
Ancestral Rockies

Pull out geologic map and ask about it.



How do we find 
Ancestral Rockies?

This is a prelude to pulling out maps and looking at them
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Rockies Uplifts?
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Obvious Basin
(Accumulated sediment)

No Pz under 
Mz-likely 

uplift

Gore Fault Zone a likely 
Ancestral Rockies structure

...except it cuts 
Mesozoic strata too

A lead in to, where can we see unreactivated Ancestral Rockies structures?













I70 west of Vail



Where is evidence for Ancestral Rockies
Where ARE the Ancestral Rockies?
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280

New Age Dates

Might note that the timescale on right shown here is out of date (it was one Kluth used).  Penn-Perm now put at 299 Ma, Mis-Penn 323 Ma by GSA, 318 by 
stratigraphy.org
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Hoy and Ridgway 2002



334-320 Ma

Ye et al., AAPG Bull, 1996
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Ye et al., AAPG Bull, 1996
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Ye et al., AAPG Bull, 1996



308-305 Ma

Ye et al., AAPG Bull, 1996
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Ye et al., AAPG Bull, 1996



303-296 Ma

Ye et al., AAPG Bull, 1996



296-280 Ma (Permian)

Ye et al., AAPG Bull, 1996
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Ye et al., AAPG Bull, 1996
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Ye et al., AAPG Bull, 1996
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measured section IV. Inset: Geographic locations of the places mentioned in text. Location of inset shown by gray box on Figure 1.
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the western margin fault of the Uncompahgre 
uplift. Hoy and Ridgway (2002), however, dem-
onstrate top-to-the-right structural relationships 
for the eastern margin fault of the same uplift. 
Although both senses of motion are possible 
in the same structural system, it is unclear how 
they interact at depth.

Here we provide sedimentological, strati-
graphic, and structural evidence for synoro-
genic and postorogenic sedimentation within 
the upper Paleozoic Fountain Formation. The 
Fountain Formation was deposited on the 
east fl ank of the ancestral Front Range, a ma-
jor uplift within the central ancestral Rocky 
Mountains (Mallory, 1972). Accordingly, our 
study provides new data on kinematics and 
timing on a prominent ancestral Rocky Moun-
tains structure and suggests that a northwest-
southeast –oriented depositional trough divided 
the ancestral Front Range into northern and 
southern blocks.

GEOLOGIC BACKGROUND 
AND SETTING

The ancestral Rocky Mountains are an intra-
plate collage of Precambrian basement-cored 
uplifts with intervening, structurally deep, 
sedimentary basins possibly extending from 
southern Idaho to Oklahoma (Fig. 1; e.g., 
Mallory, 1972; Kluth and Coney, 1981; Kluth, 
1986). However, the plate tectonic setting of 
the ancestral Rocky Mountains has remained 
unclear owing to its intraplate location, with 
deformation extending up to 1500 km from any 
coeval plate margin; furthermore, subsequent 
Mesozoic and Cenozoic structural overprinting 
has complicated identifi cation and interpreta-
tion of features of the ancestral Rocky Moun-
tains. Timing of peak subsidence within basins 
of the ancestral Rocky Mountains broadly fol-
lows an arcuate path from Early Pennsylvanian 
in the east-northeast to Early Permian in the 
southwest that mimics the east-to-west sutur-
ing along the Ouachita-Marathon belt (Kluth 
and Coney, 1981; Kluth, 1986; Dickinson and 
Lawton, 2003). On the basis of this correla-
tion, Kluth and Coney (1981) and Kluth (1986) 
suggested that the ancestral Rocky Mountains 
were related to Himalaya-style indenture of 
the South American plate along the Ouachita-
Marathon suture. Because the polarity of sub-
duction along the Ouachita-Marathon belt was 
opposite that of the Himalayan system, Dickin-
son and Lawton (2003) suggested that ancestral 
Rocky Mountains deformation was the result 
of far-fi eld torsional stresses created through 
the oblique closure of the Ouachita-Marathon 
suture. Conversely, Ye et al. (1996) argued 
that the  northwest-southeast–trending structural 
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Figure 1. Late Paleozoic tectonic elements of the greater ancestral Rocky Mountains, spe-
cifi cally highlighting faults with inferred Pennsylvanian movement. Modifi ed from Lindsey  
et al. (1986), Hoy and Ridgway (2002), and Kluth and McCreary (2006). Locations of 
paleo equators are from Scotese (1997). Abbreviations: CCT—Central Colorado trough; 
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So maybe can look at strat record more closely
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debris fl ows) generally do not transform into 
other fl ows. Furthermore, the rare occurrence 
of proximal coarse-grained debris fl ows is in-
consistent with the amount of muddy granular 
sandstone observed in the section.

PALEOSLOPE CALCULATIONS

Slope of deposition strongly affects fl ow ve-
locity and hence bedform development; thus 
angle of depositional slope could be responsible 
for the dearth of cross-stratifi cation in the lower 
573 m of the study section and the abundance 
of cross-stratifi cation in the upper 314 m. Paola 
and Mohrig (1996) have shown that slope re-
lates to mean grain size and fl ow depth by:

 S = 0.094D*H−1, (1)

where S = depositional slope, D = mean grain 
size (D50), and H = mean water depth.

Four key assumptions in using this method 
are quasi–steady-state fl ows, noncohesive chan-
nel banks, bedform-free beds, and dominantly 
bedload transport. Thus, application is best ap-
plied to deposits that: (1) lack signs of rapid 
deposition, plant roots, and muddy overbank de-
posits, and (2) contain massive to crudely bed-
ded channel deposits. Fountain Formation strata 
>573 m above base are best suited to this method 
because of the presence of massive, basal chan-
nel fi ll, scarce roots, and little mudstone. We did 
not apply this method to strata within the lower 
100 m because of the abundance of rooted hori-

zons. The middle 100–573 m is not well suited 
for such analyses either, but intervals of cobble 
conglomerate and crudely stratifi ed fl uvial sand-
stone facies meet all criteria with the exception 
of quasi-steady fl ow due to the inferred intermit-
tent nature of fl ows and possible “backwater ef-
fects” from close proximity to shoreline. Hence, 
we calculated slopes for the middle strata for 
cautious comparison.

Water depths for the upper and middle sections 
are estimated (Table 2) using thicknesses of up-
wardly fi ning inferred channel-fi ll units. These 
estimates were corroborated with data from 
nearby trough cross-stratifi ed and planar cross-
stratifi ed beds by estimating water depth from the 
relationship of ripple height to water depth shown 
by Allen (1968). D50 was obtained by methods 
previously discussed. Depositional slope estimate 
calculated from Equation (1) is ~0.0008 for the 
upper 314 m, whereas beds from 100 to 573 m 
above base have an estimated slope of ~0.005. 
Modern sand- and gravel-bedded rivers have 
slopes that typically range from 0.0004 to 0.001, 
whereas many modern fan deltas and alluvial fans 
have slopes that range from 0.002 to 0.005 (ref-
erences in Blair and McPherson, 1994). We infer 
that the steeper slope of the lower strata analyzed 
inhibited development of cross-stratifi cation.

