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ABSTRACT—A challenge in interpreting the location, timing, and magnitude of ancient orogenic events is that ongoing uplift and erosion
in the hinterlands often destroys much of the primary record of these events. However, basin-thickness patterns in the sedimentary record
can provide complementary evidence of uplift via flexural effects. Here, we deploy well-log correlation, isochores, basin modeling, flexural
modeling, and subcrop mapping to evaluate the Late Cretaceous to Paleogene basin response to Laramide tectonism in the San Juan Basin.
A wedge of upper Campanian to Maastrichtian sedimentary rock thickens from 200 to 800 m from southeast to northwest in the basin. This
pattern can be successfully simulated via flexural modeling if we infer early Laramide uplift along the northwest basin flank that produced
a 0.8-km-high topographic load. The Laramide unconformity bounds the top of this Upper Cretaceous sedimentary wedge and truncates
progressively older strata to the east, further supporting a westward tilt of the basin. The onset of Campanian Laramide flexure may have also
contributed to the profound transgression from the upper Menefee Formation to the Lewis Shale. The Paleocene isochore map displays an
approximately symmetrical pattern, with thickening toward the center of the basin. This suggests the possibility of competing flexural loads.
The base Eocene structure indicates an asymmetric deep on the northeast flank of the basin, providing flexural evidence of contemporaneous
uplift/loading of the Nacimiento uplift and Archuleta arch; this has been modeled as ~2.1-km load height. Both Cretaceous and Paleocene
sedimentary wedges are narrow, suggesting low flexural rigidity; modeled effective elastic thicknesses (EET) are 20-30 km, comparable to
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estimates of modern EET for the region.

INTRODUCTION

The interplay of tectonics and sedimentary basin evolution
is a long-standing subject of research. Of particular interest
is the effect of flexural loading in contractional systems as a
driver of subsidence and sedimentary accommodation (Beau-
mont, 1981). This is the origin of foreland basins, which are
formed due to the progressive loading by the adjacent orogenic
wedge (DeCelles and Giles, 1996). Moreover, the rising hin-
terlands are commonly an important source of the sediments
that fill the basins.

In areas where thick-skinned tectonism has partitioned a
region into basins and uplifts, the same mechanisms are oper-
ative; however, subsidence and sedimentation patterns can be
more complex because of high variability in the timing and
location of the uplifts and resulting flexure. Two North Amer-
ican examples of thick-skinned intraplate systems that exhibit
these complex flexural patterns are the Ancestral Rocky Moun-
tain (Kluth, 1986; Leary et al., 2017; Rudolph, 2023) and
Laramide orogenies (e.g., Dickinson et al., 1988; Weil and
Yonkee, 2023).

A particular challenge in these intraplate systems is that
ongoing uplift and exhumation of the structural highs usually
destroys direct evidence of the early location and magnitude
of the uplifts. However, the response of sedimentary basins, in
terms of subsidence and paleogeography, provides an alterna-
tive window into these systems.

In this study, we evaluate the Late Cretaceous through
Eocene tectonic history of the San Juan Basin of New Mexico
and Colorado by examining basin subsidence using an approach
similar to that of Hagen et al. (1985) and Saylor et al. (2020).

GEOLOGIC SETTING

The Western Interior Seaway of North America was a fore-
land basin associated with retroarc thrusting of the Sevier
orogeny (Supplement 1.1). The orogenic front was active
between 155 and 55 Ma (DeCelles, 2004), during which time
the resultant Sevier continuous foreland basin transitioned into
a series of broken foreland basins, partitioned by local base-
ment uplifts (Yonkee and Weil, 2015; Horton et al., 2022;
Weil and Yonkee, 2023). In Coniacian-Santonian time, the
system evolved from a simple flexural foreland to a basin with
long-wavelength dynamic subsidence that has been attributed
to the interactions with the downgoing Farallon plate, includ-
ing mantle flow (Liu and Nummedal, 2004; Liu and Gurnis,
2010). By Maastrichtian time, basement-involved uplifts
fragmented the precursor basin into a mosaic of uplifts and
basins, partitioning the seaway (e.g., Coney, 1971; Chapin
and Cather, 1983; Dickinson et al., 1988; Weil and Yonkee,
2012; Copeland et al., 2017). Termed the Laramide orog-
eny, east-northeast-directed deformation extended to southern
Montana and southward to New Mexico (e.g., Dickinson et
al., 1988). Laramide orogenesis was caused by a change to
flat-slab subduction of the Farallon plate, which terminated in
the middle to late Eocene (Yonkee and Weil, 2015; Weil and
Yonkee, 2023). Following the Laramide orogeny, slab-roll-
back resulted in extensive calc-alkalic volcanism across the
region in the late Eocene through Oligocene (e.g., Lipman et
al., 1972; Mclntosh et al., 1992).

