710

A geometric mean of vertical and horizontal displacements
is used to calculate the displacement vector length. The
resulting structural properties are in agreement with previ-
ous statistical relationships derived by Torabi & Berg
(2011) and Childs ez al. (2009); see Fig. 5 blue and red
dots.

For faults where only length but not displacement and
thickness data are available, we use the power law statistical
relations derived by Kolyukhin & Torabi (2012) for
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Table 5 Distribution of strike directions of conductive mesoscale fractures (inflows) and correlated faults (inflows without information are excluded so that

the sum of the fractions yields one).

Fraction of single inflows associated

Fraction of cumulative inflow rate
generated within the orientation

with class of
Fraction of
Fraction of fault trace Mesoscale Mesoscale

Strike number of length in the transmissive transmissive
Dip direction direction faults 3D model fractures ACFD RCFD fractures ACFD RCFD
NE (SW) 120-150° 0.31 0.41 0.38 0.44 0.47 0.44 0.46 0.45
WSW (ENE) 150-160° 0.07 0.09 0.13 0.13 0.13 0.14 0.18 0.18
W & E 160-180° 0.12 0.12 0.19 0.09 0.10 0.17 0.03 0.03

& 0-30°
NW (SE) 30-75° 0.42 0.30 0.10 0.31 0.27 0.11 0.33 0.34
N 75-100° 0.04 0.05 0.10 0.02 0.01 0.10 0.00 0.00
Others 100-120° 0.04 0.03 0.10 0.01 0.02 0.04 0.00 0.00

Highest fractions of each parameter are shown bold.
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Table 6 Values of the descriptive statistics of the fault spacing in compar-
ison with geodetic elevation.

Geodetic elevation 100 200 300 400 500 600 700
(masl)
Harm. Mean (m) 125 92 57 79 61 83 24
Geom. Mean (m) 336 307 254 267 264 247 235
Arith. Mean (m) 787 733 685 655 707 706 644
Median (m) 354 428 260 319 294 232 255
5%-Quantile (m) 27 25 16 34 18 19 15
95%-Quantile (m) 3802 2942 2851 2460 3160 3264 2518

estimation of fault displacement and core thickness (green
dots in Fig. 5). For the estimation of displacement D (m),
the following relationships for strike-slip faults are used:

-]

where L is the fault trace length (m). The fault zone thick-

101,031*log(ﬁ)7 D<1540m

loz,ozmlog(ﬁ)7 D> 1540m 2

ness FT (m) is calculated from:
FT = 3.200 + D (3)

and the fault core thickness CT (m) from:

Fig. 9. Histograms of the distribution of the
logarithm of mesoscale fracture transmissivity
for the entire dataset (black) and the sub-
datasets Globenstein (green), Haemmerlein
(blue), and Tellerhaeuser (red).

-5

-4 -3

0.0256 * D,CT <0.09 m

CT= { 0.0128 x D,CT > 0.09 m (4)

Fault zone coverage is calculated for the mining levels
assuming symmetric architecture and constant fault zone
thickness within the individual fault zone (Fig. 4). The
area covered by high numbers of fault zones retraces the
major faults identified. A decreasing percentage of overlap-
ping fault zones is observed with increasing depth, show-
ing that destruction at the surface is more intensive than in
the underground. Simultaneously, the area not covered by
any fault remains constant at around 10% yielding evidence
that surficial destruction is focused to the existing damage
zones of the large-scale faults. The fault core yields about
0% to 17% of the single fault zone thickness which results
to about 2.1% of the total area of the single levels at
715 masl and decreases constantly to about 1.6% of the
total area at —100 masl.

Correlation between inflows and fault zones

To study the relationships between small-scale preferential
groundwater pathways and the surrounding faults zones—

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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Fig. 10. The poles of the faults are plotted within the lower hemisphere. The poles are color coded logarithmically according to the trace length of the faults.

that is, the hydraulic architecture of the large modeled
faults—the individual inflows from mesoscale fractures are
spatially related to the individual fault zones using the clos-
est distance to the fault center. This was done for two dif-
ferent distance metrics calculated in 3D space between the
inflow points and the mesh points of the modeled faults:

(1) Absolutely closest fault distance (ACFD): The orthog-
onal distance between the inflow point and each mod-
eled fault is approximated by the minimum distance
between the inflow point and the mesh points of the
fault center of all faults (Fig. 11). The smallest value
represents the absolutely closest fault (ACFED).