STRUCTURAL DATA

In general, bedding in the study area dips and 
steepens to the east, forming a large monocline 
dipping into the Denver basin (Figs. 1 and 2). 

Inasmuch as overlying Mesozoic strata also 
form the monocline, this structure has long been 
attributed to Laramide-age shortening (Trimble 
and Machette, 1979). Similarly, tight folds par-
allel to and within 0.5 km of the Ute Pass fault 
trace have been attributed to Laramide shorten-
ing (Suttner et al., 1984; Kluth, 1997), as well 
as a broad, open syncline-anticline pair occur-
ring ~2 km north of the Ute Pass fault (Fig. 2; 
Trimble  and Machette, 1979; Suttner et al., 
1984), despite the contrasting styles of defor-
mation. This syncline-anticline pair is at a high 
angle to the N-S–trending Laramide monocline 
and is also folded within that monocline, such 
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Figure 10. (A) Rose diagram of paleocurrents collected from the lower and middle Fountain Formation. Arrow on outer circle indicates 
mean direction for data set. See Figure 2 for areal coverage. (B) Rose diagram of paleocurrents collected from the upper Fountain For-
mation. Arrow on outer circle indicates mean direction for data set. (C) Equal-area stereoplot of bedding attitudes from the Fountain 
Formation . Black squares (n = 38) are data collected from the lower and middle Fountain Formation within 1 km of fold axis depicted on 
Figure 2. Open triangles (n = 17) are data collected from the upper Fountain Formation. Contour intervals (from outside to inside) are 3%, 
6%, 12%, and 24%. Beta orientation is 141/17.
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debris fl ows) generally do not transform into 
other fl ows. Furthermore, the rare occurrence 
of proximal coarse-grained debris fl ows is in-
consistent with the amount of muddy granular 
sandstone observed in the section.

PALEOSLOPE CALCULATIONS

Slope of deposition strongly affects fl ow ve-
locity and hence bedform development; thus 
angle of depositional slope could be responsible 
for the dearth of cross-stratifi cation in the lower 
573 m of the study section and the abundance 
of cross-stratifi cation in the upper 314 m. Paola 
and Mohrig (1996) have shown that slope re-
lates to mean grain size and fl ow depth by:

 S = 0.094D*H−1, (1)

where S = depositional slope, D = mean grain 
size (D50), and H = mean water depth.

Four key assumptions in using this method 
are quasi–steady-state fl ows, noncohesive chan-
nel banks, bedform-free beds, and dominantly 
bedload transport. Thus, application is best ap-
plied to deposits that: (1) lack signs of rapid 
deposition, plant roots, and muddy overbank de-
posits, and (2) contain massive to crudely bed-
ded channel deposits. Fountain Formation strata 
>573 m above base are best suited to this method 
because of the presence of massive, basal chan-
nel fi ll, scarce roots, and little mudstone. We did 
not apply this method to strata within the lower 
100 m because of the abundance of rooted hori-

zons. The middle 100–573 m is not well suited 
for such analyses either, but intervals of cobble 
conglomerate and crudely stratifi ed fl uvial sand-
stone facies meet all criteria with the exception 
of quasi-steady fl ow due to the inferred intermit-
tent nature of fl ows and possible “backwater ef-
fects” from close proximity to shoreline. Hence, 
we calculated slopes for the middle strata for 
cautious comparison.

Water depths for the upper and middle sections 
are estimated (Table 2) using thicknesses of up-
wardly fi ning inferred channel-fi ll units. These 
estimates were corroborated with data from 
nearby trough cross-stratifi ed and planar cross-
stratifi ed beds by estimating water depth from the 
relationship of ripple height to water depth shown 
by Allen (1968). D50 was obtained by methods 
previously discussed. Depositional slope estimate 
calculated from Equation (1) is ~0.0008 for the 
upper 314 m, whereas beds from 100 to 573 m 
above base have an estimated slope of ~0.005. 
Modern sand- and gravel-bedded rivers have 
slopes that typically range from 0.0004 to 0.001, 
whereas many modern fan deltas and alluvial fans 
have slopes that range from 0.002 to 0.005 (ref-
erences in Blair and McPherson, 1994). We infer 
that the steeper slope of the lower strata analyzed 
inhibited development of cross-stratifi cation.

STRUCTURAL DATA

In general, bedding in the study area dips and 
steepens to the east, forming a large monocline 
dipping into the Denver basin (Figs. 1 and 2). 

Inasmuch as overlying Mesozoic strata also 
form the monocline, this structure has long been 
attributed to Laramide-age shortening (Trimble 
and Machette, 1979). Similarly, tight folds par-
allel to and within 0.5 km of the Ute Pass fault 
trace have been attributed to Laramide shorten-
ing (Suttner et al., 1984; Kluth, 1997), as well 
as a broad, open syncline-anticline pair occur-
ring ~2 km north of the Ute Pass fault (Fig. 2; 
Trimble  and Machette, 1979; Suttner et al., 
1984), despite the contrasting styles of defor-
mation. This syncline-anticline pair is at a high 
angle to the N-S–trending Laramide monocline 
and is also folded within that monocline, such 
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debris fl ows) generally do not transform into 
other fl ows. Furthermore, the rare occurrence 
of proximal coarse-grained debris fl ows is in-
consistent with the amount of muddy granular 
sandstone observed in the section.

PALEOSLOPE CALCULATIONS

Slope of deposition strongly affects fl ow ve-
locity and hence bedform development; thus 
angle of depositional slope could be responsible 
for the dearth of cross-stratifi cation in the lower 
573 m of the study section and the abundance 
of cross-stratifi cation in the upper 314 m. Paola 
and Mohrig (1996) have shown that slope re-
lates to mean grain size and fl ow depth by:

 S = 0.094D*H−1, (1)

where S = depositional slope, D = mean grain 
size (D50), and H = mean water depth.

Four key assumptions in using this method 
are quasi–steady-state fl ows, noncohesive chan-
nel banks, bedform-free beds, and dominantly 
bedload transport. Thus, application is best ap-
plied to deposits that: (1) lack signs of rapid 
deposition, plant roots, and muddy overbank de-
posits, and (2) contain massive to crudely bed-
ded channel deposits. Fountain Formation strata 
>573 m above base are best suited to this method 
because of the presence of massive, basal chan-
nel fi ll, scarce roots, and little mudstone. We did 
not apply this method to strata within the lower 
100 m because of the abundance of rooted hori-

zons. The middle 100–573 m is not well suited 
for such analyses either, but intervals of cobble 
conglomerate and crudely stratifi ed fl uvial sand-
stone facies meet all criteria with the exception 
of quasi-steady fl ow due to the inferred intermit-
tent nature of fl ows and possible “backwater ef-
fects” from close proximity to shoreline. Hence, 
we calculated slopes for the middle strata for 
cautious comparison.

