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Figure 9. Photographs of angular unconformity in 
Hermosa beds exposed along U.S. Highway 550 south 
of the Snowdon fault. Orientations
of the views are shown in Figure 2, and the location is 
shown in Figure 5. (A) Steep south limb of anticline at 
west end of the Snowdon fault;
the angular unconformity is exposed beneath more 
gently dipping beds south (left in view) of the abrupt 
hinge on the south limb of the anticline
(view to west). The crest of the anticline and the trace 
of the Snowdon fault are out of the view to the north 
(right in view). (B) Angular
unconformity exposed in highway cut (view to north). 
The hinge and steep up-turn of the south limb of the 
anticline are hidden behind the
shoulder of the highway cut. The Snowdon fault 
crosses the highway approximately at the position of 
the most distant car on the highway.
The north-dipping beds in the distance are in the 
north limb of the anticline on the north side of the 
Snowdon fault.
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Figure 10. Geologic map of the Gibson Peak growth syncline in the footwall of the Crestone thrust fault. See Figure 3B for map location.
Note angular unconformities (labeled U1 and U2) located in alluvial-fan deposits of the Crestone Conglomerate Member that indicate
intraformational structural rotation. Note the progressive eastward decrease in dip of bedding in the Crestone Conglomerate Member
away from the Crestone thrust fault.

Cristo Mountains, which offsets the Sangre de
Cristo Formation, may be a footwall splay off
the Huckleberry Mountain thrust fault and is
likewise interpreted to have accommodated Lar-
amide deformation.

The Gibson Peak syncline that we previ-
ously discussed is also present in the footwall
of the Sand Creek thrust fault (Fig. 13). The
syncline is bounded by the Pennsylvanian–
Permian Sand Creek fault on the west and by

the potentially Late Cretaceous–Eocene Huck-
leberry Mountain fault on the east. This age
relationship of an older fault bounding the
syncline on the west and a younger fault
bounding the syncline on the east is identical
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SYNDEPOSITIONAL THRUST-RELATED DEFORMATION AND SEDIMENTATION

Figure 3. (A) Generalized geologic map of the northern Sangre de
Cristo Mountains and surrounding region modified from Lindsey et
al. (1983). The Sangre de Cristo Mountains are a horst bounded by
the Rio Grande rift graben of the San Luis Valley on the west and
by the Wet Mountain Valley on the east. The Raton basin is a Lar-
amide basin that lay adjacent to the Laramide San Luis uplift (see
text). Dashed gray boxes denote locations of Figures 3B and 14A.
Circled numbers indicate locations of measured sections discussed
in text. Minturn Formation measured sections: 1—Interstate 70, 2—
Swissvale, 3—La Veta Pass. Sangre de Cristo Formation measured
sections: 6—Badger Creek, 7—Pleasant Valley syncline, 8—Red
Canyon, 9—Cuchara. (B) Detailed geologic map of the northern
Sangre de Cristo Mountains modified from Lindsey et al. (1983);
location is shown by dashed box in A. A–A� marks location of cross
section shown in Figure 12. B–B� marks location of cross section

shown in Figure 13. Dashed box outlines location of map shown in Figure 10. Circled numbers indicate locations of measured sections
discussed in the text. Minturn Formation measured sections: 4—Hermit Peak, 5—Milwaukee Peak. Sangre de Cristo Formation mea-
sured sections: 10—Middle Taylor Creek, 11—North Fork, 12—Groundhog, 13—Humboldt Peak, 14—Blueberry Peak. Stratigraphic
columns for measured sections not shown in Figures 4, 7, 8, and 9 can be found in Hoy (2000).

These deposits have been called the ‘‘undif-
ferentiated’’ Sangre de Cristo Formation
(Lindsey et al., 1983, 1986a) because here the
formation cannot be divided into the lower
member of the Sangre de Cristo Formation

and Crestone Conglomerate Member (Fig. 3B)
as is done in the hanging walls of the thrust
sheets in the western Sangre de Cristo Moun-
tains (Fig. 2A). Additionally, two major base-
ment-involved thrust faults, the Sand Creek

thrust fault and the Crestone thrust fault, are
present along the western side of the Sangre
de Cristo Mountains (Fig. 3B; Lindsey et al.,
1985).
Paleontologic data indicate that the Minturn

Hoy and Ridgway, GSA Bull, 2002

Growth structures in Sangres.
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closure  (Dickinson and Lawton, 2003). How-
ever, the Anadarko fault has well-documented 
early reverse and late sinistral-slip components 
(Fig. 17), which could indicate either (1) that 
the strike of the Anadarko fault more closely 
approximates east-west than the other thrusts; 
(2) orientation of the maximum horizontal stress 
component rotated during the history of the 
greater ancestral Rocky Mountains; or (3) a com-
bination of both. Other workers have proposed 
strike-slip motion on predominantly reverse-slip 
faults (Stevenson and Baars, 1986), thus it is 
possible that other faults of the ancestral Rocky 
Mountains may display multislip histories.

CONCLUSIONS

(1) Sedimentologic, stratigraphic, and struc-
tural data indicate that the Fountain Formation 
in the Manitou Springs study area is divisible 
into three separate tectonostratigraphic units—
lower, middle, and upper. The lower and middle 
units are syntectonic and were shed northeast-
ward from the basin-bounding ancestral Ute 

Pass fault. The upper Fountain Formation is 
post-tectonic, thus constraining movement on 
that fault.

(2) Rejuvenation of the ancestral Ute Pass 
fault zone created the intraformational uncon-
formity separating the lower and middle units 
of the Fountain Formation. This event produced 
a basinward-propagating splay with reverse dip 
slip, as indicated by exhumation marked by the 
abrupt introduction of lower Paleozoic clasts 
into the Fountain depositional system, and by 
fault-parallel folding of the strata below the 
upper  Fountain Formation.

(3) Intermittent fl uvial sedimentation and an 
estimated steep depositional slope (~0.005), 
coupled with the intercalation of prograding 
marine cycles, is inferred to refl ect deposition 
in a fan-delta setting for the lower and middle 
Fountain strata. Conversely, the upper Fountain 
Formation records a braided-river depositional 
setting as indicated by a >4 km wide system of 
multistory fl uvial bodies, yet lacking true fi ne-
grained, laminated overbank deposits and an 
esti mated lower depositional slope (~0.0008).

(4) Deposition of the lower Fountain Forma-
tion began in the Morrowan–Atokan, as indi-
cated by conodonts present in distal marine 
facies, and reasonably could have continued 
through Desmonesian (?) time for the middle 
Fountain Formation. The upper Fountain For-
mation is undated, but its gradational relation-
ship between the overlying eolian unit (Lyons or 
Ingleside, which elsewhere are fossil-bearing) 
in the study area suggests earliest Permian to 
Middle–Early Permian age. These relation-
ships indicate that the ancestral Ute Pass fault 
had ceased movement by latest Pennsylvanian–
Early Permian time, whereupon the upper Foun-
tain Formation onlapped the Ute Pass uplift.

(5) All three tectonostratigraphic units were 
deposited within a northwest-southeast–oriented  
structural trough, previously proposed as the 
Woodland Park trough (Kluth and McCreary, 
2006). The lower and middle tectonostrati-
graphic units of the Fountain Formation record 
deposition infl uenced by structural subsidence 
of that trough during peak ancestral Rocky 
Mountains tectonism. The upper Fountain 
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Figure 17. Inferred timing and kinematics of faults with a documented ancestral Rocky Mountains history. Light gray represents pre-
dominantly strike-slip motion, whereas dark gray indicates predominantly reverse motion. Dashed bars indicate range of time faulting is 
thought to have initiated (bottom of fi gure) or ceased (top of fi gure). Abbreviations: ut—Uncompahgre thrust (slip-sense from Frahme and 
Vaughn, 1983); rf—Ridgeway fault (slip-sense from Stevenson and Baars, 1986; Thomas, 2007); pp—Picuris-Pecos fault (slip-sense from 
Cather et al., 2006; Wawrzyniec et al., 2007); ct—Crestone thrust (slip-sense from Hoy and Ridgway, 2002); aupf—ancestral Ute Pass fault 
(slip-sense data herein); fc—Freezeout Creek fault (slip-sense from Maher, 1953; McKee, 1975); at—Anadarko thrust (slip-sense from 
Brewer et al., 1983); wv—Washita Valley fault (slip-sense from Tanner, 1967). Time scale is from Gradstein et al. (2004).
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closure  (Dickinson and Lawton, 2003). How-
ever, the Anadarko fault has well-documented 
early reverse and late sinistral-slip components 
(Fig. 17), which could indicate either (1) that 
the strike of the Anadarko fault more closely 
approximates east-west than the other thrusts; 
(2) orientation of the maximum horizontal stress 
component rotated during the history of the 
greater ancestral Rocky Mountains; or (3) a com-
bination of both. Other workers have proposed 
strike-slip motion on predominantly reverse-slip 
faults (Stevenson and Baars, 1986), thus it is 
possible that other faults of the ancestral Rocky 
Mountains may display multislip histories.

CONCLUSIONS

(1) Sedimentologic, stratigraphic, and struc-
tural data indicate that the Fountain Formation 
in the Manitou Springs study area is divisible 
into three separate tectonostratigraphic units—
lower, middle, and upper. The lower and middle 
units are syntectonic and were shed northeast-
ward from the basin-bounding ancestral Ute 

Pass fault. The upper Fountain Formation is 
post-tectonic, thus constraining movement on 
that fault.

(2) Rejuvenation of the ancestral Ute Pass 
fault zone created the intraformational uncon-
formity separating the lower and middle units 
of the Fountain Formation. This event produced 
a basinward-propagating splay with reverse dip 
slip, as indicated by exhumation marked by the 
abrupt introduction of lower Paleozoic clasts 
into the Fountain depositional system, and by 
fault-parallel folding of the strata below the 
upper  Fountain Formation.

(3) Intermittent fl uvial sedimentation and an 
estimated steep depositional slope (~0.005), 
coupled with the intercalation of prograding 
marine cycles, is inferred to refl ect deposition 
in a fan-delta setting for the lower and middle 
Fountain strata. Conversely, the upper Fountain 
Formation records a braided-river depositional 
setting as indicated by a >4 km wide system of 
multistory fl uvial bodies, yet lacking true fi ne-
grained, laminated overbank deposits and an 
esti mated lower depositional slope (~0.0008).

(4) Deposition of the lower Fountain Forma-
tion began in the Morrowan–Atokan, as indi-
cated by conodonts present in distal marine 
facies, and reasonably could have continued 
through Desmonesian (?) time for the middle 
Fountain Formation. The upper Fountain For-
mation is undated, but its gradational relation-
ship between the overlying eolian unit (Lyons or 
Ingleside, which elsewhere are fossil-bearing) 
in the study area suggests earliest Permian to 
Middle–Early Permian age. These relation-
ships indicate that the ancestral Ute Pass fault 
had ceased movement by latest Pennsylvanian–
Early Permian time, whereupon the upper Foun-
tain Formation onlapped the Ute Pass uplift.

(5) All three tectonostratigraphic units were 
deposited within a northwest-southeast–oriented  
structural trough, previously proposed as the 
Woodland Park trough (Kluth and McCreary, 
2006). The lower and middle tectonostrati-
graphic units of the Fountain Formation record 
deposition infl uenced by structural subsidence 
of that trough during peak ancestral Rocky 
Mountains tectonism. The upper Fountain 
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Figure 17. Inferred timing and kinematics of faults with a documented ancestral Rocky Mountains history. Light gray represents pre-
dominantly strike-slip motion, whereas dark gray indicates predominantly reverse motion. Dashed bars indicate range of time faulting is 
thought to have initiated (bottom of fi gure) or ceased (top of fi gure). Abbreviations: ut—Uncompahgre thrust (slip-sense from Frahme and 
Vaughn, 1983); rf—Ridgeway fault (slip-sense from Stevenson and Baars, 1986; Thomas, 2007); pp—Picuris-Pecos fault (slip-sense from 
Cather et al., 2006; Wawrzyniec et al., 2007); ct—Crestone thrust (slip-sense from Hoy and Ridgway, 2002); aupf—ancestral Ute Pass fault 
(slip-sense data herein); fc—Freezeout Creek fault (slip-sense from Maher, 1953; McKee, 1975); at—Anadarko thrust (slip-sense from 
Brewer et al., 1983); wv—Washita Valley fault (slip-sense from Tanner, 1967). Time scale is from Gradstein et al. (2004).
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driven by westward overthrusting of the Uncompahgre 
uplift. As stated earlier, the basin axis was skewed strongly 
to the east adjacent to the Uncompahgre uplift (Mallory,

Figure 10 (facing column). Geohistory diagrams for four sed- 
imentary provinces in the Uinta-Piceance basin region. A, 
Oquirrh basin; B, Wyoming shelf; C, northern Paradox basin; 
D, Eagle basin. The origin of each curve at the beginning of 
the Pennsylvanian is assumed to be at sea level because the 
Late Mississippian in each province was characterized either 
by shallow-marine carbonate deposition (A, B) or by minimal 
emergence (C, D). Solid lines represent total subsidence. Dot- 
ted lines represent subsidence of the Late Mississippian "base- 
ment" corrected for the incremental load induced by the 
weight of sediment through time and, thus, the subsidence due 
to tectonics. Solid circles represent the time-thickness data 
points used in the analysis. Time scale used is from Haq and 
Van Eysinga (1987). Diagram A also shows the same data plot- 
ted using the time scale proposed by Klein (1990). Corrections 
for compaction are based on lithology and follow the exponen- 
tial porosity function presented by Sclater and Christie (1980). 
No corrections were made for bathymetry or eustatic fluctua- 
tions. Because of uncertainties involving the ages of units and 
their compaction and diagenetic histories, the plots should be 
regarded as approximations. Sources of data: A, south-central 
Oquirrh Mountains (Tooker and Roberts, 1970); B, Split Moun- 
tain anticline (Kinney, 1955; Thomas and others, 1945); C, 
northern Paradox basin (jay Roberts no. 1 Whitecloud, sec. 34, 
T. 22 S., R. 17 E.); D, White River uplift (Johnson and others, 
1988).

1972, 1975), consistent with this inference. Subsidence in 
the eastern Eagle basin (fig. 10D) closely resembles that in 
the northern Paradox basin, supporting the contention that 
the Gore fault (for which the sense of late Paleozoic offset is 
uncertain) on the eastern margin of Eagle basin was also a 
reverse fault. Alternatively, two different yet synchronous 
tectonic processes (flexural loading in the northern Paradox 
basin, oblique or normal rifting in the Eagle basin) would 
need to be invoked to produce their almost identical subsid- 
ence histories.

