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Controlling factors for differential subsidence in the Sonoma
Foreland Basin (Early Triassic, western USA)
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Abstract – Sediments deposited from the Permian–Triassic boundary (∼252 Ma) until the end-
Smithian (Early Triassic; c. 250.7 Ma) in the Sonoma Foreland Basin show marked thickness vari-
ations between its southern (up to c. 250 m thick) and northern (up to c. 550 m thick) parts. This basin
formed as a flexural response to the emplacement of the Golconda Allochthon during the Sonoma
orogeny. Using a high-resolution backstripping approach, a numerical model and sediment thickness
to obtain a quantitative subsidence analysis, we discuss the controlling factor(s) responsible for spatial
variations in thickness. We show that sedimentary overload is not sufficient to explain the significant
discrepancy observed in the sedimentary record of the basin. We argue that the inherited rheological
properties of the basement terranes and spatial heterogeneity of the allochthon are of paramount im-
portance in controlling the subsidence and thickness spatial distribution across the Sonoma Foreland
Basin.

Keywords: Early Triassic, Sonoma orogeny, foreland basins, lithospheric strength, subsidence.

1. Introduction

The Sonoma Foreland Basin (SFB, western USA;
Fig. 1a) provides an excellent Early Triassic fossil and
sedimentary record (Hofmann et al. 2014; Brayard
et al. 2015; Thomazo et al. 2016). This N–S-trending
foreland system (sensu DeCelles & Giles, 1996) was
located on the western Pangea margin and results
from the emplacement of the Golconda Allochthon
(GA) during the Sonoma orogeny around the Permian–
Triassic boundary (Fig. 1; Burchfiel & Davis, 1975;
Speed & Silberling, 1989; Ingersoll, 2008; Dickin-
son, 2013). Nevertheless, despite numerous studies,
the geometry and the palaeogeography of this basin re-
main poorly constrained. The SFB covered a large area
including present-day eastern Nevada, Utah, Idaho and
parts of Wyoming (Marzolf, 1993; Dickinson, 2006,
2013; Ingersoll, 2008).

Foreland sedimentary basins are generally con-
sidered as passive systems resulting from the flex-
ural subsidence of the elastic lithosphere in re-
sponse to crustal thickening and sediment loading (e.g.
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DeCelles & Giles, 1996; Allen & Allen, 2005). If the
flexural isostatic model is a reasonable first-order ex-
planation for the overall shape of foreland basins, sed-
iment thickness variations and peculiar stratigraphic
successions involve a differential local subsidence. In
order to decipher such potential mechanisms at the
origin of the SFB structuring and sedimentary re-
cord variations, we use a multidisciplinary approach.
We perform a subsidence analysis of the basin within
a high-resolution biostratigraphically controlled time-
frame from the Permian–Triassic unconformity (PTU)
up until late Smithian time (a c. 1.3 Ma long interval;
the Smithian is the third substage of the Early Tri-
assic). This allows us to characterize the basin infill
in relation to the emplacement of the Golconda Al-
lochthon during the Sonoma orogeny. We also provide
new evidence indicating that the studied area is a fore-
land basin. Using a complementary backstripping ap-
proach and numerical models we discuss the main
factors controlling the subsidence variations observed
in the SFB, including the impact of lithospheric and
rheological features, on basement partitioning and
sedimentation.
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Figure 1. (Colour online) (a) Early Triassic location of the Sonoma Foreland Basin (SFB; after Brayard et al. 2013). (b) Simplified
chronostratigraphy of the succession of structuring events in the studied area since Palaeoproterozoic time (after Oldow et al. 1989;
Whitmeyer & Karlstrom, 2007; Dickinson, 2013). (c) Simplified map of the study area with location of the main structural elements
discussed and mentioned in this work (after Bond et al. 1985; Walker, 1985; Dickinson, 2004, 2006, 2013; Vetz, 2011; Yonkee & Weil,
2015).

2. Geological setting

2.a. Brief geological history of the study area

The Sonoma Foreland Basin lies within a region of
the North American continent showing a very long
and complex tectonosedimentary history starting dur-

ing Proterozoic time and still active today (e.g. Dickin-
son, 2013). The first documented structuring of the re-
gion dates back to the Palaeoproterozoic period when
Mojave and Yavapai terranes were emplaced against
the Archean Wyoming craton (Fig. 1b; Whitmeyer
& Karlstrom, 2007; Lund et al. 2015). This event
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generated multiple crustal fault zones along which
later reactivations were possible with deformational
episodes (Oldow et al. 1989; Dickerson, 2003). At
least two rifting events took place in this region dur-
ing subsequent Proterozoic times (Burchfiel & Davis,
1975; Oldow et al. 1989), the most recent being dur-
ing Neoproterozoic time (c. 770 Ma) and linked to the
fragmentation of the supercontinent Rodinia (Fig. 1b;
Dickinson, 2006). The long period of tectonic qui-
escence following the formation of this passive mar-
gin lasted until Late Devonian time (c. 380 Ma) and
corresponds to the deposition of a thick sedimentary
prism formerly known as the ‘Cordilleran Miogeo-
cline’ (Clark, 1957; Paull & Paull, 1991; Dickinson,
2006, 2013).

Starting during Late Devonian time and lasting until
late Early Carboniferous time, the Antler orogeny
marks the beginning of a period of nearly continuous
structural events that are still active today (Fig. 1b).
The Antler orogeny was caused by the convergence
and accretion of exotic island-arcs against the western
margin of the North American Plate. This orogeny is
characterized by the emplacement of a large obducted
accretionary prism located in Central Nevada today
(i.e. Roberts Mountains Thrust, Fig. 1c; Burchfiel &
Davis, 1975; Speed & Sleep, 1982; Speed & Silber-
ling, 1989; Burchfiel & Royden, 1991). The Roberts
Mountains Allochthon led to the formation of the N–
S-trending westwards-dipping Antler Foreland Basin
(Speed & Sleep, 1982; Burchfiel & Royden, 1991;
Blakey, 2008; Ingersoll, 2008; Dickinson, 2004, 2006,
2013).

Soon after the Antler orogeny the Ancestral Rocky
Mountains (ARM) orogeny occurred on the eastern
part of the region (Fig. 1c), ranging over Early Carbon-
iferous to early–middle Permian time (c. 350–270 Ma;
Fig. 1b). This mountain-building event resulted from
a succession of crustal uplifts because of important
long-range intracratonic deformations. There, tran-
stensional and transpressional constraints occurred
along with lithospheric buckling as a response to the
Laurentia–Gondwana continental collision (Kluth &
Coney, 1981; Ye et al. 1996; Geslin, 1998; Dickerson,
2003; Dickinson, 2006, 2013; Blakey, 2008). The
resulting chain probably showed a marked topographic
relief, some of which could have persisted until Early
Triassic time (Kluth & Coney, 1981; Blakey, 2008).
Most of these crustal uplifts were emplaced accord-
ing to lithospheric weaknesses inherited from the
Proterozoic structural events (Kluth & Coney, 1981;
Dickerson, 2003).

Many sedimentary basins formed during the
Carboniferous–Permian interval (Dickerson, 2003).
For instance, the Permian Oquirrh Basin (Fig. 1c)
probably resulted from the complex interplay between
intracratonic deformations to the east and the reactiva-
tion of Antler faults to the west (Geslin 1998: fig. 12;
Trexler & Nitchman, 1990; Dickerson, 2003; Blakey,
2008). This highly subsiding basin recorded up to 6 km
of marine strata (Walker, 1985; Yonkee & Weil, 2015).

Similarly to the Antler orogeny, the Sonoma orogeny
is the result of the eastwards migration and accretion
of exotic island-arc systems belonging to the Sonomia
microplate onto the North American Plate around the
Permian–Triassic boundary (Burchfiel & Davis, 1975;
Speed & Silberling, 1989; Dickinson, 2006, 2013;
Blakey, 2008; Ingersoll, 2008). The Sonoma orogeny
is characterized by the thrusting of an accretionary
prism above continental crust, known as the Golconda
Allochthon, and emplaced in the same area as the
older Roberts Mountains Allochthon (Fig. 1c). The
Golconda Allochthon is thought to have initiated the
formation of a foreland basin – the Sonoma Fore-
land Basin (Dickinson, 2006, 2013; Blakey, 2008;
Ingersoll, 2008) – which recorded sediments depos-
ited during Early Triassic time. However, field evid-
ence pointing towards the location and extension of the
Golconda Allochthon is restricted to only a few rem-
nants (e.g. ‘Koipato volcanics’) near the southern part
of the basin, which are presently located in Central
Nevada (Fig. 1c; Snyder & Brueckner, 1983; Walker,
1985; Schweickert & Lahren, 1987; Oldow et al. 1989;
Dickinson, 2006, 2013; Blakey, 2008; Ingersoll, 2008).
Remnants of the Golconda Allochthon, if any, are yet
to be found in the northern part of the basin, espe-
cially in Idaho (Schweickert & Lahren, 1987; Oldow
et al. 1989). This allochthon is sealed in present-day
Nevada by the rhyolitic Koipato Formation volcanism,
presumably emplaced by the end of the Sonoma oro-
geny (Vetz, 2011). A minimum age of Anisian (Middle
Triassic) can be given to this volcanic formation using
geochronology (Vetz, 2011) and due to the occurrence
of Anisian ammonites in the unconformably overly-
ing sedimentary series (Nichols & Silberling, 1977;
Bucher, 1988; Vetz, 2011). The potential presence of
older ammonoid faunas is not to be discarded.