The San Juan Basin of northwestern New Mexico and
southwestern Colorado is in the southern portion of the Lar-
amide province and is one of 15-20 similar Laramide basins
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(Dickinson et al., 1988; Supplement 1.1). The San Juan Basin
is approximately equidimensional and has steeply dipping
flanks on the west, north, and east sides, associated with the
Hogback monocline/Defiance uplift, Archuleta arch/San Juan
uplift, and Nacimiento uplift, respectively (Fig. 1; Baltz, 1967,
Fassett, 1991). The basin’s southern flank is gentler and rises
gradually onto the Zuni uplift (Cather, 2003, 2004).

The San Juan Basin contains up to 4 km of Paleozoic to
Cenozoic sedimentary rocks. The focus of this study is the
upper 2 km that consist of Upper Cretaceous through Eocene
strata (Fig. 2). Upper Cretaceous strata consist of cyclic off-
shore to nearshore marine/coastal plain siliciclastic rock. At a
second-order (>10 My) scale, three retrogradational-progra-
dational packages are recognized, which are best delimited
by maximum flooding surfaces in the lower Mancos Shale,
Greenhorn Limestone Member, upper Mancos Shale, and
Lewis Shale (Fig. 2). Upper Cretaceous sediments prograded
to the north-northeast, with shorelines that were oriented
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east-southeast to west-northwest (Supplement 1.5). Maas-
trichtian rocks (Fruitland Formation and Kirtland Formation)
were deposited in entirely nonmarine coastal plain and fluvial
environments. Like other Laramide basins, there is an uncon-
formity at the top of the Cretaceous, termed the Laramide
unconformity. From biostratigraphic and dated ash-bed con-
trol, a lacuna of approximately 7-8 My is interpreted at this
surface (Fassett, 2000). A basal Paleocene fluvial conglomer-
atic sandstone rests on this surface in most of the basin (Ojo
Alamo Sandstone). The overlying nonmarine Nacimiento For-
mation (Paleocene) and San Jose Formation (lower Eocene)
are only preserved in the basin axis, and have experienced sig-
nificant erosion (Cather et al., 2008; Cather, at al., 2019).

METHODS

This study leveraged the vast published literature as well as
the public domain well data available through the New Mexico

Surface Geology, Tectonic Elements, and Database
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Figure 1. Surface geology of the San Juan Basin with key data control and analyses used in this study, and major tectonic elements. Shapefiles used to generate this
map are from Horton (2017). The three U.S. Geological Survey (USGS) cross sections are from Molenaar and Baird (1992). Additional well logs, including cross
sections X—X’and Y-Y”, were correlated into this framework. Regional setting and location of study area is depicted in Supplement 1.1



EVALUATING LARAMIDE OROGENESIS VIA FLEXURAL BASIN RESPONSE IN THE SAN JUuAN Basin, NEw MExico AND COLORADO 139

(New Mexico Energy Minerals and Natural Resources Depart-
ment, 2025) and Colorado (Colorado Energy and Carbon
Management Commission, 2025) state websites. Primary
methods included well-log-based stratigraphic correlation,
structure and isochore mapping, basin modeling, and flexural
modeling.

Stratigraphic Framework

The regional stratigraphic cross sections of Molenaar and

Baird (1992) were used as a basis for well-log correlations in
Cretaceous strata, as well as the Ojo Alamo Sandstone (Fig.
1). The age control for burial models (Figs. 3A and 3B) was
based on the chronostratigraphy of Molenaar (1977), and the
biostratigraphy (ammonites and inoceramids) of Merewether
and McKinney (2015), augmented by radiometric dating of ash
beds (Fassett, et al., 1997; Fassett, 2000). This information was
calibrated to the geologic time scale of Gradstein et al. (2020),
as implemented in their program Time Scale Creator 8.0. Two
additional cross sections were constructed (Fig. 4; Supplement
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Figure 2. Chronostratigraphy of the Upper Cretaceous to lower Eocene of the San Juan Basin. A quantitative estimate of shoreline trajectories is indicated by the pur-
ple line. Large-scale cyclicity (2nd order scale) is indicated by three maximum flooding surfaces (“MFS”) and sequence boundaries (“SB”). Modified from Molenaar
(1977). The first five subsidence phases of Figures 3A and 3B, and the three isochore intervals of Figures 4, 5A, 5B, and 5D are indicated.
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Figure 3A. Total subsidence for well 30-045-20487 in the northwestern San Juan Basin. The Laramide unconformity, extrapolated period of Cenozoic exhumation,
and three isochore intervals are indicated. The six phases of Late Cretaceous subsidence/uplift (numbered) are described in the text. Location of this model is on