Evaporite deposition in both the northern Paradox basin 
and the Eagle basin probably was controlled by subsidence 
rate, drainage restriction, arid climate, and fluctuating 
eustasy. Evaporite deposition in each basin occurred only 
during the Middle Pennsylvanian, the time of most rapid 
subsidence. Rapid subsidence commonly results in trapping 
of clastic sediment adjacent to basin margins (Blair and Bilo- 
deau, 1988; Heller and others, 1988), causing basin interiors 
to become isolated from supplies of clastic sediment (or sed- 
iment starved), a partial requirement for evaporite deposi- 
tion. Drainage restriction took different forms in the two 
basins, with an inferred tectonic barrier at the northern end 
of the Paradox basin and a combined tectonic (slowly sub- 
siding) and sedimentary (the positive relief on the Morgan 
Formation dune field) barrier at the northern end of the Eagle 
basin (fig. 7A). Regular eustatic fluctuations led to submer- 
gence of these barriers and replenishment of the water col- 
umn. Re-emergence of barriers during eustatic regressions 
led to isolation of water bodies and climate-induced evapor- 
ite deposition. All of the above conditions were required for 
evaporite deposition; evaporite deposition ceased in the Late 
Pennsylvanian when subsidence rates diminished (figs. 10C,
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to the east adjacent to the Uncompahgre uplift (Mallory,
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imentary provinces in the Uinta-Piceance basin region. A, 
Oquirrh basin; B, Wyoming shelf; C, northern Paradox basin; 
D, Eagle basin. The origin of each curve at the beginning of 
the Pennsylvanian is assumed to be at sea level because the 
Late Mississippian in each province was characterized either 
by shallow-marine carbonate deposition (A, B) or by minimal 
emergence (C, D). Solid lines represent total subsidence. Dot- 
ted lines represent subsidence of the Late Mississippian "base- 
ment" corrected for the incremental load induced by the 
weight of sediment through time and, thus, the subsidence due 
to tectonics. Solid circles represent the time-thickness data 
points used in the analysis. Time scale used is from Haq and 
Van Eysinga (1987). Diagram A also shows the same data plot- 
ted using the time scale proposed by Klein (1990). Corrections 
for compaction are based on lithology and follow the exponen- 
tial porosity function presented by Sclater and Christie (1980). 
No corrections were made for bathymetry or eustatic fluctua- 
tions. Because of uncertainties involving the ages of units and 
their compaction and diagenetic histories, the plots should be 
regarded as approximations. Sources of data: A, south-central 
Oquirrh Mountains (Tooker and Roberts, 1970); B, Split Moun- 
tain anticline (Kinney, 1955; Thomas and others, 1945); C, 
northern Paradox basin (jay Roberts no. 1 Whitecloud, sec. 34, 
T. 22 S., R. 17 E.); D, White River uplift (Johnson and others, 
1988).

1972, 1975), consistent with this inference. Subsidence in 
the eastern Eagle basin (fig. 10D) closely resembles that in 
the northern Paradox basin, supporting the contention that 
the Gore fault (for which the sense of late Paleozoic offset is 
uncertain) on the eastern margin of Eagle basin was also a 
reverse fault. Alternatively, two different yet synchronous 
tectonic processes (flexural loading in the northern Paradox 
basin, oblique or normal rifting in the Eagle basin) would 
need to be invoked to produce their almost identical subsid- 
ence histories.

Evaporite deposition in both the northern Paradox basin 
and the Eagle basin probably was controlled by subsidence 
rate, drainage restriction, arid climate, and fluctuating 
eustasy. Evaporite deposition in each basin occurred only 
during the Middle Pennsylvanian, the time of most rapid 
subsidence. Rapid subsidence commonly results in trapping 
of clastic sediment adjacent to basin margins (Blair and Bilo- 
deau, 1988; Heller and others, 1988), causing basin interiors 
to become isolated from supplies of clastic sediment (or sed- 
iment starved), a partial requirement for evaporite deposi- 
tion. Drainage restriction took different forms in the two 
basins, with an inferred tectonic barrier at the northern end 
of the Paradox basin and a combined tectonic (slowly sub- 
siding) and sedimentary (the positive relief on the Morgan 
Formation dune field) barrier at the northern end of the Eagle 
basin (fig. 7A). Regular eustatic fluctuations led to submer- 
gence of these barriers and replenishment of the water col- 
umn. Re-emergence of barriers during eustatic regressions 
led to isolation of water bodies and climate-induced evapor- 
ite deposition. All of the above conditions were required for 
evaporite deposition; evaporite deposition ceased in the Late 
Pennsylvanian when subsidence rates diminished (figs. 10C,
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Figure 2. Schematic map showing paleogeography of the Uinta-Piceance basin region, adjacent basins and uplifts of the ances- 
tral Rocky Mountain orogeny, and inferred continental margins to the west and southeast. Map does not restore Mesozoic short- 
ening and Cenozoic extension in the western United States. Abbreviations: AB, Anadarko basin; AOB, Antler overlap basins; CS, 
Callville shelf; DB, Delaware basin; DEB, Denver basin; DMT, Dry Mountain trough; EB, Eagle basin; EU, Emery uplift; FRU, Front 
Range uplift; MB, Midland basin; OB, Oquirrh basin; ORB, Orogrande basin; PB, Paradox basin; PDB, Palo Duro basin; UU, Un- 
compahgre uplift; WYS, Wyoming shelf. Areas characterized by minimal uplift or subsidence are considered "neutral." Modified 
from McKee and Crosby (1975), Ross (1986), Stone and Stevens (1988), and Smith and Miller (1990).

demonstrate that Pennsylvania!! and lower Wolfcampian 
strata of the Uinta-Piceance region are commonly cyclic, 
characterized by repetitive sequences of lithofacies that 
represent repetitive successions of depositional environ- 
ments. Comparable cyclic deposition in upper Paleozoic 
strata has been widely recognized globally and is gener- 
ally attributed to eustatic fluctuations and associated cli- 
mate changes forced by expansions and contractions of 
Gondwana continental ice sheets (for example, Crowell, 
1978; Heckel, 1986; Ross and Ross, 1987, 1988).

Existing paleogeographic maps and reconstructions for 
the Uinta-Piceance region greatly homogenize geologic his- 
tory by showing only the dominant lithology deposited dur- 
ing a particular cycle or sequence and not the variations in 
depositional environments and lithofacies represented in the 
sedimentary cycles. The maps presented herein show 
inferred differences between eustatic transgressive and 
regressive deposition and thus differ significantly from ear- 
lier paleogeographic reconstructions. Paired maps for four

time intervals (Morrowan and early Atokan, late Atokan and 
Desmoinesian, Virgilian and Missourian, early Wolf- 
campian) are presented. These maps represent the duration 
of the ancestral Rocky Mountain orogeny and also corre- 
spond to the Absaroka I sequence of Sloss (1982). The maps 
are speculative because many relevant rock units have not 
been studied in detail (particularly in the subsurface), and 
they should be regarded as preliminary working models. 
Their purpose is to illustrate the likely large-scale regional 
variations within a time interval and, in so doing, to demon- 
strate the necessity of this type of approach for reconstruct- 
ing late Paleozoic paleogeography.
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D, 11), and clastic sediments began to prograde into the 
basin interiors.

The slowly subsiding Wyoming shelf (fig. 105) served as 
a bypass zone across which sediment was transported south- 
westward to the rapidly subsiding Oquirrh basin. The much 
larger amount of total subsidence in the Oquirrh basin (6-7 
times greater than on the Wyoming shelf) (fig. 11) suggests 
that significant structures (faults or ramps) were present 
between the two depositional provinces. This inferred zone 
of structural weakness is not presently recognizable; it was 
presumably reactivated during the Cretaceous Sevier and
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Figure 11. Ceohistory diagrams comparing total subsidence 
(A) and basement subsidence (B) in four sedimentary provinces 
in the Uinta-Piceance basin region. See figure 10 for details 
concerning construction of the diagrams.

early Tertiary Laramide orogeny or has been buried by 
younger sediments. Despite the contrasts in subsidence his- 
tory, shallow-marine deposition in both the Wyoming shelf 
and the Oquirrh basin through most of the Pennsylvania!! 
indicates that sediment supply kept up with subsidence in the 
Oquirrh basin. Deepening of the Oquirrh basin in the latest 
Pennsylvania and the Early Permian (fig. 9) was apparently 
not accompanied by a significant increase in subsidence 
rates (fig. 10/4). Diminishing sediment supply may therefore 
have led to the formation of deep-water depositional envi- 
ronments.

The Oquirrh basin is distinguished from the three other 
depositional provinces plotted on figure 11 on the basis of its 
higher rates and magnitude of subsidence and its continuing 
high subsidence rates through the Late Pennsylvanian and 
the Early Permian. All of the Uinta-Piceance basin region 
was located east of the ISr=0.706 isopleth for Mesozoic and 
Cenozoic igneous rocks (Kistler and Peterman, 1978); thus 
its basement rocks are similar. The Oquirrh basin, however, 
does overlie the hinge zone of the Late Proterozoic to mid- 
Paleozoic miogeocline (Hill, 1976), and weakened crust in 
this zone might in part be responsible for the anomalously 
high subsidence in the Oquirrh basin. More importantly, the 
tectonic controls on subsidence in the Oquirrh basin were 
probably different from those in the Eagle and Paradox 
basins.

Both the timing (figs. 10,11) and geometry of subsidence 
suggest that late Paleozoic deformation in the Uinta- 
Piceance region of the ancestral Rocky Mountains resulted 
from interactions along both the western and southeastern 
continental margins (fig. 2). As stated earlier, initial sub- 
sidence of the Oquirrh basin and the Wyoming shelf as dis- 
crete basinal elements began in the Late Mississippian. This 
subsidence predates the onset of significant deformation in 
the more proximal parts of the foreland province associated 
with the Marathon-Ouachita erogenic belt (the collisional 
mountain belt of the southeastern convergent margin) by 
10-20 million years and predates initial subsidence in the 
Eagle and Paradox basins by 25-30 million years (Kluth, 
1986). Assuming that the effects of the continent-continent 
collision to the southeast propagated inland with time as the 
collision broadened or even that deformation was initiated 
synchronously across the entire foreland, the early phases of 
subsidence in the Oquirrh basin and Wyoming shelf are too 
old to be the result of the collision and demand an indepen- 
dent driving force. The inferred extensional or transtensional 
origin of the Oquirrh basin is consistent with the structural 
style noted to the west by Ketner (1977) and Smith and 
Miller (1990), and a western driving force is highly likely. In 
contrast, the inferred contractional or transpressional style of 
the Paradox basin and possibly the Eagle basin may be more 
consistent with the foreland deformation associated with a 
convergent margin.

Can the effects of the western and southeastern driving 
forces be isolated? Because significant subsidence in the 
Eagle and Paradox basins did not begin until the Atokan,
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Figure 2. Schematic map showing paleogeography of the Uinta-Piceance basin region, adjacent basins and uplifts of the ances- 
tral Rocky Mountain orogeny, and inferred continental margins to the west and southeast. Map does not restore Mesozoic short- 
ening and Cenozoic extension in the western United States. Abbreviations: AB, Anadarko basin; AOB, Antler overlap basins; CS, 
Callville shelf; DB, Delaware basin; DEB, Denver basin; DMT, Dry Mountain trough; EB, Eagle basin; EU, Emery uplift; FRU, Front 
Range uplift; MB, Midland basin; OB, Oquirrh basin; ORB, Orogrande basin; PB, Paradox basin; PDB, Palo Duro basin; UU, Un- 
compahgre uplift; WYS, Wyoming shelf. Areas characterized by minimal uplift or subsidence are considered "neutral." Modified 
from McKee and Crosby (1975), Ross (1986), Stone and Stevens (1988), and Smith and Miller (1990).

demonstrate that Pennsylvania!! and lower Wolfcampian 
strata of the Uinta-Piceance region are commonly cyclic, 
characterized by repetitive sequences of lithofacies that 
represent repetitive successions of depositional environ- 
ments. Comparable cyclic deposition in upper Paleozoic 
strata has been widely recognized globally and is gener- 
ally attributed to eustatic fluctuations and associated cli- 
mate changes forced by expansions and contractions of 
Gondwana continental ice sheets (for example, Crowell, 
1978; Heckel, 1986; Ross and Ross, 1987, 1988).

Existing paleogeographic maps and reconstructions for 
the Uinta-Piceance region greatly homogenize geologic his- 
tory by showing only the dominant lithology deposited dur- 
ing a particular cycle or sequence and not the variations in 
depositional environments and lithofacies represented in the 
sedimentary cycles. The maps presented herein show 
inferred differences between eustatic transgressive and 
regressive deposition and thus differ significantly from ear- 
lier paleogeographic reconstructions. Paired maps for four

time intervals (Morrowan and early Atokan, late Atokan and 
Desmoinesian, Virgilian and Missourian, early Wolf- 
campian) are presented. These maps represent the duration 
of the ancestral Rocky Mountain orogeny and also corre- 
spond to the Absaroka I sequence of Sloss (1982). The maps 
are speculative because many relevant rock units have not 
been studied in detail (particularly in the subsurface), and 
they should be regarded as preliminary working models. 
Their purpose is to illustrate the likely large-scale regional 
variations within a time interval and, in so doing, to demon- 
strate the necessity of this type of approach for reconstruct- 
ing late Paleozoic paleogeography.
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Figure 8. A comparison between our best-fitting Pacific plate model, and
the best-fit models of Parsons & Sclater (1977) and Stein & Stein (1992).
Parsons & Sclater (1977) used selected data from the deepest parts of the
Pacific measured away from seamounts, plateaus and the Hawaiian Swell,
and described the subsidence using a model of a 125 km conductive plate,
with a basal temperature of 1333◦C, a conductivity of 3.1 W m−1K−1, and
a volume expansivity of 3.28 × 10−5 K−1. As Robinson & Parsons (1988b)
acknowledge, the data set Parsons & Sclater (1977) used was biased to deeper
values because they did not eliminate measurements taken over regions of
negative dynamic topography. Stein & Stein (1992) used sediment-corrected
depths from all parts of the Pacific and Atlantic Oceans. By definition, they
found the average depth as a function of age to be shallower than that found
by Parsons & Sclater (1977), and described the subsidence using a model of a
95-km-thick cooling plate with a basal temperature of 1450◦C, a conductivity
of 3.1 W m−1K−1, and an expansivity of 3.1 × 10−5 K−1. The zero-age
depth for all three curves is 2800 m. The data is the same as plotted in
Fig. 7(a). Our best-fit plate model provides a poor fit to the variation of
depth with age between the ages of 80–130 Ma. Furthermore, because the
other authors used different data selection criteria to us, their models do not
provide an adequate description of our estimate of the variation of depth
with age once they depart from a conductive

√
t cooling trend either.

thickness is approximately 90 km, given a zero-age depth of 2650 m.
A least-squares fit of a

√
t subsidence curve to the median depths in

Fig. 9(b) younger than 80 Ma is d = −2527−336
√

t . In the South-
east Atlantic, the best-fit thermal plate thickness is approximately
95 km with a zero-age depth of 2650 m. A least-squares fit of a

√
t

subsidence curve to the median depths in Fig. 9(d) younger than
80 Ma is d = −2444 − 347

√
t . In both regions, the departure

from
√

t subsidence as the ocean ages is more rapid than would be
expected given plate-like subsidence, and there is a couple of hun-
dred metres of shallowing at ages in excess of 100 Ma. Because of
uncertainty in the sediment correction and the continental margin
gravity anomaly, we terminated the reference table at 150 Ma in the
Northeast Atlantic and at 120 Ma in the Southeast Atlantic.