The following Sevier orogeny is of Early Cretaceous
– Eocene age (c. 140–50 Ma; Fig. 1b) and it origin-
ated from the subduction of the Farallon Plate un-
der the North American continental plate (Burchfiel
& Davis, 1975; Dickinson, 2006, 2013). E–W-directed
compressive constraints resulted in the formation of a
large Sevier thrust-and-fold belt which is still present
today and constitutes the eastern border of the Great
Basin (Fig. 1c; Dickinson, 2006, 2013; Yonkee & Weil,
2010; Yonkee et al. 2014). This thrust-and-fold belt
is however not homogeneous along its N–S-trending
front, and displays two convex-to-the-foreland ‘sali-
ents’ (Fig. 2) with varying estimated tectonic shorten-
ing and eastwards displacement of terrains reaching
up to 140 km (DeCelles & Coogan, 2006; Schelling
et al. 2007; Dickinson, 2006, 2013; Yonkee & Weil,
2010, 2015; Yonkee et al. 2014). These Wyoming and
Central Utah salients are separated by a conspicuous
recess formed by a lateral ramp and located west of
the Uinta Mountains (Figs 1c, 2). Its formation results
from inherited features of the basement (see Section
4.c; e.g. Lawton, Boyer & Schmitt, 1994; Mukul &
Mitra, 1998; Paulsen & Marshak, 1999; Wilkerson,
Apotria & Farid, 2002).
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Figure 2. (Colour online) Topographic map of the central part of current-day Sevier thrust-and-fold belt with accentuation of the
Wyoming and Central Utah salients thrusts. A lateral ramp is present between the two salients (after Paulsen & Marshak, 1999).

Also during Early Cretaceous – Eocene time, the
eastern Laramide orogeny reactivated basal crustal up-
lifts set during the Ancestral Rocky Mountains oro-
geny. This led to the formation of the modern-day
Rocky Mountains which overlapped older structures in
the Colorado Plateau (Fig. 1b, c; Oldow et al. 1989; Ye
et al. 1996; Dickinson, pers. comm. 2015).

Finally, the Basin and Range extension of the entire
region started during Neogene time (c. 20 Ma; Fig. 1b)
and is still active today (Oldow et al. 1989; DeCelles
& Coogan, 2006; Dickinson, 2002, 2006, 2013). This
extension is the result of internal forces (Kreemer
& Hammond, 2007) that generated transtensional
stresses and pure shear (Parsons, Thompson & Sleep,
1994; Gans & Bohrson, 1998; Dickinson, 2002, 2006).
However, the origin of these extensional constraints
is still being discussed. Several possible mechanisms
have been proposed, including: (1) a mantellic ‘wide
rift-like’ process with ascent and underplating of
mantellic material leading to thermal lamination of the
lithosphere (Lachenbruch & Morgan, 1990; Parsons,
Thompson & Sleep, 1994, Gans & Bohrson, 1998); or
(2) a mechanical origin with the extension occurring
in a late orogenic context, due to the instability and
gravity collapse of the thickened lithospheric crust
present in Nevada and westernmost Utah (Fletcher
& Hallet 1983; Malavieille, 1993; Zandt, Myers &
Wallace, 1995). Nevertheless, the easternmost borders
of the basin (e.g. Colorado Plateau or Uinta Moun-
tains) are not affected by these displacements (Fig. 1c;
Dickinson, 2006, 2013). It is also worth noting that this
extension reactivates in inversion some of the thrust
faults created during the Sevier orogeny (Coney, 1987;
Dickinson, 2006, 2013).

2.b. Sedimentary record of the Sonoma Foreland Basin

Here we focus on the Early Triassic sedimentary
record of the Sonoma Foreland Basin (Figs 3a, 4).
The stratigraphic succession displays marked spatial
differences in thickness and in dominant lithologies
(Fig. 4). The sedimentary record is considered as
almost continuous throughout the basin, with local
erosion surfaces being under the temporal resolution
of ammonoid biozones for this Early Triassic interval
(e.g. Olivier et al. 2014, 2016; Vennin et al. 2015). In
its southern part (Figs 3a, 4), the basin is mainly filled
with transitional continental to marine coarse sand-
stones to conglomerates known as ‘red beds’ of the
Moenkopi Group (Fig. 5a–c, e; sensu Lucas, Krainer
& Milner, 2007; Brayard et al. 2013). At the top of
the Moenkopi Group, metric-scale beds of intertidal
microbial limestones can be observed (Figs 3a, 4,
5e; Brayard et al. 2013; Vennin et al. 2015; Olivier
et al. 2016). The upper part of the sedimentary pile
is characterized by open-marine bioclastic limestones
(locally shales) of the Thaynes Group (Figs 3a, 4, 5d,
f; sensu Lucas, Krainer & Milner, 2007), marking
the maximum flooding of the Smithian third-order
transgression (Embry, 1997; Vennin et al. 2015). This
flooding event is characterized by the presence of
the ammonoid genus Anasibirites (Figs 3a, 4; Lucas,
Krainer & Milner, 2007; Brayard et al. 2013; Jattiot
et al. 2015, in press). In the northern part of the
basin (Figs 3a, 4) the sedimentary record differs at its
base by the presence of the Dinwoody and Woodside
formations, characterized by fine marine siltstones
(Figs 3a, 4, 5g; Kummel, 1954, 1957; Sadler, 1981;
Paull & Paull, 1991). Above these formations, the
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Figure 3. (Colour online) (a) Simplified litho- and chronostrati-
graphic subdivisions of the Early Triassic Sonoma Foreland
Basin (SFB). This study encompasses the PTU-Smithian in-
terval, with Spathian complement for the subsidence analysis.
Main ammonoid markers used in this study are the Anasibirites
beds and the Columbites beds. Radiometric ages: (1) from Bur-
gess, Bowring & Shen (2014); (2) and (3) from Galfetti et al.
(2007). (b) State map of the study area showing current loca-
tion of the 43 studied sections, from both literature data (open
circles) and field data (grey circles). Complete GPS coordin-
ates and references are given in online Supplementary Table
S2. Red outlines highlight the sections used for the subsidence
analysis, and selected for their completeness, temporal resolu-
tion and spatial distribution. Sections detailed in Figure 4: SC:
Sheep Creek; HS: Hot Springs; LWC: Lower Weber Canyon;
CR: Confusion Range; T: Torrey area; PR: Pahvant Range; M:
Minersville; RC: Rock Canyon.

sedimentary record resembles that observed in the
southern part and corresponds to the open-marine
bioclastic limestones and shales of the Thaynes Group
(Figs 3a, 4, 5d, h). A basin-scale synthetic facies
analysis with associated depositional environments
and estimations of the palaeobathymetries can be
found in online Supplementary Table S1 (available at
http://journals.cambridge.org/geo).

3. Dataset and methods

3.a. Dataset

We compiled a comprehensive sedimentary and
biostratigraphic dataset for the Early Triassic out-
crops in the Sonoma Foreland Basin, including pre-
viously published works (e.g. Kummel, 1954, 1957;
Paull & Paull, 1991; Goodspeed & Lucas, 2007; Heck-
ert et al. 2015) together with new field data (Fig. 3b).
We selected 43 biostratigraphically correlated sections
documenting different parts of the basin in order to
estimate the thickness (at the metre scale) of the sed-
imentary deposits (GPS coordinates and main char-
acteristics of each section are provided in online
Supplementary Table S2). The 43 studied sections cor-
respond to the Early Triassic interval. The base of
this interval is defined by a major regional PTU (Bra-
yard et al. 2013). Its upper end is determined by the
Anasibirites beds or the uppermost part of the Owen-
ites beds as a surrogate, which are the main biostrati-
graphic markers of the end-Smithian (Figs 3a, 4; Bra-
yard et al. 2013; Jattiot et al. 2015). Eleven sections
were delimited using a high-resolution ammonoid zon-
ation (e.g. sections in Fig. 4; Brayard et al. 2013). We
conservatively used only minimum thickness values
for the 32 sections taken from the literature because
they are not always based on homogeneous sediment-
ary and biostratigraphical data (online Supplementary
Table S2). For completeness of the subsidence ana-
lysis, we included when possible thickness data avail-
able for the lower part of the Spathian (fourth substage
of the Early Triassic), the Columbites beds marking in
this case the end of the studied interval (Fig. 3a).

3.b. Methods

3.b.1. Palinspastic reconstructions using retrodeformations

Post-Triassic times in the Sonoma Foreland Basin
are characterized by important tectonic compress-
ive and later extensive deformations. These success-
ive deformations are mostly represented in the basin
by the complex and heterogeneous Sevier thrust-and-
fold belt. The palaeogeographic configuration of the
Sonoma Foreland Basin was therefore different com-
pared to the modern configuration. In order to resolve
this issue, we performed a palinspastic reconstruction
to estimate the Early Triassic palaeogeography of this
basin.

