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Abstract

All fault systems contain faults with lateral (strike-parallel) displacement gradients. Lateral displacement gradients give rise to elongations

parallel to fault cutoffs in either or both of the footwall and hanging wall fault blocks. We present a simple method for estimating cutoff

parallel elongation based on geometric fault and fault-block elements. These elements are readily measured in the ®eld or from maps and

subsurface data, and include orientations of cutoff lines, faults, and displacement directions. Displacement gradients on overlapping normal

faults produce relay ramps. Deformation within a relay ramp includes tilting, extension parallel to bounding cutoff lines, vertical axis

rotation, and eventual breakthrough of the ramp. Relay ramp deformation is sensitive to fault displacement directionsÐoblique slip

directions on the ramp bounding faults can cause contraction (restraining-step sense of displacement and overlap) or enhanced ramp

extension (releasing-step sense of displacement and overlap). Relay ramp extension accommodated by brittle faulting and extension

fracturing is important for locally altering porosity and permeability in fractured aquifers and reservoirs. Locally enhanced fault and

extension fracture density can provide fast pathways for in®ltration, percolation, and ¯ow of groundwater, or barriers to ¯uid movement

and can in¯uence rock quality and stability of underground excavations. An example of strain localization in a displacement transfer zone

from Yucca Mountain, Nevada, the proposed site for a high-level radioactive waste repository, is examined. q 2001 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Displacement variation along faults is common and

displacement gradients are typically steeper near fault termi-

nations (tips) than on the fault as a whole (Dawers et al.,

1993; Trudgill and Cartwright, 1994; Dawers and Anders,

1995). The presence of a displacement gradient requires

that either one or both of the hanging wall and footwall cutoff

lines must differ in length from their original, pre-faulting,

lengths. The magnitude and partitioning of strain between

footwall and hanging wall cutoffs depend on ®ve factors:

1. dip of fault,

2. shape of fault (curved versus planar),

3. displacement gradient on fault,

4. degree of footwall uplift versus hanging wall subsidence,

and

5. orientation of fault slip vector.

Relay ramps, which are common features of normal fault

systems at all scales, are the products of opposite displace-

ment gradients on two overlapping, laterally terminating, and

subparallel normal faults (Fig. 1a; p. 533 in Ramsay and

Huber, 1987; Larsen, 1988; Peacock and Sanderson, 1991,

1994; Trudgill and Cartwright, 1994; Childs et al., 1995;

Huggins et al., 1995; Crider and Pollard, 1998). Relay

ramps are bounded on one side by a hanging wall cutoff

and on the other by a footwall cutoff. Because the bounding

faults of a relay ramp have opposite displacement gradients

(Fig. 1b, c), the ramp must experience deformation to main-

tain connectivity between hanging wall and footwall. This

deformation is manifest as rotations about a vertical axis

and one or more horizontal or low inclination axes (e.g.,

hinges at top and bottom of ramp) and as elongations parallel

to cutoff lines, generated by the displacement gradients on the

ramp-bounding faults (Fig. 1). In addition to relay-ramp-

speci®c deformation, relay ramps may contain variable

amounts of distributed deformation manifest, for example,

by small faults parallel or synthetic to the bounding faults

(e.g., Trudgill and Cartwright, 1994) or layer tilting in the

fault dip direction (e.g., Huggins et al., 1995). This compo-

nent of deformation compensates for the frequently observed

cumulative displacement de®cits at relay ramps seen in

distance versus displacement pro®les for segmented or over-

lapping faults (Trudgill and Cartwright, 1994; Huggins et al.,

1995).
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In this paper we present a simple method for estimating

cutoff-parallel elongation (extension or contraction) related

to fault displacement gradient, that is applicable to deforma-

tion associated with the hanging wall and footwall of indi-

vidual faults, or relay ramps between overlapping faults.

The method is based on readily measured parameters such

as the orientation of hanging wall and footwall cutoffs, fault

dip, and fault displacement direction. Relay ramps in exten-

sional fault systems are recognized as zones of localized

high strain (e.g., Trudgill and Cartwright, 1994), related to

the large displacement gradients on the bounding faults.

This strain can be manifest in a variety of ways depending

on the conditions of deformation. Relay ramps formed at

shallow crustal levels are likely to exhibit high fracture

densities (both faulting and jointing) which will in¯uence

fracture permeability. To illustrate applications of the tech-

nique, we consider natural examples of normal faulting

from Yucca Mountain, Nevada, the proposed site for a

high-level radioactive waste repository. Recent mapping

of fault systems at Yucca Mountain has revealed the

presence of several large breached relay ramps and indica-

tions that several smaller or more subtle relay structures

may also be present. Fault system architecture and displace-

ment gradients on Yucca Mountain faults are generally

consistent with patterns of deformation predicted by our

geometric model. These results indicate that some localized

faulting is controlled by fault displacement gradients and

interaction, rather than simply the regional stress ®eld.

2. Conceptual framework

Relay ramps in brittle rocks transfer displacement

between overlapping normal faults by vertical axis rotation

(accommodating horizontal heave gradients on faults) and

tilting (accommodating vertical throw gradients on the

faults). A simple relay ramp can be simulated by making

two parallel, overlapping cuts in a piece of paper, then

extending the paper perpendicular to the cuts (e.g., see

Fig. 1a). In the simple case where the paper is extended

perpendicular to the fault traces without tearing, fold hinges

localize at the fault (cut) tips at the top and bottom of the

relay ramp, and fault displacement follows a circular arc,

initially vertical, and eventually horizontal. The ramp is

hinged at the top and bottom, and to avoid tearing, the

paper is not extended within the ramp.