4.1.4 North Indian Ocean

Results for the North Indian ocean are shown in Fig. 10(a) and
listed in Tables A9 and A10. Because of the limited number of
data points and low correlation between topography and gravity
at ages in excess of 120 Ma, we terminated the reference table
at 120 Ma. There are very few regions with near-zero gravity
anomalies, and the depth–age curves calculated using only those
regions do not appear to follow a simple

√
t subsidence trend. How-

ever, the entire Indian ocean is covered by a very-long-wavelength

negative gravity anomaly, which has no clear topographic expres-
sion. We investigated the effect of subtracting the longest wave-
length gravity field before processing the data, and found that it
improved the correlation between the selected blocks of gravity
and topography significantly (compare Figs 10c and d). The new
reference depth–age trend is shown in Fig. 10(b), and is deeper
than the trend in Fig. 10a because the baselevel has been shifted;
we find the average subsidence is fit well using a model of a
90-km-thick conductive plate. We attempted the same procedure
in the Pacific and Northwest Atlantic, but found that it made the
correlation worse (for instance, rs in the Pacific in the age range
90–100 Ma was reduced from 0.89 to −0.22).

4.2 Correlation between gravity and topography over
swells and troughs

The correlation between selected 30 min block-medians of gravity
and sediment-corrected topography in each age-bin is illustrated in
Fig. 11 and described below. For sample sizes larger than 100, the
probability that a correlation with rs > 0.2 occurred by chance is
less than 5 per cent.

4.2.1 North pacific

The best and most convincing correlations between gravity and to-
pography are in the central Pacific between the ages of 60–110 Ma.
The highest correlation coefficient is 0.89 in the age range 90–100
Ma, where the best-fit linear slope is 27.6 mGal km−1 (Table A1).
The slope and strong correlation are characteristic of convective
swells and troughs (e.g. McKenzie 1994). On older ocean floor,
the gravity anomalies are mostly negative. rs decreases to 0.4–0.6
within individual age bins, and the best-fit slope increases to between
30–40 mGal km−1. This may be a result of unwanted pollution from
unexcluded regions of thickened crust (such as small seamounts),
which have a higher admittance between topography and gravity
than dynamic swells. These results differ little if topography is plot-
ted against residual gravity rather than observed gravity.

4.2.2 Atlantic and Indian

Plots of gravity versus topography show a greater degree of vari-
ability in the Atlantic than they do in the Pacific. This may be in
part a result of a more pronounced uncompensated surface rough-
ness associated with slower spreading rates (Hayes & Kane 1991)
and a lack of variation of dynamic topography within individual age
bins. For instance, in the Northwest Atlantic between the ages of
80–90 Ma, the best-fit slope of observed gravity versus topography
is 65 mGal km−1 (Table A3), which is approximately the expected
value for uncompensated crust (e.g. McKenzie & Fairhead 1997,
Figure 4a). Elsewhere in the Northwest Atlantic, the slopes vary
from 30–40 mGal km−1 within individual age bins, with rs varying
from 0.5–0.9. The Northeast Atlantic is more consistent: between
the ages of 40–100 Ma the slopes vary from 30–40 mGal km−1,
and rs from 0.5–0.75. Similar results are found in the North In-
dian ocean once the very-long-wavelength gravity field is removed:
between the ages of 40–100 Ma, the slopes within individual age
bins vary from 35–45 mGal km−1 and the coefficients from 0.5–0.9
(Table A10). In the Southeast Atlantic (Table A7), the slopes are
lower (20–25 mGal km−1), as are the correlations (0.2–0.7). Plotting
topography versus residual gravity instead of gravity again makes
relatively little difference to the results.
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Pacific Plate

D, 11), and clastic sediments began to prograde into the 
basin interiors.

The slowly subsiding Wyoming shelf (fig. 105) served as 
a bypass zone across which sediment was transported south- 
westward to the rapidly subsiding Oquirrh basin. The much 
larger amount of total subsidence in the Oquirrh basin (6-7 
times greater than on the Wyoming shelf) (fig. 11) suggests 
that significant structures (faults or ramps) were present 
between the two depositional provinces. This inferred zone 
of structural weakness is not presently recognizable; it was 
presumably reactivated during the Cretaceous Sevier and
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Figure 11. Ceohistory diagrams comparing total subsidence 
(A) and basement subsidence (B) in four sedimentary provinces 
in the Uinta-Piceance basin region. See figure 10 for details 
concerning construction of the diagrams.

early Tertiary Laramide orogeny or has been buried by 
younger sediments. Despite the contrasts in subsidence his- 
tory, shallow-marine deposition in both the Wyoming shelf 
and the Oquirrh basin through most of the Pennsylvania!! 
indicates that sediment supply kept up with subsidence in the 
Oquirrh basin. Deepening of the Oquirrh basin in the latest 
Pennsylvania and the Early Permian (fig. 9) was apparently 
not accompanied by a significant increase in subsidence 
rates (fig. 10/4). Diminishing sediment supply may therefore 
have led to the formation of deep-water depositional envi- 
ronments.

The Oquirrh basin is distinguished from the three other 
depositional provinces plotted on figure 11 on the basis of its 
higher rates and magnitude of subsidence and its continuing 
high subsidence rates through the Late Pennsylvanian and 
the Early Permian. All of the Uinta-Piceance basin region 
was located east of the ISr=0.706 isopleth for Mesozoic and 
Cenozoic igneous rocks (Kistler and Peterman, 1978); thus 
its basement rocks are similar. The Oquirrh basin, however, 
does overlie the hinge zone of the Late Proterozoic to mid- 
Paleozoic miogeocline (Hill, 1976), and weakened crust in 
this zone might in part be responsible for the anomalously 
high subsidence in the Oquirrh basin. More importantly, the 
tectonic controls on subsidence in the Oquirrh basin were 
probably different from those in the Eagle and Paradox 
basins.

Both the timing (figs. 10,11) and geometry of subsidence 
suggest that late Paleozoic deformation in the Uinta- 
Piceance region of the ancestral Rocky Mountains resulted 
from interactions along both the western and southeastern 
continental margins (fig. 2). As stated earlier, initial sub- 
sidence of the Oquirrh basin and the Wyoming shelf as dis- 
crete basinal elements began in the Late Mississippian. This 
subsidence predates the onset of significant deformation in 
the more proximal parts of the foreland province associated 
with the Marathon-Ouachita erogenic belt (the collisional 
mountain belt of the southeastern convergent margin) by 
10-20 million years and predates initial subsidence in the 
Eagle and Paradox basins by 25-30 million years (Kluth, 
1986). Assuming that the effects of the continent-continent 
collision to the southeast propagated inland with time as the 
collision broadened or even that deformation was initiated 
synchronously across the entire foreland, the early phases of 
subsidence in the Oquirrh basin and Wyoming shelf are too 
old to be the result of the collision and demand an indepen- 
dent driving force. The inferred extensional or transtensional 
origin of the Oquirrh basin is consistent with the structural 
style noted to the west by Ketner (1977) and Smith and 
Miller (1990), and a western driving force is highly likely. In 
contrast, the inferred contractional or transpressional style of 
the Paradox basin and possibly the Eagle basin may be more 
consistent with the foreland deformation associated with a 
convergent margin.

Can the effects of the western and southeastern driving 
forces be isolated? Because significant subsidence in the 
Eagle and Paradox basins did not begin until the Atokan,
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Figure 8. A comparison between our best-fitting Pacific plate model, and
the best-fit models of Parsons & Sclater (1977) and Stein & Stein (1992).
Parsons & Sclater (1977) used selected data from the deepest parts of the
Pacific measured away from seamounts, plateaus and the Hawaiian Swell,
and described the subsidence using a model of a 125 km conductive plate,
with a basal temperature of 1333◦C, a conductivity of 3.1 W m−1K−1, and
a volume expansivity of 3.28 × 10−5 K−1. As Robinson & Parsons (1988b)
acknowledge, the data set Parsons & Sclater (1977) used was biased to deeper
values because they did not eliminate measurements taken over regions of
negative dynamic topography. Stein & Stein (1992) used sediment-corrected
depths from all parts of the Pacific and Atlantic Oceans. By definition, they
found the average depth as a function of age to be shallower than that found
by Parsons & Sclater (1977), and described the subsidence using a model of a
95-km-thick cooling plate with a basal temperature of 1450◦C, a conductivity
of 3.1 W m−1K−1, and an expansivity of 3.1 × 10−5 K−1. The zero-age
depth for all three curves is 2800 m. The data is the same as plotted in
Fig. 7(a). Our best-fit plate model provides a poor fit to the variation of
depth with age between the ages of 80–130 Ma. Furthermore, because the
other authors used different data selection criteria to us, their models do not
provide an adequate description of our estimate of the variation of depth
with age once they depart from a conductive

√
t cooling trend either.

thickness is approximately 90 km, given a zero-age depth of 2650 m.
A least-squares fit of a

√
t subsidence curve to the median depths in

Fig. 9(b) younger than 80 Ma is d = −2527−336
√

t . In the South-
east Atlantic, the best-fit thermal plate thickness is approximately
95 km with a zero-age depth of 2650 m. A least-squares fit of a

√
t

subsidence curve to the median depths in Fig. 9(d) younger than
80 Ma is d = −2444 − 347

√
t . In both regions, the departure

from
√

t subsidence as the ocean ages is more rapid than would be
expected given plate-like subsidence, and there is a couple of hun-
dred metres of shallowing at ages in excess of 100 Ma. Because of
uncertainty in the sediment correction and the continental margin
gravity anomaly, we terminated the reference table at 150 Ma in the
Northeast Atlantic and at 120 Ma in the Southeast Atlantic.

4.1.4 North Indian Ocean

Results for the North Indian ocean are shown in Fig. 10(a) and
listed in Tables A9 and A10. Because of the limited number of
data points and low correlation between topography and gravity
at ages in excess of 120 Ma, we terminated the reference table
at 120 Ma. There are very few regions with near-zero gravity
anomalies, and the depth–age curves calculated using only those
regions do not appear to follow a simple

√
t subsidence trend. How-

ever, the entire Indian ocean is covered by a very-long-wavelength

negative gravity anomaly, which has no clear topographic expres-
sion. We investigated the effect of subtracting the longest wave-
length gravity field before processing the data, and found that it
improved the correlation between the selected blocks of gravity
and topography significantly (compare Figs 10c and d). The new
reference depth–age trend is shown in Fig. 10(b), and is deeper
than the trend in Fig. 10a because the baselevel has been shifted;
we find the average subsidence is fit well using a model of a
90-km-thick conductive plate. We attempted the same procedure
in the Pacific and Northwest Atlantic, but found that it made the
correlation worse (for instance, rs in the Pacific in the age range
90–100 Ma was reduced from 0.89 to −0.22).

4.2 Correlation between gravity and topography over
swells and troughs

The correlation between selected 30 min block-medians of gravity
and sediment-corrected topography in each age-bin is illustrated in
Fig. 11 and described below. For sample sizes larger than 100, the
probability that a correlation with rs > 0.2 occurred by chance is
less than 5 per cent.

4.2.1 North pacific

The best and most convincing correlations between gravity and to-
pography are in the central Pacific between the ages of 60–110 Ma.
The highest correlation coefficient is 0.89 in the age range 90–100
Ma, where the best-fit linear slope is 27.6 mGal km−1 (Table A1).
The slope and strong correlation are characteristic of convective
swells and troughs (e.g. McKenzie 1994). On older ocean floor,
the gravity anomalies are mostly negative. rs decreases to 0.4–0.6
within individual age bins, and the best-fit slope increases to between
30–40 mGal km−1. This may be a result of unwanted pollution from
unexcluded regions of thickened crust (such as small seamounts),
which have a higher admittance between topography and gravity
than dynamic swells. These results differ little if topography is plot-
ted against residual gravity rather than observed gravity.

4.2.2 Atlantic and Indian

Plots of gravity versus topography show a greater degree of vari-
ability in the Atlantic than they do in the Pacific. This may be in
part a result of a more pronounced uncompensated surface rough-
ness associated with slower spreading rates (Hayes & Kane 1991)
and a lack of variation of dynamic topography within individual age
bins. For instance, in the Northwest Atlantic between the ages of
80–90 Ma, the best-fit slope of observed gravity versus topography
is 65 mGal km−1 (Table A3), which is approximately the expected
value for uncompensated crust (e.g. McKenzie & Fairhead 1997,
Figure 4a). Elsewhere in the Northwest Atlantic, the slopes vary
from 30–40 mGal km−1 within individual age bins, with rs varying
from 0.5–0.9. The Northeast Atlantic is more consistent: between
the ages of 40–100 Ma the slopes vary from 30–40 mGal km−1,
and rs from 0.5–0.75. Similar results are found in the North In-
dian ocean once the very-long-wavelength gravity field is removed:
between the ages of 40–100 Ma, the slopes within individual age
bins vary from 35–45 mGal km−1 and the coefficients from 0.5–0.9
(Table A10). In the Southeast Atlantic (Table A7), the slopes are
lower (20–25 mGal km−1), as are the correlations (0.2–0.7). Plotting
topography versus residual gravity instead of gravity again makes
relatively little difference to the results.
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data compiled in this study. Figures 2–7 show 
the results of subsidence analysis as a function 
of plate tectonic settings. On each set of subsi-
dence curves we include, for comparison, a ref-
erence curve that parallels best-fi t thermal subsi-
dence of the seafl oor assuming a semi-infi nite 
half-space model from Stein and Stein (1992). 
All curves are corrected for compaction and 
backstripped assuming local isostasy.

Passive Margins (Fig. 2)

Subsidence following continental rifting and 
breakup leads to asymmetric subsidence and 
foundering of continental margins (Steckler and 
Watts, 1978). As a result, the amount of subsi-
dence increases seaward of the hinge zone. All 
subsidence curves show an initial phase of rapid 
subsidence followed by a phase in which subsi-
dence rates are reduced (e.g., Watts and Ryan, 
1976; Steckler and Watts, 1978) and mimic the 
age-depth curve of the seafl oor. Some margins 
demonstrate an abrupt change in subsidence 
rates between these phases. However, this 
abruptness may refl ect a poorly constrained his-
tory of early subsidence in some cases. Initial 
subsidence deposits are often coarse nonmarine 
deposits that are notoriously diffi cult to bio-
stratigraphically date. In addition, in modern 
settings, the initial subsidence deposits are the 
deepest and, thus, less frequently penetrated 
parts of the sections. As a result there tend to 
be few age constraints to delimit the early sub-
sidence history and the transition from rapid to 
slower subsidence. Nonetheless, some well-con-
strained curves, such as the one shown from the 
Gulf of Lion (Steckler and Watts, 1980), indi-
cate that abrupt changes can be real. Subsidence 
in passive-margin settings typically continues 
for more than 150 m.y. Maximum subsidence 
(Fig. 2) varies up to 4 km, in part depending 
on distance seaward of the hinge zone (i.e., the 
landward limit of extension).