Retrodeformations of observed structural features
affecting the Triassic series were applied to sev-
eral regional cross-sections using literature data (e.g.
DeCelles & Coogan, 2006; Yonkee & Weil, 2010;
Fig. 6). This method consists of the horizontaliza-
tion of a selected layer (here the Triassic series)
by virtually inverting all the structural features ob-
served in the section between a fixed reference point
named the ‘pin line’ and a mobile reference point
named the ‘loose line’ (Fig. 6; see Groshong, 2006 for
details). In the two regional cross-sections of the Sevier
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Figure 4. Biostratigraphic correlation based on the Anasibirites and Columbites beds observed in 8 of the 43 studied sections, illustrat-
ing the discrepancy in sedimentary thickness between the southern and northern parts of the Sonoma Foreland Basin (with simplified
lithology). Base of the sections corresponds to the regionally recognized Permian–Triassic unconformity (Brayard et al. 2013).

thrust-and-fold belt illustrated in Figure 6, most struc-
tural features are thrust complexes; horizontalization
therefore mainly consists of retrodeformation of the
displacements along thrust planes. Finally, balanced
cross-sections represent a good approximation of the
geomorphological setting by the time of deposition.
Based on this method, the direction and value of the
estimated tectonic transport (ETT) underwent by the
terrains can also be calculated (e.g. c. 140 km and
c. 60 km for the cross-sections a and b in Fig. 6,
respectively).

Due to the complex nature of the Sevier thrust-
and-fold belt resulting from the inherited structure
and thickness pattern of the pre-deformation basins

(Paulsen & Marshak, 1999), and also the westwards
focalization of the subsequent Basin and Range ex-
tension, ETT was spatially heterogeneous between
Wyoming and Central Utah salients (Mukul & Mitra,
1998; DeCelles & Coogan, 2006; Schelling et al.
2007; Yonkee & Weil, 2010; Yonkee et al. 2014).
We therefore defined seven sectors within our study
area (sectors 1–7 in Fig. 7). These sectors were
delimited based on similar ETT values (Table 1;
Fig. 7). These values were determined from data
available in the literature (references in Table 1) and
checked with the retrodeformation of regional cross-
sections taken from geological maps (cross-sections
in Fig. 6).
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Figure 5. (Colour online) Photographs of different outcrops in the SFB, showing variations in dominant lithologies and sedimentary
thicknesses encountered throughout the basin. (a) Panorama of Rock Canyon (RC) outcrop, showing the plurimetric beds of con-
glomerates from the basal Moenkopi Group. (b) Detail photograph of the conglomerate from Rock Canyon. (c) Photograph of the
terrigenous red beds of the Moenkopi Group at Lower Weber Canyon (LWC). (d) Panorama of the limestones beds of the Thaynes
Group limestones at Lower Weber Canyon. (e) Panorama of the Moenkopi Group at Minersville (M), showing succession of terrigen-
ous red beds and microbial limestones. (f) Panorama of the transition between Moenkopi and Thaynes Group showing succession of
microbial limestones and bioclastic limestones at Minersville. (g) Photograph of the marine siltstones of the Dinwoody and Woodside
Formation at Hot Springs (HS). (h) Panorama of the Hot Springs section, showing succession of limestone levels of the Thaynes Group
bioclastic limestones.
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Table 1. Estimated tectonic transport values used for palinspastic reconstructions of each sectors defined within the SFB, and associated
references.

Sector
Estimated tectonic
transport (km) References

1 Sevier foreland 0 DeCelles & Coogan, 2006; Schelling et al. 2007; Yonkee &
Weil, 2010; Yonkee et al. 2014

2 Wyoming salient, north part c. 100 Paull & Paull, 1991; Yonkee & Weil, 2010
3 Wyoming salient, central part 140 Yonkee & Weil, 2010
4 Wyoming salient, south part 95 Yonkee & Weil, 2010
5 Central Utah salient, north part 100 Schelling et al. 2007
6 Central Utah salient, south sector c. 75 DeCelles & Coogan, 2006; Schelling et al. 2007
7 Sevier hinterland, Basin & Range province c. 80 Yonkee et al. 2014

Figure 6. (Colour online) Present-day and retrodeformed (for the PTU-Smithian interval) configurations for two regional cross-
sections in the (a) northern and (b) southern parts of the Sonoma Foreland Basin, illustrating the method used for palinspastic re-
construction (after Groshong, 2006). Balanced cross-sections adapted from (a) Yonkee & Weil (2010) and (b) DeCelles & Coogan
(2006) illustrate the retrodeformation process used to estimate the value of the tectonic transport, and therefore the approximate
original location of the sections during the studied interval. Triassic series (highlighted layers) are used as the basis for the retrode-
formation process and are horizontalized between the designated Pin and Loose lines (see text for details). The two cross-sections are
located in Figure 7.

3.b.2. Subsidence analysis and backstripping

Subsidence analysis quantifies the vertical movements
underwent by a given sedimentary depositional sur-
face through a graphic representation, by tracking
the subsidence and uplift history of said surface (Van
Hinte, 1978). This history is reconstructed based on
sedimentary thickness, lithology, palaeo-sea level,
palaeobathymetry and age data. This analysis also
accounts for the mechanical compaction underwent by

the sediments. The resulting curve provides a view of
the total subsidence history for a given stratigraphic
column (Van Hinte, 1978; Allen & Allen, 2005).
Steckler & Watts (1978) showed that the local iso-
static effect exerted by the sedimentary load can be
removed. This ‘backstripping’ method can therefore
help to characterize the tectonic subsidence only, as if
the basin has been filled by air only and not by water
and/or sediment during its history (Steckler & Watts,
1978; Xie & Heller, 2009). Backstripping is also
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Figure 7. (Colour online) Map representing the present-day location of the studied sections (dots) and their reconstructed position
(open circles) obtained after retrodeformation. Positions of balanced cross-sections (a) and (b) illustrated in Figure 6 are also indicated.
The present-day Sevier Thrust-and-Fold Belt (TFB; after Yonkee et al. 2014) is the main structural element responsible for tectonic
transport during post-Triassic times. Black arrows represent the retrodeformation values applied from the present-day location of the
studied sections. Seven sectors of similar estimated tectonic transport are delimited by dashed lines (see Table 1). Sector 1: Sevier
foreland; Sector 2: Wyoming salient, northern part; Sector 3: Wyoming salient, central part; Sector 4: Wyoming salient, southern part;
Sector 5: Central Utah salient, northern part; Sector 6: Central Utah salient, southern part; Sector 7: Sevier hinterland.

used to restore the initial thickness of a sedimentary
column (Angevine, Heller & Paola, 1990; Allen &
Allen, 2005). Lithological compositions and palaeo-
bathymetries have been checked using facies analysis
(online Supplementary Table S1) or literature data (see
analysed sections in Fig. 3b and online Supplementary
Table S2). Porosity was quantified by comparison with
experimental data (e.g. Van Hinte, 1978; Sclater &
Christie, 1980) and represents an important proxy for
compaction analysis. Additionally, Chevalier et al.
(2003) and Lachkar et al. (2009) showed that a highly
resolved biostratigraphic control is useful to define
and quantify variations in subsidence at a fine spatio-
temporal scale as it yields accurate subsidence rates.
For the Early Triassic Sonoma Foreland Basin, the
high-resolution ammonoid zonation by Brayard et al.
(2013) serves as the main timeframe. Complementary
absolute time lines were obtained from radiometric
ages published from coeval beds in South China
(Galfetti et al. 2007; Burgess, Bowring & Shen, 2014),
whereas the duration of the studied intervals was

interpolated from ammonoid biozone duration (after
Brühwiler et al. 2010 and Ware et al. 2015). Palaeo-
sea level curve is based on data from Haq, Hardenbol
& Vail (1988), providing a quantitative representation
of the reconstructed Early Triassic sea level.

We chose to not use the flexural backstripping
method (Allen & Allen, 2005) due to the lack of ap-
propriate data needed for such model (e.g. flexural ri-
gidity data, regional distribution of the sedimentary
load). Instead, we calculated the total and tectonic sub-
sidence curves using the one-dimensional (1D) local
isostatic approach of Steckler & Watts (1978). In ad-
dition, this method emphasizes the tectonic subsidence
as ‘a way of normalizing subsidence in different basins
that have undergone very different sedimentation his-
tories’ (Xie & Heller, 2009). Our results for the tec-
tonic subsidence history in the SFB can therefore be
compared to the compilation of Xie & Heller (2009).
Subsidence analyses were performed on four sections
(Fig. 3b) using the OSXBackstrip software perform-
ing 1D Airy backstripping (after Watts, 2001; Allen
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& Allen, 2005; available at: http://www.ux.uis.no/∼
nestor/work/programs.html). These sections were se-
lected for their completeness (a complete and continu-
ous sedimentary succession is reported from the PTU
to at least lower Spathian stratigraphy), for the pres-
ence of biostratigraphic markers (ammonoid beds) and
for their repartition within the SFB (representative of
both the northern and southern areas). A complete set
of initial parameters and detailed results of the subsid-
ence analysis for each of the four sections are reported
in online Supplementary Material S1.

