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Introduction Styles of Relay Ramp Geometry in Normal Fault Sierra Del Carmen, Texas Mountain range along

Systems eastern margin of Big
' Relay ramps and breached relay ramps are important locations of s .. Bend National Park, and |
~ enhanced permeability in fractured reservoirs. () 2 st wsr o e o o the CONLIGUOUS western |

part of Black Gap Wildlife
Management area.

Ideal relay ramp where all
displacement is accommodated
by fault slip and displacement
transfer is accomplished by
fault-parallel dip in the relay
ramp.

The spectrum of relay ramp geometries includes relay ramps where
displacement is partially accommodated by development of synthetic
- dip or several parallel normal faults within the relay ramp. Excellent exposure of
' normal fault system
developed in thick,
massive Cretaceous

Santa Elena Limestone,

'Relay ramps that accommodate fault system displacement by
- development of synthetic dip or smaller scale faulting are
' recognizable as displacement minima on cumulative displacement

 profiles of the bounding faults. exhumed by erosion of
Relay ramp where displacement g}e overlying Del Rio

_ transfer is partially accomplished ay-

' The Sierra Del Carmen in west Texas provides excellent exposure of :’: esrj:;at:e:;:'ip developmant in Fault displacement

maxima on the order of
---  tens to hundreds of
-~  mefters.

' a normal fault system in the thick, massive Cretaceous Santa Elena
. Limestone.

- - Displacement maxima are on the order of tens to hundreds of
- meters and are in the size range of structures resolvable using

 seismic methods. 4 Sude Limestone

Monoclinal folding ahead of fault

tip lines produces synthetic dip : S Del Rio Clay
= Fault linkage developed by curved lateral propagation of panels that accomplish : i = T Santa Elena Limestone
. overlapping fault tips is common, while fault linkage by connecting component of fault system Ry : ' s ] :
 fault formation is rare or absent. displacement. c o ’
- Detailed analysis of relay ramps in various stages of -
development shows that relay ramps commonly contain smaller Development of several parallel
displacement normal faults parallel or at a low angle to the bounding faults in relay system that
faults, producing nested relay ramps. produces nested relay ramps
(relay ramps within a relay
- In each case, these relay ramps correspond to displacement ramp).
minima on cumulative displacement profiles of the bounding faults.
. . Breakthrough by curved lateral
- This rel ay reflect early distri f;
_ betwoens ':: ::ﬂr:;;:ﬂsgtyf;:::l&y ¥ Sistributed faulting fault propagation. Displacement
transfer accomplished by a

combination of relay ramp tilting
and linked fault displacement.

- Prediction of analogous subseismic faults in production settings
may be possible by identifying displacement minima on cumulative

- displacement profiles of seismically imaged faults. Breakthrough by connecting

fault formation. Displacement
transfer first by relay ramp
development, then by
connecting fault across the relay
ramp.
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Example 1: Big Brushy Canyon Monocline and Minor Example 2: Hallie Stillwell Relay Ramp

Relay Ram,
y P Intact relay ramp between two left-stepping faults.

Fault displacement in massive Santa Elena Limestone is attenuated by the . . s
overlying Del Rio Clay so that displacement at the Buda Limestone level is | S/gnificant sy nthetic component of bedding dip within relay ramp.
accommodated by formation of a monocline.

Thus, fault system displacement accomplised by fault displacement and

Minor breached relay ramp between two left-stepping normal faults. basinward tilting in the ramp
Breached ramp is attached to footwall. Relict fault tip in the footwall and
geometry of the breached relay ramp are consistent with fault linkage by
curved lateral propagation along the ultimate downthrown trace.

Note thinning of

Del Rio Clay at top
Buda of fault scarp Minor
Limestone

breached
relay ramp

Limestone
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Example 3: Heath Canyon Relay Ramp
. Breached relay ramp between two left-stepping overlapping faults.
Fault connection developed by curved lateral propagation of the SE tip
of Fault "A" until intersection with Fault "B" occurred. (Line of
intersection is labeled as Branch Line in figures.)

Cuspate footwall geometry.

Seven smaller faults present along northeastern edge of relay ramp.
. Faults are oblique to bounding faults.

Bedding dips in the ramp are steepest near its updip end, and are
progressivley more gentle toward the NW.

Bedding dip has significant antithetic component near the updip end of
ramp.

Example 4: Cuesta Carlota Relay Ramp

Intact relay ramp between two left-stepping overlapping northeast dipping
normal faults.

In detail, consists of system of nested relay ramps represetned by six
faults.