Passive margin formation and subsidence 
mechanisms have been much studied follow-
ing the breakthrough work of Watts and Ryan 
(1976) and Steckler and Watts (1978). Rift 
basins develop early during continental breakup 
followed by passive margin subsidence once 
breakup is complete. Not all rifts go to comple-
tion, and many “failed rifts” can be found (cf. 
Allen and Allen, 2005, their Fig. 9.11). Theoreti-
cal and analytical studies suggest that tectonic 
subsidence can be divided into an initial “synrift” 
phase that primarily refl ects isostatic response 
to extension and thinning of continental crust, 
followed by a “post-rift” phase driven by ther-
mal reequilibration as the lithosphere cools and 
thickens back to equilibrium. Synrift stretching 
and thinning by factors of less than 2 are com-

mon in rift basins (e.g., Hendrie et al., 1994; 
Kusznir et al., 1996a, 1996b; Roberts et al., 1995; 
Swift et al., 1987) and variable along individual 
passive margins. In general, stretching factors 
increase seaward to the point of continental rup-
ture and ocean crust formation. In addition, local 
variability in subsidence can refl ect local struc-
ture and thinning as well as superimposed effects 

(King and Ellis, 1990; Nadin and Kusznir, 1995). 
Various mechanical models have been proposed 
to explain details of subsidence curves in this 
setting. Such models consider how extensional 
strain is partitioned through the lithosphere (e.g., 
pure shear versus simple shear and depth-depen-
dent stretching), character (e.g., symmetric ver-
sus asymmetric and volcanic versus nonvolcanic 
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Figure 2. Tectonic subsidence curves for passive margin settings. 
Locations shown on Figure 1. Solid curves correspond to time scale 
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Thermal decay curve (dashed) for subsi dence of cooling seafl oor 
(Stein and Stein, 1992), minus (i.e., shallowed) 500 m, is shown 
for comparison. 1—Paleozoic Miogeocline, southern Canadian 
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(Ellouz et al., 2003); 3—Campos Basin (Mohriak et al., 1987); 
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Figure 2. Tectonic subsidence curves for passive margin settings. Locations shown on Figure 1. Solid curves correspond to time scale at top of graph and dotted lines to time scale at bottom of graph. 
Thermal decay curve (dashed) for subsidence of cooling seafloor (Stein and Stein, 1992), minus (i.e., shallowed) 500 m, is shown for comparison. 1—Paleozoic Miogeocline, southern Canadian Rocky 
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5—Gulf of Lion (Benedicto et al., 1996); 6—U.S. Cordilleran Miogeocline (Bissell, 1974; Armin and Mayer, 1983; Devlin et al., 1986; Devlin and Bond, 1988); 7—Lusitanian Basin (Stapel et al., 1996); 8—
U.S. Atlantic margin (Steckler and Watts, 1978; Swift et al., 1987).
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data compiled in this study. Figures 2–7 show 
the results of subsidence analysis as a function 
of plate tectonic settings. On each set of subsi-
dence curves we include, for comparison, a ref-
erence curve that parallels best-fi t thermal subsi-
dence of the seafl oor assuming a semi-infi nite 
half-space model from Stein and Stein (1992). 
All curves are corrected for compaction and 
backstripped assuming local isostasy.

Passive Margins (Fig. 2)

Subsidence following continental rifting and 
breakup leads to asymmetric subsidence and 
foundering of continental margins (Steckler and 
Watts, 1978). As a result, the amount of subsi-
dence increases seaward of the hinge zone. All 
subsidence curves show an initial phase of rapid 
subsidence followed by a phase in which subsi-
dence rates are reduced (e.g., Watts and Ryan, 
1976; Steckler and Watts, 1978) and mimic the 
age-depth curve of the seafl oor. Some margins 
demonstrate an abrupt change in subsidence 
rates between these phases. However, this 
abruptness may refl ect a poorly constrained his-
tory of early subsidence in some cases. Initial 
subsidence deposits are often coarse nonmarine 
deposits that are notoriously diffi cult to bio-
stratigraphically date. In addition, in modern 
settings, the initial subsidence deposits are the 
deepest and, thus, less frequently penetrated 
parts of the sections. As a result there tend to 
be few age constraints to delimit the early sub-
sidence history and the transition from rapid to 
slower subsidence. Nonetheless, some well-con-
strained curves, such as the one shown from the 
Gulf of Lion (Steckler and Watts, 1980), indi-
cate that abrupt changes can be real. Subsidence 
in passive-margin settings typically continues 
for more than 150 m.y. Maximum subsidence 
(Fig. 2) varies up to 4 km, in part depending 
on distance seaward of the hinge zone (i.e., the 
landward limit of extension).

Passive margin formation and subsidence 
mechanisms have been much studied follow-
ing the breakthrough work of Watts and Ryan 
(1976) and Steckler and Watts (1978). Rift 
basins develop early during continental breakup 
followed by passive margin subsidence once 
breakup is complete. Not all rifts go to comple-
tion, and many “failed rifts” can be found (cf. 
Allen and Allen, 2005, their Fig. 9.11). Theoreti-
cal and analytical studies suggest that tectonic 
subsidence can be divided into an initial “synrift” 
phase that primarily refl ects isostatic response 
to extension and thinning of continental crust, 
followed by a “post-rift” phase driven by ther-
mal reequilibration as the lithosphere cools and 
thickens back to equilibrium. Synrift stretching 
and thinning by factors of less than 2 are com-

mon in rift basins (e.g., Hendrie et al., 1994; 
Kusznir et al., 1996a, 1996b; Roberts et al., 1995; 
Swift et al., 1987) and variable along individual 
passive margins. In general, stretching factors 
increase seaward to the point of continental rup-
ture and ocean crust formation. In addition, local 
variability in subsidence can refl ect local struc-
ture and thinning as well as superimposed effects 

(King and Ellis, 1990; Nadin and Kusznir, 1995). 
Various mechanical models have been proposed 
to explain details of subsidence curves in this 
setting. Such models consider how extensional 
strain is partitioned through the lithosphere (e.g., 
pure shear versus simple shear and depth-depen-
dent stretching), character (e.g., symmetric ver-
sus asymmetric and volcanic versus nonvolcanic 
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Figure 2. Tectonic subsidence curves for passive margin settings. 
Locations shown on Figure 1. Solid curves correspond to time scale 
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(Ellouz et al., 2003); 3—Campos Basin (Mohriak et al., 1987); 
4—Gippsland Basin (Falvey and Mutter, 1981; P. Yin, 1985, per-
sonal commun.); 5—Gulf of Lion (Benedicto et al., 1996); 6—U.S. 
Cordilleran Miogeocline (Bissell, 1974; Armin and Mayer, 1983; 
Devlin et al., 1986; Devlin and Bond, 1988); 7—Lusitanian Basin 
(Stapel et al., 1996); 8—U.S. Atlantic margin (Steckler and Watts, 
1978; Swift et al., 1987).
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data compiled in this study. Figures 2–7 show 
the results of subsidence analysis as a function 
of plate tectonic settings. On each set of subsi-
dence curves we include, for comparison, a ref-
erence curve that parallels best-fi t thermal subsi-
dence of the seafl oor assuming a semi-infi nite 
half-space model from Stein and Stein (1992). 
All curves are corrected for compaction and 
backstripped assuming local isostasy.

Passive Margins (Fig. 2)

Subsidence following continental rifting and 
breakup leads to asymmetric subsidence and 
foundering of continental margins (Steckler and 
Watts, 1978). As a result, the amount of subsi-
dence increases seaward of the hinge zone. All 
subsidence curves show an initial phase of rapid 
subsidence followed by a phase in which subsi-
dence rates are reduced (e.g., Watts and Ryan, 
1976; Steckler and Watts, 1978) and mimic the 
age-depth curve of the seafl oor. Some margins 
demonstrate an abrupt change in subsidence 
rates between these phases. However, this 
abruptness may refl ect a poorly constrained his-
tory of early subsidence in some cases. Initial 
subsidence deposits are often coarse nonmarine 
deposits that are notoriously diffi cult to bio-
stratigraphically date. In addition, in modern 
settings, the initial subsidence deposits are the 
deepest and, thus, less frequently penetrated 
parts of the sections. As a result there tend to 
be few age constraints to delimit the early sub-
sidence history and the transition from rapid to 
slower subsidence. Nonetheless, some well-con-
strained curves, such as the one shown from the 
Gulf of Lion (Steckler and Watts, 1980), indi-
cate that abrupt changes can be real. Subsidence 
in passive-margin settings typically continues 
for more than 150 m.y. Maximum subsidence 
(Fig. 2) varies up to 4 km, in part depending 
on distance seaward of the hinge zone (i.e., the 
landward limit of extension).

Passive margin formation and subsidence 
mechanisms have been much studied follow-
ing the breakthrough work of Watts and Ryan 
(1976) and Steckler and Watts (1978). Rift 
basins develop early during continental breakup 
followed by passive margin subsidence once 
breakup is complete. Not all rifts go to comple-
tion, and many “failed rifts” can be found (cf. 
Allen and Allen, 2005, their Fig. 9.11). Theoreti-
cal and analytical studies suggest that tectonic 
subsidence can be divided into an initial “synrift” 
phase that primarily refl ects isostatic response 
to extension and thinning of continental crust, 
followed by a “post-rift” phase driven by ther-
mal reequilibration as the lithosphere cools and 
thickens back to equilibrium. Synrift stretching 
and thinning by factors of less than 2 are com-

mon in rift basins (e.g., Hendrie et al., 1994; 
Kusznir et al., 1996a, 1996b; Roberts et al., 1995; 
Swift et al., 1987) and variable along individual 
passive margins. In general, stretching factors 
increase seaward to the point of continental rup-
ture and ocean crust formation. In addition, local 
variability in subsidence can refl ect local struc-
ture and thinning as well as superimposed effects 

(King and Ellis, 1990; Nadin and Kusznir, 1995). 
Various mechanical models have been proposed 
to explain details of subsidence curves in this 
setting. Such models consider how extensional 
strain is partitioned through the lithosphere (e.g., 
pure shear versus simple shear and depth-depen-
dent stretching), character (e.g., symmetric ver-
sus asymmetric and volcanic versus nonvolcanic 
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(Ellouz et al., 2003); 3—Campos Basin (Mohriak et al., 1987); 
4—Gippsland Basin (Falvey and Mutter, 1981; P. Yin, 1985, per-
sonal commun.); 5—Gulf of Lion (Benedicto et al., 1996); 6—U.S. 
Cordilleran Miogeocline (Bissell, 1974; Armin and Mayer, 1983; 
Devlin et al., 1986; Devlin and Bond, 1988); 7—Lusitanian Basin 
(Stapel et al., 1996); 8—U.S. Atlantic margin (Steckler and Watts, 
1978; Swift et al., 1987).
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curves from passive margins. In addition, some 
forearc basins show large uplift events, such as 
in the Indonesian forearc basin (Beaudry and 
Moore, 1985). Other basins, such as the Chilean 
forearc, show signifi cant amounts of rotation 
and widening of basin fi lls over time (Coul-
bourn and Moberly, 1977). Most of the curves 
show less than 2 km of tectonic subsidence. The 
modern Tonga forearc is exceptionally deep 
(Fig. 7, line 4).

The range of shapes of subsidence curves in 
this setting indicates that a variety of factors may 
contribute to forearc basin subsidence. Most 
curves are relatively simple in form and imply 
a monotonic driving mechanism. The curves 

from the Great Valley of California (Fig. 7, line 
1), exhibit an abrupt change in subsidence rate 
possibly refl ective of a change in driving mecha-
nism. The Great Valley curves also show very 
different timings of infl ection points indicating 
that the basin is tectonically segmented into dif-
ferentially subsiding zones. Basin segmentation 
is seen elsewhere (Izart et al., 1994) and may 
be common in these settings. Episodic subsi-
dence and even uplift of some basins is seen in 
Figure 7, although it is not clear to what extent 
these may refl ect errors in bathymetric assign-
ments. Causes of segmentation include parti-
tioned strain associated with oblique subduc-
tion (Izart et al., 1994), bathymetric changes in 

the underlying subducted slab that isostatically 
impact the overlying plate (Kobayashi, 1995), 
and collision of crustal fragments in the subduc-
tion zone (Clift and MacLeod, 1999).

Possible subsidence mechanisms in forearc 
basins include growth, loading, and under-
plating of the accretionary prism, which may 
drive tectonic rotation and basin widening in 
some settings (Coulbourn and Moberly, 1977). 
Basin growth has also been tied to an increase 
in width of the arc-trench gap due to fl attening 
of the underthrusted plate and resultant migra-
tion of the accretionary wedge and volcanic arc 
(Dickinson, 1995). Regional isostatic effects of 
changing lithospheric thickness and density due 
to age and structure of the underthrusted plate 
can account for segmentation, and even uplift, 
of forearc basin subsidence (Moxon and Gra-
ham, 1987). Of course, compression associated 
with the coupling of the upper and lower plates 
across convergent margins suggests that fold-
ing and thrust loading may contribute to subsi-
dence (Fuller et al., 2006). However, extensional 
faulting may contribute to subsidence in some 
forearc settings (Izart et al., 1994; Unruh et 
al., 2007). Thermal subsidence associated with 
either cooling of the fl ank of the adjacent arc 
massif (Moxon and Graham, 1987) or cooling 
of an accreted warm microplate (Angevine et al., 
1990) are possible mechanisms. In fact, thermal 
subsidence in forearc settings can be accelerated 
due to refrigeration by the  underthrusted plate 
(Mikhailov et al., 2007). Clift and MacLeod 
(1999) discuss the role of tectonic erosion by 
the down-going slab as a cause of subsidence 
and tilting of the forearc basin. Subsidence of 
forearc basins is the least understood and most 
poorly constrained of the tectonic settings 
explored in this study.