(2) Relatively closest fault distance (RCFD): The orthogo-
nal distance between the inflow point and the modeled
faults is approximated by the minimum distance
between the inflow point and the mesh points of the
fault center of all faults. Each distance between the
inflow point and the faults is normalized by the fault
zone radius (half-thickness) of the respective fault.
RCFD is the distance to the fault with the lowest per-
centage of all normalized distances (Fig. 11).

As a result, we are able to relate each inflow point to fault
properties like fault orientation, length or thickness. Each
inflow can be spatially related to one or two possible faults

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710

Fig. 11. A generic plain view onto two faults and their fault zone thickness
is displayed. For reason of clarity, a linear scaling between fault trace length
and fault zone thickness is used in this figure as with the logarithmic rela-
tion (Eqs 2 and 3) the smaller fault zone thickness is not possible to display.
A major fault zone A (green) exhibits a fault zone radius of about 30 units
and a smaller fault zone B (yellow) exhibits a fault zone radius of about 15
units. Fault B is the absolutely closest fault (ACFD) 12 units away from the
inflow point X (red dot). This distance equals to a relative distance of 80%
within the fault zone radius of Fault B. In comparison, the inflow X is situ-
ated at an absolute distance of 19 units which equals to about 65% of rel-
ative distance within fault zone radius of Fault A. Therefore, Fault A is
called the relatively closest fault (RCFD).
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when considering the two distance metrics (ACFD and
RCFD might also be the same distance to the same fault).

RESULTS

Mesoscale fracture transmissivity

The transmissivity values, as derived from inflows to the
single deposits of the Pochla-Tellerhacuser Ore Field, are
close to log-normal distribution (Fig. 9) supporting the
selected analysis approach. The distribution of log trans-
missivity at the Globenstein deposit is symmetric and
clearly shows the highest median and geometric mean val-
ues. This is most probably due to the shallow depth of the
excavations below ground surface at Globenstein and pos-
sibly also to the fault orientation of conductive faults as
discussed in later sections (Fig. 12). The orientations of
mesoscale conductive fractures in the entire Poehla-Teller-
haeuser Ore Field are strongly dispersed, but highly trans-
missive fractures preferably dip toward SW (Fig. 8A). This
strong dispersion might also be affected by excavation
induced fracturing and stress redistribution around the
excavations.

Groundwater flow within mining scale fault zones

Based on the processing described above, most of the
1030 mine inflows—except 33 inflows—are located in at
least one fault damage zone. Single inflows (representing
preferential groundwater pathways) are spatially attributed
to up to 10 faults, whereas more than half of the total
inflow rate comes from inflows which are attributed to four
to six fault zones (Table 7). This implies that the main
portion of the preferential groundwater pathways and of
the groundwater flow predominantly occurs within the
overlap area of multiple fault damage zones (Fig. 4). The
distribution of transmissivities of inflows located within a

Table 7 Mean logT and test statistics of the Kolmogorov-Smirnov Tests on
a 5% significance level of the transmissivities derived from single inflows
draining a certain number of fault zones. P-values below 0.05 indicate
rejection of the null hypothesis of the data being derived from the same
continuous distribution.

Number of drained fault zones

0 1-2 3-4 5-6 >6
Number of 32 327 359 251 60
observations
Mean logT —7.67 —7.00 -7.30 —-7.51 -7.81
Number of
drained fault
zones
0 1 0.026 0.079 0.682 0.243
1-2 1 0.011 <0.001 <0.001
34 1 <0.001 <0.001
5-6 1 0.049
>6 1

specific number of fault zones is shown in Fig. 13. Based
on the nonparametric Kolmogorov—Smirnov Test (Massey
1951; Lilliefors 1967), the distribution of the transmissivi-
ties within pairwise grouped fault zones is mostly dissimilar
between the fault groups, and therefore, differences in the
mean log of the groups are significant (Table 7). Log
mean transmissivities increase from inflows not assigned to
any fault zone to inflows draining up to two fault zones.
With further increase of the number of fault zones drained
by a single inflow the mean logT slightly decreases, reach-
ing a minimum within the group of more than six faults
drained by a single inflow. About a third of the 33 inflows
not assigned to any fault zone in the geological model are
situated close to the model boundary and therefore might
belong to fault zones not covered by the model. The
resulting mean logT of this subset might not represent the
matrix. The analyses further reveal that the flow rate of sin-
gle inflows, and hence, its transmissivity is not correlated
with the associated fault zone thickness, and in particular
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Dip direction of fault zone (°)