Rock is widely recognized as being weak in extension

under brittle deformation conditions. Unlike the paper

relay ramp described above, extension localized in a rock

relay ramp is likely to produce permanent deformation. In

the case of true dip slip on two overlapping, ramp-bounding

normal faults, the ramp is geometrically required to: (i)

rotate around a vertical axis, (ii) tilt, and (iii) extend parallel

to hanging wall and footwall cutoff lines. The magnitude of

this cutoff-parallel extension is directly related to the

displacement gradients on the ramp-bounding normal faults

(Figs. 1 and 2). In the case of an initially horizontal surface

(represented only by footwall cutoff, FB and hanging wall

cutoff, HB) cut by a terminating and planar normal fault (see

triangle FBH in Fig. 2) with true dip-slip, both the footwall

and hanging wall cutoff lines (see FB and HB, respectively,

in Fig. 2) may experience extension.

Layer extension relates directly to the de¯ection of the

hanging wall and/or footwall cutoff from the original hori-

zontal position. De¯ection of the cutoff lines is a function of

fault displacement gradient. The anticipated cutoff-parallel

extension in a relay ramp has both hanging wall and

footwall cutoff components and can be estimated from a

knowledge of: (i) the orientation of the ramp-bounding

faults; (ii) the slip vector(s); and (iii) the orientations of

the cutoff lines. This simpli®es to knowing, for each bound-

ing fault, the fault orientation, rakes of the hanging wall and

footwall cutoffs within the respective faults, and the rakes of

the slip vectors within the faults.

3. Geometric analysis

In this section, we provide a derivation of equations that

allow estimation of cutoff-parallel elongation (positive�
extension; negative� contraction) based on orientations

of the fault, fault cutoff lines, and fault-slip vector. These

equations apply to hanging wall or footwall deformation

associated with any normal or normal-oblique slip fault

with a lateral displacement gradient. For simplicity, we

assume that prior to slip on the fault, the hanging wall and

footwall cutoff lines were coincident and horizontal and that

the fault dip and slip direction do not change during pro-

gressive deformation. However, the geometrical relation-

ships and the model can be applied to a fault of any

orientation if the position and orientation of the pre-faulting

cutoff line is known or can be assumed.

Footwall cutoff-parallel elongation (Appendix A) is

described by

eFW � sin RV

ÿ �
sin RV 2 RF

ÿ � 2 1 �1�

and hanging wall cutoff-parallel elongation by

eHW � sin RV

ÿ �
sin RV 1 RH

ÿ � 2 1 �2�

where RV is the rake of the fault's slip vector, RF is the rake

of the footwall trace in the fault plane, and RH is the rake

of the hanging wall trace in the fault plane (Fig. 2d and

Appendix A).

Eqs. (1) and (2) are complementary and their solutions

can substitute for each other by appropriate choice of angle

convention. Using these relationships, strain can be esti-

mated from the fault-dip (a) and the rakes of the footwall

(RF) and hanging wall (RH) cutoffs in the fault plane. Fig. 3

can be used to determine the cutoff-parallel elongation from

the values of RF and RH. In the simple case of pure dip-slip
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(RV� 908), all cutoff-parallel elongations are positive (i.e.,

length increase, Fig. 3). However, oblique slip can lead to

zero or negative (shortening) cutoff-parallel strains.

In the case of the faults illustrated in Fig. 1a, a right-

lateral slip component will cause the ramp-bounding cutoff

lines to experience less extension than in the simple dip-slip

case, and it may experience contraction in cases of a major

strike-slip component. Conversely, a left-lateral strike-slip

component would cause greater cutoff-parallel extension

than the simple dip-slip case.

4. Cutoff-parallel elongation

4.1. Hanging wall versus footwall de¯ection

Both footwall and hanging wall cutoffs of a normal

fault can be de¯ected away from their pre-faulting

position. Excellent ®eld examples of de¯ections of both

footwall and hanging wall cutoffs and various relay

ramp geometries are exposed in the Volcanic Tableland

north of Bishop, California (Fig. 4). Here a welded unit

of the 738 ^ 3 ka Bishop Tuff (Izett et al., 1988) is cut

by several hundred faults ranging in displacement from

less than 1 m to more than 100 m (Bateman, 1965; Dawers

et al., 1993; Dawers and Anders, 1995; Willemse et al.,

1996; Willemse, 1997; Ferrill et al., 1999a). The arid

climate, relative youth, and resistance to weathering of

the tuff result in remarkably well exposed fault-line

scarps that closely approximate the fault geometries (Fig.

4). Although fault block geometries are well expressed

by the topography, direct displacement direction indi-

cators such as slickenlines are generally absent. These

examples, however, serve to illustrate that footwall and

hanging wall de¯ections can occur in a full range of relative

proportions from hanging wall only to footwall only, and

seemingly any combination of footwall and hanging wall

de¯ection.
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Fig. 1. (a) Schematic block diagram illustrating an extensional relay ramp. (b) Distance versus displacement diagram for the pro®le XY in (a). (c) Distance

versus fault-cutoff elevation for the pro®le XY in (a).



4.2. Hanging wall versus footwall cutoff elongation

Fig. 5 illustrates six possible combinations of cutoff de¯ec-

tions and fault slip that lead to different patterns of strain

partitioning between the hanging wall and footwall (also see

Table 1). In each case illustrated in Fig. 5, the faults dip 708
and the lateral gradient in fault gap (scarp) height is approxi-

mately the same. Fault displacement and total displacement

gradients (measured in fault plane, parallel to slip vectors

between hanging wall and footwall cutoffs) are the same for

Fig. 5a, b, and c. Fig. 5a and b differ only in whether the

hanging wall or footwall deforms. In these two cases, the

de¯ected cutoff lines extend more than 6%. In 5c, both

the hanging wall and footwall deform, and resulting cutoff

extensions are less than 2%; considerably less than strains

in the end member (one block rigid) cases (Fig. 5a and b).