SUMMARY

Tectonic setting exerts primary control on sed-
imentary basin subsidence history. Several basin 
settings seem to have distinctive subsidence pat-
terns suggesting a limited range of driving mech-
anisms. As such, calculated subsidence history is 
a potential tool for identifying tectonic setting of 
ancient basins of unknown origin. Passive mar-
gins show rapid initial synrift subsidence fol-
lowed by prolonged thermal subsidence similar 
to that seen for subsiding seafl oor. Strike-slip 
basins all demonstrate rapid, albeit short-lived, 
subsidence. Foreland basins are characterized by 
segmented convex-up subsidence. Intracontinen-
tal basins studied here show long-lived gradual 
subsidence. While overall the subsidence pat-
tern of intracontinental basins is consistent with 
thermal subsidence of thick lithosphere, most 
profi les contain large deviations from predicted 

Figure 6. Tectonic subsidence of foreland basins. Locations 
shown in Figure 1. Thermal decay curve (dashed) for subsi-
dence of cooling seafl oor (Stein and Stein, 1992), minus 1500 m, 
is shown for comparison. 1—Eastern Avalonia, Anglo-Brabant 
fold belts (van Grootel et al., 1997); 2—Southern Alberta Basin 
(Gillespie and Heller, 1995); 3—San Rafael Swell, Utah (Heller 
et al., 1986); 4—Pyrenean foreland basin, Gombrèn (Vergés et 
al., 1998); 5—Swiss Molasse basin (Burkhard and Sommaruga, 
1998) modifi ed from total subsidence using water:sediment 
density contrast); 6—Hoback Basin, Wyoming (Cross, 1986); 
7—Green River Basin, Wyoming (Cross, 1986; Heller et al., 
1986); 8—Magallanes Basin (Biddle et al., 1986).
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data compiled in this study. Figures 2–7 show 
the results of subsidence analysis as a function 
of plate tectonic settings. On each set of subsi-
dence curves we include, for comparison, a ref-
erence curve that parallels best-fi t thermal subsi-
dence of the seafl oor assuming a semi-infi nite 
half-space model from Stein and Stein (1992). 
All curves are corrected for compaction and 
backstripped assuming local isostasy.

Passive Margins (Fig. 2)

Subsidence following continental rifting and 
breakup leads to asymmetric subsidence and 
foundering of continental margins (Steckler and 
Watts, 1978). As a result, the amount of subsi-
dence increases seaward of the hinge zone. All 
subsidence curves show an initial phase of rapid 
subsidence followed by a phase in which subsi-
dence rates are reduced (e.g., Watts and Ryan, 
1976; Steckler and Watts, 1978) and mimic the 
age-depth curve of the seafl oor. Some margins 
demonstrate an abrupt change in subsidence 
rates between these phases. However, this 
abruptness may refl ect a poorly constrained his-
tory of early subsidence in some cases. Initial 
subsidence deposits are often coarse nonmarine 
deposits that are notoriously diffi cult to bio-
stratigraphically date. In addition, in modern 
settings, the initial subsidence deposits are the 
deepest and, thus, less frequently penetrated 
parts of the sections. As a result there tend to 
be few age constraints to delimit the early sub-
sidence history and the transition from rapid to 
slower subsidence. Nonetheless, some well-con-
strained curves, such as the one shown from the 
Gulf of Lion (Steckler and Watts, 1980), indi-
cate that abrupt changes can be real. Subsidence 
in passive-margin settings typically continues 
for more than 150 m.y. Maximum subsidence 
(Fig. 2) varies up to 4 km, in part depending 
on distance seaward of the hinge zone (i.e., the 
landward limit of extension).

Passive margin formation and subsidence 
mechanisms have been much studied follow-
ing the breakthrough work of Watts and Ryan 
(1976) and Steckler and Watts (1978). Rift 
basins develop early during continental breakup 
followed by passive margin subsidence once 
breakup is complete. Not all rifts go to comple-
tion, and many “failed rifts” can be found (cf. 
Allen and Allen, 2005, their Fig. 9.11). Theoreti-
cal and analytical studies suggest that tectonic 
subsidence can be divided into an initial “synrift” 
phase that primarily refl ects isostatic response 
to extension and thinning of continental crust, 
followed by a “post-rift” phase driven by ther-
mal reequilibration as the lithosphere cools and 
thickens back to equilibrium. Synrift stretching 
and thinning by factors of less than 2 are com-

mon in rift basins (e.g., Hendrie et al., 1994; 
Kusznir et al., 1996a, 1996b; Roberts et al., 1995; 
Swift et al., 1987) and variable along individual 
passive margins. In general, stretching factors 
increase seaward to the point of continental rup-
ture and ocean crust formation. In addition, local 
variability in subsidence can refl ect local struc-
ture and thinning as well as superimposed effects 

(King and Ellis, 1990; Nadin and Kusznir, 1995). 
Various mechanical models have been proposed 
to explain details of subsidence curves in this 
setting. Such models consider how extensional 
strain is partitioned through the lithosphere (e.g., 
pure shear versus simple shear and depth-depen-
dent stretching), character (e.g., symmetric ver-
sus asymmetric and volcanic versus nonvolcanic 
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(Stein and Stein, 1992), minus (i.e., shallowed) 500 m, is shown 
for comparison. 1—Paleozoic Miogeocline, southern Canadian 
Rocky Mountains (Bond and Kominz, 1984); 2—Moroccan Basin 
(Ellouz et al., 2003); 3—Campos Basin (Mohriak et al., 1987); 
4—Gippsland Basin (Falvey and Mutter, 1981; P. Yin, 1985, per-
sonal commun.); 5—Gulf of Lion (Benedicto et al., 1996); 6—U.S. 
Cordilleran Miogeocline (Bissell, 1974; Armin and Mayer, 1983; 
Devlin et al., 1986; Devlin and Bond, 1988); 7—Lusitanian Basin 
(Stapel et al., 1996); 8—U.S. Atlantic margin (Steckler and Watts, 
1978; Swift et al., 1987).
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Valley (Hunt and Mabey, 1966); 4—Salinian block (Graham, 1976); 5—Los Angeles Basin (Rumelhart and Ingersoll, 
1997); 6—Gulf of California (Curray and Moore, 1984); 7—Cuyama Basin (Dickinson et al., 1987); 8—Bozhang 
Depression (Hu et al., 2001); 9—Salton Trough (Kerr et al., 1979).
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curves from passive margins. In addition, some 
forearc basins show large uplift events, such as 
in the Indonesian forearc basin (Beaudry and 
Moore, 1985). Other basins, such as the Chilean 
forearc, show signifi cant amounts of rotation 
and widening of basin fi lls over time (Coul-
bourn and Moberly, 1977). Most of the curves 
show less than 2 km of tectonic subsidence. The 
modern Tonga forearc is exceptionally deep 
(Fig. 7, line 4).

The range of shapes of subsidence curves in 
this setting indicates that a variety of factors may 
contribute to forearc basin subsidence. Most 
curves are relatively simple in form and imply 
a monotonic driving mechanism. The curves 

from the Great Valley of California (Fig. 7, line 
1), exhibit an abrupt change in subsidence rate 
possibly refl ective of a change in driving mecha-
nism. The Great Valley curves also show very 
different timings of infl ection points indicating 
that the basin is tectonically segmented into dif-
ferentially subsiding zones. Basin segmentation 
is seen elsewhere (Izart et al., 1994) and may 
be common in these settings. Episodic subsi-
dence and even uplift of some basins is seen in 
Figure 7, although it is not clear to what extent 
these may refl ect errors in bathymetric assign-
ments. Causes of segmentation include parti-
tioned strain associated with oblique subduc-
tion (Izart et al., 1994), bathymetric changes in 

the underlying subducted slab that isostatically 
impact the overlying plate (Kobayashi, 1995), 
and collision of crustal fragments in the subduc-
tion zone (Clift and MacLeod, 1999).

Possible subsidence mechanisms in forearc 
basins include growth, loading, and under-
plating of the accretionary prism, which may 
drive tectonic rotation and basin widening in 
some settings (Coulbourn and Moberly, 1977). 
Basin growth has also been tied to an increase 
in width of the arc-trench gap due to fl attening 
of the underthrusted plate and resultant migra-
tion of the accretionary wedge and volcanic arc 
(Dickinson, 1995). Regional isostatic effects of 
changing lithospheric thickness and density due 
to age and structure of the underthrusted plate 
can account for segmentation, and even uplift, 
of forearc basin subsidence (Moxon and Gra-
ham, 1987). Of course, compression associated 
with the coupling of the upper and lower plates 
across convergent margins suggests that fold-
ing and thrust loading may contribute to subsi-
dence (Fuller et al., 2006). However, extensional 
faulting may contribute to subsidence in some 
forearc settings (Izart et al., 1994; Unruh et 
al., 2007). Thermal subsidence associated with 
either cooling of the fl ank of the adjacent arc 
massif (Moxon and Graham, 1987) or cooling 
of an accreted warm microplate (Angevine et al., 
1990) are possible mechanisms. In fact, thermal 
subsidence in forearc settings can be accelerated 
due to refrigeration by the  underthrusted plate 
(Mikhailov et al., 2007). Clift and MacLeod 
(1999) discuss the role of tectonic erosion by 
the down-going slab as a cause of subsidence 
and tilting of the forearc basin. Subsidence of 
forearc basins is the least understood and most 
poorly constrained of the tectonic settings 
explored in this study.

SUMMARY

Tectonic setting exerts primary control on sed-
imentary basin subsidence history. Several basin 
settings seem to have distinctive subsidence pat-
terns suggesting a limited range of driving mech-
anisms. As such, calculated subsidence history is 
a potential tool for identifying tectonic setting of 
ancient basins of unknown origin. Passive mar-
gins show rapid initial synrift subsidence fol-
lowed by prolonged thermal subsidence similar 
to that seen for subsiding seafl oor. Strike-slip 
basins all demonstrate rapid, albeit short-lived, 
subsidence. Foreland basins are characterized by 
segmented convex-up subsidence. Intracontinen-
tal basins studied here show long-lived gradual 
subsidence. While overall the subsidence pat-
tern of intracontinental basins is consistent with 
thermal subsidence of thick lithosphere, most 
profi les contain large deviations from predicted 

Figure 6. Tectonic subsidence of foreland basins. Locations 
shown in Figure 1. Thermal decay curve (dashed) for subsi-
dence of cooling seafl oor (Stein and Stein, 1992), minus 1500 m, 
is shown for comparison. 1—Eastern Avalonia, Anglo-Brabant 
fold belts (van Grootel et al., 1997); 2—Southern Alberta Basin 
(Gillespie and Heller, 1995); 3—San Rafael Swell, Utah (Heller 
et al., 1986); 4—Pyrenean foreland basin, Gombrèn (Vergés et 
al., 1998); 5—Swiss Molasse basin (Burkhard and Sommaruga, 
1998) modifi ed from total subsidence using water:sediment 
density contrast); 6—Hoback Basin, Wyoming (Cross, 1986); 
7—Green River Basin, Wyoming (Cross, 1986; Heller et al., 
1986); 8—Magallanes Basin (Biddle et al., 1986).
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driven by westward overthrusting of the Uncompahgre 
uplift. As stated earlier, the basin axis was skewed strongly 
to the east adjacent to the Uncompahgre uplift (Mallory,

Figure 10 (facing column). Geohistory diagrams for four sed- 
imentary provinces in the Uinta-Piceance basin region. A, 
Oquirrh basin; B, Wyoming shelf; C, northern Paradox basin; 
D, Eagle basin. The origin of each curve at the beginning of 
the Pennsylvanian is assumed to be at sea level because the 
Late Mississippian in each province was characterized either 
by shallow-marine carbonate deposition (A, B) or by minimal 
emergence (C, D). Solid lines represent total subsidence. Dot- 
ted lines represent subsidence of the Late Mississippian "base- 
ment" corrected for the incremental load induced by the 
weight of sediment through time and, thus, the subsidence due 
to tectonics. Solid circles represent the time-thickness data 
points used in the analysis. Time scale used is from Haq and 
Van Eysinga (1987). Diagram A also shows the same data plot- 
ted using the time scale proposed by Klein (1990). Corrections 
for compaction are based on lithology and follow the exponen- 
tial porosity function presented by Sclater and Christie (1980). 
No corrections were made for bathymetry or eustatic fluctua- 
tions. Because of uncertainties involving the ages of units and 
their compaction and diagenetic histories, the plots should be 
regarded as approximations. Sources of data: A, south-central 
Oquirrh Mountains (Tooker and Roberts, 1970); B, Split Moun- 
tain anticline (Kinney, 1955; Thomas and others, 1945); C, 
northern Paradox basin (jay Roberts no. 1 Whitecloud, sec. 34, 
T. 22 S., R. 17 E.); D, White River uplift (Johnson and others, 
1988).

1972, 1975), consistent with this inference. Subsidence in 
the eastern Eagle basin (fig. 10D) closely resembles that in 
the northern Paradox basin, supporting the contention that 
the Gore fault (for which the sense of late Paleozoic offset is 
uncertain) on the eastern margin of Eagle basin was also a 
reverse fault. Alternatively, two different yet synchronous 
tectonic processes (flexural loading in the northern Paradox 
basin, oblique or normal rifting in the Eagle basin) would 
need to be invoked to produce their almost identical subsid- 
ence histories.

Evaporite deposition in both the northern Paradox basin 
and the Eagle basin probably was controlled by subsidence 
rate, drainage restriction, arid climate, and fluctuating 
eustasy. Evaporite deposition in each basin occurred only 
during the Middle Pennsylvanian, the time of most rapid 
subsidence. Rapid subsidence commonly results in trapping 
of clastic sediment adjacent to basin margins (Blair and Bilo- 
deau, 1988; Heller and others, 1988), causing basin interiors 
to become isolated from supplies of clastic sediment (or sed- 
iment starved), a partial requirement for evaporite deposi- 
tion. Drainage restriction took different forms in the two 
basins, with an inferred tectonic barrier at the northern end 
of the Paradox basin and a combined tectonic (slowly sub- 
siding) and sedimentary (the positive relief on the Morgan 
Formation dune field) barrier at the northern end of the Eagle 
basin (fig. 7A). Regular eustatic fluctuations led to submer- 
gence of these barriers and replenishment of the water col- 
umn. Re-emergence of barriers during eustatic regressions 
led to isolation of water bodies and climate-induced evapor- 
ite deposition. All of the above conditions were required for 
evaporite deposition; evaporite deposition ceased in the Late 
Pennsylvanian when subsidence rates diminished (figs. 10C,

CC28 Evolution of Sedimentary Basins Uinta and Piceance Basins

Johnson et al., USGS Bull 1787CC, 1992

Paradox Basin

Eagle Basin

Figure 6. Tectonic subsidence of foreland basins. Locations shown in Figure 1. Thermal decay curve (dashed) for subsidence of cooling seafloor (Stein and Stein, 1992), minus 1500 
m, is shown for comparison. 1—Eastern Avalonia, Anglo-Brabant fold belts (van Grootel et al., 1997); 2—Southern Alberta Basin (Gillespie and Heller, 1995); 3—San Rafael Swell, 
Utah (Heller et al., 1986); 4—Pyrenean foreland basin, Gombrèn (Vergés et al., 1998); 5—Swiss Molasse basin (Burkhard and Sommaruga, 1998) modified from total subsidence 
using water:sediment density contrast); 6—Hoback Basin, Wyoming (Cross, 1986); 7—Green River Basin, Wyoming (Cross, 1986; Heller et al., 1986); 8—Magallanes Basin (Biddle et 
al., 1986).
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data compiled in this study. Figures 2–7 show 
the results of subsidence analysis as a function 
of plate tectonic settings. On each set of subsi-
dence curves we include, for comparison, a ref-
erence curve that parallels best-fi t thermal subsi-
dence of the seafl oor assuming a semi-infi nite 
half-space model from Stein and Stein (1992). 
All curves are corrected for compaction and 
backstripped assuming local isostasy.