Globenstein—absolutely closest fault
O Globenstein—relatively closest fault
Haemmerlein—absolutely closest fault
O Haemmerlein-relatively closest fault
Tellerhaeuser—absolutely closest fault
Tellerhaeuser—relatively closest fault

180 240 300 360

Fig. 12. The dip direction of conductive fault
zones derived from ACFD and RCFD is
shown (A) versus northing and (B) versus
elevation. Dots display the fault dip direction
related from ACFD and open circles the fault
dip direction related from RCFD. The dashed
lines represent the mine levels.
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Fig. 13. Comparison of the distribution of inflow transmissivities draining a
number of fault zones.

the highest single inflow rates are not associated with the
widest fault zones.

The location of an inflow within a fault zone is defined
by the relative distances to the fault core considering the
fault zone thickness as described above. In addition, cumu-
lative inflow rates are derived from their relative position
within a fault zone, starting with 0% cumulative flow rate
at the protolith boundary. Such cumulative flow rate distri-
butions within fault damage zones and fault cores are
shown in Fig. 14A,B for the two measures of fault distance
ACFD and RCFED. The gradient of the cumulative graphs
continuously increases from the protolith (relative position
1) toward the fault center (relative position 0) for the
deposits indicating a nonuniform hydraulic conductivity
distribution. At the Globenstein deposit, the inflows tend
to stabilize at around 30% relative distance from the fault
center, that is, showing only minor additional inflows in
this section which might also correspond to a low perme-
ability fault core. The graphs of Tellerhacuser and Haem-
merlein deposits reach a stable plateau at a relative distance
of 0.2-5%. The results from cumulative flow rate curves
derived from ACFD and RCFD distances show an overall
agreement, although the onset of flow is earlier when using
the ACFD distance at Globenstein deposit. In general,

Fig. 14. (A) Cumulative inflow rates from the protolith (x = 1.0) to the
fault center (x = 0) of inflows related by ACFD and RCFD. (B) Normalized
cumulative inflow rates without mayor inflows (Q > 0.01 m® sec™"). (C)
Moving average of 20%, 10%, and 5% relative fault zone thickness of
normalized inflow rates without mayor inflows (Q > 0.01 m? sec” ") of the
Poehla-Tellerhaeuser dataset and according fits.
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most inflows (and their transmissivity) occur within about
a distance of up to 50% of the total fault zone half-thick-
ness as measured from the fault center. Peaks in the overall
smooth graphs indicated single large inflows (Table 4)
which appear randomly distributed within the fault zones.
The inflows with rates larger than 0.01 m® sec™ are
excluded, and cumulative flow rates are normalized to the
total cumulative flow rate of each (sub) dataset in Fig. 14B
for comparison reason. The graphs of all deposits exhibit a
similar shape of a negative exponential function differing
only in the curvature. Spatial derivatives of the normalized
cumulative inflow rate for the entire dataset are shown in
Fig. 14C using moving average windows of 5%, 10%, and
20% of the fault zone thickness. The exponential fitting
equations show a high goodness of fit exhibiting only
minor differences in the exponential coefficients for the
relational models (ACFD and RCFD) and the averaging
distances (Table 8). The graphs for the individual deposits
are not shown due to high scatter of the spatial derivatives
resulting from fewer data.

Differences in the cumulative flow behavior, such as the
onset of flow, the gradient of increase and the difference in
curvature of the normalized graphs might be related to dif-
ferences of the structural inventory. To further explore this
topic, we calculated the cumulative flow rates for the dif-
ferent main strike directions (Fig. 15). To assess the entire
fault network, also gently dipping faults (<30°) are
included in the respective fault strike groups knowing that
they might be of ductile nature and therefore exhibit dif-
ferent hydraulic behavior. The onset of significant inflow
shows remarkable differences between NW-SE and NE-SW
striking faults in comparison with  NNW-SSE and N-§
striking faults. As there are only few inflows assigned to
W-E striking faults, the cumulative flow rate graph is not
shown.