This analysis bears limitations as some errors may
arise from uncertainties around the data used for the
subsidence analysis (Chevalier et al. 2003; Xie &
Heller, 2009): (1) accuracy of the measurement and
report of the sedimentary thickness; (2) backstripping
calculation; (3) palaeo-bathymetry estimations; and (4)
age control. Regarding the accuracy of the sediment
thickness, all selected sections have been measured at
a centimetric scale. Errors on measurements are there-
fore rather low, i.e. ±2 % of the total thickness. In the
backstripping analysis, variables used for the calcula-
tion of the burial compaction are: thickness; the initial
porosity of the sediment; and the lithological constant
of corresponding lithologies. The latter two parameters
are determined by comparison with experimental data
(e.g. Van Hinte, 1978; Sclater & Christie, 1980). Er-
ror on sediment decompaction is therefore estimated
to be low (c. ±5 %). Palaeobathymetry is hard to de-
termine because of the paucity of discriminating indic-
ators. We hypothesize that errors on depth estimations
are about ±10 %. For age control, we used a compil-
ation of biostratigraphic and radiochronological data,
leading to a detailed timeframe with a maximum error
of around 60 ka (Brühwiler et al. 2010).

3.b.3. Spatial distribution of sedimentary thickness

PTU-Smithian sedimentary thicknesses and their
respective location within the SFB were integ-
rated in Global Mapper v.16.2.3 GIS software
(available at http://www.bluemarblegeo.com/products/
global-mapper.php) to generate an isopach map by cre-
ating a 3D triangulated grid projection of thicknesses
(online Supplementary Figure S1).

3.b.4. Lithospheric heterogeneity of the basement

To explore the nature of the SFB basement, a ter-
rane map was constructed using previous published
maps by Yonkee et al. (2014), Yonkee & Weil (2015)
and Lund et al. (2015). In addition, we analysed sev-
eral types of geophysical data: a raw regional Bouguer
gravity anomaly map (Kucks, 1999); an aeromagnetic
anomaly map from Bankey et al. (2002); and literat-
ure data (e.g. Gilbert, Velasco & Zandt, 2007). We
also used published U/Pb radiochronological data to
assess an age for each basement terrane defined in the
basin (Foster et al. 2006; Fan et al. 2011; Mueller et al.
2011; Nelson, Hart & Frost, 2011; Strickland, Miller

& Wooden, 2011). It is worth noting that Precam-
brian crystalline basements, lying under detachments
and décollements responsible for nucleation of thrust-
ing, are not affected by these ‘thin-skin’ thrust-induced
displacements (DeCelles & Coogan, 2006; Schelling
et al. 2007; Yonkee & Weil, 2010).

3.b.5. Numerical model

The flexural response of the SFB basement has been
simulated using a 2D plane stress flexural model
solved with a finite element method code written in
Matlab®. This approach has been successfully used
to model lithospheric deformation due to topographic
and mantle loads (Le Pourhiet & Saleeby, 2013) and
ice loads (Moreau et al. 2015). First, a model of the
basin is made using field-based and literature data to
characterize and quantify the flexural response of the
modelled SFB basement. Three additional models are
then proposed to test different scenarios regarding pos-
sible mechanisms controlling the flexure of the SFB
basement.

4. Results

We first reconstructed the SFB palaeogeography and
used lithological and stratigraphical analyses to con-
strain the spatial distribution of the sedimentary record
across the basin. This approach provides estimations
of subsidence rates in the SFB. Secondly, we identified
and characterized the terranes that compose the SFB
basement using geophysical and cartographic data, as
well as previously published ages. We then reconstruc-
ted the morphology of the Golconda Allochthon in re-
lation to the heritage of the basin. Finally, a 2D model
is proposed to quantify the flexural behaviour of the
basin.

4.a. Lithological and stratigraphical analyses

Previous palaeogeographic reconstructions of the SFB
did not take tectonic events and the ensuing displace-
ments into account (e.g. Paull & Paull, 1993). The pal-
inspastic map of the basin with the initial locations of
the studied sections is shown on Figure 7. For the first
time post-Triassic displacements were accounted for,
including: (1) the Sevier orogeny (Cretaceous–Eocene)
and the associated regional shortening due to the set-
ting of a thrust-and-fold belt (e.g. Yonkee & Weil,
2010); and (2) the later Neogene – present-day exten-
sion linked to the Basin and Range province (e.g. Yon-
kee et al. 2014).

Based on the palinspastic map, we constructed a
palaeogeographic isopach map of the SFB (Fig. 8).
The isopach map shows that the distribution of the
sedimentary thickness for the PTU-Smithian interval
is heterogeneous within the basin, showing a thicker
succession in the northern than in the southern part.
In the southern part, the thickness gradually varies
along a roughly NW–SE-aligned transect, showing low
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Figure 8. (Colour online) Isopach map of the sedimentary
thicknesses recorded for the PTU-Smithian interval, showing
marked differences in sedimentary thicknesses between north-
ern and southern Sonoma Foreland Basin. The studied sections
are shown at their palaeolocation (Fig. 7). The reconstructed
Golconda Allochthon Thrust Front during the PTU-Smithian
studied interval is also indicated (modified from Dickinson,
2013; see also Fig. 12). The position of the wedge-top is based
on variations in the sedimentary thicknesses and on geophysical
data (Fig. 10).

thicknesses over a large surface (c. 500 km from east
to west). The thickness ranges from a few tenths of
metres in south and SE Utah, up to 250 m around
Salt Lake City. The westernmost area (NE Nevada) is
also characterized by low thicknesses (˂100 m thick).
Conversely, the northern part of the basin exhibits a
marked transition with thickness values broadly in-
creasing from east to west. The easternmost area of
the northern part (west Wyoming) shows sedimentary
thicknesses similar to that of the southern part (˂300 m
thick; Fig. 8). The west-central area records the thick-
est succession of the SFB (up to c. 550 m thick), and is
centred on present-day south-central Idaho. The west-
ernmost area (west-central Idaho) shows similar thick-
nesses (up to c. 300 m thick; Fig. 8).

The subsidence analysis (Fig. 9) also shows a clear
distinction between the northern and southern parts of
the basin. Confusion Range (CR, Fig. 9a) and Pahvant
Range (PR, Fig. 9b) sections exhibit relatively low
subsidence curves during the studied interval, whereas
Sheep Creek (SC, Fig. 9c) and Hot Springs (HS,
Fig. 9d) sections show a high subsidence profile. The
total and tectonic subsidence curves are similar and the
tectonic subsidence is here a major component of the
total subsidence, accounting for at least two-thirds of
the total subsidence, if not more (e.g. in CR, Fig. 9a).

When looking at the dominant lithologies (Fig. 9e),
the sections from the southern part of the basin display
a sedimentary succession dominated by coarse con-
glomerates and sandstones and microbial limestones of
the Moenkopi Group and the limestones/shales of the
Thaynes Group (Figs 3, 4, 9e), while the total subsid-
ence is low. By contrast, the sections from the north-
ern part of the SFB are dominated by fine siltstones
(Figs 3, 4, 9e) with an important subsidence.

Finally, the tectonic subsidence appears as a critical
diagnostic feature for the basin (Fig. 9f). A marked dif-
ference exists between mean tectonic subsidence rates
in the southern and northern parts of the basin (c.
100 m Ma–1 v. c. 500 m Ma–1, respectively). The south-
ern sections show a low-rate tectonic subsidence (50–
200 m Ma–1; Fig. 9e). Nevertheless, a marked increase
in subsidence rate is recorded during early Spathian
time for these sections (150–600 m Ma–1; Fig. 9e).
Conversely, the northern sections show a higher rate
of tectonic subsidence during the PTU-Smithian inter-
val (450–650 m Ma–1; Fig. 9e), whereas early Spathian
time is characterized by a decrease in subsidence rate
(100–250 m Ma–1; Fig. 9e).

4.b. Basement characterization

On the gravimetric anomaly map shown on Figure 10a,
black lines outline the geophysical features that may
represent traces of crustal/lithospheric faults or hetero-
geneities in the basement (Lowrie, 2007). The lowest
Bouguer anomaly values (<150 mGal, Fig. 10a) sug-
gest the presence of a thick crust, whereas moderate
negative anomalies (between –65 and –135 mGal;
white outlines) point towards a thinner crust and/or
the presence of lower-crustal high-density bodies (e.g.
Gilbert, Velasco & Zandt, 2007; Lowrie, 2007). The
Snake River Plain (SRP in Fig. 10a) is a Yellowstone
hotspot track-related basaltic province. This young
(of Neogene age) structure influences neither the geo-
metry nor the properties of the basement (Dickinson,
2013). The Farmington Anomaly (FA on Fig. 10a),
located in the centre of the study area, may result
from the presence of lower-crustal high-density mafic
and/or ultramafic material emplaced during a thermal
event dated at c. 1.64 Ga (Mueller et al. 2011). Al-
ternatively, it can have originated from a more recent
thermal event and/or the presence of a thin lithospheric
crust (e.g. Gilbert, Velasco & Zandt, 2007; Lowrie,
2007). Remnants of an important thermal metamorph-
ism including partial melting (c. 1.67 Ga) can also be
observed in this area (red dots in Fig. 10c; Mueller
et al. 2011). The Southern Anomaly (SA on Fig. 10a)
is poorly documented and may result from variations
in the crustal thickness of the terrane (e.g. Gilbert,
Velasco & Zandt, 2007; Lowrie, 2007), possibly linked
to the Ancestral Rocky Mountains orogeny or to the
more recent Laramide orogeny and the building of the
Rocky Mountains (Ye et al. 1996; Dickerson, 2003).

