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DATA DESCRIPTOR permeability of fault zones and
‘surrounding protolith rocks at
world-wide sites

. Jacek Scibek

. Brittle faults and fault zones are important fluid flow conduits through the upper part of Earth’s crust

. that are involved in many well-known phenomena (e.g. earthquakes, thermal water and gas transport,

. orwater leakage to underground tunnels). The permeability property, or the ability of porous materials

: to conduct water and gas, is one of the key parameters required in understanding and predicting fluid

. flow. Although close to a thousand studies have been done, and permeability tested in parts of fault

. zones, a sytematic summary and database is lacking. This data descriptor is for a multi-disciplinary

. world-wide compilation and review of bulk and matrix permeability of fault zones: 410 datasets, 521

. reviewed sites, 379 locations, >10000 publications searched. The review covers studies of faulting
processes, geothermal engineering, radioactive waste repositories, groundwater resources, petroleum
reservoirs, and underground engineering projects. The objectives are to stimulate the cross-disciplinary

. data sharing and communication about fault zone hydrogeology, document the biases and strategies

: for testing of fault zones, and provide the basic statistics of permeability values for models that require

. these parameters.

Background & Summary
Geologic evidence of past fluid flow through brittle fault zones is abundant and varied in fault rocks and adjacent
© altered host rocks!~. The hydrogeological effects on fluid flow in fault zones (e.g. barriers and conduits) have
© been observed directly at present time. These include thermal springs discharging from faulted crystalline rocks?,
. faults distrupting fluid flow in sedimentary rocks because of formation offset and clayey fault gouge seal’, or
groundwater inflow to underground excavations from fractured rocks in fault zones®”. Faults or fault zones are
' now recognized as heterogeneous domains of deformation and associated hydro-mechanical properties from
: macroscopic to microscopic scale, that may include: single or multi-strand fault core, damage zones of fractured
. rock, deforming and off-setting the surrounding host rocks or protoliths®'!. The brittle deformation is also rec-
ognized at microscopic or microfracture scale around faults'>. Permeability is an important parameter in models
of active faults because of fluid involvement in fault geomechanics and earthquake generation'*-'¢, and tempo-
rally enhanced permeability is now directly linked to some types of observed migrating seismicity phenomena
along faults!”!8. The bulk permeability of the brittle upper crust is only partly known, but there is multiple evi-
: dence for fault zones behaving as conductive elements or fluid flow channels through the brittle crust'®. The
. paleo-permeability of faults can be inferred from the properties of fault-hosted ore-deposits®*!. At present time,
. hydrothermal flow systems in explored geothermal reservoirs often involve permeable faults and thermal fluid
: convection within fault zones?**?*, and both locally and regionally the contrast of fault-host rock bulk permeabil-
© ity is a controlling parameter**. Some of the best (or the most specific) permeability data are from fault-hosted
* geothermal reservoirs®?°. In sedimentary basins, fault permeability and transmissivity in petroleum reservoirs
: is intensely studied because of fluid compartmentalization effects?”-**, but these effects are also noted in shallow
groundwater aquifers®. Fault conduits and barriers to water flow also affect the engineering of underground
excavations®, and predictions of contaminant transport.
The published data from fault zones are often isolated from each other in the sub-specialties within the geo-
scientific disciplines, and not cross-referenced, and continuously diverging into more specialized fields of study.
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With a growing number of measurements, data compilation becomes difficult, while the geoscience specialization

can lead to certain biases in data collection at different scales of measurement®'. The multidisciplinary data search

is important because most authors in particular geoscientific specialization do not reference works from outside

of their field of study, thus creating rather limited reference links that tend to be re-used by subsequent authors.
The compilation and description of these permeability data has several objectives:

(1) improve cross-disciplinary data sharing and communication, and serve as a reference or a guide to the
multitude of datasets,

(2) present summary values and site information for as many as possible published datasets and not only
selected sites,

(3) enable the statistical exploration of fault zone permeability with structural and geologic parameters for the
study sites,

(4) compare the magnitudes of permeability in fault zones and host rocks,

(5) stimulate a critical discussion of this topic, and offer improvements in dataset review and database
expansion.

