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Eine Reihe neuer Techniken zur 3-D Kartierung von Stérungen wurde entwickelt, deren Anwendung
von Modellen einzelner Storungsoberflachen oder kleiner Gruppen von Storungen bis hin zu regiona-
len tektonischen Modellierung reicht. Ein Beispiel zur Anwendung dieser Techniken an einzelnen,
kleinen Strukturen, ist die Northridge Uberschiebung in der westlichen Transverse Ranges von Siidka-
lifornien. Die 3-D Geometrie der Storung, die das M 6.8 1994 Northridge Erdbeben erzeugte, wurde
durch Nachbeben bestimmt. Auch groBere Storungssysteme konnen modelliert werden. Ein Beispiel
hierfiir ist das San Andreas Storung System nahe des San Gorgonio Passes in der Ostlichen Transverse
Ranges von Siidkalifornien. Eine Studie der 3-D Krustenstruktur im zentralen Taiwan ist ein Beispiel
fiir die Modellierung regionaler Tektonik und Gebirgsbildung. Zum ersten Mal wurde hier die grofie
Sohlfldche unter Taiwan abgebildet.

Several new techniques in 3-D fault mapping have been developed, whose applications range from
models of single fault surfaces or small fault networks, to regional tectonic models. An example of
how these techniques can be applied to single structures is that of the Northridge thrust, western
Transverse Ranges, southern California. The 3-D geometry of the fault that generated the M 6.8, 1994
Northridge earthquake was determined from the aftershocks of this event. Larger fault systems can be
modeled too. An example of this is the San Andreas fault system near San Gorgonio Pass, eastern
Transverse Ranges, southern California. A study of the 3-D structure of the crust in central Taiwan is
instead an example of modeling applied to regional tectonics, and mountain building in particular. For
the first time the large detachment beneath Taiwan was imaged.

1 Earthquake data and 3-D Fault Mapping

1.1 Introduction

Traditionally, the problem of determining the detailed 3-D geometry of active faults has been ad-
dressed either by collecting geological and structural information at the surface of the Earth and ex-
trapolating the geometry at depth using various theories and assumptions, or by direct imaging with
seismic reflection techniques and wells, as it is routinely done in oil exploration. Earthquake data are
often an under-utilized source of information concerning 3-D fault geometry. SHAW & SHEARER
(1999) and SHAW ET AL. (2002) showed the benefits of combining earthquake data with seismic re-
flection data in 3-D fault modeling and in better defining regional earthquake hazards. Hopefully, this
kind of approach will become more common.

1.2 Main Issues: Earthquake Size, Aftershocks, Location Quality, Focal
Plane Solutions

Hypocenter locations and focal mechanisms can provide direct information about the geometry of
active faults at depths far greater than any other method. There are several key issues however that
need to be addressed before using earthquake data to model fault geometry, namely earthquake size,
density and distribution of earthquakes on faults, and data quality.

In seismology, large earthquakes have often been the preferred means of finding out the orientation of
the fault plane, by determining the earthquake focal solution. This approach usually results in fault
geometries that are exceedingly simple, when not outright wrong. For example, early models of the
Chelungpu thrust in Taiwan (e.g. LEE & MA 2000, KIKUCHI ET AL. 2000) that show a uniform 30°
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dipping plane to depths of 20 km are incorrect, because they assume that the fault keeps a constant
strike and dip with increasing depth. In this case however the shallow main-shock focal mechanism is
not representative of the entire geometrically complex fault, which flattens to a sub-horizontal de-
tachment at 5-6 km depth (YUE ET AL. 2005). In other instances, the slip direction in a large earth-
quake does not coincide with the long-term slip direction (see the Northridge thrust, CARENA & SUPPE
2002).

Often most aftershocks are not located on the main fault that ruptured, but on nearby ones (LIU ET AL.
2003). Ambiguities could be avoided by imaging the entire fault network in the area using background
seismicity and previous earthquake sequences. This approach can help us to recognize the principal
plane by matching it with previous events with similar focal mechanisms. Microearthquakes (M<3)
are particularly useful for this purpose due to their abundance. Networks that can reliably record mi-
croseismicity already exist in a few regions of the world, and more are being added.

