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Abstract

Geologists now recognize the presence and abundance of detachment folds in various contractional settings. Several two-dimensional geo-
metric and kinematic models exist to describe the development of such structures. These models typically are area-balanced, are interpreted to
develop by hinge migration, limb rotation, or a combination of the two processes, and possess a constant regional level outside the fold itself. We
present two new two-dimensional geometric and kinematic models for detachment folds that incorporate hinge migration and limb rotation as
their deformation mechanisms. These area-balanced models differ from previous models, however, in that they allow ‘hinterland inflation’ to
occur, thereby creating a higher local regional level in the hinterland relative to the foreland. This local regional difference across the detachment
fold may reflect hinterland uplift due to thickening of the incompetent unit, foreland deflation of the incompetent unit as material migrates into
the fold core during fold growth, and/or migration of material out of the fold core as the fold tightens.

We illustrate the utility of these models by constructing pseudo-three-dimensional representations of the western termination of the Nuncios
Fold Complex in the Monterrey Salient, northeastern Mexico. Our results suggest that the limb rotation model more accurately portrays the
overall three-dimensional fold geometry for the Nuncios Fold Complex, matches the observed hinterland inflation, and predicts more reasonable
detachment depths for the structure along its length. These results agree with interpreted kinematics based on field observations and illustrate
how this modeling approach may help constrain interpretations of detachment folds with hinterland inflation in areas lacking sufficient data.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Maps and cross sections of most contractional settings
commonly depict fault-related folds (e.g., fault-bend folds,
fault-propagation folds, detachment folds) as fundamental
structural elements that comprise these complex regions
(e.g., Dahlstrom, 1970; Suppe, 1983; Jamison, 1987; Mitra,
1990, 1992; Suppe and Medwedeff, 1990; Wilkerson et al.,
1991; Wilkerson and Wellman, 1993; Apotria and Wilkerson,
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2002). Within the last two decades, geologists have come to
recognize that detachment folds are more abundant and play
a more significant role in these settings than previously
thought (e.g., Jamison, 1987; Mitchell and Woodward, 1988;
Dahlstrom, 1990; Epard and Groshong, 1993; Groshong and
Epard, 1994; Hardy and Poblet, 1994; Epard and Groshong,
1995; Homza and Wallace, 1995; Poblet and Hardy, 1995;
Poblet and McClay, 1996; Homza and Wallace, 1997; Atkin-
son and Wallace, 2003; Wilkerson et al., 2004). Detachment
folds commonly develop to accommodate shortening and dis-
placement of rocks with contrasting mechanical properties
above (or below) a sub-horizontal slip surface (i.e., a detach-
ment; Wilkerson et al., 2004). Typically, detachment folds
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exhibit a box-fold geometry whose internal core contains an
incompetent mechanical unit that may or may not deform dis-
harmonically from the overlying competent mechanical layers
(e.g., Fig. 1). In contrast to other types of fault-related folds,
detachment folds lack a first-order fault ramp that steps up
from the basal detachment surface.

Numerous two-dimensional geometric and kinematic
models have been proposed to describe the development of
detachment folds (e.g., Dahlstrom, 1990; Homza and Wallace,
1995; Poblet and McClay, 1996; Homza and Wallace, 1997;
Atkinson and Wallace, 2003; Mitra, 2003). Most models
create area-balanced cross sections of detachment folds (cf.
Chamberlin, 1910) by prescribing geometric relationships
between shortening, detachment depth, limb dips, and limb
lengths due to the kinematic processes of hinge migration,
limb rotation, or some combination of the two while maintain-
ing a constant local regional stratigraphic level outside of the
fold itself. Several authors (e.g., Homza and Wallace, 1997;
Bulnes and Poblet, 1998; Wallace and Homza, 1998; Thomas,
2001; Mitra, 2003), however, have documented or hypothe-
sized that the thickness of the incompetent layer may experi-
ence significant thickness changes during detachment fold
development. Such changes may produce a corresponding
deflation and/or inflation of the local regional stratigraphic
level outside the bounds of the detachment fold anticline. In
some cases, these changes are approximately equal on either
side of the detachment fold anticline, whereas in others, the
local regional levels exhibit differences in elevation between
the hinterland and foreland (e.g., Homza and Wallace, 1997;
Bulnes and Poblet, 1998; Wallace and Homza, 1998; Thomas,
2001; Mitra, 2003). Such differences in local regional levels
across a fold may not exclusively reflect thickness changes
in the detachment layer above a sub-horizontal detachment,
but rather may also indicate fundamental differences in the un-
derlying geological architecture (e.g., faulting, non-horizontal
detachment, non-horizontal sub-detachment units, etc.).