Oblique displacement on a fault (Fig. 5d and e) may produce

extension in one fault block and contraction of the opposing

fault block. For the idealized relay ramp shown in Fig. 5f,

de¯ection of the hanging wall and footwall cutoffs that bound

the ramp produces cutoff extensions of less than 2%.

4.3. Effects of oblique slip

In the simple case of true dip-slip faulting, fault block

extension is expected (Fig. 6a, and b) and partitioning of

strain into the footwall versus the hanging wall depends on

the de¯ection of the hanging wall and footwall. Oblique slip

produces more or less extension than expected for dip slip

and depends on fault dip and slip direction.

If a normal fault has oblique slip (i.e., the slip vector rake,

RV, of the fault is not 908), then certain displacement gradi-

ent and slip vector con®gurations may produce strain rever-

sals during slip accumulation. For example, the hanging

wall of a fault that dips 608, has a slip vector rake of 808,
and that laterally tips to the left (looking down the slip

vector plunge; Fig. 6c) will experience shortening followed

by extension (Fig. 6d). Shortening of the ramp occurs from

the start of displacement until the cutoff line is perpendicu-

lar to the slip vector, and further displacement causes the

hanging wall cutoff to extend.

4.4. Relay ramp deformation

In the case of a relay ramp, the internal deformation

should re¯ect de¯ection of the hanging wall and footwall

cutoffs that bound the ramp. Equal de¯ection of hanging

wall and footwall cutoffs (Fig. 1) by dip-slip produces

uniform elongation across the width of the ramp and dip

of the ramp in the fault-strike direction. Unequal de¯ection
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Fig. 2. (a) Cut-away block diagram of a fault gap (shaded triangular area) near a fault tip (point B) illustrating the geometric elements used in the analysis

presented here. Shaded area represents fault surface, point A lies within the fault surface at the same elevation as the fault tip point B, lines FB and HB are

footwall and hanging wall cutoff lines respectively. (b) Plan view of fault termination region. (c) Cross section view. (d) Fault plane view. RF� acute angle

(rake) of footwall cutoff, measured as shown and counted as negative in Fig. 3; RH� acute angle (rake) of hanging wall cutoff, measured as shown and counted

as positive in Fig. 3; RV� rake of slip vector, measured as shown from the strike line facing the fault slip vector, may have values from 08 to 1808 (see also

Fig. 5d, e, and Fig. 6a).



of hanging wall and footwall cutoffs bounding a relay ramp

would produce a deformation gradient across the ramp and

is likely to produce tilting of the ramp toward the upthrown

or downthrown side of the fault system.

The typical distance-displacement graph (e.g., Fig. 1b;

Peacock and Sanderson, 1991; also see for example, ®g. 5

in Dawers and Anders, 1995; Cartwright and Mans®eld,

1998) gives no indication of this strain partitioning. A better

representation is given by a graph of distance versus cutoff

elevation (e.g., Fig. 1c; also see, for example, ®g. 4b in

Dawers and Anders, 1995, and ®g. 6 in Huggins et al.,

1995).

5. Progressive development of a relay ramp

The distribution and nature of deformation within a relay

ramp depends not only on the ®ve geometric components

(fault-dip, fault shape, fault displacement gradients, orienta-

tion of slip vectors, and the degree of footwall uplift versus

hanging wall subsidence of the bounding faults), but also on

the temporal evolution of the ramp. Our geometric model

(discussed in Section 3) accounts for fault-dip, displacement

gradient, and slip vector, and because it is purely geometri-

cal, can be applied to any segment of a cutoff line without a

priori knowledge of faulting history. We discussed (in

Section 4) the roles of the above factors on cutoff elongation

and their possible effects on relay ramp strain. Here we

consider the importance of the developmental history of

the ramp in determining the overall strain present in a

relay ramp.

As discussed earlier, relay ramps transfer displacement

between two overlapping normal faults by tilting, vertical

axis rotation, and cutoff-parallel elongation. In an ideal

relay ramp, the relay ramp accomplishes all of the displace-

ment transfer and lateral displacement-gradient related

deformation, and rock outside the relay ramp is displaced

but not tilted or internally deformed related to the lateral

fault displacement gradients (see Fig. 5f for example). The

Daisyhill relay ramp (®g. 6 in Huggins et al., 1995) is close

to the ideal relay ramp geometry. The two bounding

faults overlap but their displacement gradients are not
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Fig. 3. Graphical solution to Eqs. (1) and (2) contoured with respect to percent elongation. Strain contours are in 10% increments (heavy solid lines) for values

greater than 20%, and 2% increments (light solid lines) for values of 20% and less. Shaded areas represent extension (ªpositiveº elongation), unshaded areas

represent shortening (ªnegativeº elongation). In order to estimate the elongation experienced by a cutoff line, ®rst determine its rake in the fault plane. For

example, if a hanging wall cutoff line has a rake of 308 in a pure dip-slip fault, its estimated elongation is 16% positive extension (rake of cutoff�1308, rake

of slip vector� 908). A footwall cutoff with a rake of 308 on this same fault would experience the same extension (rake of cutoff�2308, rake of slip

vector� 908).



exactly complementary, thus the ramp dips obliquely

basinward. Footwall cutoffs and hanging wall cutoffs of

the two bounding faults have essentially the same elevations

immediately adjacent to the ramp and the ramp has trans-

ferred all of the cumulative displacement imbalance

between the two faults by means of its oblique dip (about

58). Even in the ramp-bounding fault segments of the

Daisyhill ramp, displacement gradients on the bounding

faults are extremely low, on the order of 0.07. Predicted

cutoff-parallel extension is commensurately low, about

0.4%, and this is consistent with the lack of mapped exten-

sion features in the ramp.

5.1. Alternative deformation paths

As is the case for many geologic structures, the ®nal

geometry of a structure is not necessarily indicative of a

unique deformation path. In the case of a relay ramp, for

example, the relay ramp has a geometry that is consistent

with the displacement gradients on the two bounding faults.

