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Introduction 

Relay ramps and breached relay ramps are important locations of 
enhanced permeability in fractured reservoirs.  

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.  

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.  

The Sierra Del Carmen in west Tens provides excellent exposure of 
a normal fault system in the thick, massive Cretaceous Santa Elena 
Limestone.  

- Displacement maxims are on the order of tens to hundreds of 
meters and are In the size range of structures resolvable using 
seismic methods.  

- Fault linkage developed by curved lateral propagation of 
overlapping fault tips Is common, while fault linkage by connecting 
fault formation is rare or absent.  

- Detailed analysis of relay ramps in various stages of 
development shows that relay ramps commonly contain smaller 
displacement normal faults parallel or at a low angle to the bounding 
faults, producing nested relay ramps.  

- In each case, thesm relay ramps correspond to displacement 
minima on cumulative displacement profiles of the bounding faults.  

- This relay ramp style may reflect early distributed faulting 
between underlapplng faults.  

Prediction of analogous subseismic faults in production settings 
may be possible by identifying displacement minima on cumulative 
displacement profiles of seismically imaged faults.

I.

Styles of Relay Ramp Geometry in Normal Fault 
Systems

(a)

(b)

(c) 
7

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

Relay ramp where displacement 
transfer Is partially accomplished 
by synthetic dip development in 
the relay ramp.  

Monoclinal folding ahead of fault 
tip lines produces synthetic dip 
panels that accomplish 
component of fault system 
displacement.  

Development of several parallel 
faults in relay system that 
produces nested relay ramps 
(relay ramps within a relay 
ramp).  

Breakthrough by curved lateral 
fault propagation. Displacement 
transfer accomplished by a 
combination of relay ramp tilting 
and linked fault displacement 

Breakthrough by connecting 
fault formation. Displacement 
transfer first by relay ramp 
development then by 
connecting fault across the relay 
ramp.

I(f)

Sierra Del Carmen, Texas

l¶t�

Mountain range along 
"eastern margin of Big 

SsBend National Park, and 
the contiguous western 
part of Black Gap Wildlife 
Management area.  

Excellent exposure of 
normal fault system 
developed in thick, 
massive Cretaceous 
Santa Elena Limestone, 
exhumed by erosion of 
the overlying Del Rio SClay.  

Fault displacement 
maxima on the order of 
tens to hundreds of 

- meters.  

S,'-Buda Limestone 

Del Rio Clay 

"Santa Elena Limestone 

col
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Example 1: Big Brushy Canyon Monocline and Minor 
Relay Ramp 

Fault displacement in massive Santa Elena Limestone is attenuated by the 
overlying Del Rio Clay so that displacement at the Buda Limestone level is 
accommodated by formation of a monocline.  

Minor breached relay ramp between two left-stepping normal faults.  
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 
of fault scarp Minor

Example 2: Hallie Stillwell Relay Ramp 

Intact relay ramp between two left-stepping faults.  

Significant synthetic component of bedding dip within relay ramp.  

Thus, fault system displacement accomplised by fault displacement and 
basinward tilting in the ramp

CO()2-

Buda 
Limestone

Del Rio 
Clay -

Santa J 
Elena 
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 gentie 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.

(a) 

(b) 

(c) 

(f)

Geometry seen In Santa 
Elena Limestone? 

Yes 

Yes 

No, but probable in Buda 
Limestone 

Yes 

Yes 

No
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INTRODUCTION 
Many oil fields in the offshore Middle 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 (61) 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 stmss 
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 relativ, to dome shape and orintation. 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 
proceedlng and concurrent regional extension 

OvMo*wde up't 

Model 19MAR01

Vertical view of model afWr 3 cm horizontal regional tefnsun and 
immediatey prior to the initiation of doming. illumination Is heam upper 
and lower right

Deti of dome after 4.8 cn horlzonai regional extension. Uplift at 
dotm culmilation is 0.8cm. ilumination /s from upper and lower right

Detail of dome after 5.4 cm horizontal regional exthesion. Uplift at done, 
culmination is 0.8 cm. llumination is Aran upper and lower right

mSan 
elail of domn, after .~5cm horbonti regio.! g xmtnslon. Uplift at dome 

culmination is 0.83 en, Illumination is from upper snd low.r right.

Subsurfde fault same map of lofsore dome, The ellipt a!dome. is 
cut by a system oatpl normal fault, having strawk oriented 
oblique to the long axis of the dome.

I 
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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 regardless of regional 

strain orientations and magnitude.

Elliptical dome formation 
with concurrent regional extension but with 
proceslsng regional 
extension 

ModellllOTXX

out---

Oblique viw of mode19MAR01 sand offow.arlwnt nth ilwumination born ltet Fault taces -n obervd to Mngthet by 

linking of en echeon segment. Dis at trnSrt zo btw n ifausu axlt - breached ad non-br mched ramps 
.4pnsd i vadoua• geom atr including IsbuI cunwd propagat~n, abandond bolt and ramp sflwnts an ,nt-fn

ic#a•w tault sgments.
As observed in ANod 1IAAR01, di
fr. ze- between fault 
exist a breached and non
frnwvd rely -Ps 
expressed In va,4t* 
ueonn fa, kwiuding leral 
cuved propagaton, 
abwndondh ult and ramp 

-imen•, and newty-formed 
Isolated fault senroor..