Figure 1.
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Figure 3B. Total subsidence for well 30-039-21831 in the southeastern San Juan Basin. See Figure 3A caption for description.
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1.3) along with selected additional wells. For interpreting the
Nacimiento Formation top, the cross section in Williamson and
Lucas (1992) in the south part of the basin served as a ref-
erence, as well as cross section C-C’ in Molenaar and Baird
(1992). A north—south cross section was constructed for this
interval (Supplement 1.4).

Four key horizons were mapped into structure maps and
isochores. From oldest to youngest, these are the Juana Lopez
Formation top, the Huerfanito Bentonite top, the Cretaceous/
Laramide unconformity top, and the Nacimiento Formation
top.

Some of these maps have been made by previous workers,
most notably Fassett (2000), Cather (2003), and Cather (2004).
When available, this previous work is of higher fidelity than
the screening-level mapping herein, as they employ many more

X NwW

correlated wells. However, we have chosen to include and ana-
lyze the maps in this study to ensure consistency among maps,
basin models, and flexural models. The maps within have been
compared to the available published maps and found to be con-
sistent in all cases.

Many Upper Cretaceous formations are defined litho-
stratigraphically and are diachronous as they reflect lateral
migration of depositional facies through time as is indicated on
chronstratigraphic charts (e.g., Molenaar, 1977; Fig. 2). On the
cross sections (Fig. 4; Supplement 1.3), these are indicated by
dashed lines. The lower three horizons used to construct iso-
chores are meaningful with respect to chronostratigraphy, as
they are a marine flooding surface (Juana Lopez Member top),
an ash layer/maximum flooding surface (Huerfanito Bentonite
top), and an unconformity (Cretaceous unconformity top). The
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Nacimiento Formation top is a difficult correlation and may
suffer from greater uncertainty. The formation contact is usu-
ally marked by an increase in sandstone content and has been
interpreted as unconformable, except in the northern part of
the basin (Cather et al., 2019). However, recent outcrop work
interpreted the surface as largely conformable and related to
climatically driven fluvial progradation (Zellman et al., 2024).
This difficulty and uncertainty in the Nacimiento Formation
top contact is primarily due to the variable lithologic character
and spatial variability of a possible unconformity.

The structure maps at the Cretaceous unconformity top and
Nacimiento Formation top were extended by using the eleva-
tion of the corresponding mapped formation contact; this was
accomplished by overlaying a U.S. Geological Survey digital
elevation model (U.S. Geological Survey, 2021) on the U.S.
Geological Survey geologic map shapefile (Horton, 2017) in
QGIS.

Basin Models

The Schlumberger application PetroMod© was used to
construct one dimensional (well) basin models in the San Juan
Basin. The primary inputs were the depths, geologic age, and
lithology of the stratigraphic horizons. At each surface, paleo-
bathymetry/paleoelevation, basal heat flow, and paleosurface
temperature must also be defined. The program decompacts
(a.k.a. backstrips; Watts and Ryan, 1976) the input strati-
graphic section, layer by layer, to the oldest horizon. The effect
of both sediment and water load are included in the calcula-
tions. Erosion of sedimentary section can also be specified,
whether it is associated with ancient unconformities or Neo-
gene exhumation. Reconstructing missing stratigraphic section
(age, thickness, and lithology) was a challenge, as the young-
est preserved strata in the San Juan Basin are of early Eocene
age. In this study, we calibrated additional Paleocene—Eocene
burial by calibrating basin models to wellbore temperatures
and published vitrinite reflectance data (Russell, 1979; Fassett
and Nucio, 1990; Law, 1990; Pawlewicz et al., 1991; Broad-
head et al., 1998; and Fassett, 2000).