Fig. 1. Photo of detachment fold on the southeastern face of Cascade Mountain

near Banff, Alberta, Canada. Mississippian Rundle Group (Mr) carbonate

rocks define a small fold above a detachment within the shaly beds of the De-

vonian Banff Formation (Db). Structure lies within the hanging wall of the

Rundle thrust sheet.
In this manuscript, we describe two new two-dimensional
geometric models for detachment folds that form by the
end-member processes of hinge migration and limb rotation.
These area-balanced models differ from existing models, how-
ever, in that they allow ‘hinterland inflation’ to occur within
the incompetent layer above a sub-horizontal detachment,
thereby creating a higher local regional level at the trailing
edge (i.e., hinterland) of the detachment fold relative to the
foreland. This regional difference across the detachment folds
may reflect (1) hinterland uplift due to thickening of the
incompetent unit, (2) foreland deflation as material from the
incompetent unit moves into the fold core as the fold increases
in amplitude, and/or (3) inflation of the hinterland as material
from the incompetent unit is squeezed out of the fold core as
shortening progresses. While we readily acknowledge that
there are multiple ways of producing differences in local re-
gional level across natural detachment folds, this manuscript
will focus on models where these differences in local regional
levels are assumed to be due to thickness changes in the
detachment layer above a sub-horizontal detachment. We
illustrate the utility of these models by analyzing the two-
and three-dimensional geometry of the western termination
of the Nuncios Fold Complex in the Monterrey Salient,
Mexico.

2. Model descriptions

Detachment fold models that incorporate hinterland infla-
tion are conceptually similar to models described by Poblet
and McClay (1996; their models 1 and 2; see also Wilkerson
et al., 2004). Specifically, both models depict the geometry
of the folded interface between the incompetent unit and the
overlying competent unit as two straight fold limbs and a single
flat crest that is parallel to both the underlying detachment and
to undeformed layers outside the fold itself (Fig. 2). Compe-
tent unit bed length is conserved during fold development
for both models because penetrative layer-parallel strain is
assumed to be negligible in the competent unit and because
shortening is homogeneously distributed throughout the
deformed layers (i.e., there is a vertical pin line on the trailing
edge). Because material is not permitted to move in or out of
the plane of the cross section and because bed length of the
competent unit is conserved, the cross-sectional area of the
model folds is preserved (Fig. 2).

2.1. Model derivation

The following derivation is similar to that provided in
Poblet and McClay (1996) with modifications that incorporate
hinterland inflation (refer to Fig. 2). For both models, the uplift
of the fold crest can be described by

u ¼ Lb sinðDbÞ þ h; ð1Þ

and

u ¼ Lf sin
�
Df

�
ð2Þ
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where u is the uplift, h is the hinterland inflation (i.e., differ-
ence in elevation between the hinterland and foreland local
regional levels outside the bounds of the fold), Lb and Lf are
the backlimb and forelimb lengths, respectively, and Db and
Df are the backlimb and forelimb dips, respectively (see
Fig. 2). By setting Eqs. (1) and (2) equal we obtain the rela-
tionship for differential fold uplift between the forelimb and
backlimb:

Lf sin
�
Df

�
¼ Lb sinðDbÞ þ h; ð3Þ

By conserving bed length during the folding process, we can
derive a relationship between shortening, bed length, and
limb dip (Poblet and McClay, 1996):

Lbþ Lcþ Lf ¼ sþ Lb cosðDbÞ þ Lcþ Lf cos
�
Df

�
ð4Þ

where s is shortening and Lc is the length of the fold crest (see
Fig. 2).

Simplifying and rearranging gives:

s¼ Lb½1� cosðDbÞ� þ Lf ½1� cos
�
Df

�
�; ð5Þ
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Fig. 2. Idealized hinterland inflation detachment fold models (A, hinge migra-

tion; B, limb rotation) with key model parameters labeled. Layer represents the

interface between the competent (above) and incompetent units (below). Models

are area-balanced. Symbols are as follows: z, detachment depth (zi, initial

detachment depth); s, shortening; Db, Df, backlimb and forelimb dips, respec-

tively; Lb, Lf, backlimb and forelimb lengths, respectively; Lc, crest length;

u, uplift; h, hinterland uplift; back, distance between the trailing edge and the

synclinal axial surface; FCA, uplifted fold core area (A, light gray; B, light

gray þ diagonal hatch); g, half-interlimb angle; d, angle between axial surface

and detachment. Dark gray þ white is undeformed layer and light gray þ white

is the deformed layer (dark gray area ¼ light gray area). Arrows emphasize

general direction of movement of the incompetent material during folding.
Using Fig. 2, we also can derive relationships for the conser-
vation of area between the deformed and undeformed states.
Specifically, the uplifted area (FCA) can be described by:

FCA¼ ðu� hÞLb cosðDbÞ
2

þ
ðuÞLf cos

�
Df

�

2

þ ðuÞLc þ hðbackþ Lb cosðDbÞÞ ð6Þ

where back is the distance between the trailing edge and the
synclinal axial surface (see Fig. 2). Substituting Eqs. (1) and
(2) into Eq. (6) gives the following expression for the uplifted
area:

FCA¼ ðLbÞ2 sinðDbÞ cosðDbÞ
2

þ
�
Lf

�2
sin
�
Df

�
cos
�
Df

�

2

þ LcLf sin
�
Df

�
þ hðbackþ Lb cosðDbÞÞ ð7Þ

Eqs. (3), (5), and (7) govern the kinematics of models with
hinterland inflation and either hinge migration (Fig. 2A) or
limb rotation (Fig. 2B).

2.2. Model definition

Definition of both models is similar to that described by
Wilkerson et al. (2004) for computer models designed to sim-
ulate limb rotation and hinge migration detachment folds. In
particular, the length of the cross section, the position of the
fault tip, the length of the detachment fold crest, the shorten-
ing, and the hinterland inflation are prescribed for both models
(Fig. 2). In addition, the lengths of the forelimb and backlimb
and the initial detachment depth must be provided for the limb
rotation model, and the dips of the forelimb and backlimb
must be defined for the hinge migration model (Fig. 2).
From these data and the model equations/assumptions previ-
ously discussed, area-balanced models may be generated that
predict detachment depth for each detachment fold model
type.

Many of these variables (e.g., forelimb/backlimb dips and
lengths, shortening, fold crest length, etc.) may be readily
estimated or measured from natural structures. However, def-
inition of model boundaries and the location of the fault tip
is an important and deceptively difficult process (Bulnes and
Poblet, 1998; Wallace and Homza, 1998; Wilkerson et al.,
2004). Specifically, the cross-section length directly
influences the area of the incompetent unit, the amount of
material experiencing hinterland inflation, and ultimately
the final detachment depth (Fig. 3; also see discussions by
Bulnes and Poblet, 1998 (see their Fig. 1); Wallace and
Homza, 1998; Wilkerson et al., 2004 for models without hin-
terland inflation). Fig. 3 shows the change of detachment
depth in response to changes in cross-section length for an
example detachment fold created by the limb rotation with
hinterland inflation model with constant shortening. While
the differences in detachment depth are relatively small, there
clearly is a corresponding decrease in detachment depth with
decreasing cross-section length for the constant shortening
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shown (w1% decrease in detachment depth for a 20% de-
crease in section length; Fig. 3). Bulnes and Poblet (1998)
and Wallace and Homza (1998) note similar issues, provide
an excellent discussion of the pitfalls associated with place-
ment of boundaries in earlier detachment fold models, and
describe the resulting impact on the calculation of detach-
ment depth. Wallace and Homza (1998) suggest that one ap-
proach is to assume no flow of material through synclinal
hinges and to use these hinges as boundaries for model de-
tachment fold cross sections. While in principle this choice
is an objective approach for defining model cross-section
boundaries, in practice it may be difficult to definitively lo-
cate these boundaries because of exposure and/or fold geom-
etry (Bulnes and Poblet, 1998). Because of this limitation,
users must realize that the calculated detachment depth for
the models is an approximation that is based on a series of
underlying assumptions. As such, it is far more likely that
these models will only provide insight into how a particular
natural fold developed and a range of possible detachment
depths, rather than providing detailed fold kinematics and ab-
solute detachment depth values in areas lacking sufficient
data (see also discussion in Wallace and Homza, 1998).
Lastly, because both models presented in this paper are
pinned on the foreland edge of the cross section, placement
of the fold in the cross section relative to the fault tip di-
rectly influences material paths during sequential develop-
ment of the fold (Fig. 4). Care must be taken when
modeling natural structures to insure that model material
paths are consistent with field observations (Wilkerson
et al., 2004).
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Fig. 3. Effect of cross-section length on detachment depth for a limb rotation
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land inflation ¼ 100.
2.3. Model discussion

Fig. 4 shows the sequential development of limb rotation
and hinge migration detachment fold models, both with and
without hinterland inflation. It is important to note that for
a given set of models in Fig. 4, all variables with the exception
of shortening were kept constant. As a consequence, all
models have constant fold crest lengths and all hinterland
inflation models exhibit a constant local regional difference
across the fold (i.e., the sequential development of broadening
fold crests and/or of increasing hinterland inflation was not
included in the models).