Passive Margins (Fig. 2)

Subsidence following continental rifting and 
breakup leads to asymmetric subsidence and 
foundering of continental margins (Steckler and 
Watts, 1978). As a result, the amount of subsi-
dence increases seaward of the hinge zone. All 
subsidence curves show an initial phase of rapid 
subsidence followed by a phase in which subsi-
dence rates are reduced (e.g., Watts and Ryan, 
1976; Steckler and Watts, 1978) and mimic the 
age-depth curve of the seafl oor. Some margins 
demonstrate an abrupt change in subsidence 
rates between these phases. However, this 
abruptness may refl ect a poorly constrained his-
tory of early subsidence in some cases. Initial 
subsidence deposits are often coarse nonmarine 
deposits that are notoriously diffi cult to bio-
stratigraphically date. In addition, in modern 
settings, the initial subsidence deposits are the 
deepest and, thus, less frequently penetrated 
parts of the sections. As a result there tend to 
be few age constraints to delimit the early sub-
sidence history and the transition from rapid to 
slower subsidence. Nonetheless, some well-con-
strained curves, such as the one shown from the 
Gulf of Lion (Steckler and Watts, 1980), indi-
cate that abrupt changes can be real. Subsidence 
in passive-margin settings typically continues 
for more than 150 m.y. Maximum subsidence 
(Fig. 2) varies up to 4 km, in part depending 
on distance seaward of the hinge zone (i.e., the 
landward limit of extension).

Passive margin formation and subsidence 
mechanisms have been much studied follow-
ing the breakthrough work of Watts and Ryan 
(1976) and Steckler and Watts (1978). Rift 
basins develop early during continental breakup 
followed by passive margin subsidence once 
breakup is complete. Not all rifts go to comple-
tion, and many “failed rifts” can be found (cf. 
Allen and Allen, 2005, their Fig. 9.11). Theoreti-
cal and analytical studies suggest that tectonic 
subsidence can be divided into an initial “synrift” 
phase that primarily refl ects isostatic response 
to extension and thinning of continental crust, 
followed by a “post-rift” phase driven by ther-
mal reequilibration as the lithosphere cools and 
thickens back to equilibrium. Synrift stretching 
and thinning by factors of less than 2 are com-

mon in rift basins (e.g., Hendrie et al., 1994; 
Kusznir et al., 1996a, 1996b; Roberts et al., 1995; 
Swift et al., 1987) and variable along individual 
passive margins. In general, stretching factors 
increase seaward to the point of continental rup-
ture and ocean crust formation. In addition, local 
variability in subsidence can refl ect local struc-
ture and thinning as well as superimposed effects 

(King and Ellis, 1990; Nadin and Kusznir, 1995). 
Various mechanical models have been proposed 
to explain details of subsidence curves in this 
setting. Such models consider how extensional 
strain is partitioned through the lithosphere (e.g., 
pure shear versus simple shear and depth-depen-
dent stretching), character (e.g., symmetric ver-
sus asymmetric and volcanic versus nonvolcanic 
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Valley (Hunt and Mabey, 1966); 4—Salinian block (Graham, 1976); 5—Los Angeles Basin (Rumelhart and Ingersoll, 
1997); 6—Gulf of California (Curray and Moore, 1984); 7—Cuyama Basin (Dickinson et al., 1987); 8—Bozhang 
Depression (Hu et al., 2001); 9—Salton Trough (Kerr et al., 1979).
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curves from passive margins. In addition, some 
forearc basins show large uplift events, such as 
in the Indonesian forearc basin (Beaudry and 
Moore, 1985). Other basins, such as the Chilean 
forearc, show signifi cant amounts of rotation 
and widening of basin fi lls over time (Coul-
bourn and Moberly, 1977). Most of the curves 
show less than 2 km of tectonic subsidence. The 
modern Tonga forearc is exceptionally deep 
(Fig. 7, line 4).

The range of shapes of subsidence curves in 
this setting indicates that a variety of factors may 
contribute to forearc basin subsidence. Most 
curves are relatively simple in form and imply 
a monotonic driving mechanism. The curves 

from the Great Valley of California (Fig. 7, line 
1), exhibit an abrupt change in subsidence rate 
possibly refl ective of a change in driving mecha-
nism. The Great Valley curves also show very 
different timings of infl ection points indicating 
that the basin is tectonically segmented into dif-
ferentially subsiding zones. Basin segmentation 
is seen elsewhere (Izart et al., 1994) and may 
be common in these settings. Episodic subsi-
dence and even uplift of some basins is seen in 
Figure 7, although it is not clear to what extent 
these may refl ect errors in bathymetric assign-
ments. Causes of segmentation include parti-
tioned strain associated with oblique subduc-
tion (Izart et al., 1994), bathymetric changes in 

the underlying subducted slab that isostatically 
impact the overlying plate (Kobayashi, 1995), 
and collision of crustal fragments in the subduc-
tion zone (Clift and MacLeod, 1999).

Possible subsidence mechanisms in forearc 
basins include growth, loading, and under-
plating of the accretionary prism, which may 
drive tectonic rotation and basin widening in 
some settings (Coulbourn and Moberly, 1977). 
Basin growth has also been tied to an increase 
in width of the arc-trench gap due to fl attening 
of the underthrusted plate and resultant migra-
tion of the accretionary wedge and volcanic arc 
(Dickinson, 1995). Regional isostatic effects of 
changing lithospheric thickness and density due 
to age and structure of the underthrusted plate 
can account for segmentation, and even uplift, 
of forearc basin subsidence (Moxon and Gra-
ham, 1987). Of course, compression associated 
with the coupling of the upper and lower plates 
across convergent margins suggests that fold-
ing and thrust loading may contribute to subsi-
dence (Fuller et al., 2006). However, extensional 
faulting may contribute to subsidence in some 
forearc settings (Izart et al., 1994; Unruh et 
al., 2007). Thermal subsidence associated with 
either cooling of the fl ank of the adjacent arc 
massif (Moxon and Graham, 1987) or cooling 
of an accreted warm microplate (Angevine et al., 
1990) are possible mechanisms. In fact, thermal 
subsidence in forearc settings can be accelerated 
due to refrigeration by the  underthrusted plate 
(Mikhailov et al., 2007). Clift and MacLeod 
(1999) discuss the role of tectonic erosion by 
the down-going slab as a cause of subsidence 
and tilting of the forearc basin. Subsidence of 
forearc basins is the least understood and most 
poorly constrained of the tectonic settings 
explored in this study.

SUMMARY

Tectonic setting exerts primary control on sed-
imentary basin subsidence history. Several basin 
settings seem to have distinctive subsidence pat-
terns suggesting a limited range of driving mech-
anisms. As such, calculated subsidence history is 
a potential tool for identifying tectonic setting of 
ancient basins of unknown origin. Passive mar-
gins show rapid initial synrift subsidence fol-
lowed by prolonged thermal subsidence similar 
to that seen for subsiding seafl oor. Strike-slip 
basins all demonstrate rapid, albeit short-lived, 
subsidence. Foreland basins are characterized by 
segmented convex-up subsidence. Intracontinen-
tal basins studied here show long-lived gradual 
subsidence. While overall the subsidence pat-
tern of intracontinental basins is consistent with 
thermal subsidence of thick lithosphere, most 
profi les contain large deviations from predicted 

Figure 6. Tectonic subsidence of foreland basins. Locations 
shown in Figure 1. Thermal decay curve (dashed) for subsi-
dence of cooling seafl oor (Stein and Stein, 1992), minus 1500 m, 
is shown for comparison. 1—Eastern Avalonia, Anglo-Brabant 
fold belts (van Grootel et al., 1997); 2—Southern Alberta Basin 
(Gillespie and Heller, 1995); 3—San Rafael Swell, Utah (Heller 
et al., 1986); 4—Pyrenean foreland basin, Gombrèn (Vergés et 
al., 1998); 5—Swiss Molasse basin (Burkhard and Sommaruga, 
1998) modifi ed from total subsidence using water:sediment 
density contrast); 6—Hoback Basin, Wyoming (Cross, 1986); 
7—Green River Basin, Wyoming (Cross, 1986; Heller et al., 
1986); 8—Magallanes Basin (Biddle et al., 1986).
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have steeper profiles and moderate subsidence (Figure 6b). Tectonic subsidence rates in the Paradox and
Eagle basins range from 60 to 120 m/Myr during the most rapid subsidence, and total subsidence is
~1.5 km in each. The third group includes only the Oquirrh basin which has the highest subsidence rates
and magnitudes. There was more than 3 km of subsidence over the life of this basin (Figure 6b).

4.1. Ely-Bird Spring Basin

The Ely-Bird Spring basin subsidence curves are consistent with formation from flexural response to loading.
The subsidence curves are characterized by a stair-step and convex upward pattern. This pattern is
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Figure 6. Tectonic subsidence of foreland basins. Locations shown in Figure 1. Thermal decay curve (dashed) for subsidence of cooling seafloor (Stein and Stein, 1992), minus 1500 
m, is shown for comparison. 1—Eastern Avalonia, Anglo-Brabant fold belts (van Grootel et al., 1997); 2—Southern Alberta Basin (Gillespie and Heller, 1995); 3—San Rafael Swell, 
Utah (Heller et al., 1986); 4—Pyrenean foreland basin, Gombrèn (Vergés et al., 1998); 5—Swiss Molasse basin (Burkhard and Sommaruga, 1998) modified from total subsidence 
using water:sediment density contrast); 6—Hoback Basin, Wyoming (Cross, 1986); 7—Green River Basin, Wyoming (Cross, 1986; Heller et al., 1986); 8—Magallanes Basin (Biddle et 
al., 1986).
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FIG I Diagrammatic cross sections displaying the relationship of
lithospheric flexure to accommodation space in foreland systems Arrows
pointing down indicate an increase in accommodation space produced by
lithospheric downwarping and arrows pointing up indicate a decrease in
accommodation space due to lithospheric upwarping A Time I thrust
load emplaced resulting in downwarping of the lithosphere foreland ba
sin craton ward upwarping forebulge and farther cratonward gentle
downwarping back bulge basin B Time 2 the thrust load migrates
cratonward resulting in cratonward migration of the flexural features for
mer uplifted area of forebulge locality A Time I is downwarped and
incorporated into foreland basin whereas former back bulge basin lo
cality B Time I is upwarped over migratory forebulge at Time 2

A second distinctive feature offlexurally induced accom
modation trends is the formation of regional scale inver
sions of topography In response to progressive emplace
ment of thrust loads flexural features migrate across the
foreland downwarping former topographic highs and up

warping former topographic lows Allen and others 1986
For example as the thrust wedge migrates it flexurally
downwarps the area that was previously upwarped over the
forebulge and incorporates this area into the foreland basin
Fig 1 B Conversely forebulge migration causes uplift of
the previously downwarped back bulge basin
Erosion of emergent thrusts and local forebulge erosion

may increase sediment supply into the foreland and back
bulge basins Increased sediment supply affects accom
modation space primarily in two ways 1 redistributes the
tectonic load and 2 reduces the amount ofaccommodation

space by infilI Sedimentary deposits act as a lithostatic load
and produce flexural subsidence During active tectonism
the amount of subsidence due to sediment loading is rela

tively minor compared to subsidence due to thrust loading
During quiescent tectonic phases sediment derived from

emergent thrusts or forebulge uplifts effectively redistrib
utes preexisting loads and tends to widen flexurally subsid
ing basins Flemings and Jordon 1989 High sediment in
flux may allow progradation to fill existing accommodation
space Once the basin is filled sediment bypasses the basin
until additional accommodation space is created

We have documented accommodation trends for a series
of biostratigraphically correlated stratigraphic sections which
lie along a regional transect across the Antler foreland in
Nevada and Utah By comparing regional accommodation
trends in syntectonic stratigraphic sequences to published
third order eustatic sea level curves Ross and Ross 1987

Johnson and others 1991 we have attempted to gauge the
relative effects of lithospheric flexure and eustasy on the

stratigraphic evolution of the Antler foreland region

GEOLOGIC SETIING OF ANTLER FORELAND

The Antler orogenic belt is an eastward vergent thrust

system extending over 2300 km from southern California

terminating at the San Andreas fault system northward

through Nevada and Idaho into British Columbia Canada
The exact tectonic cause of the orogeny is still enigmatic
and many different models for its origin have been pro
posed Nilsen and Stewart 1980 Dickinson and others 1983
Burchfiel and Royden 1991 Most of the models invoke
some form of arc continent interaction either arc continent
collision or back arc thrusting
The onset of the Antler orogeny resulted in eastward thrust

emplacement of the Roberts Mountains allochthon Fig 2
over the former passive margin of the North American cra
ton Roberts and others 1958 Stewart and Poole 1974
The Roberts Mountains allochthon consists of a structurally
complex succession of early to middle Paleozoic deep water
siliciclastic pelagic and volcanic rocks that were thrust
imbricated during Late Devonian latest Frasnian through
Early Mississippian mid Osage time Roberts and others

1958 Madrid 1987 Johnson and Pendergast 1981 John
son and Visconti 1992 Carpenter and others 1993a 1993b
Estimated eastward transport of the Roberts Mountains al
lochthon was 140 km Roberts and others 1958 Nilsen and
Stewart 1980 Murphy and others 1984 Therefore flex

ural features associated with overthrusting are estimated to
have migrated eastward a similar distance during Antler
orogenesis
The general stratigraphy in the foreland east of the Rob

erts Mountains allochthon consists of a thick passive mar
gin carbonate platform that developed following upper Pre
cambrian rifting Figs 3 4 The extensive west facing
carbonate platform is overlain by uppermost Devonian
through Lower Mississippian siliciclastic and carbonate strata
deposited during Antler orogenesis syntectonic strata The

syntectonic strata are overlain by Middle to Upper Missis
sippian siliciclastic strata containing submarine fan and ba
sin slope deposits shoaling to deltaic and fluvial facies

Harbaugh and Dickinson 1981 which filled the Antler
foreland basin post tectonic strata Uppermost Mississip
pian and Lower Pennsylvanian carbonate strata Ely Lime
stone overlie the foreland basin fill and onlap the Roberts
Mountains allochthon overlap assemblage

STRATIGRAPHIC EVOLUTION OF ANTLER SYNTECTONIC STRATA

Stratigraphic sequences are classically defined by the re
lationships of seismic scale depositional geometries Vail

and others 1977 Because Antler foreland strata are ex

posed along a series of roughly strike parallel Tertiary horst
blocks seismic scale dip oriented profiles are not ex

posed Therefore the sequence stratigraphic framework for
this study was inferred from depositional facies analysis of
time correlative stratigraphic packages bounded by sub re
gional unconformities and their correlative conformities
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334-320 MaNow again with faults...
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central to several contrasting interpretations of ARM tectonics (e.g., Ye et 
al., 1996; Dickinson and Lawton, 2003). Here we present an updated chro-
nology of regional basin subsidence based on recent improvements in the 
Pennsylvanian–Permian time scale (Fig. 4) (Heckel, 2008; Schmitz and 
Davydov, 2012; Cohen et al., 2013). Important differences between our 
interpretation and those of previous workers are (1) we exclude Nevada 
(Bird Springs, Keeler Canyon, Wood River, and Dry Mountain Trough) 
and Ouachita-Marathon (Black Warrior, Arkoma, Ardmore, Fort Worth, 
Val Verde, and Marfa) basins from consideration in the ARM system 
because they formed as peripheral basins distinct in tectonic setting from 
the intracontinental ARM basins, and (2) we interpret the onset of sedi-
mentation rather than the timing of maximum subsidence (e.g., Dickin-
son and Lawton, 2003) to reflect the initiation of local ARM tectonism.