Spatial orientation of transmissive fault zones and
mesoscale fractures

According to Fig. 8B,C and Table 5, the largest contribu-
tion to cumulative flow rate is generated within NW-SE

Table 8 Factors and goodness of fit of normalized flow rates versus nor-
malized position of the inflow in a standard fault zone at Poehla-Teller-
haeuser Ore Field following the equation Q = A*Exp(B*x).

Factor A Factor B

Moving with 95% with 95%

average confidence confidence Standard
Model  window (%)  bounds bounds R? error
ACFD 5 1.03 £ 0.02 -431+0.15 089 0.09

10 1.05 £ 002 —-429+010 094 0.06

20 1.05 +£ 0.01 -3.72+0.06 097 0.04
RCFD 5 1.08 £ 002 —-4724+013 093 0.08

10 114 £ 002 —-4754+0.09 097 0.05

20 113 £ 0.01 —-446 +0.06 099 0.03

and NE-SW striking faults totally resulting in about 79% of
the cumulative flow rate. The range of transmissivities asso-
ciated with the same fault orientations expresses a high
degree of hydraulic variability within these faults. The sta-
tistical difference of orientation of transmissive faults
derived from ACFD and RCFED distance model is only
about +10° for both azimuth and dip if the entire dataset
is analyzed (Fig. 8B,C).

The orientation of transmissive faults is clearly changing
from the NW of the investigation area to the SE
(Fig. 12A). The distribution of transmissive faults at the
Globenstein deposit is bimodal with preferential dip to the
SE and SW. The faults at the Tellerhacuser deposit dip to
the SW, NW, and to a minor extend to WSW and SE. The
distribution of transmissive faults at the Haemmerlein
deposit is in transition and strongly clustered combining
the orientations of the deposits Globenstein and Teller-
hacuser and adding an E dipping cluster. Besides, a
regional difference in orientation clustering, also a clear
depth-dependent trend is observed for the single deposits
(compare Figs 4 and 12). Conductive fault orientations
spread all over and do not cluster in the uppermost
200 mbgs (500-600 masl). The conductive faults exca-
vated in the Tellerhacuser deposit cluster below an eleva-
tion of about 300 masl (about 400 mbgs). The higher
transmissivities at dip directions of 130° to 140° within the
deposit Globenstein might be a result of karstification as
inflows related to marble lenses mainly drain these fault
zone orientations (Fig. 8).

Gently dipping faults (<30°) are mainly situated within
the Haemmerlein deposit. For geometrical reason, these
seven fault zones include a major portion of the investi-
gated volume and therefore relate to about 10% of the sin-
gle inflows by both ACFD and RCFD but exhibit only
about 0.4% of cumulative flow rate (Fig. 8). As these faults
are believed to be old metamorphic (ductile) thrust faults,
hydraulic  conductivity is expected to be low
(Lutzenkirchen 2002; Masset & Loew 2010).

DISCUSSION

Uncertainty of 3D fault zone model

The geologic 3D model is based on cross sections and
geologic maps from the surface and different mine levels.
The horizontal uncertainty of fault positions is approxi-
mately 15-25 m in the excavated parts of the mine and—
due to map inconsistencies—about 100 m at topographic
surface. The latter is of minor importance as inflows were
measured in the excavated parts only. Inflows have an
uncertainty in positioning of about 5 m. The ACFD and
RCED are calculated using point-to-point distances which
is an approximation for the true orthogonal distance
between faults and inflows. As a mesh with a point spacing

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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in the meter range (close to the drifts and increasing away
from them) is used, the error is below the uncertainty of
the inflow and fault positions.

The ratios of measured geometric fault zone properties
within the Pochla-Tellerhacuser Ore Field are consistent
with previous investigations (Childs ez al. 2009; Torabi &
Berg 2011). The traces of NE-SW striking faults are
shorter and hence show fewer displacement and smaller
damage zones (Fig. 10). The high density of relatively
large fault zones reflects the repeated faulting activity in
this region (Fig. 4) which might have caused increasing
connectivity of single small fault planes to larger scale faults
and thus increased the fault zone coverage and damage
around these faults (Beaudoin ez al. 2006; Faulkner et al.
2006, 2010). Fracture creation is most effective close to
the surface due to stress release effects and chemical alter-
ation (Maréchal ez al. 2004; Lachassagne et al. 2011;
Roques et al. 2014; Welch & Allen 2014) and seems to be
focused to the damage zone of already existing faults at
this site. This is also reflected by increasing fault spacing
and therefore decreasing fault core coverage, about con-
stant fault zone coverage and decreasing overlap of fault
zones with depth. Of course constant fault zone coverage
is also a result of the assumption of depth independent
constant fault zone thickness. Thus, it is expected that the
fault zone coverage rather should decrease with depth.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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The fault properties compiled from the model and litera-
ture consist of single values although properties like fault
zone thickness can vary by as much as three orders of mag-
nitude within very short distances (Childs ez al. 2009; See-
beck et al. 2014) and most likely is changing from the
fault center toward the fault tips (Faulkner ez al. 2011).
The estimation of missing geometric fault zone properties
is based on scaling laws derived for strike-slip faults on
log—-log scale. Most faults at Pochla-Tellerhacuser Ore
Field were reactivated several times within different tec-
tonic regimes and therefore are hybrid faults. Still, most of
the faults might have acted as strike-slip faults lately
(Table 1).