The data descriptor in this article®” is for a database of world-wide test sites in brittle fault zones (test meth-
ods, geologic parameters, summarized permeability values), at different geographic locations (Fig. 1). The review
was done over seven years, in several iterations, and covered thousands of research items such as journal papers,
reports, and conference proceedings published until February 2020. Of the reviewed datasets, 410 passed the
initial review, and 111 datasets did not meet the criteria because of lack of published permeability data or unclear
data association with fault zones.

Methods

Dataset review process. The concept of “systematic review” and meta-analysis is used in many scientific
fields®, and here it was adapted to the hydrogeological data that are both qualitative and quantitative. The search
was comprehensive, using multiple databases, and then searching and reviewing all references listed in every
publication on the topic of fault zone permeability. The full search of reference lists in all publications was ulti-
mately more systematic and complete, compared to the searches through academic journal or institutional report
databases, partly because the titles and keywords were moderately to poorly useful in locating the permeability
datasets or supporting documents. The review process is summarized in Fig. 1, and described in the following
text sections.

Data sources. The data sources are organized in six categories of “Category of research’, defined loosely by
the objectives and motivations of the studies, although many of the studies were multi-disciplinary (Table 1). A
list of named fault zones, research sites, geothermal reservoirs, tunnels, mines, outcrops or named drillholes is in
Online-only Table 1, to help with document and publication searches for these terms.

Active faults and faulting processes. Approximately 2500 research items were reviewed from structural and
hydrogeological studies at 79 locations and 120 datasets. Representative fault zone permeability values were
entered for 92 datasets. The database also contains several estimates of paleo-permeability from fault outcrop
mineralogy and geometry of sealed fractures, clearly separated from the in-situ test results for present-day per-
meability. A large number of fault outcrops have been mapped, but relatively few locations have been tested for
permeability. The data sources are varied and are listed as follows.

Scientific drilling and outcrop testing:

 permeability testing of fault rocks on outcrops of active fault zones in metamorphic and plutonic rocks**>,
o testing of fault outcrops in volcanic rocks**7,

o drilling and in-situ hydraulic testing in parts of active fault zones on continents
o tests in tunnels through parts of active faults*?,

o tests on drillcore samples retrieved from depth*~*>,

o oceanic drilling program and fault permeability estimates at various locations in the accretionary prisms*®4,
« deep scientific drilling in metamorphic crust*->,

38-41
>

Seismological observations and fluid flow models:

« permeability of fault conduits inferred from the rate of migration of seismicity near fluid injection
locations®>*2,

« permeability and poro-elasticity of host rocks with various effects of faults on fluid flow>>*4,

« natural seismicity migration in faulted brittle crust>-,

Geothermal reservoirs.  The review was initially done on published data from 240 locations, then refined to 169
datasets. However, after the final review, only 115 permeability datasets were clearly fault-related. Particularly
useful sources of geothermal data were: the UNU-GTP (United Nations Geothermal Training Programme)
in Iceland, the GRC (Geothermal Resources Council) database, and the Stanford University Geothermal
Workshop proceedings. The review and permeability summaries were also done for EGS (Enhanced Geothermal
System) and HDR (Hot Dry Rock) sites. The enhanced permeability of faults after pressure injection (“fault stim-
ulation”) were stored separately from the values “before stimulation” (natural conditions). In many geothermal
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Fig. 1 Permeability test data review process diagram. Schematic diagram of the permeability data compilation
and review process: (a) search and review of publications (map of the world showing the locations of test sites

in this study), (b) hydrogeology & structure at site scale (sketch based on Soultz-sous-Foréts geothermal site
modified after ref. 16, (c) fault zone structure and permeability domains (fault zone sketch modified after ref. !'7),
(d) permeability test scale (drillhole fracture model modified after ref. '), (¢) summary of permeability values in
database, (f) technical validation.

fields, the numerical fluid flow models provide a good summary of site-wide bulk permeability, because the
models are calibrated to in-situ hydraulic tests. In some cases, original in-situ data were not published, only the
site-wide models.

Examples are:
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Reviewed Datasets Downbhole in- Outcrops

Category of research datasets passing review | situ tests only
Active faults and faulting processes 120 92 59 33
Geothermal reservoirs 169 115 115 0
Radioactive waste repositories 64 61 58 3

Water resources and contaminated sites 27 21 19 2
f:éiﬁlzizrl;izrcxgirs and faulting processes in 67 57 14 44
Engineering projects (tunnels, mines, dams) 74 65 65 0

Totals 521 411 331 35

Table 1. Dataset counts by category of research. A dataset may include one or many permeability tests and
results, and multiple types of methods.