Three families of products were generated from these 1D
basin models: depth plots, time plots, and burial history plots.
The parameters of temperature, vitrinite reflectance, porosity,
pressure, and thermal conductivity can be displayed in any of
these domains. Herein, we have only illustrated the burial his-
tory, but basin model inputs and calibrations are included in the
Supplement 2. Two 1D models were previously published in
the San Juan Basin by Law (1992). A total of nine models were
constructed in this study.

There were two complimentary objectives of basin models.
The first was to quantitatively evaluate the subsidence history.
The second was to analyze and predict key parameters over
geologic time and depth, especially petroleum source rock
maturation. The latter application required a good understand-
ing of the heat flow history. To test and refine the assumptions
on heat flow and burial history, calibrations of model outputs
against observed present-day temperature and vitrinite reflec-
tance versus depth are important if questions of temperature
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and/or exhumation history are of interest (Hantschel and Kau-
erauf, 2009).

As the objective of this analysis was to comprehend the
subsidence history, heat flow was usually not as import-
ant and only a few calibrations were completed. However, in
cases where a significant amount of the section of interest has
been removed by recent erosion, calibration became critical.
In this study, basal heat flow has been interpreted as constant
from Cretaceous to present, and the regional U.S. heat flow
map developed by Blackwell et al. (2011) served as an ini-
tial estimate. Each site was refined using well temperatures
(Horner- or Waples-corrected bottom hole temperatures, and
temperature logs from production tests). Inputs and outputs are
documented in Supplement 2.

Flexural Modeling Approach

Two flexural models for the San Juan Basin were con-
structed, based on the upper Campanian-Maastrichtian isochore
(Huerfanito Bentonite to top Cretaceous; Fig. 5B) and the top
Paleocene structure map (Nacimiento Formation; Fig. 5E).
The primary inputs were stratigraphic thickness or depth con-
trol points with their position relative to the front of the load.
Additional model parameters included the uncertainty range of
stratigraphic thickness, range of load density, load-front posi-
tion, load width and height, taper direction and maximum slope
angle, range of effective elastic thickness (EET), and range of
load and sediment fill densities. The software used was the
MATLABO code, FlexMC (Saylor et al., 2017), the algorithm
of which uses equations from Wangen (2010). The simula-
tion used the Monte Carlo method, and a minimum of 100,000
trials were run. Only the trials that fit the stratigraphic con-
trol points within the specified uncertainty range (thickness)
were tabulated. From the subset of successful trials, the means
and standard deviations are reported. Thus, few assumptions
were made on the flexural controls, and the results were obser-
vationally driven. The most important parameters estimated
from modeling are load height, topographic height, load width,
slope, and EET. The flexural modeling program employs a
simple decompaction of thicknesses for inputs not already
decompacted via backstripping,

Effective elastic thickness is one of the principal controls on
basin shape and subsidence pattern. Effective elastic thickness
is a measure of the flexural strength of the coupled lithosphere.
High EET yields a broad, shallow flexural basin, whereas low
EET yields a narrow, deep foreland for the equivalent load
(Beaumont, 1981).

Flexural Modeling Uncertainties

Stratigraphic inputs contain two main sources of uncer-
tainty. First, removal of stratigraphic section at the top of the
sedimentary wedge by erosion will modify the shape of the
profile, especially if this erosion is not uniform. Second, strati-
graphic thickness will not be entirely a function of subsidence
if there are changes in paleobathymetry or paleoelevation
from formation base to top. The Laramide unconformity is
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the upper bounding surface for the upper Campanian to top
of Cretaceous stratal interval (Fig. 2). Therefore, to flexur-
ally model this sedimentary wedge appropriately, the removed
stratigraphic interval must be reconstructed by utilizing con-
textual geologic information. Mapping of the subcrop indicates
a progressive loss of stratigraphic section from northwest to
southeast (Fig. 5C). We have estimated the differential erosion
by projecting preserved thicknesses from stratigraphic cross
sections, and the resulting estimates ranged from 0 to 100 m
from northwest to southeast (Supplement 3). The base of this
stratigraphic interval is the Huerfanito Bentonite, which lies
within the distal offshore Lewis Shale, and the original top is
the entirely nonmarine Kirtland Formation. Therefore, paleo-
bathymetry/paleoelevation was variable and uncertain, and we
applied an estimate of 150-m change from base to top of the
stratigraphic interval. Furthermore, the modeled flexural pro-
file is parallel to shoreline trends (Supplement 1.5), thus a
uniform correction is reasonable.