Faults may grow in a self-similar fashion (Fig. 7a), whereby

the displacement to length ratio is consistent early in the

development of the faults, and fault tip displacement gradi-

ents are constant throughout the faults' development until

faults connect by relay ramp breaching. In this simple
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Fig. 4. Field photographs of unfaulted and breached relay ramps from the Volcanic Tableland, Owens Valley, California. Examples include: (a) fault gap

de®ned by approximately horizontal footwall cutoff and de¯ected hanging wall cutoff; (b) fault gap de®ned by approximately horizontal hanging wall cutoff

and de¯ected (upwardly bowed) footwall cutoff; (c) fault gap de®ned by de¯ected footwall and hanging wall cutoffs; (d) relay ramp bounded by de¯ected

hanging wall and footwall cutoffs; (e) breached relay ramps bounded by de¯ected hanging wall and footwall cutoffs; and (f) detail of breached relay ramp

illustrating small displacement faults (,5 m displacements) within breached ramp.
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Fig. 5. Block diagrams illustrating different patterns of fault displacement and cutoff line deformation. Heavy lines are deformed cutoffs. Solid arrows in fault

planes indicate displacement of hanging wall cutoff or footwall cutoff from initial position. (a) Rigid footwall, deforming hanging wall, dip-slip. (b) Deforming

footwall, rigid hanging wall, dip-slip. (c) Deforming footwall, deforming hanging wall, dip-slip. (d) Rigid footwall, deforming hanging wall, contractional-

oblique slip. (e) Rigid footwall, deforming hanging wall, extensional oblique-slip. (f) Ideal relay ramp bounded by fault tips with dip-slip.

Table 1

Geometric parameters and calculated elongations for fault displacement gradient examples illustrated in Fig. 4a(numbers rounded to nearest whole number)

Examplea Correlation to ®guresb Measured angles (8) Fig. 3 cutoff rakes (8) Fig. 3 extension, %

No. FW HW a Rv RF RH eFW eHW

1 Rigid Def'd Fig. 4a, Fig. 5a 70 90 0 20 0 6

2 Def'd Rigid Fig. 4b, Fig. 5b 70 90 2 20 0 6 0

3 Def'd Def'd Fig. 4c, Fig. 5c 70 90 2 10 10 2 2

4 Rigid Def'd Fig. 5d 70 70 0 20 0 2 6

5 Rigid Def'd Fig. 5e 70 110 0 20 0 23

6 Def'd Def'd Fig. 4d, Fig. 5f 70 90 2 10 10 2 2

a Note that FW and HW refer to cutoffs on opposing sides of a single fault gap in examples 1±5, and cutoffs on opposing sides of a relay ramp in 6.
b Fig. 4 examples correlate in overall style (hanging wall versus footwall de¯ection) but not in detail (angles).
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Fig. 6. (a) Block diagram illustrating the opposing in¯uences of oblique slip on hanging wall and footwall cutoffs. (b) Block diagram illustrating displacement

history of hanging wall and footwall cutoffs displaced along a dip-slip vector (RV� 908) (c) Block diagram illustrating displacement history of corresponding

hanging wall and footwall cutoffs displaced along a slip vector with an 808 rake. (d) Graph of cutoff line elongation versus cumulative slip illustrates the

progressive elongation of hanging wall and footwall cutoffs. Given the sense of oblique slip, the hanging wall cutoff undergoes shortening during early

displacement until the cutoff line is perpendicular to the slip vector, and extension during subsequent displacement. In contrast, the footwall cutoff experiences

extension throughout its deformation history.



conceptual model, the overlap to separation ratio will

continue to increase until the relay ramp is breached.

However, along an alternative deformation path, the bound-

ing faults may propagate to their overlapping con®guration

rapidly, early in their development. Arrested propagation,

but continued displacement, leads to increasing displace-

ment to length ratio (Fig. 7b). In that case, the ®nal overlap

to separation ratio is produced early in the relay ramp

development, then displacement produces increased tilting,

vertical axis rotation, and internal deformation. A third

possible case of relay ramp evolution may develop where

fault tip propagation is arrested while the fault continues to

accumulate displacement, which is then followed by a

period of rapid fault tip propagation (Fig. 7c). In this third

case, the displacement to length ratio will decrease with

time. Fault propagation may proceed by one or a combina-

tion of the processes illustrated in Fig. 7b and c, which over

time could produce the same geometry as self-similar propa-

gation (Fig. 7a). However, depending on the magnitudes of

fault-cutoff parallel elongation generated by displacement

gradients at the propagating fault tips, permanent deforma-

tion by faulting may develop in the displacement transfer

zone. Therefore, faults developed within a relay ramp

or displacement transfer system during its progressive

development may have orientations oblique or perpendicu-

lar to the bounding faults, depending on the evolutionary

history. Deformation path depends on position on the

controlling faults, shape and displacement patterns of fault

planes, and other factors such as lithology and deformation

conditions (e.g., Huggins et al. 1995).

5.2. Evolution of a conceptualized relay ramp

The displacement gradient along a fault generally

increases toward its tips (®g. 2 in Dawers et al., 1993; ®g.

11 in Scholz et al., 1993; ®g. 4 in Trudgill and Cartwright,

1994; ®g. 5 in Dawers and Anders, 1995; ®g. 3 in Huggins et

al., 1995; ®g. 3 in Cartwright and Mans®eld, 1998; ®g. 2e in

Ferrill et al., 1999a, b; ®g. 5 in Moore and Schultz, 1999).