Water depths for the upper and middle sections 
are estimated (Table 2) using thicknesses of up-
wardly fi ning inferred channel-fi ll units. These 
estimates were corroborated with data from 
nearby trough cross-stratifi ed and planar cross-
stratifi ed beds by estimating water depth from the 
relationship of ripple height to water depth shown 
by Allen (1968). D50 was obtained by methods 
previously discussed. Depositional slope estimate 
calculated from Equation (1) is ~0.0008 for the 
upper 314 m, whereas beds from 100 to 573 m 
above base have an estimated slope of ~0.005. 
Modern sand- and gravel-bedded rivers have 
slopes that typically range from 0.0004 to 0.001, 
whereas many modern fan deltas and alluvial fans 
have slopes that range from 0.002 to 0.005 (ref-
erences in Blair and McPherson, 1994). We infer 
that the steeper slope of the lower strata analyzed 
inhibited development of cross-stratifi cation.

STRUCTURAL DATA

In general, bedding in the study area dips and 
steepens to the east, forming a large monocline 
dipping into the Denver basin (Figs. 1 and 2). 

Inasmuch as overlying Mesozoic strata also 
form the monocline, this structure has long been 
attributed to Laramide-age shortening (Trimble 
and Machette, 1979). Similarly, tight folds par-
allel to and within 0.5 km of the Ute Pass fault 
trace have been attributed to Laramide shorten-
ing (Suttner et al., 1984; Kluth, 1997), as well 
as a broad, open syncline-anticline pair occur-
ring ~2 km north of the Ute Pass fault (Fig. 2; 
Trimble  and Machette, 1979; Suttner et al., 
1984), despite the contrasting styles of defor-
mation. This syncline-anticline pair is at a high 
angle to the N-S–trending Laramide monocline 
and is also folded within that monocline, such 
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debris fl ows) generally do not transform into 
other fl ows. Furthermore, the rare occurrence 
of proximal coarse-grained debris fl ows is in-
consistent with the amount of muddy granular 
sandstone observed in the section.

PALEOSLOPE CALCULATIONS

Slope of deposition strongly affects fl ow ve-
locity and hence bedform development; thus 
angle of depositional slope could be responsible 
for the dearth of cross-stratifi cation in the lower 
573 m of the study section and the abundance 
of cross-stratifi cation in the upper 314 m. Paola 
and Mohrig (1996) have shown that slope re-
lates to mean grain size and fl ow depth by:

 S = 0.094D*H−1, (1)

where S = depositional slope, D = mean grain 
size (D50), and H = mean water depth.

Four key assumptions in using this method 
are quasi–steady-state fl ows, noncohesive chan-
nel banks, bedform-free beds, and dominantly 
bedload transport. Thus, application is best ap-
plied to deposits that: (1) lack signs of rapid 
deposition, plant roots, and muddy overbank de-
posits, and (2) contain massive to crudely bed-
ded channel deposits. Fountain Formation strata 
>573 m above base are best suited to this method 
because of the presence of massive, basal chan-
nel fi ll, scarce roots, and little mudstone. We did 
not apply this method to strata within the lower 
100 m because of the abundance of rooted hori-

zons. The middle 100–573 m is not well suited 
for such analyses either, but intervals of cobble 
conglomerate and crudely stratifi ed fl uvial sand-
stone facies meet all criteria with the exception 
of quasi-steady fl ow due to the inferred intermit-
tent nature of fl ows and possible “backwater ef-
fects” from close proximity to shoreline. Hence, 
we calculated slopes for the middle strata for 
cautious comparison.

Water depths for the upper and middle sections 
are estimated (Table 2) using thicknesses of up-
wardly fi ning inferred channel-fi ll units. These 
estimates were corroborated with data from 
nearby trough cross-stratifi ed and planar cross-
stratifi ed beds by estimating water depth from the 
relationship of ripple height to water depth shown 
by Allen (1968). D50 was obtained by methods 
previously discussed. Depositional slope estimate 
calculated from Equation (1) is ~0.0008 for the 
upper 314 m, whereas beds from 100 to 573 m 
above base have an estimated slope of ~0.005. 
Modern sand- and gravel-bedded rivers have 
slopes that typically range from 0.0004 to 0.001, 
whereas many modern fan deltas and alluvial fans 
have slopes that range from 0.002 to 0.005 (ref-
erences in Blair and McPherson, 1994). We infer 
that the steeper slope of the lower strata analyzed 
inhibited development of cross-stratifi cation.

STRUCTURAL DATA

In general, bedding in the study area dips and 
steepens to the east, forming a large monocline 
dipping into the Denver basin (Figs. 1 and 2). 

Inasmuch as overlying Mesozoic strata also 
form the monocline, this structure has long been 
attributed to Laramide-age shortening (Trimble 
and Machette, 1979). Similarly, tight folds par-
allel to and within 0.5 km of the Ute Pass fault 
trace have been attributed to Laramide shorten-
ing (Suttner et al., 1984; Kluth, 1997), as well 
as a broad, open syncline-anticline pair occur-
ring ~2 km north of the Ute Pass fault (Fig. 2; 
Trimble  and Machette, 1979; Suttner et al., 
1984), despite the contrasting styles of defor-
mation. This syncline-anticline pair is at a high 
angle to the N-S–trending Laramide monocline 
and is also folded within that monocline, such 
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depicted on most paleogeographic maps of the an-
cestral Rocky Mountains (e.g., Kluth and Coney , 
1981; Lindsey  et al., 1986), but has recently been 
proposed by Kluth and McCreary (2006) in their 
portrayal of a  northwest-southeast –trending 
structural trough (i.e., Woodland Park trough) 
that separated a northern uplifted block (i.e., 
Front Range) from a southern uplifted block 
(i.e., Ute Pass uplift; Figs. 1 and 16). The an-
cestral Ute Pass fault likely continued the more 
westerly trend observed in the study area and 
formed the southern basin-bounding fault of 
the Woodland Park trough during deposition 
of the lower and middle Fountain tectono-
stratigraphic units (Fig. 16). However, during 
deposition of the upper Fountain Formation, 
the fault had ceased or dramatically decreased 
activity, and sediments likely onlapped the Ute 
Pass uplift (Fig. 16). Hence, accommodation 
for the upper Fountain Formation must have 
been created through regional rather than local 
subsidence.