The original limb rotation model (Fig. 4A), which was first
described by De Sitter (1956) and described in detail by Poblet
and McClay (1996), involves the rigid rotation of fold limbs
about fixed fold hinges. In this model, the limb lengths are
prescribed at the onset of deformation and with increased short-
ening, the limbs rotate from gentle to steeper dips (Fig. 4A). In
addition to developing steeper dips with increased shortening,
the interlimb angle and axial surface dips of the fold also de-
crease and the detachment depth varies (initially decreasing
for shortening values <5%, but subsequently increasing as
shortening increases; Homza and Wallace, 1997; Wilkerson
et al., 2004). Detachment fold models that develop by limb ro-
tation with hinterland inflation are produced as ductile material
moves into the fold core from both the hinterland and foreland
with increased shortening (Fig. 2B and 4B; note that this mate-
rial path is simply a construct of the model and may be different
in natural structures). Such detachment fold models develop
similarly to models of detachment folds with limb rotation
that do not exhibit hinterland inflation (Fig. 4B), with the excep-
tion that there is no initial decrease in detachment depth (even
for small amounts of shortening). When hinterland inflation oc-
curs in conjunction with limb rotation, detachment depth con-
tinuously increases with increased shortening. Lastly, cross
sections for both models (Fig. 4A,B) are area-balanced both in-
dividually and as shortening changes (i.e., there is constant area
from section to section as shortening increases).

The original hinge migration model (Fig. 4C), described
conceptually by Mitchell and Woodward (1988) and in detail
by Poblet and McClay (1996), assumes that fold kinematics
are controlled by hinge migration. These folds evolve with con-
stant limb dips and interlimb angles and accommodate
increased shortening by material moving through the axial sur-
faces and consequently lengthening the fold limbs (Fig. 4C). If
the limb dip is maintained and cross-sectional area is held con-
stant, detachment depth increases with increased shortening
(Homza and Wallace, 1995; Wilkerson et al., 2004). Detach-
ment fold models that develop by hinge migration with hinter-
land inflation are produced by movement of ductile material
from the hinterland portions of the incompetent unit (Fig. 2A
and 4D), producing an elevated hinterland relative to the unde-
formed foreland regional level. Again, such a material path is
a model construct; in natural structures other material migration
paths that involve the foreland are certainly possible. In contrast
to the limb rotation models, the development of hinge migration
detachment fold models that incorporate hinterland inflation is
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quite different than their counterparts without hinterland infla-
tion. Specifically, small amounts of shortening initially produce
large detachment depths (Fig. 4D). With increasing shortening,
however, detachment depth subsequently decreases and then
gradually begins to increase (Fig. 4D). Although individual
cross sections are area-balanced, the cross-sectional area
changes from section to section as the detachment depth
changes (Homza and Wallace, 1995).

3. Application of hinterland inflation models to a
natural detachment fold

3.1. Geologic overview

The Nuncios Fold Complex comprises the western termina-
tion of the frontal fold in the Laramide-age Monterrey Salient of
the Sierra Madre Oriental of northeastern Mexico (Fig. 5, box;
Higuera-Diaz et al., 2005). A detailed discussion of the geol-
ogy, including the stratigraphy, tectonic history, and interpreted
structural geometry of the Nuncios Fold Complex, is provided
by Higuera-Diaz et al. (2005), and the references therein.

To summarize, the Nuncios Fold Complex reflects the basic
geometry of other folds in the Monterrey Salient in that it is
a kink-style box fold that is generally symmetric and upright
to slightly north-vergent (Fig. 6; see also Higuera-Diaz
et al., 2005, their Fig. 9). Although overall the western termi-
nation of this frontal first-order fold plunges to the west, it is
actually comprised of two second-order, west-plunging anti-
clines (the Los Muertos and San Blas Anticlines) and an inter-
vening east-plunging syncline (the Sierra Urbano Syncline;
Figs. 5 and 6; Higuera-Diaz et al., 2005). Although no outcrop
exposures exist of the actual detachment, observations and
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Fig. 5. Satellite photo of the Monterrey Salient, Mexico and surrounding areas (box denotes study area). Lines AeE indicate approximate locations for cross sec-

tion below photo (line E; after original by Padilla y Sanchez (1982)) and cross sections in Fig. 8. Heavy black lines depict the approximate location of the top of the

Aurora Formation and its regional stratigraphic equivalents (see Fig. 7 for stratigraphic column). Heavy black lines with triangles show the approximate locations

of thrust faults interpreted by Padilla y Sanchez (1982; triangles on hanging wall). Location map and section modified from Higuera-Diaz et al. (2005).
interpretations of the Nuncios Fold Complex and other folds in
the Monterrey Salient suggest that they are evaporite-cored de-
tachment folds involving Upper Jurassic through Cretaceous
rocks that deformed during the Laramide Orogeny (Figs. 5
and 6; e.g., Humphrey, 1949; De Cserna, 1956; Padilla y San-
chez, 1982; Fischer and Jackson, 1999; Goldhammer and Wil-
son, 1999; Marrett and Aranda-Garcia, 1999; Gray et al.,
2001; Millán-Garrido, 2004; Higuera-Diaz et al., 2005).
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Fig. 6. Geology of the Nuncios Fold Complex (modified from Higuera-Diaz et al., 2005). (A) Geologic map with serial cross-section lines AA 0eGG 0 shown. (B)