Deoail of model 19MAR01 showing displamnt tansfer 
Structurs Svantl scwk"

Dominant fault sysaam orinted pewpndicular to 
xtanslon diction and obliqu, to t long axs of UMO 

dome, and showing connecting suats or"bn~ sub
pear with the extenslon dke flon (exofnon 
direction Is approximateiy panrsl to the scai tine4

Model If SOCTl af M*ECSI dos. davsnjc a cocnwrt wift 0o•bonbl) -rO 
ho iconwison with modelMAROr, U.. lengexi a o th .I eýtc dons Is 

orflfladpnrp lr to & ,tcton of nglowmael n m bd , nal nanxon, did not 
pnwo~d doming. Non lack or fink *dq.om tn Mm bwiond dom,' nm~n cotiw..d 
wint modxl lgMafl (show, A011) ad abN of pan~d•ft Su oand sympathetic ttwi 

the dmW-,cx n of rus ntu . The maltu. of regtam a .I dodny doming hi
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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.

Regional extension, 
no doming

Overiewtol 
coaflguralon - -

View after 6.3 cm extension. Illumination from upper right Faults inisate 
as Isolated segments and Are observed to grow by linking of en echelon 
"segments.

View after 9.9 cm extension. Illumination from upper and lower right.  
Most of the structures associated with extensional faulting are present.  
Fault trac, length ranges from tens of centimeters to below unaided 
visual detection. Dispiacertent transfer zones between faults are 
expressed in various geometries, and at various scales. As tauns 
continue to grow by segment linking, small faults continue to initlate 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 smanl faults exceeds the 
number of relatively large faults. For example, consider the images above 
and below .t 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 compnrtmentailzatlon, connectivity, permeability anisotropy, 
and porosly.

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.  
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ABSTRACT Fig. INTRODUCTION - Small faults in limestone 
aipodnormalofaultsystemsinconsommestwratfin4locfations InTexas . Outcrop maps and scanline surveys were made of well-exposed faulted Cretaceous 

P ,andHighway2 1 withneSanAntonioipfa• ofM• B•loofs faufZone,and hear•lr•nlm and limestone with simple extensional tectonic histories. The purpose of the field work was to 
Kent along Interstate Highway l in west Texas. We used outcrop m•pping on phot-nmoaaiho and tainltne 
methods to record f•nlfts with mm,-1 in disp/acersnts. We o¢cculantdaverage exe•nsion direction, evaluate frequency versus displacement relationships of sub-seismic (throw = 10 m or 

eydension-arat cheav, total Mufealt4p7 sed extension, and .xtasnlon-poaral faa/I dernsity Max~imum and 
minimum total faouk-expr extension oere 7.91% and 0.03% re. a-p.ictlr Three keyobserations ar. (1) less) normal faults. Four locations were studied In detail to provide a database for scaling 
fault density inca wi.•••l extension, (2) s•malxlspl•amtfaults .a ow numerous in a• of Mot surmtse 
higher total extension, and (3) a few Large Wsuit* accomplish most of the toul extension. Sganlins from a D aanalysis of faulting in limestone (Fig. 1): 
"seismic reflection survey of faults In a carbonate reservoir eXhibit lower fault density valued then would be Outcrop maps expiected Wo Mhe WWIa fruft-expreaed extension, and thepropridonfis ofmarMll-dspfcnntufauts is very low 
co with o up date This Is the s k da go, which• crime shadow ,oll faultntcs..r.w Road-cuts along La Canters Parkway, near San Antonio, Texas (Edwards limestone).  
not seaimfaiiy fmaged, Apparent small-ipfacemsn faults observed in seismfa data amre, Instead, the Ri 
extrapo/atdetasi.g romment fasr. the appro commue tis does sa to ofntheiayd Road cut along the south side of 1-10 west of Balmorheaa Texas (Buda Formation).  
sa*lts of appropriate displacement into the seismic detaset. The basik far thIS c•nectfOn is that total extension Scanline surveys 

determines fault densit and the argest observed tsuits represent a large percenutge of the total strain. The 

df• betweentWWIextension a"t m a.dby obý twill, Is Me corrosion idef (uMig ' - Road cut along the south side of 1-10 west of KentTexas (Boracho Formation).  
esltmaes of the exension deffait the total number of faults that should be present anhe caicufated. AIo, the I ... Rodct igwy SnAnoi,(ln ietn) 
she distribution of ,al faults in tpopuktkn cmbe determined Ming th totall ete mhe total number of Road-cuts along Highway 281, near San Antonio, Texas (Glen Rose limestone).  
faults and an empirical power-faw relatinhip betw*een Mant displacemnent and frequency..  