Major faults that define ramp have en echelon segments (separated by
smaller relay ramps) at their overlapping tips.

Steepest fault dips are within the nested second order relay ramps.

Summary

Relay ramps and breached relay ramps in Santa Elena Limestone of the
Sierra Del Carmen display both synthetic and antithetic dip components.

Relay ramps correspond to displacement minima on major bounding faults.

Fault linkage tends to occur by curved lateral propagation of one of the
overlapping fault tips.

Connecting faults are uncommon (or absent) in Sierra Del Carmen.

Locally intense deformation manifest by smaller scale faulting and steep
layer dips characteristic of relay ramps in Santa Elena Limestone.

Geometry seen in Santa
(a) Elena Limestone?

Yes

Yes

No, but probable in Buda
Limestone

Yes

Yes

No
Q™%
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INTRODUCTION

Many oil fields in the offshore Middie East have traps in broad domes
developed over salt. A recent 3D seismic survey from a fractured

- Cretaceous carbonate reservoir reveals that one elliptical dome is cut
by an array of parallel normal faults with strike oriented oblique (68°) to
the long axis of the elliptical dome. We used clay cake models to

- simulate development of the fault pattern

- understand the relationship between the fault pattern and stress
regime.

- simulate the relationship between fault populations mapped
using seismic methods and fault populations that seismic
methods may not detect.

Our models of dome formation simulated a range of regional strain
configurations relative to dome shape and orientation. Fault patterns interpreted
from 3D seismic data correlate well with fault patterns developed in models that
simulate a regional extension.

Model of elliptical dome formation with

preceeding and concurrent regional extension [ 3
- !

\22°

model .

configuration e — —

Model 19MARO1

S5em
N
Vertical view of model after 3 cm horizontal regional extension and

immediately prior to the initiation of doming. llumination is from upper
and lower right.

5cm

Detail of dome after 4.8 cm horizontal regional extension. Uplift at
dome culmination is 0.6 cm. lllumination is from upper and lower right.

HE
Detail of dome after 5.4 cm horizontal regional extension. Uplift at dome
culmination is 0.8 cm. llfumination is from upper and lower right.

HE
Detail of dome after 5.5 cm horizontal regional extension. Uplift at dome
culmination is 0.83 cm. Ilumination is from upper and lower right,

Subsurface fault trace map of offshore dome. The elliptical dome is
cut by a system of parallel normal faults having strike oriented
oblique to the long axis of the dome,
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Most of the structures associated with extensional faulting occur at all scales of observation in the model. Our models indicate that the relative timing of uplift and regional extension control fault patterns, and
' that evolving faults and fault systems exist simultaneously at a range of sizes regardiess of regional

strain orientations and magnitude.

Elliptical dome formation
with concurrent regional extension but without o N —
eceedin ional /
ztenslong - ~—| it ) — -
Overview of - e e
model

Model 190CT00 configuration

Oblique view of model 19MARO1 at end of experiment with illumination from left. Fault traces are observed to lengthen by

linking of en echelon segments. Displacement transfer zones between faults exist as breached and non-breached relay ramps
expressed in various geometries, including lateral curved propagation, abandoned fault and ramp segments, and newly-formed
isolated fault segments. St

As observed in model

19MARO01, displacement
transfer zones between faults
exist as breached and non-
expressed in various
geometries, including lateral
curved propagation,
abandoned fault and ramp
segments, and newly-formed
isolated fault segments.
Model 190CT00 shows elliptical dome development concurrent with (horizontal) regional
Model 19MARD1 extension. In comparison with model f&maor, ﬂn!ong-xh'zfdmo dupﬂcaldoml:“ A
A oriented perpendicular to the direction of regional extension regional extension no
Dominant fault system oriented perpendicular to preceed . development in areas beyond dome margin compared
Detail of model 19MARO1 showing displacement transfer extension direction and oblique to the long axis of the _ with ﬂ;ﬂ%ﬁ?‘?ﬁﬁ ::;f g afi:amm faults oriented sympathetic with
structures at several scales. dome, and showing connecting faults oriented sub- the direction of regional extension. The magnitude of regional extension during doming in 005
paraliel with the extension direction (extension model 30CT00 is slightly greater (1.2x) than that of model 19MARO1. influence of dome

direction is approximately parallel to the scale line). | geometry domkum faun trace pammo pmducm a synmwm.mdm fault pumm
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In our models, faults initiate as isolated segments with very
small trace lengths. Once faulting begins, the initiation of new
small faults in the models continues until the model is halted.
During this time, the number of small faults exceeds the number
of large faults. The relationship between fault system size and
fault density is more easily visible in model 22FEB01, regional
extension without dome formation.