Formation of mesoscale fractures in fault damage zones

Mesoscale fractures are assumed to dominate the bulk
transmissivity of fault damage zones as long as effective
stresses remain below about 25 MPa (Mitchell and Faul-
kner 2012), which corresponds to a depth of about
1.5 km under hydrostatic pressure conditions. A variety of
superimposed processes are expected to be responsible for
the formation of mesoscale fractures in fault damage zones
(Faulkner et al. 2011). As the genetic relationships
between mesoscale fractures and faults have not been
investigated in this project, some of the conductive
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mesoscale fractures might also be genetically unrelated to
the corresponding fault zones derived from the RCFD and
ACFD approach. Our results indicate that the orientation
distribution of the conductive mesoscale fractures is not
purely stochastic, but that the conductive fractures are
rather showing a widened range of orientations as com-
pared to the orientations of the related mining scale fault
zones.

Repeated deformation within single faults causes increas-
ing cataclasis which in turn increases transmissivity until a
certain threshold is reached (Scholz ef al. 1993; Faulkner
et al. 2010). Further shearing reduces transmissivity as the
usable pore space volume decreases and retrogressive min-
eral reactions lead to the formation of clay gouge. Our
data indicate that this is not restricted to single faults but
that this mechanism might be applicable to fault networks
(Table 7). Therefore, the most intensively faulted deposit
Haemmerlein is the least transmissive within the Poehla-
Tellerhaeuser Ore Field (compare Fig. 4 and 14). Also the
comparably low average inflow rates within the entire ore
field are attributed to the maturity of the fault system
(compare with Masset & Loew 2010; Seebeck er al
2014).

Water flow within mining scale fault zones

Due to the regional scale of the study, multiple fault planes
are often merged in the 3D geologic model simplifying the
architecture of individual fault zones. As the faults at
Pochla-Tellerhacuser Ore Field were repeatedly reactivated
(Hosel 2002; Kuschka 2002; Pilchen & Walter 2011;
Schuppan & Hiller 2012), the fault network is presumably
in a mature state and the geometry of faults should have
the tendency for simple planar geometries (Faulkner et al.
2008). This might explain why only two fault zones have
been described to be asymmetric (V.I. Velichkin & B.D.
Vlasov, unpublished report; Hosel 2002; Schuppan & Hil-
ler 2012). Hence, fault zones in our model are assumed to
have a symmetric architecture consisting of fault core,
damage zone, and protolith although this is not the case at
other sites (Wallace & Morris 1986; Sibson 1996; Faulkner
et al. 2003, 2011; Wibberley & Shimamoto 2003). Addi-
tionally, the thickness of fault zone and fault core is
assumed to be independent from the overburden.

Our results demonstrate that most of the inflow or trans-
missivity is generated within the nearest 30% to 50% of the
fault damage zone (Fig. 14). The cumulative inflow
decreases exponentially to background levels as the pro-
tolith is approached. The normalized graphs reveal similar
shapes of an exponential decrease of cumulative flow rates
within the deposits but they differ in curvature (Fig. 14B).
This decrease in flow rate and cumulative flow rate or trans-
missivity (Fig. 14B,C) with distance to the fault center
might be related to the exponential decrease of mesoscale

fracture spacing in fault damage zones (Faulkner ez al.
2010) and therefore reveals differences in the governing
fault zone architecture and fault zone evolution. The onset
of effective inflow in Tellerhacuser deposit is closer to the
fault center and curvature of the normalized cumulative
flow rate is steeper in comparison with the Globenstein
deposit (Fig. 14A) which might be attributed to a denser
fault network with multiple overlapping fault zones (Fig. 4)
and therefore shorter distances to the next fault at Teller-
haeuser. Gently dipping faults (<30°) are included into the
cumulative curve according to their strike. Although they
exhibit a significant number of inflows, the influence onto
the cumulative curve is marginal (Fig. 8). Effectively no dif-
ference would be observed in cumulative flow if those faults
were excluded. The equally good results for the two rela-
tionship models of inflows and faults (ACFD and RCFD)
and for the averaging distance (5%, 10%, and 20%) with
about equal exponential factors demonstrate the robustness
of the proposed permeability model.