Geologic Sketch: West Texas with chart nodules and arenaceous detrital Along interstate Highway 10, near the town of 0.5 to 2 m. Again, Tertiary age normal faults stress direction of approximately NNW-SSE which 
Lower Cretaceous limestone of the Suds material. Bed thickness varies from 30-200 cm. Kent, Texas, are large roadCuts in the Lower associated with southern Basin and Range corresponds with the extension experienced by 
Formation is exposed along a portion of Interstate Tertiary age normal faults associated with Cretaceous limestone of the Boracho Formation. extension and formation of the Rio Grande rift cut west Texas as the southern Basin and Range and 

Highway 10 west of Balmorhea, Texas. Exposed southern Basin and Range extension and Exposed llthologles consist of fine-grained thin to the exposed beds. Slip tendency analysis of these Rio Grande Rift developed during Tertiary times.  
lithologles consist of bedded limestones, in part formation of the Rio Grands rift cut these beds. thick bedded limestone. Bed thickness varies from faults yields an intermediate principal compressive 

Balmorhea ------

Geologic Sketch: Son Antonio Area maximum displacement of 366 m (Weeks, 1945), the north and west from the Texas coastal plain to rooted In the deeply buried foreland-basin Hanson, 1994; Stein and Ozuna, 1996; Collins and 
The Balcones fault zone Is a broad en echelon and definis the transition from flat-lying rocks of the south and east. Within the Balcones fault sedimentary rocks of the Late Paseozolc Ouachita Hovorka, 1997; Hovorka et al., 1998; Ferrill et al., 
system of mostly southeast-dipping normal faults the Texas craton to gently coastward-dipping system, the dip of strate varies from nearly orogeny (Murray, 1956). Not all faults in the 2000). All faults are considered to have formed 

that formed during the middle to late Tertiary sediments of the subsiding Gulf of Mexico and horizontal to gentle coastward, with occasional Balcones fault zone are consistent with the overall during the same time period and are consistent 

(Murray, 1956; Murray, 1961; Young, 1972). The related Coastal Plain. The topographic expression localized northward dip Into some faults. Growth down to the southeast sense of throw and a with a horizontal minimum principal compressive 

25-30 km wide fault zone trends east-northeast of the Balcones Fault zone Is the Bascones faulting Is not apparent in outcrop along the fault significant number of smaller faults are antithetic stress trending southeast-northwest and a vertical 

and spans much of central Texas. It has a escarpment, separating the Edward's Plateau to zone. Faulting has been Interpreted as being to the overall trend (Collins et al., 1993; Small and maximum principal compressive stress.  

La Cantors Parkway, North _______________ O 
Each roadcut Wac located ualng ocoordlntba d~termmld by a global positionlng 

-~- - --sintlNt ayltem (Opf). For the road out exposurn• along Is Canft...r Parkwaty and 
near Salmorteim, hot rlosol datum limes wr urveyea and marked and the rMoadeUl 
,re - phaotoghaplud. The photogrophs were eassombled Into photo-moeaas of 

-the maduta which ware used as baa. caps for felda measurwnt.s. Each 
lMaterial add srac. xopoed In thse minoadst nwa lcate on a photomoar~c end 
measured. For each surfac we racorded etilka (using the rlght-tand-rul dp% rake 
of allCPtenlcmns (whtre vsWat), dlselacmant (puralll to silalkndlimt whom villble.  
othnris down-dlp), and the naximumn dp-parallel and maxinuin tli-atrlleil 
cant of visible faiuit seurae. Faults ware meemod al ong bararalkil camnlines at 
the Keant (550 m saanline) and Highway nl1 (MlS . scanhnire ifgth) exposures. In all 
a no faults hat had dýsp•cleamnta larger than could h determined from the 

ex*osutlNm w counteard, and faults with displaSSVSfts as small as 5 man wore 

reaolvsble.
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FAULTING AS A FUNCTION OF STRAIN

Figure 2
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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

Figur. 4 
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Scanline data extracted from a 3D seismic survey over a carbonate 
reservoir yield total extensions of 0.81% and 0.39% (scanlines I 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 scannine 
datasets.  

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

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 then estimates of total extension and total 
number of faults, the size distribution of the total 
fault population can be estimated.  

The empirical power-law relationship (Bonnet st 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 11
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 
lithologiess and structural setting (Fig. 11). A total scanline 
length of 2 km across fault strike yields only 13 faults 
none with extension greater then I in.  

Our work demonstrates that bulk strain Is a determining 
factor of fault density and fault population characteristics.  
However, when attempting to estimate unobserved faults It 
Is necessary to consider the factors that determine the 
distribution of strain. Such factors likely Include: 
underlying tectonic processes (e.g., doming versus 
crustal extension), mechanical stratigraphy, and strain 
perturbations around larger faults (e.g., displacement 
gradient induced strains) (Ferrill and Morris, 2001).

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 

relatlonship.  
(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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