Overview of
model
configuration

Regional extension,
no doming

Model 22Feb01

444
Yvy

View after 6.3 cm extension. lllumination from upper right. Faults initiate
as isolated segments and are observed to grow by linking of en echelon
segments.

RS
View after 9.9 cm extension. lllumination from upper and lower right.
Most of the structures associated with extensional faulting are present.
Fault trace length ranges from tens of centimeters to below unaided
visual detection. Displacement transfer zones between faults are
expressed in various geometries, and at various scales. As faults
continue to grow by segment linking, small faults continue to initiate as
isolated segments.

Details of fault geometry and fault interaction in model

In all of our models, the populations of relatively small faults show the same
patterns and geometries as the larger, clearly visible faults. Faintly visible in
the images shown above and below, the number of small faults exceeds the
number of relatively large faults. For example, consider the images above
and below at a scale of 10cm = 1km. Most of the faults visible in the images
would likely be undetectable by seismic methods. If this were a
hydrocarbon reservoir, the undetectable faults would have the potential to
affect reservoir compartmentalization, connectivity, permeability anisotropy,
and porosity.

Our work demonstrates that clay cake models can be used to analyze
fault development over domes in complex structural settings.

SUMMARY AND CONCLUSIONS

* A system of parallel normal faults may dominate
structural geometry over elliptical domes where
dome uplift is concurrent with and possibly
preceeded by regional extension.

* The relative timing of doming and regional
extension exhibits strong control over fault patterns
that form above the dome.

* Evolving extensional faults and fault systems exist
simultaneously at a range of sizes, regardless of
regional strain orientations or magnitudes.

* The number of small displacement faults exceeds
the number of large displacement faults.

* In extensional systems, the number of faults
existing below the resolution of seismic methods
exceeds the number of faults detectable by seismic
methods.

ACKNOWLEDGMENTS CoG6
This work was funded by the Japan National Oil Corporation.
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ABSTRACT

In order to characterize densities of sub-seismic (<10m throw) extensional faults in carbonate rocks we
mapped well-exposed normal fault systems in Cretaceous sirata from 4 locations in Texas: La Cantera
Parkway, and Highway 281 within the San Antonio portion of the Balcones Fault Zone, and near Balmorhea and
Kent along Interstate Highway 10 in west Texas. We used outcrop mapping on photo-mosaics and scanline
methods to record faults with 5 mm -10 m displacements. We calculated average extension direction,
extension-parallel heave, total fault-expressed extension, and extension-parallel fault density. Maximum and
minimum fotal fault-expressed extension were 7.91% and 0.03% respectively. Three key observations are: (1)
fault density increases with total extension, (2) small-displacement faults are more numerous in areas of
higher total extension, and (3) a few large faults accomplish most of the total extension. Scanlines from a 3D
seismic reflection survey of faults in a carbonate reservoir exhibit lower fault density values than would be
expected for the total fauli-expressed exiension, and the proportion of small-displacement faults is very low
compared with outcrop data. This is the seismic data gap, which arises because small-displacement faulls are
not seismically imaged. Apparent small-displacement faults observed in seismic data are, instead, the
extrapolated tips of large-displacement faults. One approach to correcting this data gap is to synthetically add
faults of appropriate displacement into the seismic dataset. The basis for this correction is that total extension
determines fault density, and the largest observed faults represent a large percentage of the fotal strain. The
difference between total extension and that accommodated by observed faulis is the extension deficit. Using
estimates of the extension deficit, the total number of faults that should be present can be calculated. Also, the
size distribution of all faults in the population can be determined using the total extension, the total number of
faults and an empirical power-law relationship between fault displacement and frequency.

- Outcrop maps

INTRODUCTION - Small faults in limestone
. Outcrop maps and scanline surveys were made of well-exposed faulted Cretaceous
limestone with simple extensional tectonic histories. The purpose of the field work was to
& evaluate frequency versus displacement relationships of sub-seismic (throw = 10 m or
less) normal faults. Four locations were studied in detail to provide a database for scaling
i analysis of faulting in limestone (Fig. 1):

Road-cuts along La Cantera Parkway, near San Antonio, Texas (Edwards limestone).
Road cut along the south side of I-10 west of Balmorhea, Texas (Buda Formation).

! Scanline surveys

Road cut along the south side of I-10 west of Kent,Texas (Boracho Formation).
Road-cuts along Highway 281, near San Antonio, Texas (Glen Rose limestone).