When projected into one-dimensional (1-D) transects, ARM maximum 
basin subsidence is younger to the southwest (Dickinson and Lawton, 
2003). However, when our updated chronology of the onset of basin 
subsidence is plotted in map view (2-D) (Fig. 4), the initiation of ARM 
subsidence appears generally synchronous during early Morrowan time 
(ca. 323–318 Ma), given the uncertainties inherent in biostratigraphic and 
lithostratigraphic correlations within ARM basins. The only exceptions 
to this are the Anadarko and Holbrook Basins. Roughly synchronous 
basin development suggests that the tectonic driver(s) of the ARM system 
also began synchronously and argues against stress from the progressive 
closure of the Ouachita-Marathon belt as the principal driver of ARM 
tectonism (Dickinson and Lawton, 2003).

GLOBAL PLATE RECONSTRUCTION
A new global plate reconstruction for late Paleozoic time (Domeier and 

Torsvik, 2014) provides insight into the processes driving the evolution of 
the ARM system by enabling calculation of relative plate vectors in the 
program GPlates (http://www.gplates.org). Relative to a fixed North Amer-
ican reference frame, Domeier and Torsvik (2014) reconstructed southeast 
motion (modern coordinates) of the Panthalassan oceanic plate from ca. 
330–320 Ma (Fig. 2A). At 319 Ma, this changed to northeast oblique con-
vergence, after which plate motion shifted progressively southward until 
280 Ma. During this time interval, convergence along the Sonora margin 
was left-laterally oblique. At 279 Ma, Panthalassan plate motion abruptly 
shifted ~25° north (Fig. 2B); movement continued along a similar vector 
until 270 Ma, after which it shifted southward again. Domeier and Torsvik 
(2014) did not explicitly quantify uncertainty within their reconstruction, 
but given the nature of the data and the lack of preserved oceanic crust 
for this time period, we infer that both timing and plate velocities must 
have large uncertainties. Despite these uncertainties, however, the plate 
reconstructions of Domeier and Torsvik (2014) independently support a 
transpressional regime along the Sonora margin during late Paleozoic time.

THREE-SIDED OROGEN
We propose that combined Panthalassan-Laurentian transpressional 

plate interactions along the Sonora margin and collision along the Ouachita-
Marathon and possibly Nevada margins produced an overall northeast-
southwest–directed stress field (modern coordinates) that drove ARM uplift 
and basin development during the Pennsylvanian and early Permian. We 
suggest that these combined stresses distinguished the large thrust displace-
ments (up to 12 km) observed in the ARM region from the generally <150 m 
thrust displacements that resulted only from Appalachian-Ouachita-Mara-
thon–generated stress (McBride and Nelson, 1999; Marshak et al., 2003).

Beginning ca. 320 Ma, the Sonora margin underwent oblique left-
lateral convergence that likely produced northeast-directed stress and 
initiated ARM deformation (Fig. 2A). A northward shift in relative plate 
motion after ca. 280 Ma likely caused the initiation of northeast-dipping 
subduction that produced ca. 275 Ma volcanism in northern Sonora (Riggs 
et al., 2010; Arvizu and Iriondo, 2015). The shift from transpression to 
subduction likely ended ARM deformation as convergence could have 

been accommodated by subduction-zone slip rather than by deformation 
of Laurentian basement.

We suggest that the Caborca block may have augmented transpressional 
stress as a rigid indentor along the Sonora margin between ca. 320 and 280 
Ma. However, because of uncertainty surrounding the Caborca block size, 
original position, timing of movement, and even existence as an alloch-
thonous block (Anderson and Silver, 1979; Dickinson and Lawton, 2001; 
Poole et al., 2005), it is important to note that transpressional stress could 
have also been generated along this margin without a rigid indentor (e.g., 
Lebrun et al., 2003). Evidence of emplacement of allochthonous rocks 
northward onto the Sonora margin by late Permian time (Poole et al., 2005) 
provides a minimum age for the end of Caborca translation if it occurred.

The model proposed here builds on, and fills several gaps in, existing 
ARM models (Marshak et al., 2000; Soreghan et al., 2012). Marshak et 
al. (2000) proposed that ARM uplifts resulted from reactivation of faults 
formed during Proterozoic rifting events; in this model, movement along 
those faults could have occurred even under relatively weak (20–40 MPa) 
stresses. Transpressional deformation of the Sonora margin in combination 
with convergence along the Nevada margin could have produced stresses 
of at least this magnitude, and the resulting northeast-southwest–oriented 
stress field better explains the overall kinematics of ARM structures (Fig. 
1) than does stress generated along the Ouachita-Marathon belt. The model 
of Soreghan et al. (2012), in which anomalous density structures of mafic-
underplated Proterozoic and Cambrian rift systems produced uplift in 
response to a regional stress field, would similarly be more effective with 
an orthogonal stress field relative to uplifts; northeast-southwest–oriented 
stress from transpression along the Sonora margin could have produced 
effects similar to those modeled by Soreghan et al. (2012).
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Kluth and Coney (and many others) have noted the temporal and spatial association of Ancestral Rockies with Ouachita



studied extensively, and the timing of these
events is relatively well known (for discussion
and references, see Sloss, 1988; Hatcher et al.,
1989a, b; Burchfiel et al., 1992a, b). Along the
eastern margin of North America, collision with
the combined African/South American (Gondwana)
continent occurred in Mississippian–Pennsylvanian,
at least along the southern part of this margin,
producing the northeast-trending Appalachian
orogenic system. Along the southern part of the
Appalachian orogene, postcollisional conver-
gence probably continued into the Wolfcampian,
producing extensive shortening and basement-
involved overthrusting within the North
American crust (Hatcher et al . ,  1989a, b).
Although some authors have tried to relate defor-
mation of the greater Ancestral Rocky Mountains
to events within the Appalachian orogene (e.g.,
Budnick, 1986), we find major problems with this
interpretation. First,  shortening within the
Appalachians, which clearly did involve shorten-
ing and deformation of crystalline basement,
occurred in a northwest-southeast direction. This
shortening direction is perpendicular to the
northeast-southwest direction inferred for short-
ening within the greater Ancestral Rocky
Mountains. Second, the Appalachian orogene is
located a considerable distance (more than 3000
km) from the western part of the greater Ancestral
Rocky Mountains. For these reasons, we consider it

unlikely that thrusting along the Appalachian oro-
gene caused the deformation of the greater
Ancestral Rocky Mountains.

Late Paleozoic tectonic activity along the west-
ern margin of North America offers little possibility
as a cause for Ancestral Rocky Mountains deforma-
tion. Convergence between oceanic plates did
occur throughout most of the late Paleozoic, but it
was mostly in offshore island arcs and did not cause
deformation within the North American craton or
its passive margin. In fact, Miller et al. (1992) pre-
sented considerable evidence that the western mar-
gin of North America was subject to extensional
deformation during most of the period Ancestral
Rocky Mountain deformation was active. Along the
southwestern part of the Cordilleran margin in
southern California, extending into western
Mexico, left-lateral strike-slip deformation with
important extensional and minor convergent com-
ponents was active during the late Paleozoic (Stone
and Stevens, 1988; Walker, 1988), a style of tecton-
ism difficult to relate to the Ancestral Rockies. Only
two major convergent events are recorded within
the North American craton and continental margin
of the Cordilleran orogene: the Antler orogeny dur-
ing the Mississippian and the Sonoma orogeny dur-
ing the Late Permian–Early Triassic. The former is
too old and the latter too young to be related to
most of the deformation within the Ancestral
Rocky Mountains (see Miller et al., l992). Within

1420 Greater Ancestral Rocky Mountains

Figure 10—Map view comparing the geometry of the modern basement-involved deformation in the Sierra Pam-
peanas, South America (left), to the early Eocene deformation of interior North America (Rocky Mountains) (center),
and to the Pennsylvanian deformation of interior North America (greater Ancestral Rocky Mountains) (right). Black
areas show regions of uplifted basement. Heavy dashed lines with barbs indicate trench position or inferred position,
and light lines with open barbs show position of thin-skinned thrust belts. Area inside the rectangle shows region of
flat-slab subduction or possible flat-slab subduction. Parts of the figure are modified after Jordan et al. (1983).

Ye et al., AAPG Bull, 1996

To date, still no evidence of Pennsylvanian arc.
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Figure 3. Regional map of southern Laurentia showing late Paleozoic geologic features and localities mentioned in text and described in Table 1, and location of Figure 4. 
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ern United States, but later was considered by Coney and Campa 
(1987) as part of their Cortés terrane. Subsequently, Roldán-Quin-
tana et al. (1993) restricted the Cortés terrane to include alloch-
thonous Paleozoic eugeoclinal rocks (Sonora allochthon of this 
report) and possible Gondwana fragments south of the Laurentian 
continental edge as inferred in this report (Figs. 3 and 4). Sánchez-
Zavala et al. (1999) assigned allochthonous ocean-basin rocks of 
the Sonora allochthon to the autochthonous-parautochthonous 
carbonate-shelf rocks of the Caborca terrane of Coney (1981), 
Coney and Campa (1987), and Roldán-Quintana et al. (1993).

We believe that the Sonora allochthon was emplaced in cen-
tral Sonora during the Late Permian following deposition of the 
youngest fl ysch (Middle Permian) in the accretionary wedge and 
deposition of the youngest fl ysch (Middle Permian) in the Mina 
México foredeep. It seems likely that major thrusting ended before 
the Triassic, and then in the Early and Middle Triassic, transten-
sional and/or extensional faulting formed rift basins that subse-
quently were fi lled with Upper Triassic sediments (e.g., Barranca 
Group described by Stewart and Roldán-Quintana, 1991). We are 
not aware of any documented Lower or Middle Triassic strata in 
central Sonora; however, the undated Arrayanes Formation of the 
Barranca Group could be Early or Middle Triassic in age.

The term “foredeep” in this report is applied specifi cally to 
an elongate depression (trough) adjacent and subparallel to the 
Ouachita-Marathon-Sonora orogenic front as a result of crustal 
fl exing and isostatic loading associated with the collision of the 
Gondwanan (South American) and Laurentian (North American) 
continents. “Foreland basin” is a more general term applied to an 
elongate depression more distant from the orogenic front. Synoro-
genic foreland basins are located adjacent to basement uplifts and 
arches that developed in the continental crust during orogenesis.

Work of Miser (1929), Hendricks et al. (1937), Flawn et al. 
(1961), and King (1975) on the Ouachita and Marathon segments 
and by King (1937, 1975) on the Marathon segment provide back-
ground information for this report. Our discussions of stratigra-
phy and structure in the Ouachita and Marathon segments of the 
Ouachita-Marathon-Sonora orogen are based largely on papers 
published in the Geological Society of America “Decade of 
North American Geology” Volume F-2 (Hatcher et al., 1989) and 
subsequent biostratigraphic papers by Ellison and Powell (1989), 
Noble (1990, 1993, 1994), Barrick and Haywa-Branch (1994), 
and Barrick and Noble (1995). The westernmost part of the Oua-
chita-Marathon orogenic belt in Mexico has been the subject of 
diverse interpretations (Shurbet and Cebull, 1987). However, the 
summary papers by Thompson et al. (1978) and Haenggi (2001) 
on surface and subsurface data for the Pedregosa basin and Chi-
huahua trough, and Flawn et al. (1961), Handschy et al. (1987), 
and McKee et al. (1999) on geologic data for parts of Chihuahua, 
Coahuila, and Nuevo León have been our main sources of infor-
mation linking segments of the orogen in northeastern Mexico. 
Papers published in Geological Society of America Special Paper 
279 (edited by Gastil and Miller, 1993) were our main source for 
pre-batholithic stratigraphy of Baja California. We will focus on 
northwestern Mexico (Figs. 3 and 4) where our stratigraphic and 
structural data on the Sonora segment (Sonora allochthon) and 
associated rocks indicate that they represent the western part of 
the Ouachita-Marathon orogenic belt, and suggest that the Coa-
huila block (CB, central area of diagonal-line pattern on Fig. 3), 
which includes the Las Delicias terrane, is a remnant of the 
northwestern Gondwana volcanic arc, as is the inferred El Fuerte 
block (FB, western area of diagonal-line pattern) that attached to 
North America after they collided with southwestern Laurentia 
in late Paleozoic time. These inferred fragments of Gondwana 
and associated volcanic arcs remained attached to North America 
during subsequent Mesozoic and Cenozoic orogenies.