The aeromagnetic anomaly map presented
in Figure 10b discriminates areas of contrasted
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Figure 9. (Colour online) Subsidence analysis results obtained for the PTU-Smithian interval and early Spathian time using 1D
backstripping (Steckler & Watts, 1978; Van Hinte, 1978; Allen & Allen, 2005). Locations of sections are given in Figure 3b. Ages for
the bottom and top boundaries of the Smithian are interpolated from ammonoid biozone durations (after Brühwiler et al. 2010). Sea-
level curve after Haq, Hardenbol & Vail (1988). Ana.: Anasibirites beds; Col.: Columbites beds. Radiometric ages from (1) Burgess,
Bowring & Shen (2014); (2) and (3) Galfetti et al. (2007). Subsidence analysis for: (a) Confusion Range (CR) section; (b) Pahvant
Range (PR) section; (c) Sheep Creek (SC) section; (d) Hot Springs (HS) section. (e) Total subsidence curves for all the CR, PR, SC and
HS sections and associated dominant lithologies are indicated for each subinterval. (f) Tectonic subsidence curves for the CR, PR, SC
and HS sections and associated mean tectonic subsidence rates. (e) and (f) allow two distinct subsidence dynamics to be discriminated
between the southern and northern parts of the SFB.
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Figure 10. (Colour online) (a) Bouguer gravity anomaly map of the Sonoma Foreland Basin and its surroundings (in mGal; after
Kucks, 1999). Notable moderate gravity anomalies are highlighted by a white contour. SRP: Snake River Plain; FA: Farmington
Anomaly; SA: Southern Anomaly. Black lines represent the interpreted remnants of the main geophysical accidents, and limits between
crustal features. (b) Aeromagnetic anomaly map of the Sonoma Foreland Basin and its surroundings (in nT; after Bankey et al.
2002). Black lines highlight areas of contrasted magnetic signatures: SRP: Snake River Plain; SZ: Southern magnetic Zone; CZ:
Central magnetic Zone; NEZ: North-Eastern magnetic Zone; NZ: Northern magnetic Zone. (c) Map of the spatial location of the
radiochronological ages (U/Pb ages) after: (1) Foster et al. 2006; (2) Fan et al. 2011; (3) Mueller et al. 2011; (4) Nelson, Hart
& Frost, 2011; (5) Strickland, Miller & Wooden, 2011). Superimposed red dots indicate Mesoproterozoic metamorphism episodes
(Mueller et al. 2011). (d) Map of basement terranes of the SFB according to their age and nature, with Archean terranes (pale blue),
Palaeoproterozoic terranes (pale green) and Mesoproterozoic mobile belt (pale red). FT: Farmington Terrane; GCB: Grouse Creek
Block; MT: Mojave Terrane; WT: Wyoming Terrane; YT: Yavapai Terrane.
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magnetic signatures (separated by black lines on
Fig. 10b). These disturbances in magnetic field are
attributed to differences in the nature of the rocks com-
posing the basement (Turner, Rasson & Reeves, 2007).
We do not attempt to identify the exact nature of these
rocks here; rather, we use these contrasted anomalies
to characterize differences of rock types that compose
the basement (Purucker & Whaler, 2007; Lund et al.
2015). As on the Bouguer gravity anomaly map,
the presence of the Snake River Plane hotspot-track
(SRP in Fig. 10a, b) is obvious on the aeromagnetic
anomaly map. It features a strong positive magnetic
anomaly signal (>150 nT, Fig. 10b). The Southern
magnetic Zone (SZ on Fig. 10b) can be distinguished
on the southern part of the studied area by contrasted
anomalies with a wide range of variations (from c.
–200 nT up to c. 400 nT). The Central magnetic Zone
(CZ on Fig. 10b) occupies the central third of the map.
It is characterized by generally neutral to (strongly)
positive anomalies (from c. –10 nT to c. 60 nT, loc-
ally up to >150 nT). In the northeastern quarter of
the studied area, the North-Eastern magnetic Zone
(NEZ on Fig. 10b) is characterized by generally neg-
ative anomalies (between c. –80 nT and c. –10 nT).
Some areas with strong positive anomalies (>150 nT)
are also observed, whose shape and extension are
very similar in the Bouguer gravity anomaly map
(Fig. 10a). Finally, a small Northern magnetic Zone
(NZ on Fig. 10b) is visible north to the SRP and west
to the NZ. It shows contrasting anomalies, but with a
less important range of variation than the SRP and less
strongly positive values (from c. –60 nT to c. 150 nT
only).

Figure 10c synthesizes the location and the different
U/Pb radiochronological ages for the basement (Foster
et al. 2006; Fan et al. 2011; Mueller et al. 2011; Nel-
son, Hart & Frost, 2011; Strickland, Miller & Wooden,
2011). Basement rocks of Archean, Palaeoproterozoic
and Mesoproterozoic ages can be found throughout
the entire studied area (Fig. 10c). Archean ages are
found in Wyoming, southwestern Montana and north-
eastern Nevada (Fig. 10c; Fan et al. 2011; Mueller
et al. 2011; Nelson, Hart & Frost, 2011; Strickland,
Miller & Wooden, 2011). Palaeoproterozoic ages are
found in Utah and eastern Nevada (Fig. 10c; Mueller
et al. 2011; Nelson, Hart & Frost, 2011). Finally,
Mesoproterozoic ages associated with metamorphism
are found in northwestern Utah and northern Idaho
(Fig. 10c; Foster et al. 2006; Mueller et al. 2011; Nel-
son, Hart & Frost, 2011).

Five different lithospheric terranes composing the
SFB basement can therefore be identified: the Wyom-
ing Terrane (WT); the Grouse Creek Block (GCB); the
Mojave Terrane (MT); the Yavapai Terrane (YT); and
the Farmington Terrane (FT; Fig. 10d). The GCB and
WT are Archean terranes with ages of c. 2.5 Ga (Nel-
son, Hart & Frost, 2011; Strickland, Miller & Wooden,
2011) and 2.4–3.3 Ga (Fan et al. 2011; Mueller et al.
2011), respectively. The MT is a Palaeoproterozoic ter-
rane of age 2.04–2.34 Ga, whereas the YT is a younger

Figure 11. (Colour online) Map of the SFB basement (cf.
Fig. 10d) after their heritage and therefore their rheological be-
haviour. Archean Grouse Creek Block and Wyoming Terrane,
Palaeoproterozoic Mojave Terrane and Yavapai Terrane are con-
sidered ‘strong’ lithospheres with an important rigidity (pale
blue), while the Mesoproterozoic mobile belt Farmington Ter-
rane is considered a ‘thermally attenuated weak’ lithosphere due
to its lesser rigidity (pale red).

Palaeoproterozoic terrane of age 1.720–1.744 Ga (Nel-
son, Hart & Frost, 2011). The FT is a Mesoprotero-
zoic intracratonic mobile belt (Lund et al. 2015) com-
posed of reworked Archean crust (Whitmeyer & Karl-
strom, 2007), with metamorphism ages between 1.63
and 1.71 Ga (Foster et al. 2006; Mueller et al. 2011;
Nelson, Hart & Frost, 2011).

4.c. Impact of the heritage on the SFB development

The fact that the basement of the SFB is composed of
five Archean–Mesoproterozoic terranes questions the
potentially crucial role of inherited lithospheric fea-
tures on the formation and spatio-temporal evolution
of the SFB.

Lithospheric strength (i.e. rigidity) of the terranes
varies depending on their age and heritage (Poud-
jom Djomani et al. 2001; Artemieva & Mooney,
2002), with important changes in rheological be-
haviour and segregation between oldest (>1.7 Ga)
and juvenile crusts (<1.7 Ga; Artemieva & Mooney,
2002). Since older lithospheres are more rigid than
younger, Archean and Palaeoproterozoic basements
such as the Wyoming Terrane, Grouse Creek Block,
Mojave Terrane and Yavapai Terrane are defined
here as ‘strong’ lithospheres (e.g. Cardozo & Jordan,
2001; Leever et al. 2006; Fig. 11). Conversely, the
more recent Mesoproterozoic lithospheres such as the
Farmington Terrane (Fig. 11) are characterized by a
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lower rigidity (e.g. Cardozo & Jordan, 2001; Leever
et al. 2006; Fosdick, Graham & Hilley, 2014). Addi-
tionally, some lithospheres can be weaker than coeval
ones due to their structural heritage and thermal his-
tory, and are assumed to be ‘attenuated’ (sensu Fos-
dick, Graham & Hilley, 2014). The Farmington Ter-
rane was formed as a mobile belt between Archean
GCB and WT and underwent at least one event of in-
tense thermal metamorphism during Mesoproterozoic
time (Mueller et al. 2011; Lund et al. 2015) Younger
occurrences of similar events until Early Triassic time
cannot be ruled out, especially given the Bouguer grav-
ity anomaly hints of underplating dense material (see
Section 4.b). The Farmington Terrane is therefore con-
sidered here as a ‘thermally attenuated weak’ litho-
sphere (Fig. 11).