The most important issue to consider is the quality of the earthquake data. In recent years, several
authors have developed new methods of improving earthquake hypocenter locations significantly
(GOT ET AL. 1994, JONES & STEWART 1997, RUBIN ET AL. 1999, NICHOLSON ET AL. 2000; RICHARDS-
DINGER & SHEARER 2000, WALDHAUSER & ELLSWORTH 2002). In our work we gave preference to
the clustering method of JONES & STEWART (1997) because it can be quickly applied to large earth-
quake catalogs (hundreds of thousands of events), because the only information needed about the
earthquakes are their location and location uncertainties, and because it does not result in the exclusion
of some events. Of course, the more details we want to extract about the fault 3-D geometry, the more
a need arises for combining different methods in order to get the best possible hypocenter locations. In
fact, even when using the clustering method, the ideal approach is to start with an earthquake catalog
that has already been relocated to minimize systematic errors as much as possible (JONES & STEWART
1997).

Focal mechanisms are extremely useful in 3-D fault modeling because, besides providing confirmation
of fault geometry when there is an abundance of hypocenter locations, in certain cases they provide
enough additional information to image even faults with a small number of events on them. Unlike
event locations, that only provide information about fault shape, focal mechanisms allow us to deter-
mine fault type and direction of motion. Thus we fitted fault surfaces simultaneously to both earth-
quake hypocenter locations and principal planes extracted from focal mechanisms whenever possible.
The main problem with focal mechanisms is their reliability, which decreases with decreasing earth-
quake size, as the event is recorded only at a few stations.

1.3 Integration of Other Data Types

Earthquakes are not the only kind of data that can be successfully used in 3-D fault modeling, and
earthquakes do not occur everywhere. Therefore other types of data should be integrated in the model
whenever available to fill any gaps and to better constrain it. SHAW & SHEARER (1999) and SHAW ET
AL. (2002), for instance, have shown how combining seismic reflection profiles with relocated earth-
quake data can significantly improve results when imaging blind faults.

Surface geological data, like strike and dip measurements, stratigraphy, and the detailed location of
fault traces and earthquake surface breaks are also key data, because seldom large numbers of earth-
quakes occur at depths shallower than a few kilometers. For example, the aftershocks of the
Northridge earthquake occurred mostly below 3-5 km depth and did not provide any information about
fault geometry, or even the presence of any faulting, at shallower depths (CARENA & SUPPE 2002). In
the case of the Chelungpu thrust in Taiwan, very few aftershocks of the 1999 Chi-Chi earthquake oc-
curred on the thrust itself; most of them were deeper and occurred on nearby faults. Nevertheless, YUE
ET AL. (2005) were able to generate a detailed 3-D fault model on the basis of strike and dip data, inte-
grating them with surface breaks and several seismic profiles, and then connecting their model with
the deeper fault network imaged from seismicity.

Digital elevation models are necessary to transform a map of fault traces or surface breaks into a 3-D
trace that can be directly incorporated into the fault model. Fault depth measurements in wells are also
a very good constraint when available, as they are yet another type of data that can give us information
about fault geometry at shallow depths.
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1.4 Some Techniques in 3-D Surface Building

Realistic fault geometry is first of all a geometry that allows the fault to slip. Large jogs perpendicular
to the long-term slip direction and large bumps are unrealistic, because not only they would impede
slip itself, but also because slip on the fault would quickly destroy them. On the other hand, corruga-
tions parallel to the slip direction can certainly exist and have been used by some authors to constrain
the 3-D fault geometry when modeling faults. Based on faults whose geometry is well known due to
direct observation of the fault surface or to numerous wells intersecting it, THIBAUT ET AL. (1996)
developed the concept of faults as “thread surfaces”. They improve the results of interpolating be-
tween scattered points (a common characteristic of fault data) by assuming that faults behave in a way
similar to a nut-and-bolt system, with the contact surface between the two blocks dented by grooves
(threads) produced by slip on the fault. They obtain the orientation of the threads (which are lineations
on the fault plane at any scale, from striae visible in the field, to corrugations of the fault surface with
wavelengths up to 10 km or greater) from areas with denser data, and apply their thread criterion to the
interpolation in areas of low data density, thus obtaining a consistent fault geometry everywhere. A
similar approach is that of MALLET ET AL. (1999) and MALLET (2002), who show how fault corruga-
tions imaged from actual data can be combined with the assumption that long-term slip must occur
parallel to the corrugations to further improve a 3-D fault model, removing bumps on the surface that
would impede slip and which are most likely the result of scattering or gaps in the data.

2 A New Approach to 3-D Fault Mapping

Our approach requires handling up to several hundred thousands of earthquakes at once, and the abil-
ity to integrate different data types into a single model. This is why Gocad was chosen as a modeling
toolbox. While the main focus of Gocad is geomodeling, it was not designed specifically with han-
dling earthquakes in mind, so we had to devise some procedures to be able to use it to manipulate
earthquake data efficiently.