« enhanced geothermal reservoirs®”*®,

o geothermal exploration and production in natural hydrothermal areas, including fault-hosted geothermal
reservoirs®,

« faulted volcanic and sedimentary reservoirs where the fault conduit-barrier effects are complicated by and
permeable stratigraphic units®"2,

« upflow of thermal waters in natural hot geothermal areas®,

Radioactive waste repositories. The hydrogeological investigations were motivated by characterization of pro-
posed radioactive waste disposal sites, usually located in low-porosity fractured and faulted metamorphic, plu-
tonic, and volcanic rocks (in total 61 datasets). The reports containing the data are searchable through the INIS
Repository database of the International Atomic Energy Agency (IAEA) and from national agencies such as
Nagra (Switzerland), SKB (Sweden), Posiva Oy (Finland), JAEA (Japan), AECL (Canada), and the USGS and U.S.
Department of Energy, as well as national laboratories. Selected results have also been published previously in
scientific journals. The fault structures are often old inactive thrust faults or ductile shear zones or minor faults
in the regional setting, because these locations were purposely selected to be in less deformed tectonic blocks.
Examples of datasets are:

« metamorphic (e.g. metasedimentary gneisses) and plutonic rocks (e.g. granitic batholiths)®*,
« mudrocks (e.g. argillites, shales)®*¢7,
o volcaniclastic rocks (e.g. tuffs)®®¢,

Groundwater resources and contaminated sites. Aquifer models average large volumes of material, and in a few
cases, there are estimates of fault zone conductance (or hydraulic conductivity) for groundwater flow across the
fault, calibrated to the observed hydraulic head distributions around the fault zone. More definitive in-situ tests
were done at some research sites in combination with tracer tests and detailed flow models. Examples of datasets
are:

« groundwater resources in fractured and faulted metamorphic or plutonic rocks’,
« groundwater flow in faulted siliciclastic sedimentary rocks”!,
o effects of karst dissolution on fault zones in carbonate rocks’?,

Petroleum reservoirs and faulting processes in sedimentary rocks. Many permeability measurements are done
routinely by the petroleum industry, and the search results were from publicly available articles and reports only.
The published data are largely from fault zones exposed on outcrops, and less from drilled study sites. Examples
are:

« fault outcrops in sandstones’>’*, and in carbonates’’s,
o tests on of drillcore samples”,

Engineering projects. This section relies upon reports and papers on hydraulic tests and observations in long
tunnels, mines, and dams constructed in various rock types at depths up to 2km. The groundwater inflow to
tunnels from fault zones can provide estimates of transmissivity and bulk permeability. Examples of datasets are:

« hydrogeology of fault zones in deep transportation tunnels, tested using drillholes®,
o estimates of fault zone and host rock permeability from water inflow rates along tunnels’,
« inflows from faults to mines®.
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Fig. 2 Locations of world-wide fault zone permeability test sites. (a) Locations with available bulk and matrix
permeability, (b) datasets from studies on active faults and faulting processes, (c) geothermal reservoirs, (d)
radioactive waste repository studies, (e) groundwater resources and contaminated sites, (f) petroleum reservoirs
and faults in sedimentary rocks, and (g) engineering projects.

The locations of reviewed test sites on world maps are plotted in Fig. 2. The geographic coordinates were either
reported in the original publications, or, were estimated from published maps on figures in those publications. For
each study site, the location was checked in Google Maps or Google Earth applications, compared to the descrip-
tions in published reports or papers. A note was entered in the database about location uncertainty.

Geologic parameters. As a broad overview, all test sites are in the upper part of the brittle Earth’s crust,
in both the crystalline “basement” rocks and in the overlying sedimentary basins or volcanic rocks. The depth
intervals of tests in fault zones can be visualized along a schematic cross-section along the geographic longitude
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Fig. 3 Fault zone permeability test point elevations and depths plotted along geographic longitude. (a) Test sites
plotted as ground or sea floor elevation, (b) depth below ground or below sea floor of in-situ bulk permeability
test intervals by host rock lithology category.