IMPLICATIONS FOR THE GREATER 
ANCESTRAL ROCKY MOUNTAINS

Most syntheses of the ancestral Rocky 
Mountains address structural timing and kine-
matics by analyzing basin fi ll. For example, 

estimating peak deposition in adjacent basins 
has been used to propose east-to-west diachro-
nous basin development within the ancestral 
Rocky Mountains (Kluth and Coney, 1981; 
Dickinson and Lawton, 2003), and sedimen-
tary facies patterns have been used, in part or 
wholly, to propose individual basin-formation 
mechanisms (e.g., transpressional or thrust-
loading regimes; Stevenson and Baars, 1986; 
Lawton and Giles, 2002; Barbeau, 2003). 
However, as demonstrated in this paper, the 
Fountain Formation records syntectonic and 
post-tectonic strata. Indeed, data from many 
studies have also shown that signifi cant por-
tions of basin fi ll within the ancestral Rocky 
Mountains postdate associated local faulting 
(Maher, 1953; DeVoto et al., 1971; Hoy and 
Ridgway, 2002; Thomas, 2007; Moore et al., 
2008); hence, regional synthesis models based 
on basin fi ll alone are unsatisfactory because 
structural uplift may have ceased prior to 
depo sition of the youngest Pennsylvanian–
Permian strata within the basin.

Examination of faults with a documented 
late Paleozoic history shows a slight east-to-
west younging (Fig. 17). However, as a result of 
crude dating of the post-faulting strata, the east-
to-west age pattern may be less pronounced than 
the trend determined from basin fi ll alone (i.e., 

Dickinson and Lawton, 2003). For example, the 
age of the upper Fountain tectonostratigraphic 
unit postdates movement on the ancestral Ute 
Pass fault, yet the upper Fountain age constraints 
allow for a range from Late  Pennsylvanian–
Early Permian (e.g., 5–8 Ma difference). Thus, 
when the poorly constrained ages of basin fi ll 
and subsequent fault movement are considered, 
the possibility of a relatively synchronous ter-
mination of faulting is permissible within the 
ancestral Rocky Mountains (Fig. 17). If the lat-
ter possibility holds, then current plate tectonic 
models addressing the formation of the ances-
tral Rocky Mountains by diachronous closure of 
Laurentia and Gondwana may be compromised, 
and better dates of basin fi ll and post-tectonic 
strata are needed to resolve the issue.

Faults of the ancestral Rocky Mountains strik-
ing NW-SE have predominantly reverse slip, 
whereas faults oriented east-west and north-
south have sinistral and dextral strike-slip, re-
spectively (Figs. 1 and 17). These geometries 
and slip directions are all consistent with a 
maximum horizontal compressional stress ori-
ented NE-SW, possibly indicating a relatively 
stable stress orientation throughout the evolution 
of the greater ancestral Rocky Mountains. This 
stress stability does not appear to mesh well with 
the torsional stresses invoked by a diachronous 
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Figure 16. Paleogeography of the southern ancestral Front Range. (A) Early Pennsylvanian confi guration during deposition of the lower 
and middle Fountain tectonostratigraphic units. Data for the Central Colorado trough is from Hoy and Ridgway (2002). Data from Perry 
Park region is from Hendrickson (1986) and Trimble and Machette (1979). (B) Late Pennsylvanian–Early Permian confi guration during 
deposition of the upper Fountain tectonostratigraphic unit. Data for the Central Colorado trough is from Hoy and Ridgway (2002). Data 
for the Perry Park region is from Hendrickson (1986), Howard (1966), and Trimble and Machette (1979).

From this conclude that faulting on Ute Pass fault was active early and then shutdown, allowing more of an axial transport.
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Inferred lots of normal faults 
and strike-slip faults
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Figure 5. Seismic line B-B’ showing deformed bedding in the Paradox Formation and the position of the Uncornpahgre fault zone. Location 
of line shown in figure 6. 
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Areas of maximum salt deformation are also evident on seis- 
mic. The top of the Paradox salt is characterized by a high 
amplitude reflection and is easily followed throughout most of 
the area. Areas of maximum salt thickness are shown in Figure 
7 together with areas where the salt section has flowed into 
neighboring anticlines. 

Seismic Stratigraphy 

Seismic data are of sufficient quality to allow us to infer var- 
ious stratigraphic relationships in the Pennsylvanian section. 

An approximate age for movement of the Paradox salt was 
determined from horizons within the Honaker Trail Formation 
(Fig. 4). The lower 750-1,250 ft of the Honaker Trail is conform- 
able with the underlying Paradox Formation, whereas the 
younger beds progressively downlap to the southwest. Con- 
sequently, flowage of the massive salt unit in this area can be 
dated as coincident with lower to middle Honaker Trail deposi- 
tion. 

The seismic character of the Paradox salt member appears 
to grade laterally from southwest to northeast into a pattern that 

more closely resembles the arkosic facies of the Honaker Trail. 
This can be seen in Figure 4 from 1.7-2.2 seconds as a change 
from fairly continuous, bright reflectors into more low amplitude, 
discontinuous events. Depth to the first salt horizon in the Elba 
Flats well was accurately predicted by character of the seismic 
alone. The arkosic facies of the Paradox is shown in Figure 7. 

Seismic stratigraphic relationships in the Lower Paradox 
were used to date the age of the structure. Figure 8 shows the , 

Mississippian horizon in concordance with underlying Devon- 
ian and Cambrian reflectors. Above the Mississippian are lower 
Paradox beds that truncate against the Mississippian reflector. 
This onlapping indicates the structure at Elba Flats to be Late 
Mississippian to Early Pennsylvanian in age. 

Uncompahgre Fault 

The fault plane of the Uncompahgre thrust cannot be pin- 
pointed on seismic. There appears to be a dilatant zone along 
the fault, but it lacks the associated high reflectivity and low 
velocity character that is present in other foreland margin 
thrusts (Zawislak and Smithson, 1981). Indeed, sonic velocities 
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Frahme and Vaughn, RMAG 1983

Northwest end of Uncompahgre Plateau
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Possible strike-slip along this fault (or partitioned slip) quite possible.
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If NE-SW shortening, then an E-W segment should have sinistral faulting as well…



Thomas, 2007

Lot of subtlety here. First up, Thomas notes the cores of the anticlines in the lower Pz are the upright phyllite. Phyllite extends above the planar unconformity of the qtzts. “Each of three 
anticlines plunges and flattens northeastward along strike of the underlying quartzite-phyllite, and the plunging noses of the anticlines define a sinistral, en echelon alignment, which trends 
northward between the Coal Bank Pass and Snowdon faults”-so source of sinistral interpretation. Also this is NE-SW shortening. Snowdon Fault has vertical throw decreasing to WNW, but 
considered strike-slip, termination in anticline in Hermosa Group provides date. So the throw on these makes them look right-lateral but the argument here is they are sinistral.



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.