Thus, two fault tips propagating past each other will gener-

ate a deformation front characterized by steep dips that will

sweep through the relay zone. Depending on the history of

the ideal relay ramp geometry (Figs. 4d, 5f, and 8a, b, c, and

d), a dipping panel may develop that is initially oblique to

the strike of the bounding faults (pre-overlap situation). The

relay-ramp dip in the ideal case evolves to parallelism with

the strike of the bounding faults (Fig. 8a and b) as fault

overlap develops. The dip of this panel, and hence the exten-

sion it experiences, depends upon the displacement gradi-

ents and dips of the bounding faults. In cases where the

bounding faults have steep displacement gradients near

their tips, the obliquely dipping panel may experience suf®-

cient extension to induce fracturing and faulting prior to full

development of fault overlap (Fig. 8c). As overlap continues

to develop, and the ramp extension direction rotates into

parallelism with the strike of the bounding faults, the

early formed faults will continue to be well oriented to

accommodate extension by oblique slip, obviating the

need for new faults to form and suppressing steeper dips

in the ramp as a whole (Fig. 8d). Thus relay-ramp-breaching

faults may be inherited from pre-overlap interaction

between the principal bounding faults, and are likely to be

oblique to the ®nal ramp orientation.

In the ideal relay ramp, the ªultimateº footwall and hang-

ing wall cutoffs (cutoff segments that do not immediately

bound the relay ramp) attain essentially uniform elevations,

and the relay ramp transfers all displacement between the

faults. Such structures are common in nature and are well

documented as examples of relay ramps (e.g., ®g. 4 in

Dawers and Anders, 1995; ®g. 6 in Huggins et al., 1995),

and ®t the model described above (Sections 5.1 and 5.2).

However, as illustrated in Section 4, the ultimate hanging

wall and footwall cutoffs may also be de¯ected, which

modi®es the pattern of dipping panels associated with the

propagating tips of the bounding faults (Fig. 8e and f).

6. Natural examples from Yucca Mountain, Nevada

6.1. Background

Yucca Mountain (Nevada, USA), the candidate site for

the United States of America's ®rst high-level radioactive

waste repository, consists of a sequence of gently east-

dipping Miocene volcanic tuff layers cut by a system of

primarily west-dipping extensional faults. The distribution,

characteristics, and future activity of faults and fractures at

Yucca Mountain have several important implications for

safety and long-term (10,000-year) performance of the

candidate repository site, including: (i) controlling perme-

ability architecture and groundwater ¯ow rates and paths in

the fractured tuff; (ii) in¯uencing rock mass quality and

tunnel stability; and (iii) providing sites for potential seis-

mic activity and related fault block deformation (U.S.

Department of Energy, 1998; U.S. Nuclear Regulatory

Commission, 1999).

The Yucca Mountain fault system has been mapped in

detail by Scott (1990), Simonds et al. (1995), and Day et al.

(1998a,b). Extensional deformation has occurred in an

evolving regional stress ®eld, from E±W extension prior

to 10 Ma, to WNW±ESE extension after 10 Ma (Zoback

et al., 1981; Morris et al., 1996; Ferrill et al., 1999b). Day et

al. (1998b) identi®ed important relay structures at Yucca

Mountain that consist of normal and oblique slip faults

both within and cutting (breaching) relay ramps, curved

fault tips bounding relay ramps, and right-lateral, strike-

slip faults. Ferrill et al. (1999a) interpreted several of the

bends in major faults to be corrugations introduced by fault

linkage resulting from the breaching of former relay ramp

structures (see Fig. 9a and b for relay structures at Yucca

Mountain described in text).

In the context of the geometric models of fault block
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Fig. 8. Block diagrams illustrating the in¯uence of relative footwall uplift and hanging wall subsidence on the evolution of deformation at underlapping and

overlapping fault tips. (a) Pre-overlap situation with ideal relay ramp geometry. An oblique dip panel develops linking the tip regions of the bounding faults.

(b) Overlap situation with ideal relay ramp geometry. The dipping panel evolves to geometry where the dip direction is parallel to the bounding fault cutoffs.

(c) Pre-overlap situation with ideal relay ramp geometry and steep displacement gradients in the tip regions of the bounding faults. An oblique dip panel

develops linking the tip regions of the bounding faults. In this case, however, the displacement gradients that produced oblique dip panel are suf®cient to

initiate formation of oblique faults within the relay ramp before the bounding faults have reached overlap. (d) Overlap situation with ideal relay ramp geometry

and steep displacement gradients in the tip regions of the bounding faults. The bounding faults continue to propagate and extension directions within the ramp

region rotate closer to parallelism with the bounding faults. This extension, however, can be accommodated by oblique slip on faults formed at an earlier stage

in the ramp's evolution. This leads to the formation of an oblique steep section of the ramp which contains a high concentration of faults and is likely to become

the locus of a ramp-breaching fault system. (e) Pre-overlap situation where the ultimate hanging wall and footwall deform by hanging wall subsidence and

footwall uplift. (f) Overlap situation where the ultimate hanging wall and footwall deform by hanging wall subsidence and footwall uplift. See legend in Fig. 5

for explanation of symbols.

Fig. 7. Block diagrams illustrating in¯uence of fault propagation and displacement gradient development on the formation of relay ramps. (a) Self-similar fault

tip propagation, and no change in displacement gradients with time. (b) Rapid fault tip propagation and overlap development produces a low displacement

gradient early in fault development. This stage is followed by arrested propagation and displacement accumulation, producing an increase in displacement

gradient. (c) Arrested fault tip propagation produces a high displacement gradient which is followed by a period of rapid fault tip propagation and decrease in

fault tip displacement gradient. See legend in Fig. 5 for explanation of symbols. The diagonal lines on graphs of displacement (D) versus length (L) represent

the relationship between the two parameters, de®ned by constants k and a (see Dawers and Anders, 1995).
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Fig. 9. (a) Map of Yucca Mountain faults after Day et al. (1998b). Annotations indicate positions of potential footwall, hanging wall, and relay ramp (combined

hanging wall and footwall) deformation. (b) Oblique aerial photograph looking northeastward across western Yucca Mountain, Nevada. The Exploratory

Studies Facility is a 7.8 km long, 7.6 m diameter tunnel through Yucca Mountain.



deformation presented in this paper, there are numerous

geometric structural relationships at Yucca Mountain that

may indicate hanging wall, footwall, or relay ramp defor-

mation related to fault displacement gradients. One promin-

ent case is the West Ridge connecting fault system that

consists of several NW-trending extensional faults that

connect the Northern Windy Wash and Fatigue Wash faults

across West Ridge (see Fig. 9a and b, position 1). Note the

pronounced de¯ection of the fault cutoffs that de®ne the

edges of West Ridge where the connecting fault system

cuts the ridge (Fig. 9b).