We start from hypocenter locations that have been relocated if possible. The hypocenter locations are
then clustered using the clustering method developed and described by JONES & STEWART (1997) and
modified by NICHOLSON ET AL. (2000). Clustering results in tighter earthquake distributions (a
“sharper” image, see fig. 1), which makes the process of selecting subsets of earthquakes much easier.
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Fig. 1. Example of earthquake hypocenters (aftershocks of M 7.1, 1986, Loma Prieta, California, earth-
quake) before (a) and after (b) application of the clustering algorithm. (c) and (d) show the mis-
fit to the 3-D fault surface.
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Fault geometry can be constrained by focal mechanisms as well. The comparison between earthquake
hypocenter distribution and focal mechanisms in 3-D allows us to [1] distinguish between principal
and auxiliary nodal planes, thus making it possible to select only the principal planes and vectors in
the data set, [2] identify and map faults which have only a few events associated with them, [3] deter-
mine the current slip direction on faults. Nodal planes and slip vectors are imported into Gocad as
surfaces and lines. Once one of the two nodal planes has been identified as the principal plane, focal
mechanisms can then be transformed into point sets and used directly in fault surface building.

A third type of constraint that can be applied to fault geometry is surface traces, either in the form of
known breaks caused by a specific earthquake (CARENA & SUPPE 2002), or as mapped fault traces.
Surface traces constrain the position of the top of the fault and may disclose a near-surface change in
fault dip that could have gone undetected due to the general lack of earthquakes at shallow depths.

Once earthquake hypocenter locations have been relocated and/or clustered, and all the other data
types have been transformed into a suitable format, we separate clusters of earthquake hypocenters
that illuminate different faults. This is the most subjective part of the procedure, as it has to be done
manually, but in most cases the clusters are fairly obvious features when viewed in 3-D. Different
operators performing the selection could include or exclude a few different hypocenters, but in the
majority of cases where there is a recognizable cluster, these differences are limited to the outer edges
of the cluster. Because the steps that follow the selection always include some form of averaging of
the hypocenter locations, small differences in the initial selection of hypocenters will not have any
appreciable influence on the final fault geometry.

Occasionally, it is not possible to separate clusters adequately because they intersect forming X- or
complex junctions. In such cases only better earthquake locations might solve the problem, or at least
reduce uncertainties (for example, once earthquakes are relocated, an X-junction might turn out to
have one through-going fault, and one slightly offset fault). At other times, faults come together in T-
or Y- junctions. The earthquake clusters can usually be separated at such junctions, but there will be
uncertainty as to where exactly the truncated fault stops. Also, at the junction earthquake density is
often higher and there can be more scattering than far from it, thus when separating the clusters many
earthquakes of the truncated fault might be included in the through-going fault cluster. Situations
where T- and Y- junctions exist can of course be improved too by better relocation of the earthquakes.
Another kind of useful information in separating these types of clusters is their timing: if the two faults
are active in different periods of time, then the clusters can be separated by accounting for both posi-
tion and timing of the events.

As previously mentioned, any other data points relative to fault position should also be considered, for
example the depth of a fault in oil wells, or seismic lines on which a fault has been identified (for an
excellent example, see SHAW & SHEARER 1999, and SHAW ET AL. 2002). These additional data types
are especially important: they are usually available for depths up to a few km below the surface, but
this is precisely the depth range where often very few earthquakes occur, and allow us to image the
shallow geometry of the fault.

For each fault, all different types of data should be merged so that they can be used simultaneously to
build a first approximation of the fault surface. In our case we transform all data into sets of points.
We choose points as our basic data type because the majority of our data are earthquake hypocenter
locations, which are already discrete points. We then build our surfaces directly from the set of points,
setting constraints as needed and then smoothing the resulting surface with the Gocad Discrete Smooth
Interpolator (DSI, MALLET 2002). Several iterations of the DSI are usually necessary before all the
irregularities in the surface that have a size below the minimum resolution of the data are smoothed
out.

2 Applications and Results

We have applied the techniques described above to several cases at different scales and in different
tectonic settings, and three of these are briefly described below: [1] a thrust fault associated with a
restraining bend (Northridge thrust, southern California), [2] a network of strike-slip and thrust faults
(San Andreas fault and surrounding faults near San Gorgonio Pass, southern California), and [3] an
entire orogen in a subduction margin setting (Taiwan).
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2.1 Northridge Thrust, Southern California