Due to the lithospheric heterogeneity of the
basement, the role of the boundary lithospheric
faults can be considered as essential. Neoarchean–
Palaeoproterozoic terranes are limited by mega-shear
zones along with deep (nearly) vertical crustal and/or
lithospheric faults (Figs 10d, 11). Terranes in the SFB
display some characteristics (e.g. dimension, geo-
metry) that are similar to the terranes associated
with the Neoarchean–Palaeoproterozoic accretionary
orogens (e.g. Chardon, Gapais & Cagnard, 2009;
Cagnard, Barbey & Gapais, 2011). These lithospheric
and crustal accidents have therefore been reactivated
since their Precambrian onset (e.g. Bryant & Nichols,
1988; Paulsen & Marshak, 1999). Additionally, sev-
eral authors (e.g. Eardley, 1939; Peterson, 1977) iden-
tified the presence of a topographic basement highland
(pale blue area in Fig. 12a, in colour online) near the
junction between the MT and the GCB/FT/WT dur-
ing Palaeozoic time, separating the northern and south-
ern areas of marked sedimentary accumulation. Eard-
ley (1939) first introduced this feature as the ‘North-
ern Utah Highland’. Peterson (1977) highlighted its
presence on his palinspastic maps for the Palaeozoic
stratigraphic record. Finally, this sedimentary and to-
pographic pattern seems to have been the same in
this basin since Proterozoic time (Paulsen & Marshak,
1999; Fig. 12a).

By the time of the initiation of the Sonoma orogeny,
this difference in sedimentary accumulation was well
marked in Palaeozoic series (Peterson, 1977). For in-
stance, about 6 km of marine sediments accumulated
in the Permian Oquirrh Basin in the northern part of
the SFB (Fig. 12a; Yonkee & Weil, 2015), whereas the
southern part of the SFB saw the deposition of only
several hundred metres of marine and terrigenous sed-
iments (e.g. c. 640 m in southwestern Utah; Rowley
et al. 2005) during the same interval. The thick Pa-
laeozoic sedimentary series in northern and southern
parts of the foreland (Peterson, 1977) would have al-
lowed the thrust belt to propagate, while the presence
of the topographic basement highland characterized by
a reduced sedimentary cover should have triggered the
formation of a lateral ramp and a recess in the central
part of the front (Fig. 12a). The presence of the topo-

Figure 12. (Colour online) (a) Simplified map showing the po-
sition of the Uinta recess (lateral ramp) and Wyoming and
Central Utah salients (frontal ramps) of the present-day Sevier
TFB (after Paulsen & Marshak, 1999; Yonkee & Weil, 2010)
and reconstructed Golconda Allochthon front and associated
recess (lateral ramp). Sedimentary pattern since Proterozoic
time shows two high accommodation zones separated by a
topographic high close to the terrane boundaries (Peterson,
1977, Bryant & Nichols, 1988; Paulsen & Marshak, 1999). Pa-
laeolocation of Permian Oquirrh Basin (e.g. Yonkee & Weil,
2015) and documented PTU-Smithian conglomerates in the
western SFB (e.g. Gabrielse, Snyder & Stewart, 1983; Lucas
& Orchard, 2007) are also included on the map. Red lines indic-
ate limits of the basement terranes (cf. Fig 9d). (b) Photograph
(courtesy of Hugo Bucher, Zürich) of the conglomerates found
in the area delimited in (a), presumably a product of western
relief dismantlement.

graphic high is attested by the occurrence of shallow
conglomerates in the western part of the SFB within
the PTU-Smithian interval (Fig. 12a, b; e.g. Gabrielse,
Snyder & Stewart, 1983; Lucas & Orchard, 2007; Jat-
tiot et al., in press). Previous reconstruction of the GA
thrust front also accounted for the presence of a recess
in the central part of the thrust front (e.g. Dickinson,
2006, 2013). Moreover, this mechanism underlying the
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Table 2. Summary of model parameters for the SFB and tested scenarii.

Parameter
SFB model
(Fig. 13)

Heterogeneous
basement scenario
(Fig. 14a)

Heterogeneous
allochthon scenario
(Fig. 14b)

Combined
heterogeneities
(basement &
allochthon; Fig. 14c)

Young’s modulus E (GPa) 80 80 80 80
Poisson’s ratio, ν 0.25 0.25 0.25 0.25
Elastic thickness of ‘strong’ lithosphere, Te1 (km) 90 90 90 90
Elastic thickness of ‘weak’ lithosphere, Te2 (km) 30 30 n/a 30

Loading parameters
Allochthon thickening, h (m) 1500 1500 1500 1500
Density of topographic load, ρt (kg m–3) 2700 2700 2700 2700
Density of the mantle, ρm (kg m–3) 3300 3300 3300 3300
Density of the sedimentary infill, ρi (kg m–3) 1600 1600 1600 1600
Gravitational acceleration, g (m s–²) 9.81 9.81 9.81 9.81

observed differential propagation has been proposed
by Paulsen & Marshak (1999) for the Sevier thrust-
and-fold belt which shows the presence of a lateral
ramp in its central part (Fig. 2). This was explained
by the pre-deformational sedimentary thicknesses pat-
tern showing thrusts propagating further when em-
placed upon a thicker sedimentary cover (Figs 2, 12a;
Paulsen & Marshak, 1999). It is worth noting that
both the lateral ramps of the Sevier and Golconda
thrust-and-fold belt are located close to and along the
lithospheric boundary between the MT and FT/WT
(Figs 2, 12a).

The GA heterogeneity may therefore have played
a role, complementary to the basement heritage, over
the flexural response of the SFB. However, due to the
scarcity of allochthon remnants, a numerical model is
required to decipher its potential role.

4.d. Simulating the flexural response of the basin

All the data discussed above have been integrated in a
2D numerical flexural model. This approach allows us
to quantify in a predictive way the flexural behaviour
of the basin in relation to its basement heritage.

4.d.1. Numerical approach and setup

The 2D plane stress flexural models have been solved
with a finite element method code written in Matlab®

(Le Pourhiet & Saleeby, 2013; Moreau et al. 2015). It
solves

∇2
(
D∇2ω

) = g (ρm − ρi ) + q (1)

for flexural deflection ω of a thick elastic plate
(Reissner–Mindlin approximation) using bilinear iso-
parametric elements with under integration technique
for the shear terms (Zienkiewicz & Taylor, 2005). In
Equation (1) the rigidity of the plate D, defined

D = ETe
3

12 (1 − ν2)
,

depends solely on the effective elastic thickness Te as
the plate Young’s modulus E and Poisson’s ratio ν are
fixed at 80 GPa and 0.25, respectively (Burov & Dia-

ment, 1995). The topographic loads q = ρt g h account
for the thickening h resulting from the orogeny and
are computed using a density ρt = 2700 kg m–3. The
mantle restoring forces are computed assuming a dens-
ity ρm = 3300 kg m–3, while the infill is considered to
be sediments of density ρi =1600 kg m–3. We arbitrar-
ily attributed a constant height h = 1500 m to the topo-
graphic load as we concentrate on the effect of hetero-
geneities of the allochthon morphology and rheology
of the basement only. These initial parameters are sum-
marized in Table 2.

The models are 907 km wide in the x direction,
chosen to be normal to the trend of the orogenic belt,
and 1166 km in the y direction. We assume that iso-
static compensation is achieved underneath the oro-
gen and, accordingly, we set the curvature normal to
the right side to zero, ∂ω/∂x = 0. As the orogen is
very long compared to the region where flexural sub-
sidence is analysed, we enforce cylindrical boundary
conditions on the side of normal y (∂ω/∂y = 0). On
the right boundary, that is, far from the orogeny, the
effect of topographic loading can be considered null,
corresponding to ω = 0.

In this model, we used Te1 = 90 km for the ‘strong’
GCB, WT, MT and YT lithospheres (Table 2), which
is a good approximation for cratonic Te (Watts, 1992).
The ‘weak-attenuated’ FT is expected to show a con-
trasted lower Te value due to its assumed rheolo-
gical weaknesses. This value was set at Te2 = 30 km
(Table 2; e.g. Leever et al. 2006).