Larger scale but more gentle fault-cutoff de¯ections are

seen associated with the Boomerang Point and Solitario

Canyon faults (positions 2 and 3, Fig. 9). Although the

dominant de¯ection appears to be in the hanging wall of

each of these faults, the footwall of the Solitario Canyon

fault is bowed upward in the proposed repository location

along Yucca Crest. This footwall bowing can be seen in a

three-dimensional structural horizon display (see ®g. 3a in

Ferrill et al., 1999b). Also within the proposed repository

location is an apparent displacement transfer zone (breached

relay ramp) between the Ghost Dance and Abandoned Wash

faults (position 4, Fig. 9).

We interpret at least four breached relay ramps along

the Solitario Canyon fault (Fig. 9). The largest of these

is the Solitario Canyon±Iron Ridge breached relay ramp

(see position 5, Fig. 9). This ramp contains numerous

NW-trending faults that, like the connecting fault

system in West Ridge, are associated with pronounced

de¯ection of the bounding cutoff lines (also see ®g. 3

in Ferrill et al., 1999a). The next potential breached

relay ramp to the north, based on mapped fault rela-

tionships and a pronounced footwall corrugation is at

position 6 (Fig. 9a). We interpret that the breakthrough

of this ramp occurred by curved lateral fault propaga-

tion along the footwall trace, leaving the breached relay

ramp attached to the hanging wall block. Two more

potential breached relay ramps along the Solitario Canyon

fault are associated with the two NNE-trending splays

of the Solitario Canyon fault that extend into the foot-

wall of the main fault, and the northern tip of the Solitario

Canyon fault (positions 7 and 8, Fig. 9a). The two NNE-

trending splays of the Solitario Canyon fault may be relict

tips of original fault segments that have since been

connected by the formation of connecting fault systems.

Relict relay ramp segments in the footwall in this case

would have corresponding breached ramp segments in the

hanging wall.
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Fig. 9. (continued)
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6.2. West Ridge connecting fault system, Yucca Mountain,

Nevada

Here we analyze the well-de®ned displacement transfer

system between the Northern Windy Wash and Fatigue

Wash faults (position 1, Fig. 9). The displacement transfer

system is a narrow fault system (,500 m wide) that trans-

fers displacement between two faults that overlap for a

distance of about 10 km. Although not a classical relay

ramp occupying the complete overlap between two fault

tips, the displacement transfer system may have initiated

during an earlier stage of development with less overlap.

Using the geometrical model outlined in this paper, we esti-

mate the strain in the ramp and compare it with observed

structures. The map of Day et al. (1998b) is our primary data

source (Fig. 10a). Structure contours are drawn for the top of

the vitric zone of the crystal-poor member of the Tiva

Canyon Tuff (cpv). All strikes and dips are given using

D.A. Ferrill, A.P. Morris / Journal of Structural Geology 23 (2001) 619±638 633

Fig. 10. (continued)

Fig. 10. The Northern Windy Wash fault (NWWF)±Fatigue Wash Fault (FWF) displacement transfer system. (a) Extract from the geologic map of Day et al.

(1998b) (right) with the interpreted structure contours for the top of cpv (left). (b) Throw versus distance graph for the NWWF, FWF, and the breaching faults.

Note the very high throw gradients on the bounding faults (NWWF and FWF) at the margins of the ramp steep section. These may partially represent

ªfossilizedº fault tip throw gradients for these faults. These gradients generated the high strains within the oblique ramp steep section which in turn ®xed the

location of the ramp breaching fault(s). (c) Fault cutoff elevation versus distance graph for the NWWF and FWF. The north to south component of the regional

dip has been removed by rotation. The ultimate footwall and hanging wall cutoffs follow the same trend through the graph, whereas the cutoffs that bound the

steep section of the fault block show marked de¯ections. The mismatch in elevation between the ramp-bounding cutoffs re¯ects the oblique basinward dip of

the steep section of the fault block (see also Huggins et al., 1995, ®g. 6c). (d) Lower hemisphere, equal area projection of the geometric elements of the fault-

block steep section in present-day coordinates. (e) Lower hemisphere, equal area projection of the geometric elements of the envelope of the steep section of

the fault block, corrected for the regional dip. (f) Reference plot (see Fig. 3) to show how the bounding cutoffs of the ramp steep section can be used to

determine cutoff-parallel elongation. FWF, Hanging wall cutoff against the FWF. The rake of the slip vector (Rv) is 898 and the rake of the cutoff� 248. This

yields an elongation of 10%. NWWF, Footwall cutoff against the NWWF. The rake of the slip vector (Rv) is 878, and the rake of the cutoff�2278. This yields

an elongation of 10%.



the right hand rule (reported dip is in direction 908 clock-

wise from reported strike azimuth), and we have used an

average fault dip of 708 based on measurements of Day et al.

(1998b). Fault throw versus distance, and cutoff elevation

versus distance graphs (Fig. 10b and c) were drawn using

data extracted from the U.S. Department of Energy's

Geologic Framework Model (version 3.1; CRWMS M&O,

2000) combined with data from the Day et al. (1998b) map.