The aftershocks of the 1994 Northridge earthquake (M 6.8) illuminate the structure beneath the San
Fernando Valley (northwestern Los Angeles) in 3-D. We combined aftershocks and geological data to
build an image of the 3-D geometry of the north-vergent Northridge blind thrust to a depth of 21 km.
The most striking feature of the imaged fault is mega-corrugations oriented parallel to the mean after-
shock slip vector, with most of the 1994 slip confined to west of the largest corrugation (lateral ramp,
fig. 2). We also imaged the partially overlying south-vergent San Fernando thrust, which broke to the
surface in a complex rupture in 1971 (M 7.1). Both thrusts produce fault-related folding because of
either fault propagation or fault bends (SUPPE 1983). This deeper folding however is masked by over-
lying complex deformation in the cover, which is one reason why the Northridge thrust was not identi-
fied until it ruptured in 1994. We used trishear fold modeling (ERSLEV 1991) based on our 3-D fault
geometry to evaluate possible folding due to slip on the Northridge thrust as well as its interaction
with the overlapping San Fernando thrust and with shallow structures in the cover. This example illus-
trates the importance of earthquake data to structural geology and the value of its 3-D integration with
surface and near-surface geological data.
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Fig. 2. 3-D model of the Northridge thrust. Coseismic slip distribution shown on the left, fault corruga-
tions indicated on the right.

2.2 San Andreas Fault Near San Gorgonio Pass, Southern California

The 1200 km long San Andreas fault (SAF) loses its apparent continuity in southern California near
San Gorgonio Pass (ALLEN 1957). This fact raises significant questions, given the dominant role of
this fault in active California tectonics. What is the fundamental 3-D geometry and kinematics of the
San Andreas fault system in this complex region? Is a through-going, San Andreas rupture from the
Mojave desert to the Coachella valley possible? We explored the issue of 3-D continuity by mapping
over 60 faults in this region to depths of 15-20 km from hypocenter locations and focal mechanisms.
We were able to constrain the 3-D geometry of the SAF near San Gorgonio Pass from the 3-D geome-
try of the fault network surrounding it, as the San Andreas itself appears to be aseismic here. The most
likely configuration is for the San Andreas fault to merge into the shallow-dipping San Gorgonio Pass
thrust northwest of Indio (fig. 3). We concluded that there is no direct continuity at present, but rather
a network of faults, and the only kind of rupture possible for the SAF in this region is a complex rup-
ture, involving both strike-slip and reverse faulting. GPS measurements also suggest that, despite the
fact large motions must have occurred in the past, only minor ones are occurring today in this area
(YULE & S1EH 2001, MEADE ET AL. 2002, YULE & SIEH 2003). Applying our findings about the
fault geometry, we explored several simple earthquake scenarios, following KING ET AL. (1994), to
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determine the most favorable conditions for a through-going rupture of the San Andreas fault system
from the Mojave desert to the Coachella valley (CARENA ET AL. 2004).

Fig. 3. Two different views of the detailed 3-D geometry of the San Andreas fault system between Cajon
Pass and Indio. SGPT=San Gorgonio Pass thrust. F1, F2, F3 are tear faults. The gray surface
below the faults represents the base of the seismogenic crust in this region.

2.3 Taiwan Orogen

Active deformation in the upper crust beneath central Taiwan is illuminated by 110,000 small (M=1 to
M=4) earthquakes, including both background seismicity and aftershock swarms from larger events.
When viewed in 3-D, it becomes clear that the seismicity is dominated by a major sub-horizontal band
of events at about 10-15 km depth. The zone steepens below eastern Taiwan to 30°-90° and reaches
depths of 30-60 km. We interpreted this feature as the Main Detachment of the mountain belt. Other
planes of seismicity above and below abut against this detachment, indicating its through-going na-
ture. Although the availability of focal mechanisms is limited because of the small size of most earth-
quakes, the available mechanisms consistently show oblique slip with reverse component on the dip-
ping part of the detachment. The imaged 3-D shape of the Main Detachment in relation to surface
topography allows us a straightforward test of critical taper wedge mechanics and suggests that the
first-order topography of Taiwan is controlled by the shape of the detachment. In fact, the reversal of
topography at the crest of the mountain belt corresponds to the inflection of the Main Detachment
under eastern Taiwan (fig. 4).
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Fig. 4. Relationship between topography and the Main Detachment.
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This geometry is consistent with critical-taper wedge mechanics (DAVIS ET AL. 1983), and in particu-
lar with homogeneous mechanical properties for the shallow brittle part of the wedge. The geometry of
the detachment also indicates that it is very weak: the effective coefficient of friction on the detach-
ment itself (w,*) that fits the data is 0.08 (CARENA ET AL. 2002). Some of the most dangerous faults
that break the surface, like the Chelungpu thrust, are connected to the Main Detachment at depth (YUE
ET AL. 2005).
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