Serial cross sections AA 0eGG 0 depicted in ‘exploded’ three-dimensional perspective. Top surface of blocks created by draping geologic map over a digital el-

evation model of the region. Color key provides correlations for units shown in Fig. 7 (see Higuera-Diaz et al., 2005 for detailed stratigraphy).
Fig. 7 shows a stratigraphic column for the region with gen-
eralized rock descriptions (adapted from Higuera-Diaz et al.,
2005, and references therein). These stratigraphic layers may
be grouped into four lithotectonic units (LTU’s) based on their
competencies and general mechanical behavior (Higuera-Diaz
et al., 2005; described from oldest to youngest): (1) a weak
LTU comprised solely of the Minas Viejas Formation, which
consists predominantly of evaporites of unknown thickness
that are exposed in the field area as the Las Palomas intrusion
(Fig. 6) and to the foreland in the Parras and La Popa Basins as
diapiric structures (Fig. 5); (2) an intermediate competency
LTU consisting of the Zuloaga, La Casita, and Taraises Forma-
tions, which are composed mainly of mixed clastics and
carbonates; (3) a relatively high competency LTU comprised
of the Cupido, La Peña, Aurora, and Indidura Formations,
which are mostly thick-bedded carbonates; and (4) a weak
LTU consisting of the Parras Shale and the Difunta Group,
both of which are mostly fine-grained clastics (Fig. 7). The
mechanical behavior of this stratigraphic sequence is consis-
tent with other regions that exhibit detachment folds.
Because of the lack of subsurface data, a broad spectrum of
possible cross-sectional interpretations exists in the literature to
describe the detailed geometry and underlying formative mech-
anisms of the Nuncios Fold Complex and other folds in the
Monterrey Salient (Figs. 5 and 8; e.g., De Cserna, 1956; Padilla
y Sanchez, 1982; Marrett and Aranda-Garcia, 1999; Gray et al.,
2001; Millán-Garrido, 2004). These interpretations range from
detachment folds with and/or without specified detachments,
detachment folds above tilted/folded basement and/or faulted
basement uplifts, and hybrid detachment and other fault-related
folds (Figs. 5 and 8). All of these interpretations have different
thicknesses and geometries of the incompetent Minas Viejas
Formation, which commonly is drawn with an elevated hinter-
land outside the fold proper (Fig. 8). At present, data simply are
not available to constrain which, if any, of these interpretations
might be correct, as published seismic data do not exist and
published regional magnetic and gravity data are inconclusive.
In addition, evidence constraining movement of material in or
out of the section plane does not exist to help assess the validity
of area-balancing cross sections through the region. Despite
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Fig. 7. Stratigraphic column for rocks exposed in the Nuncios Fold Complex field area (and in general throughout the Monterrey Salient). Figure and descriptions

adapted from Higuera-Diaz et al. (2005), and references therein.
these data shortcomings, however, the interpretation variability
in this region underscores the importance for developing more
objective techniques to help constrain subsurface interpreta-
tions in this area with respect to the (1) detachment depth, (2)
thickness of the incompetent unit, and (3) explanation for the
hinterland inflation/uplift observed in several folds.

Higuera-Diaz et al. (2005) attempted to objectively address
the first two issues by using the Epard and Groshong (1993)
depth-to-detachment technique to constrain the depth of the de-
tachment, and therefore the thickness of the incompetent unit.
In so doing, Higuera-Diaz et al. (2005) noted that the Epard
and Groshong (1993) depth-to-detachment technique requires
that the undeformed local regional level be the same across
the fold. To address this requirement and yet incorporate the el-
evated hinterland regionals of the competent units (i.e., hinter-
land inflation) observed in the Nuncios Fold Complex, they (1)
assumed a horizontal, undeformed regional level using esti-
mates derived from projecting stratigraphic thicknesses to
depth beneath the Mariposas Synclinorium on the northern
(i.e., foreland) side of the fold (Fig. 6), (2) measured excess
areas above this regional level that incorporated not only the up-
lifted fold core area, but also the area experiencing hinterland
inflation (essentially FCA in Fig. 2A), (3) assumed a horizontal
detachment parallel to the horizontal regional level for each
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Fig. 8. Published regional cross sections through the Monterrey Salient (after Higuera-Diaz et al., 2005). Sections from: A, Millán-Garrido (2004); B, Gray et al.