(Fig. 3), where all the data are projected on the section and shown as elevation above sea level or as depth below
ground or sea floor. The depth range of in-situ tests in drillholes or tunnels is from 0 to about 9 km depth below
ground on land, and to about 1km depth below sea floor at ocean drilling sites.

A brief summary text of the local geology and regional context is included in the database. The host rocks were
classified into categories by their overall rock type and not particular mineralogical characteristics:

o “Siliciclastic (coarse)” category (n = 89) includes the sandstone and interlayered sandstone with fine grained
rocks. A sub-category was given for unlithified siliciclastic rocks, and a category for tests in deformation
bands (reviewed in detail by other authors®!).

o “Mudrock” category (n=30) here refers to the fine-grained siliciclastic rocks®>% clay, silt, claystone, mud-
stone, clay-rich siltstone, shale, and any argilliceous rocks). Marl rock and mixed mud-carbonate rocks,
that have relatively low strength and smear when faulted, were placed in the mudrock category due to their
hydro-geomechanical properties®.

« “Carbonates & evaporites” category (n=47) is for the test sites mainly in limestone or dolomite, often met-
amorphosed to some degree. At a few locations the dolostones are interbedded with anhydrites and other
evaporites or marble. A few outcrops were in high-porosity grainstones.

o “Volcaniclastic” category (n = 25) has the test data mainly from tuff rocks and tuffaceous sediments. There is a
large variability in hydraulic properties of tuffs, depending on their cementation and alteration®. In volcanic
areas, tuffaceous rocks are usually interlayered with andesitic or basaltic layers, thus in some cases both cate-
gories of volcaniclastic and volcanic igneous were marked as present.

o “Volcanic igneous” category (n="73) is for the intrusive and extrusive volcanic rocks, although these can be
interlayered with volcaniclastics and other sediments.

o “Plutonic” category (n=137) here is for the granitic and granodioritic rocks from a wide variety of data
sources: drilling in large batholiths (e.g. exposed in mountain massifs) or at smaller intrusions at some geo-
thermal fields.

o “Metamorphic” category (n=126) is a large group of metamorphic rocks that are found in the basement rock
at most of the study sites.

It should be noted that host rocks around faults also contain an agglomeration of deformations that may
not be related to the presently tested fault zone (e.g. sparse natural fractures of various origin, intrusive dykes,
stratigraphic or lithologic contacts and associated fracturing, old ductile deformation that is now part of the host
rock for the brittle fault, etc.). The host rocks that are considered here are with respect to the now (in most cases
exhumed) brittle fault zones. This review does not cover ductile shear zone permeability or their protoliths at the
time of shear zone activity.
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The structural geology was reviewed for each site and the available fault size parameters were summarized:
fault displacement and throw, length, width of fault core and damage zone, and whole fault zone width. The total
displacement was rarely reported, and it was found at about 25% of the sites. The total displacement for a fault
zone is often accumulated among many fault segments within fault zones. Fault throw, or dip-slip displacement,
was entered separately. Fault length was either for the whole fault zone or for fault segment in the fault zone (if
tested specifically). The fault length, where not reported in publications, was estimated in this review from the
geologic maps and figures in some cases. The best mapped widths of fault zone components were the fault cores.
Fault core width varied greatly from cm to multi-meter scale at many study sites, and many of the fault zones
had multiple fault cores (multiple fault strands). The closest fault core to the one tested for permeability was
reported here. In most cases, there was no specific fault core tested, and thus the widest reported fault core width
was entered to this database. The width of fault damage zone is difficult to define at the majority of study sites.
Fault zone widths are only certainly known across exposed fault outcrops or along tunnel section. The width value
can be viewed as a sample from a width population along the fault.

Review of permeability test methods. In each case study, the permeability estimates were associated
with particular test methods in the database. This is coded by categorical variables (1 =yes, blank =no) and text
summaries. The first group of methods involves some direct estimation of permeability through Darcy’s Law,
by inducing a pressure gradient and fluid flow through porous media. The second group is for other estimation
methods that require more assumptions about how the observed response variables relate to permeability of
porous media. Most of the methods apply to present-day permeability, with exception of the geochemical/miner-
alogical estimation of paleo-fluid flux (column 64). The method of fracture aperture empirical laws (column 61)
was also in some cases applied to mineral-filled (sealed) fractures to estimate paleo-permeability that is obviously
different from present permeability of such rock.