In general, single large inflows stick out and appear ran-
domly distributed in space (Table 4), in orientation
(Fig. 8), and in position within the fault zone architecture
(Fig. 14A). Similar observation is described in Masset &
Loew (2010) for the Gotthard Base Tunnel (Swiss Alps).
The assessment of processes leading to very high inflows is
difficult because local information on potential key factors
such as stress conditions, protolith lithology and elastic
properties, fault architecture, fault strength, or fracture
mineralization is missing.

Fault zone transmissivity, orientation, and stress state

Water flow in fractured rocks is strongly influenced by the
current stress state (e.g., Barton et al. 1995; Talbot &
Sirat 2001; Cox 2010; Ingebritsen & Appold 2012; Earn-
est & Boutt 2014). Unfortunately, no stress measurements
are available for the Poehla-Tellerhaeuser Ore Field but it
can be expected that near surface stresses show larger varia-
tions due to topographic effects in comparison with stress
conditions substantially below the receiving streams. The
orientations of transmissive faults are highly dispersed close
to the surface. The depth transition to more focused flow
through NE-SW and NW-SE striking faults aligns with the
clevation of the valley bottom of the Ohfe- (Eger-) Rift
which is at about 350—400 masl. Adjacent valley incisions
in the ore field are between 150 and 300 m deep. Rock
mechanical effects around the outcropping Eibenstock type
granites and the Schwarzenberg dome might also con-
tribute to local redistribution of stresses not aligning with
the regional stress field close to the surface. NW-SE strik-
ing faults are the main transmissive fault zones which
might be critically stressed in deeper parts of the ore field
considering the regional stress field described in section
Site Description.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710



A sensitivity analysis of transmissivity estimations using
the approximation of Jacob & Lohman (1952) was per-
formed by Masset & Loew (2010, 2013). For radial flow
to a circular well, the authors estimated stochastically the
uncertainty of transmissivity to yield about half an order of
magnitude and the mean transmissivity usually being
slightly underestimated. In comparison with packer test
results, mean logT estimated from drift or tunnel inflows
yield a lower bound of expected values (Mas Ivars 2006;
Fernandez & Moon 2010; Masset & Loew 2013). The
late time assumption of Jacob’s method is violated by 15
individual inflows and their transmissivity is probably
underestimated. But as the total number is low (around
1.5% of the entire dataset) and these inflow points are
equally distributed within the number of fault zones, they
do not have a significant influence on the results.
Enhanced transmissivities of NW-SE and NE-SW striking
fault zones correlate with the longest activity in different
regimes, highest destruction, and therefore the highest
extensions of those faults in 3D (Table 1). Finally, these
highly transmissive fault zones were most recently active.
For these reasons, NW-SE and NE-SW striking fault
zones are hydraulically active over larger percentages of the
damage zone in comparison with fault zones striking
NNW-SSE and N-S as observed within the cumulative flow
rate graphs (Fig. 15).

SUMMARY AND CONCLUSIONS

An outstanding dataset has been compiled for the Poehla-
Tellerhacuser Ore Field situated within the western Ore
Mountains. It consists mainly of detailed descriptions of
groundwater inflows to about 125 km of tunnels and
15 km of drillings documented in archived sampling
books, geologic maps, and cross sections of the mining
area. All data were compiled and integrated into a 3D geo-
logical model. Early time inflow measurements were con-
verted into transmissivities using a simplified analytical
solution (Jacob & Lohman 1952), which is valid for con-
stant head drawdown and radial flow to a linear drift or
borehole. Mining scale faults with trace length ranging
between 0.3 and 30 km have been grouped into five main
strike directions, of which NW-SE and NE-SW striking
faults are the most frequent both in number of faults and
cumulative trace length. Structural fault zone properties
(fault core and damage zone thickness, displacement, and
length) have been compiled for the investigation area and
completed with estimations using generic relationships
developed by Kolyukhin & Torabi (2012). The data were
used to investigate hydraulic properties of fault zone domi-
nated crystalline basement rocks at site scale, to character-
ize water flow and transmissivity distribution within fault
zones, and investigate their dependence on fault zone
architecture, fault orientation, and tectonic history.