Thomas, 2007

These are the “positive flower structure” (anticline) at the north end 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

Geological Society of America Bulletin, July 2002 807

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 syncline” indicates the syncline was growing as the sediments were being deposited. Thrust fault dying into 
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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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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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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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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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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

325

2-

4-

6-

AGE, IN MILLIONS OF YEARS
300 

j___I___I___i___I___
275

EXPLANATION
        Oquirrh basin

     - Wyoming shelf
     . Paradox basin

      Eagle basin

Early Middle Late 
PENNSYLVANIAN

Early 
PERMIAN

325

1-

2-

3-

AGE, IN MILLIONS OF YEARS 
300 275

_i____i____i_ i___i____i

EXPLANATION
-   -   Oquirrh basin 
--   Wyoming shelf 

Paradox basin 

Eagle basin

Early Middle Late 
PENNSYLVANIAN

Early 
PERMIAN

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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faults along the Sawatch and Ancestral Front Range uplifts (Johnson 
et al., 1992). The rate of tectonic subsidence towards the basin center 
during this time was 14 m Myr−1 and much lower than the rest of the 
Pennsylvanian (Figs. 3, 4). In the Middle Pennsylvanian, tectonic sub-
sidence rapidly increased (142 m Myr−1), which is the highest estimate 
in this study and also corresponds to uplift of the Uncompahgre Uplift on 
the western margin of the basin (Johnson et al., 1992; Barbeau, 2003). 
Tectonic subsidence waned during the Late Pennsylvanian and early 
Permian to 32 and 10 m Myr−1, respectively. Because the age control of 
the Eagle Basin is relatively scarce and the parameters for producing the 
curve were not provided in detail by the original authors, we caution 
that the rates above are the least constrained. 

4.4. Paradox Basin 

Strata of the northern Paradox Basin rest unconformably on Missis-
sippian limestone (Johnson et al., 1992; Condon, 1997). The Early 
Pennsylvanian rate of tectonic subsidence is 43 m/Myr−1 and began in 
the middle to late Bashkirian (Figs. 3, 4). The rate of tectonic subsidence 
generally increased up to the Missourian (Kasimovian) where it reached 
its highest rate of 48 m/Myr−1. Tectonic subsidence decreased from this 
apex through the early Permian (Fig. 4). The section chosen for 
decompaction here is from the western limb of the basin and well pen-
etrations do exist much closer to the basin center, where subsidence 

rates are likely higher; however, salt tectonics in that area complicate 
the stratigraphy (e.g., Trudgill, 2011) and the distance from age control 
in that area reduce confidence in the analysis. 

4.5. Taos Trough 

Thin shallow-water carbonate strata of Mississippian age rest un-
conformably below Pennsylvanian strata throughout much of the Taos 
Trough (Baltz and Myers, 1999). A thick accumulation of predominantly 
coarse-clastic deposits that increase from quartzose to arkose upward 
during the late Morrowan to Atokan (Bashkirian) represents initial 
subsidence related to ARM tectonics (Soegaard, 1990; Baltz and Myers, 
1999; Brotherton et al., 2019a). The rate of tectonic subsidence (85 m 
Myr−1) during this time is the highest rate experienced (Figs. 3, 4). 
Tectonic subsidence in the eastern portion of the basin drastically 
decreased during the Middle Pennsylvanian to 13 m Myr−1. The 
decrease in Middle Pennsylvanian subsidence in the eastern part of the 
basin occurred at the same time the western part of the basin demon-
strated a rapid increase in sediment accumulation (Baltz and Myers, 
1999; Sweet and Watters, 2015). During the Late Pennsylvanian, the 
rate of tectonic subsidence upticks slightly to 16 m Myr−1 and further 
increases to 39 m Myr−1 during the Wolfcampian (Asselian to early 
Artinskian). 

Fig. 3. Tectonic subsidence curves of the eight basins studied. Numbers are the same as Figs. 1 and 2. Dashed lines are those curves compiled from literature. Solid 
lines are newly produced curves in this study. The shape of curves that resemble fixed-load and potentially strike-slip influenced curves is from Sturmer et al. (2018) 
and Xie and Heller (2009). 
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the chief driver for ARM deformation was diachronous closure of the 
Ouachita-Marathon Belt during the Pennsylvanian-early Permian. 
Noting that the northwest-southeast structural trend of the ARM is 
inconsistent with a tectonic driver from the southeast, Ye et al. (1996) 
and Leary et al. (2017) proposed that the relatively synchronous start of 
deformation in the late Bashkirian (~318 Ma) across the ARM and the 
trend of high-angle reverse faults is most consistent with northeast- 
directed convergence along the southwestern margin of Laurentia. The 
lack of known volcanism associated with the southwestern margin likely 
precluded subduction along the margin (Kluth, 1998); however, highly 
oblique convergence commonly lacks volcanism indicating that stress 
transmission from the southwestern margin is permissible (Leary et al., 
2017). 

Integral to help understand the ARM orogen better is quantitative 
subsidence analysis that incorporates available age control calibrated to 
the 2020 Geologic Time scale of Gradstein et al. (2020). Notably, with 
the exception of the Leary et al. (2017) tectonic model for the ARM, the 
geochronology of the Pennsylvanian-Permian has been substantially 
updated when compared to older tectonic models (Kluth and Coney, 
1981; Algeo, 1992; Marshak et al., 2000; Dickinson and Lawton, 2003; 
Soreghan et al., 2012). This paper uses 1-D backstripped tectonic sub-
sidence curves to assess the rate, magnitude and initiation of tectonic 
subsidence from eight ARM basins that span the interior to the southern 
margin of intraplate deformation. This dataset provides timing and 
magnitude of basin subsidence across the orogen. In this type of analysis, 
error is inherent and resolves chiefly around ages of the intervals 

decompacted, estimations of water depth and eustatic sea level varia-
tion, and depth-porosity relationships. Moreover, each section utilized 
for subsidence analysis here is only a 1-D data point. Thus, we are 
cognizant of the lack of error bars in the presented data. Future work 
could build upon this data set by implying probabilistic models to our 1- 
D curves to obtain error bars (e.g., )(Waltham et al., 2000). Throughout 
this paper, we have utilized the best available age control and consistent 
usage of variations of eustatic sea level change. Water depths at the time 
of deposition are frustratingly hard to estimate, but it is doubtful that 
any locations experienced sufficient water depths to greatly affect the 
shape of the curves, especially since most locations are on basin shelves. 
Lastly, the depth-porosity relationship is commonly used in studies like 
these (e.g., Sclater and Christie, 1980; Bond and Kominz, 1984; Hegarty 
et al., 1988; Xie and Heller, 2009; Sturmer et al., 2018). 