The scale of permeability tests is important to differentiate, because the rock matrix permeability can be 2 to 4
orders of magnitude smaller than the bulk permeability of the same rock that includes the macroscopic fracture
networks in low-porosity brittle rocks®®#’. In high-porosity weak rocks the fractures add some permeability com-
ponent®®, but the fluid-induced transient fracture dilation effects are also important. The relative effect of macro-
scopic fractures become more important in rocks of lower porosity and larger density®. In this compilation, the
matrix permeability refers to tests on small (few cm size) rock samples or rock outcrop spots, but does not include
macroscopic fractures at scales >0.1 meter. The bulk permeability refers to an estimate of total permeability from
in-situ tests (e.g. hydraulic tests in drillole intervals) at length scales of meters to 100’s meters usually. The bulk
permeability includes the effects of connected flow channels within macroscopic fracture networks. The termi-
nology is widely used in hydrogeology and structural geology®*-*2.

The matrix permeability is determined directly from tests that induce some water or gas flow across the sam-
ples (laboratory permeameter apparatus), or into spots on samples or rock outcrops (permeameter probes).
Macroscopic fracture channels or macropores were sometimes tested on whole drillcore samples. The follow-
ing text is a list of test methods, and include the number of datasets in brackets (not the individual tests or sam-
ples). Additional references are given with examples from fault zones, if not already listed in the methods section.

The direct permeametry estimation methods are:

o Core plugs or smaller samples tested inside laboratory permeameters under confining pressure in order to
seal the sample, or purposely at high confining pressure to simulate a larger effective depth than the origi-
nal sample depth (n= 103 datasets),

o Whole drill-core pieces with faults tested inside permeameters® (n = 36),

»  Outcrop transects using gas injection or air extraction at test spots (transient or steady state flow rate), includ-
ing spots on drillcore pieces* (n=31),

Indirect matrix permeability estimation methods are:

« Microfracture or pore geometry® relations that link the porosity to permeability, or the microfracture size to
permeability (n=38),

« Geochemical/mineralogical methods for estimating the required paleo-permeability®® (matrix or bulk,
depending on context) of the main fluid flow conduits from larger depths (n=2),

Bulk permeability direct testing methods, in column order from the database are:

o Infiltration or exfiltration at the outcrop®’, where water is injected or infiltrated or removed from the outcrop
(n=4),

«  Water inflow from the fault zones to tunnels®*>”’ (n =43),

« Single borehole tests are the most extensively used methods in fault zones and host rocks (injection, dis-
charge, slug or pulse tests)**-1% (n =206),

« Tidal analysis of the water pressure fluctuations in drillholes as a response to the solid earth tides or ocean
tides'”! (n=10),

 Barometric fluctuations in the unsaturated zone to estimate air flow rate along the fault zones'”* (n=1),

o Cross-borehole tests in fractured zones, where the fracture networks are tested directly between two drill-
holes?®103 (n=39),

« Pumping or injection tests and monitoring of pressure responses in other drillholes (interference tests)”*1+105
(n=139),
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Numerical flow models are used at almost all research and industrial sites, and in this review the bulk per-
meabilities of fault zones and host rocks were useful because the original data (individual well test results) were
often not published. Measurements that help calibrate numerical flow models were described for some test sites:

o Water inflows/outflows in the drillholes (circulation loss or well feed points), are used as a supporting infor-
mation in interpretations of well tests (n=39),

o Reservoir production/reinjection data (pressure, fluid flow rate, and temperature), used for the numerical
flow model calibration (n=28),

o Tracer tests to estimate the porosity and connectivity of the groundwater flow system?”'% (n=27),

« Spring water or gas flow from faults as a supporting evidence for fluid flow in fault zones!'* (n=13),

Other indirect permeability estimation methods:

« Empirical laws for fracture aperture and spacing, used to estimate the bulk permeability'”” (n=7),

«  Grout injection volume patterns across a fault zone'* (n=3),

« Geophysical methods in drillholes to estimate the permeability (e.g. tube wave reflections)!” (n=3),

o Microseismicity hypocenter migration over time, where the bulk permeability of presumed fluid flow con-
duits along fault zones is calculated from the estimate of hydraulic diffusivity!!*!!! (n=15),

o Thermal water upflow velocity that is estimated from the vertical temperature gradient and an estimate of
permeability from thermal water outflow rate!? (n=2).