© 2016 John Wiley & Sons Ltd, Geofluids, 16, 688-710
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The structural properties of the faults at Poehla-Teller-
haeuser Ore Field exhibit rather intensive shearing which is
due to a long multiphase tectonic history with several reac-
tivations and/or intensive displacement along the faults.
Only NE-SW striking faults indicate relatively smaller dis-
placement and corresponding narrow damage zones. Fault
zone coverage was calculated for mining level parallel slices
through the 3D geologic model, based on the assumptions
that fault zone thickness of the individual fault zone is
constant and fault zone architecture is symmetric, consist-
ing of a central fault core, adjacent fault damage zones,
and the protolith. On average, fault zone coverage in the
investigated volume is very high, around 90%, and in most
places several damage zones overlap. The area covered by
fault core and the area covered by multiple overlapping
fault zones decrease with depth expressing fewer destruc-
tion with increasing depth.

Flow rates of 1030 discrete inflows in the range of
1.7E-8 and 3.7E-2 m?® sec™! were quantitatively analyzed,
exhibiting close to log-normal flow rate distribution. In
comparison, the average values of inflow rates are about
one to two orders of magnitude lower than the inflow
rates to tunnels determined in similar lithological environ-
ment at the southern Taupo Rift in New Zealand (Seebeck
et al. 2014) and in 100-m tunnel intervals in the Swiss
Alps (Masset & Loew 2010).

The single inflows from the mesoscale fractures were
related to the mining scale faults using two geometrical min-
imum distance criteria in 3D. 97% of all inflows to the drifts
and drillings at Poehla-Tellerhacuser Ore Field are located
within fault zones. Most discrete inflows were situated
within one or several intermediate to steeply dipping fault
damage zones. The mean fracture transmissivity is highest
within up to two overlapping fault zones and decreases with
increasing number of fault zone overlaps. This might be
related to progressively increased shearing, cataclasis, and
retrograde mineral reactions as it has been observed for
maturing single faults. Highest single flow rates relate to
faults with intermediate dip, which are at least partially
related to karstified NE-SW striking marble lenses. The
highest fraction of inflows and the highest cumulative flow
rates come from NW-SE and NE-SW striking fault zones.
Cumulative flow distribution functions within damage zones
are exponentially decreasing from the fault center toward
the protolith and the curvature seems to depend on fault ori-
entation (and type). 75-95% of the flow occurs in the inner
50% of the damage zone. If flow rate is used as a first order
proxy for permeability, none of these graphs follow standard
permeability models for fault zones. Although lower flow
rates were recognized within most fault centers, a barrier
behavior is possibly seen only for fault zones at the Globen-
stein deposit. The exponential decrease of normalized flow
rates and normalized cumulative flow rates toward the pro-
tolith agrees with decreasing fracture frequency. Few
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exceptionally high inflows seem to be randomly distributed
in 3D space and generate a high degree of hydraulic hetero-
geneity. To our knowledge, this is the first time that a
hydraulic model for mining scale faults has been established
based on a very large 3D dataset.

Transmissive faults have a very wide orientation distribu-
tion in the upper most hundred meters below ground sur-
face (equals about 500-600 masl). In the depth range
150-300 mbgs (about 250—400 masl), two preferred ori-
entations of faults are conductive (NE-SW and NW-SE
striking). Below 300 mbgs (about 250 masl), only one
strike direction (dipping toward 60° and 240°) is conduc-
tive. This depth-dependent orientation of conductive faults
might represent variations in the stress field with a topo-
graphic overprint due to local valley incisions and the adja-
cent Ohre- (Eger-) Rift in shallow and intermediate depth,
and more stable stress orientations controlled by the regio-
nal tectonic regime at depth.

The analyses presented are based on statistical relation-
ships between inflows, fracture transmissivities, and mining
scale faults. The relationships between mesoscale fracture
transmissivity, depth, lithology, fracture mineralogy, and
metamorphic overprint are described and explored in the
companion paper.
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