4.d.2. Model results

Figure 13 shows that the southern part of the front
is reconstructed as less propagated into the foreland
than the northern part (Fig. 12a; see Dickinson, 2006,
2013). In this model, the lateral ramp is spatially re-
stricted along the limit between the FT/WT and MT
(Fig. 13a). The northern part, emplaced mainly above
the ‘weak’ FT and in front of the largest part of the
GA, presents a narrower foredeep with λ ≈ 250 km
(Fig. 13a, b). The steep foredeep is bordered by a well-
expressed forebulge emplaced close to the FT/WT
boundary (Fig. 13a; XX’ in Fig. 13b). The southern
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Figure 13. (Colour online) Numerical model of the SFB after the reconstructed palaeogeography and terranes map (cf. Figs 11, 12)
with an heterogeneous basement (‘strong’ v. ‘thermally attenuated weak’ lithospheres) and an heterogeneous allochthon (recessed area
in central part of the front). (a) Simulated map of the SFB. Thin black lines indicate the position of the 2D profiles; red lines indicate
limits of the basement terranes (cf. Fig 10d). (b) 2D W–E profile of the northern part of the SFB model. The narrow foredeep is
emplaced upon the ‘thermally attenuated weak’ FT and is bordered by a well expressed forebulge. (c) 2D W–E profile of the southern
part of the SFB model. The wider foredeep is emplaced upon the ‘strong’ MT, and is bordered by a barely expressed forebulge. (d)
2D S–N profile of the SFB model. The two northern and southern parts of the basin are individualized with a limit near the MT/FT
boundary.

part of the foreland is set upon ‘strong’ lithospheres
(MT and YT) in front of the smallest and recessed parts
of the GA (Fig. 13a, c). The foredeep in this part of the
model is larger, with λ ≈ 320 km, and its profile (YY’
in Fig. 13c) also exhibits a weaker topography than in
the northern part. We also notice the presence of a
barely expressed forebulge in this area (Fig. 13a, c).

The dichotomy between the northern and southern
parts is especially obvious on a S–N transect (ZZ’ in
Fig. 13d). A shallow southern sub-basin with a gentle
northwards dip (< c. 250 m deep) is identified, as
well as a northern deeper basin with steep borders
(c. 600 m deep). The limit between the northern and
southern parts appears relatively close to the MT/FT
boundary (Fig. 13d), suggesting a significant role for
lithospheric boundaries in the differential flexuration
of the SFB. This N–S differentiation is found not
only in the foreland, but also within the allochthon it-
self as its simulated elevation is not continuous along
its front (Fig. 13a). Two areas of important elevations
(>1200 m) can be observed on both the northern and
southern sides of the GA recess. This positive relief

could have contributed as a significant source of terri-
genous material, then being deposited in the proximal
foreland.

5. Discussion

Our results highlight the spatial differences in subsid-
ence within the SFB, especially between its northern
and southern parts (Figs 8, 9). This differential subsid-
ence is underlined by variations in the sedimentary re-
cord (Figs 4, 5). In addition, a highland was probably
present in the central SFB and could physically have
partly separated these two parts of the basin.

5.a. Evidence for a foreland basin

The convex ‘lozenge shape’ (sensu Miall, 2010) of
the isopach map (Fig. 8) and the westwards-thickening
pattern of the sedimentary record are in agreement
with the common asymmetric geometry of foreland
basins (Fig. 8; DeCelles & Giles, 1996; Miall, 2010).
Additionally, the observed high-rate subsidence values
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(c. 100–500 m Ma–1) agree with foreland basin dy-
namics, even if these values are greater in magnitude
than values generally given in the literature for sim-
ilar contexts (e.g. Xie & Heller, 2009). This differ-
ence in magnitude is interpreted by considering that
estimations from backstripping analyses are generally
proposed for continuous sedimentary series spanning
several millions years, if not several tenth of millions
years (e.g. Xie & Heller, 2009). Over such long time
intervals, the subsidence rate values are less accur-
ate. The high resolution of the timeframe used for
the SFB mirrors short-acting structural events in the
basin. Similar ‘higher than average’ values for sub-
sidence rates have been calculated by Chevalier et al.
(2003) and Lachkar et al. (2009) using high-resolution
biostratigraphic time-calibrations, and also by Roddaz
et al. (2010) with similar magnitude for the Miocene
Amazonian Foreland Basin (c. 200–700 m Ma–1; Rod-
daz et al. 2010). Moreover, values observed in the SFB
(0.05–0.65 mm a–1) are consistent with yearly depos-
ition rates indicated by Allen & Allen (2005) for fore-
land basins (0.2–0.5 mm a–1). Finally, the convex-up
shape of the tectonic subsidence curves (Fig. 9f) is dia-
gnostic of foreland basins and corresponds to the pro-
gressive flexural response of the lithosphere to the to-
pographic load and/or sedimentary infill of the basin
overtime (Angevine, Heller & Paola, 1990; Allen &
Allen, 2005; Xie & Heller, 2009).

In the SFB, the topographic load is exerted by the
GA. This allochthon has been emplaced on the North
American continental margin, as evidenced by the geo-
chemical signature of the Koipato Formation volcanics
(Early Triassic) originating from the partial melting of
a Palaeoproterozoic continental crust (likely the Mo-
jave Terrane; Vetz, 2011).

The observed spatial heterogeneity of the sediment-
ary thickness in the SFB (Figs 4, 8) and the much
higher tectonic subsidence rate detected in the north-
ern part of the basin (c. 500 m Ma–1 v. c. 100 m Ma–1

in the southern part; Fig. 9f) are striking and raise the
question of the controlling factor(s) responsible for
this phenomenon, especially for such a short interval
(c. 1.3 Ma).

5.b. Potential underlying mechanisms for observed
variations in flexural subsidence

Spatial variations in subsidence within the SFB may
result from different mechanisms that are inherent to
the flexural nature of the foreland basin: (1) the sed-
imentary overload provoked by the continuous filling
of the basin over time; (2) the spatial heterogeneity of
the GA (topography and shape of the load); and/or (3)
the differential flexural response of the lithosphere to
this topographic load and linked to the rheology of the
basement.

Considering point (1) above, in some cases the dis-
tributed vertical load exerted by the sedimentary filling
of the basin might affect and amplify the flexuration
in foreland basins over time (Shanmugam & Walker,

1980; Beaumont, 1981; Cardozo & Jordan, 2001; Al-
len & Allen, 2005). As this load depends mainly on the
sedimentary fluxes and density of the filling, a denser
deposited material leads to a more important flexur-
ation of the lithosphere, as modelled by Angevine,
Heller & Paola (1990) and Fosdick, Graham & Hilley
(2014). The southern part of the SFB, characterized by
low subsidence rates, exhibits coarse clastic sediment-
ation in the Moenkopi Group with the presence of con-
glomerates and sandstones (Figs 3a, 4, 5b, c, e, 12; e.g.
Gabrielse, Snyder & Stewart, 1983; Olivier et al. 2016)
of density 2.5–2.8 kg cm−3 (Manger, 1963; McCulloh,
1967; Sclater & Christie, 1980; Tenzer et al. 2011).
The top of the Moenkopi Group consists of thick mi-
crobial limestone beds (Figs 3a, 4, 5e; e.g. Olivier et al.
2014, 2016; Vennin et al. 2015). These limestones bear
a density of c. 2.6–2.8 kg cm−3 (Manger, 1963; Mc-
Culloh, 1967; Sclater & Christie, 1980; Tenzer et al.
2011). In contrast, the northern part which is charac-
terized by high subsidence rates, is dominated by mar-
ine siltstones of the Dinwoody and Woodside Form-
ation (Figs 3a, 4, 5g; e.g. Kummel, 1954, 1957). The
density of this type of sediment is of 2.3–2.7 kg cm−3

(Manger, 1963; Sclater & Christie, 1980; Tenzer et al.
2011). Based on these data, the sedimentary filling
should have had a higher impact on the flexuration
in the southern part of the basin. However, we show
that the most important subsidence during the PTU-
Smithian interval took place in the northern part of the
SFB (Figs 8, 9). Moreover, the difference between tec-
tonic and total subsidence mainly consist of the local
isostasy and compaction of the sediments (Allen & Al-
len, 2005). With the tectonic subsidence being the most
important component of the total subsidence in the
SFB (Fig. 9a), this argues for a weak potential role of
the sedimentary load. The sedimentary overload there-
fore cannot be a major controlling factor explaining the
differential flexuration observed within the basin.

Regarding points (2) and (3) above, while it is pos-
sible to discuss the role of the sedimentary overload
using only field-based data, interpretations of the al-
lochthon heterogeneity and the basement rheological
behaviour require an additional model approach. We
combine these in the following discussion. To that pur-
pose, we used three different scenarios (Fig. 14) with
the same initial setup (Section 4.d; Table 2) except for
the x and y dimensions of the model that are set to
2000 km in the x direction and 1000 km in the y dir-
ection to avoid border effects.