Depths of tests. In-situ tests of bulk permeability. ~ All in-situ bulk permeability values are assigned a ver-
tical depth below the ground surface on land (or sea floor for oceanic drill sites). For depth intervals, both the
maximum depth and minimum depths are specified (columns 75 to 76). For single depth points (not an interval),
only the maximum depth is given. The average depth (column 77) here means the mid-point depth between the
maximum and minimum depth. It equals the maximum depth for single depth points. In geothermal reservoir
models, tunnels, or large research facilities with many drillholes, the depth was given as a range of results from
the fault zone (as described in published materials). In mountainous terrain, the average depth below ground was
estimated from geologic cross-sections and the published test depths.

Matrix permeability from outcrops and samples.  For fault zone outcrops on the ground surface, for data storage
and graphing purposes a 1 m depth is entered as the maximum depth. This allows to plot the permeabilities of
outcrops and in-situ data from depths on logarithmic depth scales (instead of 0 m depth of outcrop). For drillcore
samples, the depth of each sample was entered as the maximum depth only.

Effective depth of matrix permeability for rock samples. A depth value must be associated with the permeability
results, but in many laboratory tests on rock samples a high confining pressure (and effective pressure) is often
used that acts on the porous media and compresses it. The matrix permeability tends to descrease with increas-
ing confining pressure (pore space and microfracture compaction), and does not recover completely during
depressurization!'>!!4, For this review, the matrix permeability values are taken at the smallest reported confining
pressures (columns 82 and 83 give the range) in the initial pressurizing path before sample compaction, or as
recommended by the authors of publications. The “effective” depth value (column 88) is not the depth of original
rock sample (drillcore or outcrop). Effective depth depends on the assumed average pressure gradients in the
Earth’s brittle crust, assuming hydrostatic conditions and average pressure gradients''® in Eq. (1):

Dy = P‘?—ﬁ’
(Aplith - APhydro) (])

where D, is the effective depth of permeability sample (km), P¢ is the effective confining pressure (MPa) on test
sample (see column 87), APy, is the lithostatic pressure gradient (MPa/km), APy, 4, is the hydrostatic pressure
gradient (MPa/km). The assumed average lithostatic pressure gradient was 23 MPa/km and a hydrostatic gradient
of 10 MPa/km, thus an effective pressure gradient 13 MPa/km. If the sample drilled depth (or outcrop 0 depth) is
much greater (>1km) than the effective depth, the value in column 89 is tagged as 1. These values can be adjusted
by the database users if the site-specific pressure gradients are known more precisely.

Permeability values. The permeability data were separated by test scale category (matrix and bulk). The
test results that were originally reported in the literature as transmissivity, hydraulic conductivity, or permeability
thickness, were converted to m? permeability units. Logarithms of permeability (log,, m?), were also calculated to
aid in graphing of permeability vs. depth, and for further statistical analysis.

Representative permeability estimate. Only the summary (representative) values of permeability for datasets
are reported in this database, not all individual test points in large datasets from the original publications. This
database does not compile all raw data and all test spots on outcrops, multiple drillhole test intervals, etc. For each
dataset, the representative permeability values are recorded. At 81% of the study sites there is only one permea-
bility test result from in-situ test, and usually only one estimate of bulk permeability in the fault zone. Multiple
datasets of fault zone permeability were defined at 19% of the sites, separated for different reasons: distinctly dif-
ferent fault zones, different host rock along the same fault zone, large depth separation of groups of in-situ tests, or
statistical and model summaries of different fault sets as defined by the authors of original publications.
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o The representative permeability was in the majority of cases the only value available.

o Where a larger amount of drilling has been done, the review was focussed on finding the representative bulk
permeability values that had been already reported by the original authors. This review uses the published
conceptual models and statistics and does not re-analyse the data.

o Where only a few test values were taken, the more recent or higher-quality results were used. Given a choice
of two permeability estimates, or two clusters of permeability values in original publications, the maximum
value was chosen as representative, and the lower estimate was entered separately in the database.

o The summaries of matrix permeability were provided, not individual test measurements (or other raw data).