Throughout the modeling, a base or reference case was
described that represented our best estimate of with respect to
assumptions and corrections. In addition, sensitivities to the
reference case have also been modeled to evaluate uncertainty.

For the Eocene flexural profile, there were greater uncertain-
ties. The interval is deeply eroded and estimates of exhumation
from calibrated basin models ranged between 1,200 and 2,200
m (Figs. 3A and 3B; Supplement 3). This is broadly consistent
with the analysis of Cather et al. (2008). However, the fidel-
ity and density of the basin model calibrations are insufficient
to reconstruct a reliable reconstructed isopach map of Eocene
strata in the San Juan Basin. Therefore, the current structure
map on the Nacimiento Formation top or the Eocene base (Fig.
5E) was used as the reference case for flexural modeling. This
approach required two assumptions. First, the base of Eocene
has not been significantly deformed (e.g., tilted) post-Eocene.
Second, we can use a constant elevation datum to account for
aggradation of nonmarine sediments in the semienclosed basin.

The question of how much vertical aggradation occurred
in the Paleocene—Eocene is poorly constrained, but insights
can be garnered from Laramide basins to the north. Given
that large lacustrine systems existed in the Paleocene (Wind
River basin) and the Eocene (Green River, Uinta, and Piceance
basins), these systems had a semienclosed architecture in terms
of basin fill (e.g., Bradley, 1948). Moreover, clumped isotope
data from calcitic elements suggest that the Green River basin
had an elevation of 500-1,500 m in the Paleocene-Eocene
(Gao and Fan, 2018; Zhu et al., 2018). Therefore, we posit that
a similar situation occurred in the San Juan Basin for the late
Paleocene to Eocene, which had a more overfilled character
with external (exorheic) drainage (Cather et al., 2012).

The other major uncertainty was the position of the orogenic
load. The reference case assumed a front “pin,” with the loca-
tion of the loads consistent with the Hogback-San Juan uplift
trend (late Campanian-Maastrichtian) and the Nacimiento
uplift-Archuleta arch (early Eocene), respectively.

The possibility of a “far field” load, associated with the
Sevier orogenic wedge has been considered very unlikely. The
youngest Sevier deformation front is about 450 km to the west

(Supplement 1.1). To test this, the load was conservatively
assumed to be 300 km farther to the west. To yield the flexure
observed in the basin from this load position, an EET of about
140 km was necessary, compared with the 20-30 km observed
present day (Tesauro, 2014) and in the Late Cretaceous to
Eocene (Saylor et al., 2020). More dramatically, a load height
of about 15 km (!) was required (Supplement 3). For the Sevier
orogeny, this analysis supported that the San Juan Basin was
in a backbulge position with respect to the cordilleran orogenic
wedge.

The Zuni uplift about 150 km to the south may have
influenced basin sedimentation by serving as a source area.
However, its possible influence as a primary load is inconsis-
tent with the documented geometries of the Upper Cretaceous
(thickens to northwest) and Eocene (thickens to east). It may
have acted as a secondary load, but lack of proximity to the
basin, combined with a weak coupled lithosphere, implies
modest effects.

Due to the uncertainties and assumptions in the flexural
model inputs described above, we performed sensitivity testing
of model results, which challenged reference case assumptions
(Supplement 2). For both the Eocene and Upper Cretaceous,
different input profiles were tested. The Upper Cretaceous ref-
erence case assumed that uplift of the Hogback monocline was
the load, and the load was pinned at its front. However, because
this is a relatively low relief feature, a suite of models with
variable load positions (back pin) were also tested. Broken
and infinite plate models were also evaluated for both the
Upper Cretaceous and Eocene yielding broadly similar results.
Results of these sensitivities are documented in Supplement 3.

RESULTS AND DISCUSSION
Turonian to Late Campanian

The interval from the Juana Lopez Member top to Huer-
fanito Bentonite (~91.1-75.76 Ma; Fig. 2) is relatively uniform
in thickness, with no asymmetry across the San Juan Basin
(Figs. 4 and 5A). This is generally consistent with regional
analyses of the Western Interior basin, where this is interpreted
to record long-wavelength subsidence related to dynamic pro-
cesses associated with mantle flow (Liu and Gurnis, 2010; Li
and Aschoff, 2022). As such, there is no strong evidence of
proximal basin flexural effects related to loading by adjacent
Laramide uplifts and associated subsidence.