The first scenario tests the impact of a rheologic-
ally heterogeneous basement loaded by a homogen-
eous allochthon (Fig. 14a). The rigidity of the terrane
controls its capacity to flexure. The shape of ensuing
flexural foreland basins and the distribution of their
sedimentary records are therefore a direct consequence
of the rheological behaviour of the basement (Angev-
ine, Heller & Paola, 1990; Watts, 1992; Cardozo &
Jordan, 2001; Allen & Allen, 2005; Leever et al. 2006;
Fosdick, Graham & Hilley, 2014). Upon the high-
rigidity part of the basement (Te1), a wide foreland
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Figure 14. (Colour online) Numerical models showing the effects of the heterogeneities of the basement and of the topographic
load over the formation of a foreland basin. Dashed lines represent an area analogue to the SFB configuration. (a) Scenario using a
heterogeneous basement with contrasted elastic thicknesses (Te1 = 3×Te2) and a homogeneous allochthon. A large convex foreland
is formed upon the most rigid lithosphere. (b) Scenario using a heterogenous allochthon with a c. 100 km wide recess (lateral ramp)
and a homogeneous fixed Te lithosphere. A slightly wider concave foreland is formed within the recessed area and a cornering relief
appears on both sides of the recessed area in the allochthon. (c) Scenario showing the combined effect of a heterogeneous basement
with contrasted elastic thicknesses (Te1 = 3×Te2) and a heterogeneous allochthon with a c. 100 km wide recess (lateral ramp). A much
wider convex foreland is formed within the recessed area upon the rigid lithosphere, and a cornering relief on both sides of the recess
in the allochthon is also visible.

(λ2 ≈ 250 km) develops with a well-expressed convex
shape in map view and a barely expressed forebulge.
Upon the low-rigidity parts of the basement (Te2), a
narrower foreland (λ1 ≈ 100 km) is structured with
a more pronounced forebulge. This is in agreement
with the SFB observations. However, a N–S transect
(aa’, Fig. 14a) shows that the wider area of the fore-
land basin is deeper than observed in the field and that
only one high-relief area is individualized within the
central part of the allochthon. Even if the rigidity does

play a role in the development of the flexural foreland
basin, as commonly assumed in the literature (Angev-
ine, Heller & Paola, 1990; DeCelles & Giles, 1996;
Cardozo & Jordan, 2001; Allen & Allen, 2005; Leever
et al. 2006; Miall, 2010; Fosdick, Graham & Hilley,
2014), our results indicate that a rheological difference
is not enough to control the variations in SFB.

The second scenario uses a heterogeneous topo-
graphic load exerted by the allochthon upon a homo-
geneous ‘strong’ lithosphere (Te = 90 km; Fig. 14b).
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Figure 15. (Colour online) Cross-sections of the Sonoma Foreland Basin (SFB) illustrating variations in the subsidence and sedi-
mentary accumulation pattern during the PTU-Smithian interval. The Golconda Allochthon (GA) is the main topographic load on the
lithosphere (Dickinson, 2006, 2013; Marzolf, 1993); the postulated wedge-top is also represented. (AA’) W–E cross-section in the
northern part of the basin exhibiting a narrow foreland with a high-rate tectonic subsidence with a developed silty and limestone sed-
imentation over the Mesoproterozoic ‘thermally attenuated weak’ Farmington Terrane (FT). (BB’) W–E cross-section in the southern
part of the Sonoma Foreland Basin showing a wide foreland with a low-rate tectonic subsidence, forming a reduced deposition of
mainly terrigenous clastic series upon the Palaeoproterozoic ‘strong’ Mojave Terrane (MT). A barely expressed forebulge borders this
part of the SFB. (CC’). S–N cross-section of the basin, highlighting the differences between southern and northern parts of the SFB in
terms of subsidence, sedimentation and geometry of the basin. The transition between these two parts is situated close to the terranes
boundary between MT and FT. This area is postulated to be a basement topographic highland, as supported by the transition between
southern terrigenous clastic series and northern silty sedimentation.

The heterogeneity in the allochthon is introduced in
the form of a c. 100 km wide recess (i.e. a lateral ramp)
along its front. The foreland basin shows a larger area
(λ2 ≈ 180 km) in front of the lateral ramp compared
to the northern and southern parts (λ1 ≈ 110 km).
Moreover, a N–S transect (bb’ in Fig. 14b) shows that
the narrow northern part of the basin is deeper than in
front of the recess. An important relief is also formed
in the corners of the allochthon on both lateral borders
of the recess. This is in agreement with SFB observa-

tions. However, the overall shape of the foreland basin
is rather concave and penetrates significantly into the
recessed area. Even if the morphology of the alloch-
thon plays a role in the development of the foreland
basin, this numerical scenario shows marked differ-
ences with the SFB.

The third scenario combines both previously tested
heterogeneities (Fig. 14c). The graphic output exhib-
its a wider foreland (λ2 ≈ 350 km) emplaced above
the ‘strong’ lithosphere in front of the recess, and a
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narrow foreland (λ1 ≈ 100 km) above ‘weak’ litho-
spheres. This model reproduces well the convex shape
of the foreland basin with a marked forebulge devel-
opment upon ‘weak’ lithospheres, whereas it is less
pronounced upon the strong lithosphere. Moreover, a
N–S transect (cc’ in Fig. 14c) highlights a deeper area
upon the ‘weak’ lithosphere. Finally, a prominent relief
of the allochthon is observed on both corners border-
ing the recess.

To summarize, from the three possible mechanisms
proposed to explain the origin of the differential flex-
ural subsidence in the SFB, only the combined effect
of the heterogeneous rheology of the basement and the
spatial heterogeneity of the GA can be considered as
the major controlling factors.

5.c. Combined outcomes of heterogeneities over differential
subsidence

Our field data highlight the contrasted subsidence
between the northern and southern parts of the SFB.
The numerical model provides a complement to dis-
cuss the potential combined outcomes of rheology
and allochthon heterogeneities. Congruent features
between the numerical model of the SFB (Fig. 13), the
tested scenarios (Fig. 14) and field data (Fig. 15) in-
deed argue for a major controlling role of the alloch-
thon spatial heterogeneities and of the basement rhe-
ological behaviour on the formation and development
of the SFB during Early Triassic time. As these two
parameters are directly linked to the age, nature and
pattern of the basement terranes, the lithosphere her-
itage likely controls the flexuration and therefore the
subsidence variations documented for the Early Trias-
sic SFB.

Combining all field data and numerical simulations,
a model of the SFB is proposed in Figure 15. The
northern part of the basin (section AA’) is charac-
terized by a narrow foredeep (λ ≈ 250 km) with a
high-rate tectonic subsidence (c. 500 m Ma–1) and
high sedimentary thickness (up to c. 550 m of mostly
fine siltstones deposits), which is located upon the
‘weak/attenuated’ Farmington Terrane and in front of
the largest reconstructed part of the GA. The pos-
tulated wedge-top and forebulge are located above
the ‘strong’ Archean lithospheres, that is, the GCB
and WT, respectively. The southern part of the SFB
exhibits a large foredeep (λ ≈ 500 km, section
BB’) with a relatively low-rate tectonic subsidence
(c. 100 m Ma–1) and a reduced sedimentary thickness
(up to c. 250 m of mixed limestones and coarse clastic
deposits). This part of the SFB is emplaced upon the
‘strong’ lithospheres of the Palaeoproterozoic MT and
YT, in front of the thinnest reconstructed part of the
GA. The southern SFB also shows a reduced postu-
lated wedge-top to the west and a barely expressed
forebulge to the east. These spatial variations in flex-
ural subsidence and their good agreement with limits
of the terranes composing the SFB basement are also
evident along a S–N transect (section CC’). The spa-

tial separation between the shallow and gently dipping
southern part of the SFB and the deep and steep north-
ern part is obvious. This separation is located close to
the boundary between MT and FT.

6. Conclusion

In this study, we used an integrated approach to de-
cipher the major role of the lithospheric heritage
over the differential sedimentary deposition in the
Sonoma Foreland Basin during Early Triassic time.
Our approach used both field-based sedimentary data,
calibrated within a highly resolved biostratigraphic
framework, and numerical model to test the influence
of several potential controlling factors. Palinspastic re-
constructions were also performed to obtain an accur-
ate palaeogeographic context.

Using high-resolution temporal data, the subsidence
analyses help to identify the main controlling factors at
the origin of the spatial variations of the Early Triassic
sedimentary record in the SFB. The sedimentary over-
load cannot satisfactorily explain the observed vari-
ations in thickness of the sedimentary record through-
out the basin. The combined effects of the contrasted
lithospheric strength of the terranes (‘weak’ v. ‘strong’
lithospheres) composing the basement of the basin,
and the spatial heterogeneity of the Golconda Alloch-
thon (with the presence of a lateral ramp within the
belt), best explain a differential flexural response of
the SFB basement to the emplacement of the alloch-
thon. Such a differential flexural response ultimately
controls the overall geometry of the basin through
spatially heterogeneous tectonic subsidence rates:
c. 100 m Ma–1 in a wide southern part upon a ‘strong’
lithosphere loaded by a recessed and thin (in map-
view) front belt, v. c. 500 m Ma–1 in a narrower north-
ern part upon a ‘weak/attenuated’ lithosphere loaded
by a larger front belt. Although field data highlight the
potential role of the rheological behaviour of the base-
ment based on observed differential subsidence rates,
the numerical model approach suggests a combined ef-
fect of the latter and of the spatial heterogeneity of the
allochthon.

As heterogeneities of the basement and in the mor-
phology of the allochthon result from the nature and
history of the different lithospheric terranes that com-
pose the basement, the lithosphere heritage likely
played a prime role in controlling the development
of the Sonoma Foreland Basin during Early Triassic
time, and consequently generated the observed vari-
ations of the sedimentary record through differential
subsidence.
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