Low estimate of permeability. Since many drillholes tend to miss the most permeable conduits in fault zones,
and some fault rocks from fault core are relatively more lithified or re-cemented, another summary value is the
“low estimate” of permeability. In cases of more than one data value (e.g. many drillholes or points along outcrop
transect), the low estimate of matrix permeability is as reported on published graphs or tables by other authors,
or the average for a cluster of values in the low range of permeability for that site. For example, along an out-
crop, a typical low permeability value in the damage zone, but higher than the host rock “background” value,
was summarized.

Assignment of permeability to fault zone structural domain. 'The matrix permeability on samples or outcrop
spots was assigned either to the fault core, the fault damage zone, or the host rock, as described in the published
sources. It must be noted that in drillcore or core plug samples, the damage zone contains macroscopic fractures
that are nearly all sealed by the cementing minerals, and the microfractures may be also partially open. Aside
from the obvious sampling and scale effects of these tests, the locations within the fault zone were usually clear.
The values were entered to columns 90-91 (fault core), 94-95 (damage zone), 100-101 (host rock).

The bulk permeability from in-situ tests (drillholes, tunnels, etc.) is the sum of contributing flow paths, domi-
nated by macroscopic flow channels or highly porous rocks, in some rock volume that is influenced by fluid flow
of the in-situ test. The permeability values were assigned as follows:

o host rock: in-situ tests away from the fault core or fault damage zone (values in columns 102-103),

o fault core zone: clear evidence that the fault core was isolated in-situ, or that it contributed most of the fluid
flow (values in columns 92-93),

o fault zone* refers to some part of fault zone in general (except fault core where isolated in the test interval):
values entered to columns 96-97, and then explained by two categorical variables (columns 98 and 99),

o if the tested rock volume is only within the fault damage zone, column 98 has a value 1 and column 99 has
a blank value

« if the tested rock volume is within parts of the fault damage zone and may include the main fault core zone,
whether or not the fault core contributes significantly (positively or negatively) to the bulk permeability, col-
umn 99 has a value 1 and column 98 has a blank value

Permeability ratios. Ratios were calculated between bulk permeabilities of the fault zone*, the fault core, and the
host rock (protolith), as in Eq. (2):

2 ) k,
permeability ratio = log, | [—]
k, 2
where k; and k;, are permeability values in m? units. For example, k, is usually the host rock permeability and k, is
the fault zone permeability. This ratio can be used to quantify the “conduit” magnitude or “barrier” magnitude of
a fault zone, but both the fault zone (or a component of fault zone) and the host rock permeability must be known
at the same location. Host rock from distant locations or regional averages cannot be used because the range of
permeability values is too wide regionally. In other words, the data must be matched to the same fault zone or part
of fault zone at the same location, ideally along the same drillhole or outcrop transect, but adjacent drillholes may
be used. The measurement scale must also be consistent (e.g. cannot use matrix permeability for host rock and
bulk permeability for fault zone). Both values must be either matrix permeability or bulk permeability, and ideally
tested with similar methods and affecting similar rock volumes.
The following ratios were estimated for permeabilities for the best representative value and the low estimate:

« log(bulk k Fault Zone/bulk k Host Rock) (columns 104-105)
o log(matrix k Fault Core/matrix k Host Rock) (columns 106-107)
o log(bulk Fault Core/bulk Host Rock) (columns 108-109)

Data records
The data repository items*” at figshare contain a database with 121 different data fields (or columns), as described
in Online-only Table 2. In the spreadsheet version (Microsoft Excel.xlsx file), the first row contains the labels or
headings for the columns. The.pdf files contain the printed-out versions of the database and the list of selected
references. The following additional notes refer to the spreadsheet table.

Columns 1 to 13 contain information about the study sites and their locations. The first column has the
“Dataset number”. Fault zone sites at different geographic localities differ by whole integer numbers. Where there
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is more than one dataset at a fault zone test site, the dataset number is incremented by the first decimal digit. For
example, one site with three datasets on fault zone permeability may have dataset numbers 1.1, 1.2, 1.3, and next
site with one dataset is 2. The order of Dataset numbers is by “Category of research” (column 2), next alphabet-
ically by “Country” (column 4), and lastly by “Site name” (column 3). The geographic coordinates are latitude
and longitude for the test site (not individual test intervals). Ground surface elevations also apply to whole study
sites (e.g. elevation at well-head, topographic elevation above geothermal reservoir or tunnel, sea floor surface at
oceanic drillhole, etc.). Sub-sea drilling locations have elevations below sea level (negative values). The elevations
are rounded off to match the value uncertainty.