Shoreline trajectories (Fig. 1; Helland-Hansen and Martin-
sen, 1996), paleogeographic shorelines (Supplement 1.5), and
paleocurrent data (Fig. 5A) indicate that progradation of the
basin fill occurred from southwest to northeast. This was likely
related to regional sediment supply, implying provenance from
a Cretaceous highland to the southwest, likely in the area of
the Zuni-Defiance uplift, which is a long-lived highland. Based
on thermochronology, the uplift experienced several periods of
exhumation, including late Neoproterozoic (~600 Ma), Ances-
tral Rocky Mountain (320-250 Ma), Laramide (70—40 Ma),
and Colorado Plateau (25-0 Ma) uplifts (Flowers et al., 2008;
Thacker, et al., 2021; Davis et al., 2022).
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Late Campanian to Top Cretaceous

The interval from the Huerfanito Bentonite to the top of
Cretaceous stratigraphic section (~75.76—66 Ma; Fig. 2) dra-
matically thickens from the southeast to the northwest, from
less than 200 to 800 m (Fig. 5B). This is indicative of differ-
ential subsidence, potentially related to load-induced flexure.
The flexural model corroborates that this is reasonable—the
reference case scenario indicated an uplift of about 0.8 km; a
location associated with the Hogback monocline and a south-
ern extension of the San Juan uplift was interpreted (Fig. 6A).
This modest relief is consistent with the current structural ele-
vation of the area resulting from lower Mancos Shale outcrops
on the high side of the monocline.

Similar observations of thickness have been made by Cather
(2004) and have been attributed to Laramide load-related sub-
sidence. This study provided further support and quantification
of this interpretation.

The mean estimate of EET from the modeling was 31.3
km (o = + 1.5 km) and was broadly consistent with modern
estimates from seismic tomography in the area (Tesauro et
al., 2014; Tesauro et al., 2015) and a previous analysis of
the Upper Cretaceous by Saylor et al. (2020). Chapman and
DeCelles (2021) evaluated the flexural strength of the Mogol-
lon rift shoulder based on modeling Jurassic rifting in the area;
they developed an estimate of 55 km (6 =+ 5 km), significantly
thicker. However, Saylor et al. (2020) documented a weaken-
ing of the lithosphere from Cenomanian—Turonian to the Late
Cretaceous—Eocene, with the EET decreasing some 2050 km.

Thin EET, which occurs throughout the Laramide province,

Huerfanito Bentonite — Juana Lopez Mbr. Isochore
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explains the relatively short wavelength of these flexural
basins. The position of the forebulge would be about 200 km
from the load, based on flexural models of the wedge (Figs. 6A
and 6B). By comparison, the Cretaceous forebulge in the West-
ern Canada basin occurs at about 500 km from the load, with an
associated EET of 100-150 km (Saylor et al., 2020). The rela-
tive weakness of the coupled lithosphere in the U.S. portion of
the Western Interior basin has been attributed to bulldozing and
hydration of the North American plate (i.e., the upper plate) by
Farallon flat-slab subduction (Saylor et al., 2020). In contrast,
the Western Canada basin did not experience Laramide oro-
genesis and is characterized by a broad foreland and high EET
(~100 km; Saylor et al., 2020).

Limited published paleocurrent data from the Kirtland
Formation (Pecha et al., 2018) indicate paleoflow to the
east-northeast (strike transport, relative to flexural accommo-
dation). This is not unusual—sediment transport more often
reflects regional sediment supply considerations rather than
local provenance. Longitudinal transport, parallel to the uplift,
is common in flexural basins; examples include the Colville
trough of North Alaska (Houseknecht, 2019), the west Green
River basin of Wyoming (Dubois et al., 2004), and the Late
Cretaceous Sevier foreland of Wyoming (Feldman et al., 2014).

Additionally, there was an evolution in sediment prove-
nance, as indicated by detrital zircon analysis (Pecha et al.,
2018). The Pictured Cliffs Sandstone and Fruitland Formation
were sourced from the Mogollon highlands of southern New
Mexico and Arizona. But the younger strata (Kirtland Forma-
tion to the San Jose Formation), display provenance from local
uplifts, indicating the increasing effects of continued Laramide
tectonism.