The Northern Windy Wash and Fatigue Wash faults have

slightly different orientations (198/70 and 207/70 respec-

tively). Structure contours reveal a NE±SW-trending,

gently SE-dipping homocline (037/09) with a strike oblique

to both faults (Fig. 10a). Between the two major faults is a

rhomb-shaped panel trending approximately NNW±SSE

that contains a system of relatively small, predominantly

west dipping extensional faults. This system of faults has

displaced the otherwise homoclinal fault block down to the

southwest (Day et al., 1998b). The elevation of the top of the

cpv NE of this panel is consistently 500 feet (152 m) higher

than SW of the panel (along bounding fault strike). This

panel is referred to here as the steep section of the fault

block.

Both the Northern Windy Wash and Fatigue Wash faults

exhibit extremely steep throw gradients (0.25 for the

Northern Windy Wash fault and 0.27 for the Fatigue

Wash fault) at the steep section of the fault block. In the

cutoff elevation graph shown in Fig. 10c, the north-south

component of the regional dip has been removed from the

graph by rotating the graph 68 counterclockwise. Both

bounding cutoff lines of the steep section of the fault

block (Northern Windy Wash fault footwall and Fatigue

Wash fault hanging wall) are strongly de¯ected, whereas

the ultimate footwall and hanging wall show little deviation

associated with the presence of the steep section of the fault

block (Fig. 10c). This de¯ection pattern illustrates that all

displacement transfer is accomplished in a narrow region,

de®ned by the steep section of the fault block.

We interpret this displacement transfer system to have

evolved similarly to the sequence schematically illustrated

by Fig. 8c and d. The fault block steep section represents the
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Fig. 11. Block diagrams illustrating aspects of fault interaction and fault block geometry and deformation important for groundwater ¯ow and perching, and

hydrocarbon migration and trapping. See ®gure 1 in Ferrill et al. (1999a) for progressive development of geometries illustrated in (c) and (e).



location at which elongations were suf®cient to produce

faulting, and may re¯ect the geometry of an obliquely

dipping panel prior to overlap of the two bounding faults.

The elevation change across the steep section, and its trend

give an average envelope orientation for layering in the

section of 140/27. Using a stereonet (Fig. 10d), the rake of

the cutoff lines on the two bounding faults can be obtained:

288 in the Fatigue Wash fault and 278 in the Northern Windy

Wash fault. Most of the slickenline measurements for the

two bounding faults in the vicinity of this displacement

transfer system indicate true dip-slip and therefore the

rake of the slip vector is 908. However, because the regional

strike is oblique to the strikes of the bounding faults, and

because our geometrical model depends on the angular

difference between cutoffs in the fault plane, it is necessary

to correct for the regional dip (Fig. 10e). The corrected

values of the rakes of the envelope cutoff lines in the two

bounding faults are: 248 in the Fatigue Wash fault and 278 in

the Northern Windy Wash fault. The corrected values for

the rakes of the slip vectors are: 898 in the Fatigue Wash

fault and 878 in the Northern Windy Wash fault. The esti-

mated extension of the envelope cutoffs both along the

Fatigue Wash and the Northern Windy Wash faults are

10% (Fig. 10f). These extensions were suf®cient to generate

faulting in the displacement transfer zone.

6.3. Solitario Canyon fault footwall

Cutoff-parallel elongations are not con®ned to relay

structures and are to be expected wherever there is a dis-

placement gradient along a fault. Finite, cutoff-parallel

elongations may be small, but the propagation of a fault

tip and its associated deformation front may generate incre-

mental and progressive elongations that are suf®cient to

fracture rock. Although footwall uplift along the larger

faults at Yucca Mountain is not extreme, it is nevertheless

present, including along Yucca Crest (Fig. 9b). The footwall

of the Solitario Canyon fault is bowed upward along Yucca

Crest by 100 feet (30.5 m) along a strike distance of 3.7

miles (6 km) yielding an expected ®nite elongation of

0.006%. However, maximum footwall elevation gradients

along the Solitario Canyon Fault are on the order of 0.07,

yielding a local elongation of about 0.02%. During propa-

gation of the fault, similar steeper throw gradients would

have swept through the footwall adjacent to the fault and

therefore they in¯uence a large rock volume. The footwall

of the Solitario Canyon fault includes the entire proposed

repository volume.

Maximum throw gradients along the Solitario Canyon

Fault are on the order of 0.24. The lack of major footwall

de¯ection, associated with the large throw gradients,

implies that much of the cutoff-parallel elongation that

accompanied fault propagation was partitioned into the

hanging wall of the fault. Therefore the rocks buried

beneath alluvium in Solitario Canyon likely exhibit higher

fracture (fault or joint) densities than the footwall. Similar

analyses can be made for all the major faults in the Yucca

Mountain area.

Analyses of extension associated with displacement

gradients on the largest normal faults at Yucca Mountain

may in time help to explain fracture orientations (e.g., east±

west and NW±SE) that are not consistent with the evolution

of the regional stress ®eld (see for example Crider and

Pollard, 1998). In addition to in¯uencing the orientations

of tectonic fractures at Yucca Mountain, we anticipate

that relay ramps, and other de¯ected hanging wall and foot-

wall blocks associated with lateral fault displacement gradi-

ents, are likely to be locations of enhanced fracture

intensity. In the fractured welded tuff strata of Yucca

Mountain, fracture intensity is a key factor that in¯uences

unsaturated and saturated zone water conductivity, locations

of fast pathways for in®ltration, percolation and ¯ow, and

rock quality and related tunnel stability.