The database columns 14 to 24 describe the host rock type and local geology, as brief text descriptions and
categorical variables (1 = yes or present, and blank otherwise) for host rock types. The fault types and sizes are
summarized, where known, in columns 25 to 43. There is a referenced text summary about known fault struc-
tures. The fault types are categorized (n = counts of test sites): normal faults (n = 180), reverse faults (n=32),
normal-oblique faults (n = 32), strike-sip faults (n = 30), faults that run along dykes or wide veins (n = 30). For
some cases, the fault type or size could not be verified at this time. Some faults are simply categorized as high
or low angle fault, or a dip value is given (or dip value range). The fault size parameters are in columns 37 to 43.
These include any known values of the fault throw, displacement, length, width of fault core, width of damage
zone, or width of whole fault zone.

Permeability test methods are summarized and categorized in columns 44 to 67. A summary text (column
44) is referenced to publications, and with notes about permeability unit conversions. The available permeability
values are described in text in column 68, with references to data sources and methods, and notes about any meas-
urement unit conversions. The next column 69 has the result of “Initial review pass” (1 =yes). For selected sites
there are comments in column 70 about the review result. Datasets from tests on rock outcrops are tagged in col-
umn 72, and those outcrops that have data from fault core or fault damage zone are tagged in column 73. In-situ
test results from some depth that represent fault zones are indicated in column 74.

Technical validation

Qualitative assessment of test site and results. During this review of the published datasets, the con-
ceptual models of fault’s hydrology were compared with the consistency of the results of hydraulic tests in fault
zones, and parameters used in calibrated numerical flow models. This qualitative review focussed on several
aspects of published data:

o clarity and detail of site descriptions and data analysis methods,

« data quantity (e.g. number of drillholes and tests),

o test methods and scale of tests (matrix vs. bulk permeability),

« site-wide conceptual models, including calibrated numerical groundwater flow models,
o detail of structural mapping and analysis,

o permeability test location within the fault zone or host rocks.

The records that did not pass the review are still kept in the database, in a separate table, because of other use-
ful information about the site. The dataset numbers continue between the two tables, and when merged, are con-
sistent and sequential for the whole database. Perhaps the next review of world-wide permeability test sites may
clarify the questions or provide more data.

Uncertainty of fault size parameters. The fault size estimates are uncertain due to the measurement
limitations (e.g. covered outcrops, variable scale of measurement from macroscopic to microscopic). It is often
not known what exact fault segments or strands, or overlapping fault damage zones, in a larger fault zone con-
tribute to the bulk permeability in each in-situ test. During this review, a statistical exploration was performed of
the structural data to compare the fault displacement, length, fault core and fault zone width, and fault type. The
apparent outliers were reviewed again.

Uncertainty of permeability values. The uncertainty of matrix permeability values depends on the
test method, and in particular the ability to seal the probe to outcrop or rock sample, the type of fluid used, or
sample conditions (damage). Measurement accuracy in laboratory permeameters is usually adequate, but tests on
natural fault outcrops are usually not verified for probe seal or gas leakage. Reported values are typically in a range
of a factor of 2 to 5 for particular test site.

The uncertainty of bulk permeability values can be attributed to methods of in-situ testing, assumptions used
in the interpretation of data, and the problems with sampling of highly heterogeneous rocks and fracture net-
works. For individual well tests, the parameters may be fitted to give bulk permeability within single decimal
value, but the results for whole sites are usually considered to be within an order of magnitude of actual con-
ditions. The rock volume that contains a fault zone is many orders of magnitude larger than the volume tested
for permeability, thus it is expected that the most permeable or conductive parts may be missed. It is difficult to
quantify the uncertainty in bulk permeability of a fault zone. The difference between the representative estimate
and the low estimate in this review gives some indication about this uncertainty.

The heterogeneity of hydraulic properties in fault zones cause practical difficulties of separating parts of fault
zones for in-situ tests, and interpretation of well-test data. The specific in-situ data on fault cores (fault core zones)
is particularly limited, thus the contributions of fault cores to the total bulk permeability in fault zones cannot be
estimated at many test sites.
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