Along interstate Highway 10, near the town of
Kent, Texas, are large roadcuts in the Lower
Cretaceous limestone of the Boracho Formation.
Exposed lithologies consist of fine-grained thin to
thick bedded limestone. Bed thickness varies from

with chert nodules and arenaceous detrital
material. Bed thickness varies from 30-200 cm.
Tertiary age normal faults associated with
southern Basin and Range extension and
formation of the Rio Grande rift cut these beds.

Geologic Sketch: West Texas

Lower Cretaceous limestone of the Buda
Formation is exposed along a portion of Interstate
Highway 10 west of Balmorhea, Texas. Exposed
lithologies consist of bedded limestones, in part

Balmorhea

0.5 to 2 m. Again, Tertiary age normal faults
associated with southern Basin and Range
extension and formation of the Rio Grande rift cut
the exposed beds. Slip tendency analysis of these
faults yields an intermediate principal compressive

stress direction of approximately NNW-SSE which
corresponds with the extension experienced by
west Texas as the southern Basin and Range and
Rio Grande Rift developed during Tertiary times.

the north and west from the Texas coastal plain to
the south and east. Within the Balcones fault
system, the dip of strata varies from nearly
horizontal to gentle coastward, with occasional
localized northward dip into some faults. Growth
faulting is not apparent in outcrop along the fault
zone. Faulting has been interpreted as being

maximum displacement of 366 m (Weeks, 1945),
and defines the transition from flat-lying rocks of
the Texas craton to gently coastward-dipping
sediments of the subsiding Gulf of Mexico and
related Coastal Plain. The topographic expression
of the Balcones Fault zone is the Balcones
escarpment, separating the Edward's Plateau to

Geologic Sketch: San Antonio Area

The Balcones fault zone is a broad en echelon
system of mostly southeast-dipping normal faults
that formed during the middle to late Tertiary
(Murray, 1956; Murray, 1961; Young, 1972). The
25-30 km wide fault zone trends east-northeast
and spans much of central Texas. Ithas a

La Cantra Parkway, North

rooted in the deeply buried foreland-basin
sedimentary rocks of the Late Paleozoic Ouachita
orogeny (Murray, 1956). Not all faults in the
Balcones fault zone are consistent with the overall
down to the southeast sense of throw and a
significant number of smaller faults are antithetic
to the overall trend (Collins et al., 1993; Small and

resolvable.

Field Methods

Each roadcut was located using coordinates determined by a global positioning
satellite system (GPS). For the road cut exposures along La Cantera Parkway and
near Balmorhea, horizontal datum lines were surveyed and marked and the roadcuts
were then photographed. The photographs were assembled into photo-mosaics of
the roadcuts which were used as base maps for field measurements. Each
identifiable slip surface exposed in the roadcuts was located on a photo-mosaic and
measured. For each surface we recorded strike (using the right-hand-rule), dip, rake
of slickenlines (where visible), displacement (parallel to slickenlines where visible,
otherwise down-dip), and the maximum dip-parallel and maximum strike-parallel
extent of visible fault surface. Faults were measured along bed-parallel scanlines at
the Kent (550 m scanline) and Highway 281 (233 m scanline length) exposures. in all
cases no faults that had displacements larger than could be determined from the
exposure were encountered, and faults with displacements as small as 5 mm were

Hanson, 1994; Stein and Ozuna, 1996; Collins and
Hovorka, 1997; Hovorka et al., 1998; Ferrill et al.,
2000). All faults are considered to have formed
during the same time period and are consistent
with a horizontal minimum principal compressive
stress trending southeast-northwest and a vertical
maximum principal compressive stress.

coT




ESTIMATION OF SUB-SEISMIC FAULT POPULATIONS

Alan Morris?, David A. Ferrill2, Yoshihiko Tamura3, Deborah Waiting2, Darrell Sims2, Futoshi Tsuneyama3, Hitoshi Okamura3,
1Department of Earth and Environmental Science, University of Texas, San Antonio, TX 78249, USA
2CNWRA, Southwest Research Institute, 6220 Culebra Road, San Antonio, TX 78238-5166, USA

3Technology Research Center, Japan National Oil Corporation, Mihama-ku, Chiba 261-0025, Japan

Panel 2 of 3

FAULTING AS A FUNCTION OF STRAIN

Figure 2
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Figure 4. Plot of lative percent -sus cumulative percent of
faults for all faults in the scaling study, grouped by location.

Data from each location were analyzed to determine: the
average extension direction, extension-parallel heave
component for each fault, total extension represented by the
faults, and fault density (defined as the number of faults per
meter of scanline, projected parallel to the average
extension direction). The data were used to plot cumulative
frequency versus heave (Fig. 2), and total extension versus
fault density (Fig. 3).