(2001); C, Marrett and Aranda-Garcia (1999); D, De Cserna (1956). Approximate section locations shown in Fig. 5.
unit, and (4) assumed a horizontal sub-detachment basement
(Higuera-Diaz et al., 2005). Higuera-Diaz et al. (2005) sug-
gested that their ad hoc application of Epard and Groshong’s
(1993) technique would likely lead to calculated detachment
depths that represent a maximum because they used the fore-
land part of the structure to establish the regional level for the
excess area measurements rather than the shallower hinterland
part of the structure (a shallower regional level would have pro-
duced a smaller excess area and a correspondingly shallower
detachment depth). Results from Higuera-Diaz et al.’s (2005)
calculations suggest that the detachment depth for the western
termination of the Nuncios Fold Complex may vary from ap-
proximately �3.5 km in the east to as deep as �5.2 km in the
west, describing a three-dimensional detachment geometry
that dips w07� towards an azimuth of w252�.

3.2. Modeling methodology

To explore the utility of Higuera-Diaz et al.’s (2005) appli-
cation of Epard and Groshong’s (1993) technique to constrain
the detachment depth of the Nuncios Fold Complex, and to
investigate the possibility that the western termination of the
Nuncios Fold Complex developed hinterland inflation by
changes in the incompetent layer above a sub-horizontal
detachment, the two new models with hinterland inflation
were used to model the Nuncios Fold Complex.

To begin the modeling process, the interpreted fold geom-
etry of the top of the incompetent unit (the Minas Viejas For-
mation) in each cross section in Fig. 6 was modeled using
DETACH�, a Microsoft Excel� program that we created to
model detachment folds (Wilkerson et al., 2004). Models
were created for each of Higuera-Diaz et al.’s (2005) cross sec-
tions (Fig. 6AeG) by specifying cross-section length, fault tip
placement within the cross section (here, the center of the fold
crest), fold crest length, shortening, hinterland inflation (local
to the Nuncios Fold Complex), forelimb/backlimb lengths
(limb rotation models only), initial detachment depth (limb ro-
tation models only), and forelimb/backlimb dips (hinge migra-
tion models only). Values for these inputs were measured
directly from each of Higuera-Diaz et al.’s (2005) cross sec-
tions (Fig. 6AeG) by approximating the fold itself with two
planar fold limbs and a horizontal fold crest (bold line in
Fig. 9). Initial detachment depths, necessary for the limb rota-
tion models only, were iteratively adjusted to create a best-fit
geometry between the models and Higuera-Diaz et al.’s (2005)
interpreted fold geometry. After input of these data, DE-
TACH� produced area-balanced cross sections of the model
geometry of the top of the incompetent unit for the specified
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fold kinematics as well as the model detachment geometry
positioned at the calculated detachment depth.

As discussed previously, constraining these input parameters
to model natural detachment folds is subject to several possible
difficulties. Specifically, Higuera-Diaz et al.’s (2005) inter-
preted cross sections (Fig. 6) were produced from detailed field
mapping of the exposed Nuncios Fold Complex (Fig. 6A) and
then stratigraphic units were projected downward and into the
adjacent synclines beneath areas that are largely covered. As
such, the amount of local hinterland inflation is subject to the
accuracy of this projection/interpretation. Similarly, the lengths
of Higuera-Diaz et al.’s (2005) cross sections are not con-
strained by significant material boundaries (e.g., syncline axial
surfaces, Wallace and Homza, 1998), which would be difficult
to delimit in any case, given the sedimentary cover and the ob-
servation that the Nuncios Fold Complex is one of a train of
folds that exhibits hinterland inflation (see Fig. 8). As shown
earlier, changes in cross-section length can produce changes
in detachment depths on the order of an w1% decrease in de-
tachment depth for a 20% decrease in section length (Fig. 3),
so any calculated detachment depth is only a first-order approx-
imation. In addition, because the Nuncios Fold Complex is one
of a series of folds that appear to possess overlapping zones of
deformation with neighboring folds, a better constrained cross
section might be obtained after detailed study of a regional tran-
sect in order to more accurately establish an undeformed re-
gional, better constrained pin lines, etc. Lastly, the original
cross sections (and the hinterland inflation models) assume no
movement of material in or out of the section plane. This as-
sumption may or may not be valid given the evaporitic nature
of the Minas Viejas Formation and the fact that these sections
pass through the plunging western termination of the Nuncios
Fold Complex. Although undoubtedly incorrect in detail and

Fig. 9. Approximation of each Nuncios Fold Complex cross section with

model geometry.
with the realization that this approach cannot mirror every
geometrical feature of the Nuncios Fold Complex, we believe
that using these models provides an objective means of obtain-
ing a first-order best fit of the overall fold geometry and deter-
mining if end-member limb rotation and hinge migration
models with hinterland inflation yield realistic detachment
depths and reasonable interpretations for the Nuncios Fold
Complex.