2. Geologic setting 

The ARM were a generally NW-SE trending collage of uplifted 
Precambrian-cored basement blocks with intervening sedimentary ba-
sins (e.g., Mallory, 1972). Basins commonly are structurally separated 
from uplifts by a high-angle reverse fault (e.g., Brewer et al., 1983; 
Frahme and Vaughn, 1983; Ye et al., 1996) resulting in an asymmetric 
wedge of basin fill (e.g., Soegaard, 1990; Hoy and Ridgway, 2002; 
Barbeau, 2003; Soreghan et al., 2012). Generally, basins to the north 
record more terrestrial clastic sedimentation (Mallory, 1975; Wilson, 
1975), than basins in the southern part of the ARM, which are 

Fig. 1. Late Paleozoic Precambrian-cored uplifts and sedimentary basins of the Ancestral Rocky Mountains. Isopach data are from McKee (1975) and the locations of 
uplifts are inferred by zero isopach lines. Figure has been modified from Soreghan et al. (2012). A-A′ is the line that sedimentary basins have been projected onto and 
follows the same location for the line of projection in Dickinson and Lawton (2003). Dashed gray line is the approximate location of a gravity anomaly inferred as a 
high-density crustal component of Soreghan et al. (2012). Numerated polygons are the location of the tectonic subsidence curves discussed herein. Abbreviations: AB 
= Anadarko Basin; CBP = Central Basin Platform; EB = Eagle Basin; OB = Orogrande Basin; PB = Pedregosa Basin; SU = Sawatch Uplift; TT = Taos Trough; WU =
Wichita Uplift. 
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faults along the Sawatch and Ancestral Front Range uplifts (Johnson 
et al., 1992). The rate of tectonic subsidence towards the basin center 
during this time was 14 m Myr−1 and much lower than the rest of the 
Pennsylvanian (Figs. 3, 4). In the Middle Pennsylvanian, tectonic sub-
sidence rapidly increased (142 m Myr−1), which is the highest estimate 
in this study and also corresponds to uplift of the Uncompahgre Uplift on 
the western margin of the basin (Johnson et al., 1992; Barbeau, 2003). 
Tectonic subsidence waned during the Late Pennsylvanian and early 
Permian to 32 and 10 m Myr−1, respectively. Because the age control of 
the Eagle Basin is relatively scarce and the parameters for producing the 
curve were not provided in detail by the original authors, we caution 
that the rates above are the least constrained. 

4.4. Paradox Basin 

Strata of the northern Paradox Basin rest unconformably on Missis-
sippian limestone (Johnson et al., 1992; Condon, 1997). The Early 
Pennsylvanian rate of tectonic subsidence is 43 m/Myr−1 and began in 
the middle to late Bashkirian (Figs. 3, 4). The rate of tectonic subsidence 
generally increased up to the Missourian (Kasimovian) where it reached 
its highest rate of 48 m/Myr−1. Tectonic subsidence decreased from this 
apex through the early Permian (Fig. 4). The section chosen for 
decompaction here is from the western limb of the basin and well pen-
etrations do exist much closer to the basin center, where subsidence 

rates are likely higher; however, salt tectonics in that area complicate 
the stratigraphy (e.g., Trudgill, 2011) and the distance from age control 
in that area reduce confidence in the analysis. 

4.5. Taos Trough 

Thin shallow-water carbonate strata of Mississippian age rest un-
conformably below Pennsylvanian strata throughout much of the Taos 
Trough (Baltz and Myers, 1999). A thick accumulation of predominantly 
coarse-clastic deposits that increase from quartzose to arkose upward 
during the late Morrowan to Atokan (Bashkirian) represents initial 
subsidence related to ARM tectonics (Soegaard, 1990; Baltz and Myers, 
1999; Brotherton et al., 2019a). The rate of tectonic subsidence (85 m 
Myr−1) during this time is the highest rate experienced (Figs. 3, 4). 
Tectonic subsidence in the eastern portion of the basin drastically 
decreased during the Middle Pennsylvanian to 13 m Myr−1. The 
decrease in Middle Pennsylvanian subsidence in the eastern part of the 
basin occurred at the same time the western part of the basin demon-
strated a rapid increase in sediment accumulation (Baltz and Myers, 
1999; Sweet and Watters, 2015). During the Late Pennsylvanian, the 
rate of tectonic subsidence upticks slightly to 16 m Myr−1 and further 
increases to 39 m Myr−1 during the Wolfcampian (Asselian to early 
Artinskian). 

Fig. 3. Tectonic subsidence curves of the eight basins studied. Numbers are the same as Figs. 1 and 2. Dashed lines are those curves compiled from literature. Solid 
lines are newly produced curves in this study. The shape of curves that resemble fixed-load and potentially strike-slip influenced curves is from Sturmer et al. (2018) 
and Xie and Heller (2009). 
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the chief driver for ARM deformation was diachronous closure of the 
Ouachita-Marathon Belt during the Pennsylvanian-early Permian. 
Noting that the northwest-southeast structural trend of the ARM is 
inconsistent with a tectonic driver from the southeast, Ye et al. (1996) 
and Leary et al. (2017) proposed that the relatively synchronous start of 
deformation in the late Bashkirian (~318 Ma) across the ARM and the 
trend of high-angle reverse faults is most consistent with northeast- 
directed convergence along the southwestern margin of Laurentia. The 
lack of known volcanism associated with the southwestern margin likely 
precluded subduction along the margin (Kluth, 1998); however, highly 
oblique convergence commonly lacks volcanism indicating that stress 
transmission from the southwestern margin is permissible (Leary et al., 
2017). 

Integral to help understand the ARM orogen better is quantitative 
subsidence analysis that incorporates available age control calibrated to 
the 2020 Geologic Time scale of Gradstein et al. (2020). Notably, with 
the exception of the Leary et al. (2017) tectonic model for the ARM, the 
geochronology of the Pennsylvanian-Permian has been substantially 
updated when compared to older tectonic models (Kluth and Coney, 
1981; Algeo, 1992; Marshak et al., 2000; Dickinson and Lawton, 2003; 
Soreghan et al., 2012). This paper uses 1-D backstripped tectonic sub-
sidence curves to assess the rate, magnitude and initiation of tectonic 
subsidence from eight ARM basins that span the interior to the southern 
margin of intraplate deformation. This dataset provides timing and 
magnitude of basin subsidence across the orogen. In this type of analysis, 
error is inherent and resolves chiefly around ages of the intervals 

decompacted, estimations of water depth and eustatic sea level varia-
tion, and depth-porosity relationships. Moreover, each section utilized 
for subsidence analysis here is only a 1-D data point. Thus, we are 
cognizant of the lack of error bars in the presented data. Future work 
could build upon this data set by implying probabilistic models to our 1- 
D curves to obtain error bars (e.g., )(Waltham et al., 2000). Throughout 
this paper, we have utilized the best available age control and consistent 
usage of variations of eustatic sea level change. Water depths at the time 
of deposition are frustratingly hard to estimate, but it is doubtful that 
any locations experienced sufficient water depths to greatly affect the 
shape of the curves, especially since most locations are on basin shelves. 
Lastly, the depth-porosity relationship is commonly used in studies like 
these (e.g., Sclater and Christie, 1980; Bond and Kominz, 1984; Hegarty 
et al., 1988; Xie and Heller, 2009; Sturmer et al., 2018). 