Top Cretaceous — Huerfanito Bentonite Isochore
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Outcrop 7

108 -107
S
( X ’ S
"/
e 50 km
/ 0%9/ [ = = = = )
(2 A C.l.=100
| x%r S 6 A= m
)
7/ K
A __\J\@ /' B
== .
—= Ly X SN\ 2T Tl

Edge of l
Cretaceous;
Outcrop

« Well Control

Paleocurrents ;
—> Kirtland
-108 pmeeme 4 -107
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Importantly, whereas there was some variability in results
when different load and profile scenarios were tested (Sup-
plement 3), all were consistent with flexure related to a
contemporaneous uplift to the northwest.

Paleocene

The Paleocene stratigraphy of the San Juan Basin (Ojo
Alamo Sandstone and Nacimiento Formation, ~66-55 Ma;
Fig. 2) is preserved in a limited area. The associated iso-
chore map displays a gradual thickening into the center of the
basin and subtle thickening to the east (Fig. 5D). Published
paleocurrent data indicate paleoflow to the southeast, per-
haps indicating continued transport from the San Juan uplift/
Hogback monocline, which was interpreted as emergent in
the Late Cretaceous. The basal Ojo Alamo Sandstone is rel-
atively uniform in thickness and represents a brief period of
low subsidence following the Laramide unconformity. The
basinward thickening is therefore accommodated within the
younger Nacimiento Formation alone. We interpreted this pat-
tern to be the result of two possible contributing factors. First,
the basinward thickening toward the center of the basin, from
300 to 600 m, may represent aggradational accumulation of
continental deposits in a nonmarine setting, filling anteced-
ent topographic relief on the basin margins. Clumped isotopic
analyses of Laramide basins to the north indicate paleoeleva-
tions of 500—1,500 m for the late Paleocene to Eocene (Gao
and Fan, 2018; Zhu et al., 2018), indicating significant vertical
aggradation. Second, this stratal thickness pattern may be evi-
dence of uplift on the periphery of the basin, especially to the
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Figure 5C. Structural elevation of the top Cretaceous surface. Results are very
similar to Cather (2004). In green, are subcrop belts below top Cretaceous
(Laramide) unconformity. Progressively older units subcrop to the southeast.

east, northeast, and northwest, resulting in a complex pattern
of rimming exhumation and three-dimensional flexural effects.
However, the ambiguous stratal thickness pattern and the com-
plication of multiple possible contributing factors yielded no
definitive interpretation that we provide in this paper.

Eocene

The Eocene San Jose Formation is likely deeply eroded
and is preserved over a limited area. Calibrated basin models
indicate 1,200-2,200 m of exhumation (Supplement 3). How-
ever, a reliable restoration via basin modeling was elusive due
to the high variability of heat flow and quality of the matu-
rity (vitrinite reflectance) calibrations. Given these constraints,
the structure map at the base of the San Jose Formation (i.e.,
Nacimiento Formation top; Fig. SE), was used to represent the
shape of the original Eocene basin. The base of the San Jose
Formation structure map shows a deep, asymmetric morphol-
ogy, with a structural trough on the northeastern flank of the
basin, directly adjacent to the Nacimiento uplift and Archuleta
arch. Flexural models generated from reconstructed San Jose
Formation stratal thickness patterns imply a mean of about 2.1
km of uplift on the Nacimiento uplift (Fig. 6B). The predicted
high relief is consistent with exposure of Proterozoic granitoid
rocks along the uplift. The mean EET from flexural modeling
is 28.1 km (o =+ 1.8 km).

However, given the high uncertainty on the model inputs
related to subsequent erosion, there is a range of possible load
heights, with scenarios ranging from 0.7 to 3.5 km (Supple-
ment 3). In the face of this uncertainty, the flexural nature of
the Eocene San Juan Basin remains plausible as all scenarios
can be successfully modeled with reasonable parameters.

Kelley et al. (1992) used apatite fission track (AFT)
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Figure 5D. Isochore of the top Cretaceous to top Nacimiento Formation (~66—
55 Ma) interval. Paleocurrents are generalized from the compilation of Pecha
et al. (2018). Somewhat symmetrical thickening into the basin is observed.
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thermochronology to infer the exhumation history on the
Nacimiento Uplift. Most samples indicated Eocene exhuma-
tion, consistent with this interpretation (Supplement 1.8).