In Coahuila and in southern Sonora, the collision of cratonic 
Laurentia and volcanic-arc terranes of northwest Gondwana was 
the driving force that formed the Marathon and Sonora segments, 
respectively, of the Ouachita-Marathon-Sonora orogen (Fig. 3). 
Importantly, the Sonora segment of the orogen indicates that 
northwestern Gondwana once lay south of western Laurentia 
(south of central Sonora), and was not confi ned to areas to the 
east as often shown in Pangaean reconstructions (e.g., Sedlock 
et al., 1993; Dickinson and Lawton, 2001). We do not subscribe 
to the view that the Marathon segment of the orogen extends 
due south from West Texas through eastern Mexico, where it 

Foredeeps and foreland basins

EXPLANATION

Foreland uplifts

Shelf areas between
   basins and uplifts
Ouachita-Marathon-Sonora
   orogen
Inferred metamorphic zone/belt
   (late Paleozoic suture zone).
   See Table 1 for explanation

Area of inferred Gondwana
   fragments (South America 
   or intervening crust)
Area of probable Gondwana
   blocks and terranes (South 
   America or intervening crust)

Surface data point

Subsurface (bore hole) data point

Generalized contact

Frontal thrust of OMS orogen

Direction of tectonic transport

Strike-slip fault

Frontal thrust (Luling line) of IZ belt

Southern edge of Laurentian crust

11

77

IZ

Figure 3 (continued). 
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 Tectonic synthesis of the Ouachita-Marathon-Sonora orogenic margin of southern Laurentia 579

and narrowed the foredeep, and following collision, much of 
the foredeep was uplifted and denuded. Minimum extent of the 
foredeep, based on a small number of data points (Fig. 4, locs. 
40–42), appears to be ~160 km in length and 30 km in width. The 
foredeep probably consists of several structural sub-basins. Basin-
fi ll sediments, which are represented by the Mina México Forma-
tion (named in theses by Hewett, 1978, and Schmidt, 1978), 
consist of a thick sequence (>1000 m) of thin-bedded, very fi ne 
to fi ne-grained siliciclastic and sparse coarse-grained calciclastic 
turbidites. Siliciclastic turbidites (quartzites) that we examined 
are composed primarily of angular to subrounded monocrystal-
line quartz and subordinate angular chert grains. Hewett (1978) 
noted sparse feldspar, zircon, mica, and tourmaline grains (loc. 
40). Gehrels and Stewart (1998) reported a feldspathic quartzite 
in the Mina México Formation in the northern Sierra Santa Teresa 
(loc. 42). Sandstone composition primarily refl ects tectonic set-
ting and provenance terranes (Dickinson and Suczek, 1979; Dick-
inson, 1985; Schwab, 1986). Composition of the quartzose and 
feldspathic sandstones/quartzites in the Mina México foredeep 
indicates two major source terranes––the Laurentian craton to 
the north and the orogenic belt to the south. Pyrite is ubiquitous 
throughout the Mina México Formation, which accounts for its 

pervasive olive, brown, and orange weathering colors. Intertur-
bidite siltstone layers contain bathyal zone (water depth 200–
2000 m) ichnofossils, including Lophoctenium, Scalarituba, Cos-
morhaphe and other Nereites-facies trace fossils. The calciclastic 
turbidites are composed of bioclastic debris, including abundant 
fragments of crinoids and brachiopods, sparse conodonts, and 
locally common fusulinids of Early to Middle Permian age. C.H. 
Stevens (2003, written commun.) identifi ed the fusulinids Para-
fusulina? sp., Parafusulina? aff. P. empirensis, Parafusulina sul-
livanensis Ross?, Parafusulina wildei, and Schubertella sp. from 
several calciclastic turbidites south of Bacanora (loc. 40) and west 
of Cerro San Francisco (loc. 41). In addition, Stevens (in Stewart 
et al., 1990) identifi ed the fusulinids Schwagerina diversiformis, 
Schwagerina youngquisti?, and Schwagerina grandensis of mid-
dle and late Wolfcampian age from calciclastic turbidites at Sierra 
La Flojera (loc. 42), and Stewart et al. (1997) reported Parafu-
sulina sp. aff. P. boesei of late Leonardian or early Guadalupian 
age from their unit 7 at Sierra Santa Teresa (loc. 42). Most of the 
fossils were transported into the fl ysch basin from their shallow-
water habitat on the continental shelf and possibly from outer-
shelf limestones incorporated in the accretionary wedge of the 
Sonora segment of the orogen. Most of the calciclastic turbidites 

Figure 14. Plate-tectonic reconstruction of Laurentia and Gondwana showing an oblique collisional origin and diachronous suturing of the late 
Paleozoic fold and thrust belt along the margins of Euramerica and Gondwana.
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unconformities, thus recording several different Pennsylvanian 
and Permian deformation events.

Detailed biostratigraphy enables us to recognize and corre-
late unconformities between mountain ranges, and is the key to 
determining the extent and signifi cance of late Paleozoic defor-
mation. We have adopted a scheme for naming the late Paleozoic 
unconformities that is analogous to that used in the Mesozoic of 
the Four Corners region (Pipiringos and O’Sullivan, 1978; Trex-
ler et al., 2003). Application of this unconformity scheme across 
much of Nevada reveals that the location of the most intense 
deformation has changed with time.

In this paper, we summarize the stratigraphic and structural 
evidence for late Paleozoic deformation at seven Nevada locali-
ties (Fig. 2). For each, we present a brief summary of the strati-
graphic units involved, a synthesis of the geometry and kine-
matics recorded by the structures, and the detailed age control 
that makes unraveling the story possible. The results of previous 
workers are the basis for many of these summaries. In particular, 
we acknowledge the work of Silberling et al. (1997) and Tosdal 
(unpublished mapping) in the northern Pinyon Range, and Dott 
(1955) in the Adobe Range. Recent thesis research at the Univer-
sity of Nevada, Reno, by Danielle Villa (2007) at Edna Mountain 

4

Iron Point Fm

Battle Cong.

Edna Mtn. Fm.

ELY BASIN

Antler Peak

Highway Ls.
Highway Cong.

Figure 1. Tectonostratigraphic units and basins, northeastern and east-central Nevada. Time scale and numerical ages from House and Gradstein 
(2004), Davydov et al (2004), and Wardlaw et al (2004), all in Gradstein et al. (2004).
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Western margin had been characterized as lacking deformation in Pennsylvanian, which has lately been challenged.
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Figure 5. Geologic map and stratigraphy at Carlin Canyon and Ferdelford Canyon in the Northern Adobe Range (see Figure 2 for location). Map is from Trexler et al. (2004).
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Figure 5. Two cross sections; for locations see Figure 4. Sense of motion on strike-slip faults is shown by T (� toward) and A (� away)
from the viewer.

(Figs. 3 and 5). Melandco strata are polymict
conglomerate and sandstone that are matrix-
rich to matrix-supported and that generally
lack sedimentary fabric. The overlying Tonka
strata are well bedded; they consist of clean,
chert–quartzite–lithic conglomerate and sand-
stone with interbedded calcareous litharenite.
Our detailed biostratigraphy also documents

a hiatus within the Strathearn Formation. In
Carlin Canyon, the lower Strathearn Forma-
tion was folded and erosionally trimmed prior
to deposition of the upper Strathearn. The
Strathearn, defined southeast of Carlin Canyon
at Grindstone Mountain (Dott, 1955), is lith-
ologically uniform from bottom to top, mak-

ing recognition and mapping of the two
members very difficult where they are con-
formable. We have not yet renamed these
units and have referred to them informally as
upper and lower members of the Strathearn
Formation.

Evidence for Erosion at the Mapped
Unconformity—It Is Not a Fault

Our field work has convinced us that the
angular contact at the base of the Strathearn
in Carlin Canyon is the regionally important
C6 unconformity. Locally, the basal part of
the Strathearn Formation is characterized by a

rusty-colored, iron oxide–rich regolith zone
about 1 m thick. This zone contains clasts de-
rived from the subjacent strata. Where the reg-
olith zone overlies the Tonka, the number and
size of Tonka clasts increases downward with-
in the zone, until the rock becomes a recog-
nizable paleosol C-horizon developed on in-
tact Tonka Formation. Vertical, open
paleofractures in the Tonka are filled with reg-
olith material. The same regolith zone can be
mapped laterally along the base of the Stra-
thearn to where the Strathearn overlies other
units such as the Moleen and Tomera For-
mations. The regolith zone is overlain para-
conformably by quartz-arenaceous limestone

Trexler et al., GSA Bull, 2004
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Figure 5. Geologic map and stratigraphy at Carlin Canyon and Ferdelford Canyon in the Northern Adobe Range (see Figure 2 for location). Map is from Trexler et al. (2004).
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Figure 1. (A) Central North America (U.S. state lines 
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shown here. See Figure 2 for an explanation of the 
C6 through P1 deformation events. (B) Shaded relief 
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the localities mentioned in the text. Digital relief map 
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have steeper profiles and moderate subsidence (Figure 6b). Tectonic subsidence rates in the Paradox and
Eagle basins range from 60 to 120 m/Myr during the most rapid subsidence, and total subsidence is
~1.5 km in each. The third group includes only the Oquirrh basin which has the highest subsidence rates
and magnitudes. There was more than 3 km of subsidence over the life of this basin (Figure 6b).

4.1. Ely-Bird Spring Basin

The Ely-Bird Spring basin subsidence curves are consistent with formation from flexural response to loading.
The subsidence curves are characterized by a stair-step and convex upward pattern. This pattern is
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Note convex-up patterns—argue this is from migrating thrust loads.
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As opposed to classic Ancestral Rockies uplifts where loads were stationary.
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Hoy & Ridgeway, 2002; Kluth, 1997; Moore et al., 2008; Stevenson & Baars, 1986; Soegaard, 1990; Ye et al.,
1996). These bounding faults are relatively steep, perhaps too steep to accommodate a migrating load. A
bounding fault has not been identified for the Oquirrh basin, but the strata thicken to the east within the
basin, suggesting that a bounding structure may be present to the east (Jordan & Douglass, 1980). This
hypothesized bounding structure may be obscured by Sevier orogeny contraction, which directly affects
rocks of the Oquirrh basin (Armstrong, 1968).

This study limits the northwestern extent of the Ancestral Rocky Mountains province to the Eagle, Paradox,
and Oquirrh basins; subsidence of the basins farther west is most reasonably correlated with western margin
tectonism (Figure 7). The idea that the southwesternmargin of Laurentia was active during the Late Paleozoic
is not a new one (e.g., Cashman, Trexler, et al., 2011, Cashman, Villa, et al., 2011; Geslin, 1998; Lawton et al.,
2017; Leary et al., 2017; Trexler et al., 2003, 2004). However, this study provides direct evidence that several
basins formed due to western margin tectonism. This evidence includes tectonic subsidence curves differing
from those of the Ancestral Rocky Mountains and depocenters nearer to the west margins of the basins. In
the Ely-Bird Spring basin, conglomerate beds are restricted to the northern and northwestern parts of the
basin, indicating a basin margin uplift to the northwest. The frequency of coarse beds decreases from
Morrowan to Atokan time (Cashman, Villa, et al., 2011; Sturmer, 2012; Sweet, 2003). With age constraints at
the stage level, intrabasin time constraints are too coarse to determine whether subsidence migrates from
west to east within the western margin basins.

Linking the structural history of the northern Ely basin to a specific tectonic setting is challenging. Ely basin
conglomerate beds record a northwestern source, and post-Ely basin deformation records northwest-
southeast shortening. The strain gradient of the shortening increases to the northwest (Cashman,
Villaet al., 2011; Cashman, Trexler, & Sturmer, 2016; Cashman, Trexler, Taylor, et al., 2016). However, both
are oblique to the north trending basin edge, suggesting several structural controls during the evolution
of the northern Ely-Bird Spring basin. Within the evident structural complexity there is still a strong sugges-
tion from many lines of evidence for a contractional (thrust) component to the deformation that formed the
Ely-Bird Spring basin.

Figure 7. Map showing zones of tectonic influence during the Pennsylvanian in southwestern Laurentia. Positions of basins
and uplifts from Blakey (2005). See Figure 2 for basin abbreviations. Position of Wasatch hinge line (WH) from DeCelles
(2004).
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the only driver of ARM deformation, displacement along ARM structures 
would likely have been <150 m, comparable to that on similar mid-conti-
nent structures (Marshak et al., 2003). Thus, we suggest that closure of the 
Ouachita-Marathon belt was not the primary source of stress that drove 
ARM deformation and that stress generated along the Ouachita-Marathon 
margin likely contributed only minor offset to intracontinental faults or 
else served as a tectonic backstop (as opposed to a free boundary) against 
stress generated at the Sonora and Nevada margins.

NEVADA MARGIN
A growing body of work has documented ongoing Mississippian–

Permian convergent deformation in Nevada (Erickson and Marsh, 1974; 
Trexler et al., 2004; Cashman et al., 2011) that drove sedimentation in the 
Wood River, Bird Springs, Dry Mountain Trough, and possibly Oquirrh 
basins (Gallegos et al., 1991; Mahoney et al., 1991; Geslin, 1998). Recent 
palinspastic reconstructions suggest a generally north-south orientation 
(modern coordinates) for this margin (Dickinson, 2013), and we suggest 
that convergence along it could have contributed an oblique component 
to ARM deformation (Fig. 2). We view this contribution as minor, given 
that convergent deformation along the Nevada margin occurred between 
Early Mississippian and late Permian time, whereas ARM deformation 
was limited to the Pennsylvanian and early Permian.

SONORA MARGIN
Numerous studies have proposed truncation of the Sonora margin by 

a late Paleozoic left-lateral strike-slip boundary (e.g., Stone and Stevens, 
1988; Dickinson and Lawton, 2001). Although the timing of movement 
along, and existence of, this structure is still debated, this fault is thought 
to have translated the Caborca block, a crustal fragment interpreted as 
the southern continuation of the Cordilleran miogeocline (Anderson and 
Silver, 1979), as much as 950 km to the southeast beginning in Early or 
Middle Pennsylvanian time (Stone and Stevens, 1988; Dickinson and Law-
ton, 2001). Geochronologic and geochemical data from plutons intruding 
the Caborca block indicate that subduction-related magmatism occurred 
beginning ca. 275 Ma (Riggs et al., 2010; Arvizu and Iriondo, 2015) 
and suggest that northeast-dipping subduction initiated along the Sonora 
margin by at least this time, likely facilitated by the presence of the major 
lithospheric-scale transcurrent fault (Fig. 2).

Ye et al. (1996) invoked Pennsylvanian northeast-directed flat-slab 
subduction along the Sonora margin to explain the orientation of ARM 
uplifts and northeast-southwest displacement along ARM faults. However, 
the expected magmatic remnants of this process (e.g., Humphreys, 1995; 
Constenius, 1996) have not been discovered, and this model does not 
conform to reconstructed relative plate motions (Figs. 2 and 3) (Domeier 
and Torsvik, 2014).

TIMING
Few ARM kinematic records are well preserved at the surface, and 

basin subsidence has been the principal record used to reconstruct the 
timing of ARM deformation. The timing of ARM subsidence has been 
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Figure 2. Paleogeography of the Ancestral Rocky Mountains (ARM) 
system in Middle Pennsylvanian (ca. 310 Ma) and middle Permian (ca. 
282–270 Ma) time. Reconstructed Panthalassan plate velocities relative 
to North America and the associated ages (in Ma) are from Domeier and 
Torsvik (2014). Green arrows show tectonic stresses inferred from plate 
margin orientation and kinematics. Basins: Ha—Havallah; Wr—Wood 
River; Ey—Ely; Bs—Bird Springs; Kc—Keeler Canyon; Oq—Oquirrh; 
Sw—Sweetwater Trough; Ea—Eagle; Px—Paradox; Hb—Holbrook; 
Tt—Taos Trough; Og—Orogrande; Db—Denver; Pg—Pedregosa; 
Mf—Marfa; De—Delaware; Vv—Val Verde; Md—Midland; Pd—Palo 
Duro; Ad—Anadarko; Ft—Fort Worth; Ad—Ardmore; Ak—Arkoma; 
Bw—Black Warrior. Uplifts: Fr—Front Range; Uu—Uncompahgre; 
Pi—Piute; Zd—Zuni-Defiance; Pd—Pedernal; Fl—Florida; Cb—Central 
Basin Platform; Lu—Llano; Wu—Wichita. CAB—Caborca block. See 
the GSA Data Repository1 for references.

1 GSA Data Repository item 2017243, complete references for Figures 1, 2, 
and 4, is available online at http://www.geosociety.org/datarepository/2017/ or on 
request from editing@geosociety.org.

Figure 3. Paleogeographic reconstruction after Domeier and Torsvik 
(2014). Black arrows indicate plate velocity in a mantle reference frame. 
CAB—Caborca block.
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Both of these papers separate ARM from basins at western margin