2. Geologic setting 

The ARM were a generally NW-SE trending collage of uplifted 
Precambrian-cored basement blocks with intervening sedimentary ba-
sins (e.g., Mallory, 1972). Basins commonly are structurally separated 
from uplifts by a high-angle reverse fault (e.g., Brewer et al., 1983; 
Frahme and Vaughn, 1983; Ye et al., 1996) resulting in an asymmetric 
wedge of basin fill (e.g., Soegaard, 1990; Hoy and Ridgway, 2002; 
Barbeau, 2003; Soreghan et al., 2012). Generally, basins to the north 
record more terrestrial clastic sedimentation (Mallory, 1975; Wilson, 
1975), than basins in the southern part of the ARM, which are 

Fig. 1. Late Paleozoic Precambrian-cored uplifts and sedimentary basins of the Ancestral Rocky Mountains. Isopach data are from McKee (1975) and the locations of 
uplifts are inferred by zero isopach lines. Figure has been modified from Soreghan et al. (2012). A-A′ is the line that sedimentary basins have been projected onto and 
follows the same location for the line of projection in Dickinson and Lawton (2003). Dashed gray line is the approximate location of a gravity anomaly inferred as a 
high-density crustal component of Soreghan et al. (2012). Numerated polygons are the location of the tectonic subsidence curves discussed herein. Abbreviations: AB 
= Anadarko Basin; CBP = Central Basin Platform; EB = Eagle Basin; OB = Orogrande Basin; PB = Pedregosa Basin; SU = Sawatch Uplift; TT = Taos Trough; WU =
Wichita Uplift. 
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1 Anadarko, 2 South Denver, 3 Eagle, 4 Paradox, 5 Taos Trough, 6 Midland, 7 Orogrande, 8 Pedregosa. Difference in Paradox probably location of 
section used. “Fixed load curves” refer to foresees where the load just grows in place without propagating outward.
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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 
at top of graph and dotted lines to time scale at bottom of graph. 
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 
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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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 
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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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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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 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 
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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Depression (Hu et al., 2001); 9—Salton Trough (Kerr et al., 1979).
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Figure 3. Tectonic subsidence curves for strike-slip basins. Locations shown in Figure 1. Thermal decay curve (dashed) for subsidence of cooling seafloor (Stein and Stein, 1992), 
minus 500 m, is shown for comparison. 1—Chuck- anut Basin (Johnson, 1984, 1985); 2—Ridge Basin (Crowell and Link, 1982; Karner and Dewey, 1986); 3—Death 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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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 
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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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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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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 
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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 
at top of graph and dotted lines to time scale at bottom of graph. 
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 
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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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
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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 
at top of graph and dotted lines to time scale at bottom of graph. 
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 
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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Figure 4. Tectonic subsidence of intracontinental basins. Locations shown in Figure 1. See thermal decay curve 
(dashed) for subsidence of cooling seafl oor (Stein and Stein, 1992), minus 1500 m, is shown for comparison. 1—Illi-
nois Basin, Farley well (Bond and Kominz, 1984); 2—Michigan Basin (Bond and Kominz, 1984); 3—Williston 
Basin, North Dakota (Bond and Kominz, 1984); 4—Williston Basin, Saskatchewan (Fowler and Nisbet, 1985); 
5—Northeast German Basin (Scheck and Bayer, 1999); 6—Southwest Ordos Basin (Xie, 2007); 7—Paris Basin 
(Prijac et al., 2000); 8—Parana Basin (Zalan et al., 1990).
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Figure 3. Tectonic subsidence curves for strike-slip basins. Locations shown in Figure 1. Thermal decay curve 
(dashed) for subsidence of cooling seafl oor (Stein and Stein, 1992), minus 500 m, is shown for comparison. 1—Chuck-
anut Basin (Johnson, 1984, 1985); 2—Ridge Basin (Crowell and Link, 1982; Karner and Dewey, 1986); 3—Death 
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).

Xie and Heller, 2009
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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

275285295305315325
0

500

1000

1500

D
ep

th
 (

m
)

Age (Ma)

Grindstone Mountain

Arrow Canyon

Mountain Springs Pass

Mountain Home Range

Central Pequop Mountains

Illipah Reservoir

EBSB sections

(a)

2000

Chester. Morr. Atokan Desmoines. Mo. Gzhel.

PermianMiss. Pennsylvanian
Assel. Sakmar. Artinskian Kungurian

Seafloor subsidence

275285295305315325
0

500

1000

1500

D
ep

th
 (

m
)

Age (Ma)

(b)

2000

3000

2500

Chester. Morr. Atokan Desmoines.Mo.Gzhel.

PermianMiss. Pennsylvanian
Assel. Sakmar. Artinskian Kungurian

Wyoming shelf

Eagle basin

northern Paradox basin

Oquirrh basin

ARM basins

Sublett Range/Wood River

Sun Valley Grp/Wood River

Seafloor subsidence

Figure 6. Tectonic subsidence curves. (a) Curves from six sections within the Ely-Bird Spring basin. See Figure 3 for section
locations. Seafloor subsidence curve shallowed 2,500 m from Stein and Stein (1992) for comparison. (b) Published curves
from basins to the north and east of the Ely-Bird Spring basins. Curves are from Johnson et al. (1992) and Geslin (1998)
See Figure 2 for locations. Ely-Bird Spring basin curves also plotted in light gray for comparison. Seafloor subsidence curve
shallowed 2,500 m from Stein and Stein (1992) for comparison.

Tectonics 10.1002/2017TC004769

STURMER ET AL. 611

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

275285295305315325
0

500

1000

1500

D
ep

th
 (

m
)

Age (Ma)

Grindstone Mountain

Arrow Canyon

Mountain Springs Pass

Mountain Home Range

Central Pequop Mountains

Illipah Reservoir

EBSB sections

(a)

2000

Chester. Morr. Atokan Desmoines. Mo. Gzhel.

PermianMiss. Pennsylvanian
Assel. Sakmar. Artinskian Kungurian

Seafloor subsidence

275285295305315325
0

500

1000

1500

D
ep

th
 (

m
)

Age (Ma)

(b)

2000

3000

2500

Chester. Morr. Atokan Desmoines.Mo.Gzhel.

PermianMiss. Pennsylvanian
Assel. Sakmar. Artinskian Kungurian

Wyoming shelf

Eagle basin

northern Paradox basin

Oquirrh basin

ARM basins

Sublett Range/Wood River

Sun Valley Grp/Wood River

Seafloor subsidence

Figure 6. Tectonic subsidence curves. (a) Curves from six sections within the Ely-Bird Spring basin. See Figure 3 for section
locations. Seafloor subsidence curve shallowed 2,500 m from Stein and Stein (1992) for comparison. (b) Published curves
from basins to the north and east of the Ely-Bird Spring basins. Curves are from Johnson et al. (1992) and Geslin (1998)
See Figure 2 for locations. Ely-Bird Spring basin curves also plotted in light gray for comparison. Seafloor subsidence curve
shallowed 2,500 m from Stein and Stein (1992) for comparison.