Once limb rotation and hinge migration models with hinter-
land inflation were created for each of these serial cross sec-
tions (along lines AeG in Fig. 6), they were subsequently
imported into the Geosec2D� cross-section modeling program
to project the stratigraphic thicknesses to other horizons and to
locate the serial sections in their proper three-dimensional spa-
tial reference frame. For the former, we projected stratigraphic
thicknesses assuming parallel folding within the section, but
allowed variable thicknesses from section to section (approach
used by Higuera-Diaz et al.’s (2005) interpreted cross sections
as constrained by field exposures; Fig. 6B). The thickness of
the incompetent unit is unknown and was only shown down
to the detachment (Fig. 6B). For the latter, section lines were
oriented and properly positioned to correspond with Higuera-
Diaz et al.’s (2005) interpreted section lines AeG as shown
in Fig. 6A.

We then exported the final serial sections to the Gocad�
three-dimensional modeling software. Within Gocad�,
pseudo-three-dimensional surfaces for each horizon and the de-
tachment were constructed from the serial sections (cf. Wilker-
son et al., 1991). Links from section to section placed constraints
on Gocad�’s surface tessellation algorithm such that the final
surfaces could be smoothed and yet still honor along-strike
dip domains for the fold. Once all surfaces were constructed,
the resultant 3-D models were contoured to provide detailed
structure-contour maps for comparison with the actual interpre-
tation (Fig. 10A) and were sliced to provide additional cross sec-
tions at any orientation and/or to ‘erode’ the model for
comparison with the actual geologic map of the area (Fig. 10B).

3.3. Comparison of models to natural structure

Fig. 10A compares both hinterland inflation models with
Higuera-Diaz et al.’s (2005) interpreted geometry of the Nun-
cios Fold Complex. Fig. 10A shows two horizons: the top row
represents the top of the competent unit (the Aurora Forma-
tion), whereas the bottom row shows the top of the
incompetent unit (the Minas Viejas Formation). The latter
was modeled using measurements derived from the original
cross sections and input into DETACH�, whereas the former
was a constant-thickness projection in Geosec2D� using
stratigraphic thicknesses supplied by Higuera-Diaz et al.
(2005). The first column in Fig. 10A illustrates the actual
three-dimensional interpretation of the surfaces (no detach-
ment is shown) derived from field work and balanced cross
sections by Higuera-Diaz et al. (2005). The second and third
columns show the three-dimensional models generated for
the limb rotation and hinge migration models with hinterland
inflation, respectively (Fig. 10A; detachment is shown). All
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Fig. 10. Model comparison. (A) Comparison of 3-D surfaces of the Nuncios Fold Complex (first column) with model-generated 3-D surfaces for limb rotation with

hinterland inflation (second column) and for hinge migration with hinterland inflation (third column). Length of model parallel to transport direction is 16,111 m

(limb rotation model) and 17,000 m (hinge migration model). Detachment contours range from �5000 m to �5900 m (limb rotation model) and from �4100 m to

�8000 m (hinge migration model). Color scale for row 1 is �880 m to 3820 m, and for row 2 is �3000 m to 1600 m. (B) Comparison of actual geologic map of the

Nuncios Fold Complex (left) with horizontal map slice through limb rotation with hinterland inflation model (right).
three-dimensional models have structure contours of that spe-
cific horizon draped on the modeled surfaces.

Given that the input data are based on a model approxima-
tion (Fig. 9), that the fold limb lengths (hinge migration
model) and fold limb dips (limb rotation model) are dependent
on other variables in the models (especially shortening), and
that the models illustrate fold development using different
kinematic processes, the models match Higuera-Diaz et al.’s
(2005) interpreted fold geometries very well (Fig. 10A).
Specifically, the following first-order features observed in
the original interpretation are reflected in the models: (1) the
axial surfaces show a slight curvature towards the fold termi-
nation, (2) limb dips are relatively gentle near the fold termi-
nation, but become steep to overturned towards the center of
the fold, and (3) the areas outside the fold proper exhibit sim-
ilar amounts of hinterland inflation and dip to the west
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(Fig. 10A). Not only is the geometric match reasonably good,
but the models also predict realistic along-strike changes in
displacement for the trailing edge of the structure (Fig. 10A;
cf. Wilkerson, 1992). The models do not entirely reproduce
the interpreted changes in the fold from an asymmetric kink
fold at the termination to a complex box fold with a crestal
syncline toward the center because of the dip-domain limita-
tions imposed by the model geometries. Nonetheless, most
first-order geometrical features are present and reproduced ac-
curately. To support this assertion, we also created horizontal
slices through the models to allow comparison of the actual
geologic map (Higuera-Diaz et al., 2005) with model geologic
maps (Fig. 10B; only limb rotation model with hinterland in-
flation shown). Again, there was excellent overall agreement
on major first-order features between the actual geologic
map and its ‘eroded’ model equivalents.