7. Discussion

The method we describe for estimating ramp deformation

from geometric elements is applicable to fault systems in

different stages of evolution, from early stages where dis-

placement gradients are small, relay ramps are gently

dipping, and cutoff-parallel strains are small, to more

mature fault systems where local displacement gradients

are large, relay ramps have been breached by connecting

faults, and associated extensional deformation in the ramp is

evident (see ®g. 1 in Ferrill et al., 1999a). Extensional relay

ramps are ubiquitous and well documented features of

normal fault systems. McFadzean et al. (1999) mentioned

the common assumption of a correlation between overlap to

separation ratio and hard-linking or breaching of relay

ramps. However, they did not ®nd a correlation between

overlap to separation ratio and breakthrough. Our analysis

shows that overlap to separation ratio is only one factor in

the hard-linking of fault segments. Whether a relay ramp

will be breached depends not only on its overlap and separa-

tion, but also on the cutoff-parallel strain it must accommo-

date. Breaching of a relay ramp depends primarily on the

slip vectors and displacement gradients of its bounding

faults.

Besides the local considerations of slip direction with

respect to fault plane orientations, there is another potential

control on fault block (including relay ramp) deformationÐ

the overall displacement pattern on the entire system of

normal faults. For an arcuate system of normal faults, dip

slip on each fault will produce radial or convergent dis-

placement patterns. In the case of radial displacement

patterns, fault blocks may experience additional fault paral-

lel extension, similar to the radial thrusting model described

by Ferrill and Groshong (1993). Conversely, convergent

displacement on an arcuate array of normal faults, such as

the Grabens fault system in Canyonlands National Park,

Utah (cf., McGill and Stromquist, 1979; Trudgill and
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Cartwright, 1994) or fault-bounded minibasins in the Gulf

of Mexico (cf., Diegel et al., 1995; Rowan et al., 1999), may

produce a component of fault-strike-parallel fault block

shortening. Such a pattern of convergent displacement

may lead to reduced extension in relay ramps and may

permit greater fault displacement prior to breaching of

relay ramps.

The development and evolution of relay ramps have

several important implications for ¯uid movement in

normal fault systems (Fig. 11). Relay ramps and breached

relay ramps are important pathways for hydrocarbon migra-

tion in normal fault systems (Morley et al., 1990; Peacock

and Sanderson, 1994). Relay ramps provide unbroken reser-

voir connectivity through fault systems, and identi®cation of

their presence or likelihood is critical in trap risk assess-

ment, and for planning ef®cient reservoir production strate-

gies. Breached relay ramps, and footwall closures related to

normal fault displacement gradients also provide important

hydrocarbon traps in normal fault systems (Morley et al.,

1990; Peacock and Sanderson, 1994). Similarly, relay ramps

are important groundwater ¯ow pathways in aquifers where

aquifer strata are offset from other permeable strata across

faults, or where fault zones are relatively impermeable

(Collins and Hovorka, 1997; Hovorka et al., 1998).

Breached relay ramps may result in perching or isolation

of some portions of aquifer systems. Deformation related to

normal fault displacement gradients, as is common in relay

ramps, may be manifest by localized fault and joint develop-

ment. Consequently, fault block sections associated with

large lateral displacement gradients on bounding normal

faults may have locally enhanced or reduced permeability,

depending on the deformation mechanisms. This can be

important for aquifer or reservoir productivity. As discussed

above, simple, easily measured geometric parameters can be

used to estimate the magnitude of this localized deforma-

tion.

8. Summary

All fault systems contain faults with lateral (along strike)

displacement gradients. In this paper, we have developed a

geometrical model for normal fault-block internal deforma-

tion related to fault displacement gradients that leads us to

expect increasing fault cutoff-parallel extension with

increasing normal fault displacement gradients. Oblique

slip directions and convergent or divergent slip directions

within a fault array may lead to reduced or enhanced local

extension with respect to extension anticipated from an

array of parallel dip-slip normal faults.

In the context of the geometric models of fault block

deformation presented in this paper, we ®nd that there are

numerous structural relationships at Yucca Mountain,

Nevada that indicate localized deformation (e.g., zones of

intense fracturing) related to fault displacement gradients.

Deformation related to lateral fault displacement gradients

may help to explain fracture orientations at Yucca Mountain

that are not consistent with the evolution of the regional

stress ®eld. This analysis provides a conceptual basis for

assessing the fracture framework at Yucca Mountain; a

key factor in the analysis of groundwater ¯ow, tunnel stabil-

ity, and possible future distributed deformation related to

fault slip.
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Appendix A. Cutoff-parallel elongation

The original length of each cutoff line would have been

AB. The deformed lengths are FB, for the footwall and HB

for the hanging wall. Cutoff-parallel elongations, e, for the

footwall (eFW) and hanging wall (eHW), based on original and

deformed cutoff lengths, are de®ned as follows:

footwall,

eFW � FB

AB
2 1

and hanging wall,

eHW � HB

AB
2 1:

Using the fault plane section (Fig. 2) and the law of sines,

the footwall cutoff length is

FB

sin�180 2 RV � �
AB

sin�RV 2 RF�
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where: RV� Rake of slip vector in the fault; RF� Rake of

footwall cutoff line in the fault. In terms of cutoff-parallel

extension (e), the footwall cutoff extension is

FB

AB
� sin 180 2 RV

ÿ �
sin RV 2 RF

ÿ � � 1 1 eFW

ÿ �
eFW � sin 180 2 RV

ÿ �
sin RV 2 RF

ÿ � 2 1 � sin RV

ÿ �
sin RV 2 RF

ÿ � 2 1

(A1)

The hanging wall cutoff length is

HB

sin�RV � �
AB

sin�180 2 RV 2 RH�
In terms of cutoff-parallel extension (e), the hanging wall

cutoff extension is

HB

AB
� sin RV

ÿ �
sin 180 2 RV 2 RH

ÿ � � 1 1 eHW

ÿ �
eHW � sin RV

ÿ �
sin 180 2 RV 2 RH

ÿ � 2 1 � sin RV

ÿ �
sin RV 1 RH

ÿ � 2 1

�A2�
where RH� rake of hanging wall cutoff in the fault.
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