Tectonics 10.1002/2017TC004769

STURMER ET AL. 611

SO how does more recent subsidence curves look like? Let’s delve into the foreland basin profiles a bit—there are other criteria to consider…
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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

Giles and Dickinson, 1995

Might be worth discussing “allochthon” vs “autochthon”
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This sinusoidal solution lets you examine extreme cases: big lambda is isostasy, small is rigidity.
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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 
at top of graph and dotted lines to time scale at bottom of graph. 
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 
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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Basin, North Dakota (Bond and Kominz, 1984); 4—Williston Basin, Saskatchewan (Fowler and Nisbet, 1985); 
5—Northeast German Basin (Scheck and Bayer, 1999); 6—Southwest Ordos Basin (Xie, 2007); 7—Paris Basin 
(Prijac et al., 2000); 8—Parana Basin (Zalan et al., 1990).
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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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So a lot of aspects of the Paradox and Eagle basins are like foreland basins…but let’s take a moment to look at the Oquirrh basin as this will start to 
connect us back to the west, where we will have to back up a bit next time…
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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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fractionation, including elemental fractionation and downhole frac-
tionation, and calibration drift were corrected by bracketing measure-
ments of unknowns with GJ1 zircon reference material (Jackson et al., 
2004) and data reduction was accomplished using the VizualAge data 
reduction scheme (Petrus and Kamber, 2012) for the IOLITE software 
package (Paton et al., 2010, 2011). During the course of the analyses, 
the secondary zircon reference material Plešovice (Sláma et al., 2008) 
yielded a weighted mean 206Pb/238U date of 336.7 ± 1.3 (2σ) (n = 56; 
MSWD = 1.3), within 1% of the 337.13 ± 0.37 Ma age determined by 
CA-TIMS (Sláma et al., 2008). The interlaboratory comparison of Košler 
et al. (2013) for LA-ICP-MS and SIMS data by the 6 laboratories with the 
most reliable results on other standards gave an average 206Pb/238U age 
of 340.94 ± 0.53 Ma, with an MSWD = 1.09, p = 0.21 on 148 analyses 
for Plešovice zircon. Data for the four LA-ICP-MS laboratories gave an 
average 206Pb/238U age of 340.0 ± 0.7 Ma, MSWD 0.82, p = 0.90 on 100 
analyses. These values agree with the long-term average results on 

Plešovice zircon produced in the University of Kansas, Isotope 
Geochemistry Laboratory. 

Concordia and kernel density estimate plots were derived using the 
IsoplotR software (Vermeesch, 2018). The results of the U–Pb analyses 
and Tera-Wasserburg Concordia plots are available in the supplemental 
information S1. Results were not corrected for common lead. 

4. Results 

4.1. Subsidence analysis 

Subsidence analysis shows two phases of subsidence affecting 
eastern and western parts of the basin differently (Fig. 7; Table 3). The 
eastern (Mt. Nebo, Spanish Fork, Provo) and central Oquirrh Mountains 
(Stansbury Range, E. Tintic Mountains) stratigraphic sections experi-
enced the highest subsidence rates in the basin from Atokan to 
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resulted in approximately 20 northwest-trending, basement-cored up-
lifts and many thrust-bound structural highs (e.g., Eardley, 1951; Kluth 
and Coney, 1981; Barbeau, 2003). ARM activity was broadly coeval with 
the Alleghenian orogeny (Dickinson and Lawton, 2003) and apparent 
into the early Permian (Mallory, 1958), but with gradually decreasing 
tectonic deformation. Evidence for the uplifts include unconformities, 
and the compositions and age signatures of coarse arkosic sedimentary 
rocks in adjacent basin-fills (Mallory, 1958; Jordan and Douglass, 1980; 
Kluth and Coney, 1981; Johnson et al., 1992; Lawton et al., 2015). The 
uplifts disrupted western Laurentian sedimentation trends that were in 
place since the Late Proterozoic (e.g., Curtis, 1958). 

2.2. Oquirrh-Wood River Basin 

The Pennsylvanian to Permian Oquirrh-Wood River Basin is the 
principal late Paleozoic sedimentary basin in central to northwestern 
Utah and southern Idaho (Figs. 1 and 3). The intermediate location of 
the Oquirrh-Wood River Basin between two large, Paleozoic transpres-
sional plate margins to the west and southeast may account for its un-
usually thick deposits (Sturmer et al., 2018), with up to 9 km of Oquirrh 
Group strata (Baker, 1964a; Johnson et al., 1992; Erskine, 1997). In the 

late Paleozoic, the basin was bounded to the east by the Las Vegas- 
Wasatch tectonic hinge, to the west by the northeast Nevada and 
western Utah highlands, to the north and northeast by the Wyoming 
Shelf and Laurentian craton, to the southeast by the Uncompahgre up-
lift, and to the south by the Piute/Emery positive area (Fig. 3; Bissell, 
1974). The Wood River part of the basin was bounded on the west by the 
Roberts Mountains Allochthon (RMA). The basin deepened to the west 
and preserves cyclical packages of thick transgressive limestone and 
regressive shallow marine sandstone deposits (Johnson et al., 1992). 
Some of the basin deposits were transported east of the Wasatch Hin-
geline by the Charleston-Nebo thrust, during the Sevier Orogeny, 
beginning in Middle Jurassic time (e.g., Roberts et al., 1965; Tooker and 
Roberts, 1971; Yonkee and Weil, 2015). 

The Oquirrh Basin connects northward with the Wood River Basin in 
southern Idaho (Fig. 3; Geslin, 1998). However, sediment composition 
and subsidence analysis suggest parts of the larger Oquirrh-Wood River 
Basin evolved under different conditions (Sturmer et al., 2018). Tectonic 
subsidence curves for the Oquirrh Basin are much steeper and lack the 
stair-stepping pattern seen in the Wood River Basin (Fig. 2; Johnson 
et al., 1992; Sturmer et al., 2018). The western part of the Wood River 
Basin has significant chert clast and grain input not observed farther 

Fig. 3. Generalized late Paleozoic uplifts and sedimentary basins in southwest Laurentia (modified from Bissell, 1960; Sturmer, 2012; and Lawton et al., 2017; 
paleowind direction and paleolatitude from Lawton et al., 2017; paleocurrent direction in Wood River basin from Geslin, 1998; paleocurrent direction in Oquirrh 
Basin from Allard, 1997). 
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Note that subsidence is *way* stronger than thermal subsidence. Authors argue that Penn subsidence in central and east but Permian stronger in west..so 
maybe straddling two things? Some of the steep subsidence resembles strike-slip patterns as well…something to keep in mind [authors suggest that the 
Orogrande, Eagle and Taos Trough exhibit this as well—would go back to that earlier plot]
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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 !at-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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A three-sided orogen?

This points out some of the directions we will look at. We have the final collision to for Pangea to the SE, some thrusting to the west, and a more cryptic 
margin to the south