The relationship between strain and the distribution of each
population in this plot is similar to that reported by
Ackermann, et al. (2001) in their figure 7.

Small displacement faults are more numerous in areas of
higher total extension (Fig. 2).

Fault density increases with increasing total extension (Fig. 3).

A relatively small portion of the total fault population
contributes a large proportion of the total strain. For example,
in the case of Highway 281, approximately 10% of the total
extension is accommodated by 75% of the faults, and 90% of
the total extension is accommodated by only 25% of the
faults,

A few large faults accomplish most of the total extension.

3D SEISMIC DATA
Figure 5
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percent of faults for all faults in the scaling study, grouped by location, including
scanlines 1 and 2. Dashed lines illustrate the form of the empirical power law
relationship to describe these distributions with variable K values. Note that the
seismic data plots very differently from the field data and are described by a K

value of less than 1.

Scanline data extracted from a 3D seismic survey over a carbonate
reservoir yield total extensions of 0.81% and 0.39% (scanlines 1 and
2 respectively).

Faults with displacement less than about 100 cm are significantly
under-represented in the 3D seismic dataset (Fig. 5).

Both scanlines from the 3D seismic dataset exhibit lower fault
density values than would be expected for the total extension
calculated from the fault data (Fig. 6). Data from Highway 281 also
show a lower fault density than might be expected, however, it plots
with the other field data in Figure 4 and the lack of small faults is less
marked than in the seismic dataset.

This observation is confirmed by the analysis of percent extension
contributed by each section of the fault population (Fig. 7).

In comparison with the field data, there are too few small-
displacement faults represented in the 3D seismic scanline
datasets.

Co0%

The reason for the low fault density value and the paucity of small
displacement faults in the seismic data is because small
displacement faults are not imaged by the seismic surveys.The
small displacement faults in the seismic dataset are artifacts
generated by software extrapolating large, imaged, faults to a tip.
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ESTIMATING SUB-SEISMIC FAULT POPULATIONS: AN EXAMPLE
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Scanline 1 from the seismic dataset contains 33
observed faults, a fault density of 0.007 faults per
meter of scanline length (4714 meters) and a total
observed extension of 0.81 % (Fig. 8). The observed
total extension represents between 75 % and 90 %,
of the actual total extension. If it represents 90 % of
the actual total extension then the actual total
extension will be 0.9 % (not the 0.81% observed).
Using the relationship shown in Figure 6, the fault
density should be 0.13 faults per meter. The total
number of faults predicted to be present will be 634.
Using these estimates of total extension and total
number of fauits, the size distribution of the total
fault population can be estimated.

The empirical power-law relationship (Bonnet et al.,
2001) that describes the size distribution of faults
versus their contribution to total extension is shown
in Figures 4 and 7. Figure 9 shows the influence of
varying the value of K in this relationship.

A K value of 14 best describes the distribution of
fault sizes for scanline 1.

CAVEAT
Figure 15;1., Strain is inhomogeneously distributed. The very existence
of a fault is evidence of this. Using scaling, or any other
strategy to populate a volume of rock with likely, but
unobserved, faults is, therefore, inherently imprecise.

¢ An example from the Balcones Fault zone, near the La
Cantera Parkway exposure, illustrates how fault densities
can vary over 3 orders of magnitude within similar

i lithologies and structural setting (Fig. 11). A total scanline
length of 2 km across fault strike yields only 13 fauits
none with extension greater than 1 m.

Our work demonstrates that bulk strain is a determining
factor of fault density and fault population characteristics.
s However, when attempting to estimate unobserved fauits it
" is necessary to consider the factors that determine the
distribution of strain. Such factors likely include:

. underlying tectonic processes (e.g., doming versus

i crustal extension), mechanical stratigraphy, and strain
perturbations around larger faults (e.g., displacement
gradient induced strains) (Ferrill and Morris, 2001).

USGS Digtized Fault
Caverage of Bexar Co.
from 7.5 Quadrangle Map|
Fault Coverage

N (Callins, 2000}
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SUMMARY AND CONCLUSIONS

(1) Fault densities are related to total strain.

(2) A small number of large faults accommodate most of the total strain.

(3) Cumulative percent extension as a function of cumulative number of faults can be described by a power law
relationship.

(4) These three observations form the basis for estimating fault populations where only the largest faults in a population
can be observed.

(5) Estimating unobserved fault populations from observed fault data needs to be applied with care because of the
heterogeneous nature of strain.
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