Both models predict a detachment that dips towards the west
in the direction of fold plunge (Fig. 10A). Specifically, the limb
rotation model with hinterland inflation predicts a shallow dip of
w03� towards the west, whereas the hinge migration model with
hinterland inflation predicts a much larger dip of w13�. This dif-
ference in dip between the models is reflected in a significant dif-
ference in calculated along-strike detachment depths. Namely,
the limb rotation model produces along-strike detachment
depths roughly similar to area-balanced calculations performed
by Higuera-Diaz et al. (2005) using the Epard and Groshong
(1993) technique. The hinge migration model, however, predicts
much deeper detachment depths along strike, culminating in an
unrealistically deep detachment depth of �8000 m near the
western termination. Such a detachment depth is significantly
greater than estimated maximum thicknesses published for the
Minas Viejas Formation in the Monterrey Salient or in the sur-
rounding Parras and La Popa Basins (McBride et al., 1974;
Rowan et al., 2003; Millán-Garrido, 2004).

4. Discussion

Field observations by Fischer and Jackson (1999), Higuera-
Diaz (2005) and by Higuera-Diaz et al. (2005) support the
observation that the limb rotation model with hinterland infla-
tion provides a more reasonable estimate for detachment depth
of the western termination of the Nuncios Fold Complex than
the hinge migration model with hinterland inflation. Specifi-
cally, they observe that mesoscopic structures exposed in the
Nuncios Fold Complex are consistent with fixed-hinge, fixed-
limb-length, rotating-limb kinematics. Based on our modeling
and these field observations, the limb rotation model with hin-
terland inflation appears to be the better fit of the two end-
members to describe the overall fold kinematics and to help
constrain the detachment depth of the Nuncios Fold Complex.

We should note, however, that many other detachment fold
models exist (e.g., hybrid limb rotation and hinge migration
models, models with variable limb thicknesses, etc.; cf. Wil-
kerson et al., 2004) that may produce equally viable geometric
fits to the Nuncios Fold Complex, yet quite different detach-
ment depths. Moreover, any such pseudo-three-dimensional
approach would be suspect if significant out-of-plane motion
of material has occurred. However, we suggest that the useful-
ness of this approach lies in that it provides an objective means
of using surface geology and area-balanced kinematic models
to constrain first-order subsurface interpretations. As such, we
would suggest that the depths predicted by our modeling
reasonably approximate realistic detachment depths for the
Nuncios Fold Complex, providing it developed by the hinter-
land inflation model proposed here.

5. Conclusions

Existing geometric and kinematic models of detachment
folds most commonly use the kinematic processes of hinge
migration, limb rotation, or some combination of the two to
create 2-D, area-balanced cross sections of detachment folds
(e.g., Dahlstrom, 1990; Homza and Wallace, 1995, 1997; Pob-
let and McClay, 1996; Atkinson and Wallace, 2003). Such
models are created by prescribing geometric relationships
between shortening, detachment depth, limb dips, and limb
lengths while maintaining a constant regional stratigraphic
level outside the fold itself. While such models have great util-
ity, they cannot adequately describe folds like the Nuncios
Fold Complex near Monterrey, Mexico where the hinterland
regional is higher than the foreland regional, producing hinter-
land inflation. This regional difference across the detachment
fold potentially could develop for many reasons, such as thick-
ening of the incompetent unit in response to shortening, fore-
land deflation as material from the incompetent unit moves
into the fold core during fold growth, and/or inflation of the
hinterland as material from the incompetent unit is squeezed
out of the fold core with increased shortening.

We derived two new models that incorporate hinterland
inflation, one using hinge-migration kinematics and the other
using limb-rotation kinematics. To test the utility of these
models, we compared two- and three-dimensional synthetic
models with interpretations from the Nuncios Fold Complex.
The geometric agreement between both two- and three-dimen-
sional models and the interpretation was qualitatively very
good. However, the limb rotation model that incorporated hin-
terland inflation best fits the interpreted data and provides bet-
ter constraints on detachment depth than does its hinge
migration counterpart, which requires an unrealistically deep
detachment. These results (1) lend further support to the inter-
pretation that limb rotation was the dominant kinematic mech-
anism in the development of the Nuncios Fold Complex, (2)
may help constrain the approximate depth and dip of the
detachment underlying the Nuncios Fold Complex, and (3)
provide a reasonable two-dimensional and pseudo-three-
dimensional balanced interpretation of the Nuncios Fold Com-
plex that may provide insight into its structural development.
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