Subsidence Phases

We interpreted six phases of subsidence/uplift based on
temporal patterns of subsidence via basin models, stacking pat-
terns, and isochore maps (Figs. 2, 3A, and 3B). Cather (2004)
made somewhat similar observations using raw thickness
trends (not including decompaction, changes in paleobathyme-
try/paleoelevation, or reconstructed section).

Phase 1, the Turonian to Santonian (~93—84 Ma), was char-
acterized by a uniform and high rate of subsidence throughout
the basin. Although somewhat diachronous, this pattern is seen
throughout the U.S. Western Interior region. It has been inter-
preted as dynamic subsidence related to the mantle convection
driven by the subducted Farallon slab and the approaching
conjugate Shatsky Rise (Liu and Gurnis, 2010; Li and Aschoff,
2022).

Phase 2, the early Campanian (~84-80 Ma), had a modest
decrease in subsidence that was coeval with the prograda-
tion of the Point Lookout Sandstone shoreline and associated
Menefee Formation coastal plain (Molenaar, 1983; Fig. 2). We
hypothesized that this major regression may have been related
to a lower rate of sedimentary accommodation (subsidence) as
seen on the basin modeling geohistories (Phase 2 on Figs. 3A
and 3B). While an increase in sediment supply could also be a
factor, this mechanism implies a more regional source, rather
than local uplift. Detrital zircon analysis indicates local sourc-
ing for Kirtland Formation and younger sediments (Pecha et
al., 2018).

Top Nacimiento Fm. Depth Structure (Elevation)
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Figure SE. Structural elevation of the top Nacimiento Formation (Paleocene)
surface (~55 Ma). Control points include correlated wells, and surface eleva-
tions at the top Nacimiento Formation/base San Jose Formation contact. Pa-
leocurrents are generalized from the compilation of Pecha et al. (2018). Very
steep dips to the southwest are observed on the east flank of the basin, adjacent
to the Nacimiento uplift and Archuleta arch.
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At the base of Phase 3, an increase of subsidence and a
commensurate transgression occurred, with the retrograda-
tional stacking of the Lewis Shale on top of the Cliff House
Sandstone (Molenaar, 1983; Fig. 2). Subsidence during this
late Campanian (~80—-66 Ma) stratigraphic interval was spa-
tially variable, which is illustrated in isochore maps and basin
models (Figs. 3A, 3B, and 5B). The greatest subsidence was
in the northwest. This was interpreted as a flexural response
to Laramide orogenic-related uplift of the Hogback monocline
and western San Juan uplift. The initial period (Phase 3A) dis-
plays the highest rate of subsidence and was associated with
the retrogradation from the Menefee Formation top to Lewis
Shale maximum-flooding surface. Subsidence rate decreased
in the Maastrichtian (Figs. 3A and 3B), coincident with the
progradation of the Pictured Cliffs Sandstone shoreline and
Fruitland Formation/Kirtland Formation coastal plain.

Phase 4 represents the Laramide unconformity at the top
Cretaceous/base Paleocene, which has been interpreted as the
period of maximum Laramide deformation (Weil and Yonkee,
2023). Based on subcrop patterns, there was broad uplift and
erosion. Moreover, a basinward tilt up to the east occurred at
this time, subparallel to the flexural effects of Phase 3 (Fig.
5C). Therefore, the pattern of subcrop beneath the top of Cre-
taceous unconformity indicates a superposition of flexurally
induced tilting and longer-wavelength uplift. The fluvial Ojo
Alamo Sandstone was deposited on this surface over much of
the basin.

Phase 5 was a resumption of rapid subsidence in the Paleo-
cene (Nacimiento Formation; Fig. 5D) and early Eocene (San
Jose Formation). The highest interpreted subsidence in the early
Eocene occurs in the northeast, adjacent to the Nacimiento
uplift and Archuleta arch.

Phase 6 represents uplift and exhumation that occurred after
the early Eocene. Evidence includes the outcrop pattern of pro-
gressively older strata on the flanks of the basin (Fig, 1). More
importantly, calibrated basin modeling, tied to vitrinite reflec-
tance measurements in wells, estimated 1-2 km of removed
section (Supplement 2).

The timing of exhumation was addressed by numerous
studies in the Western Interior, based on thermochronology,
paleobotany, isotopic analysis, and vesicle paleoaltimetry,
yielding variable results; a good summary can be found in
Cather et al. (2012). To the southwest, in the Chuska Moun-
tains, Cather et al. (2008) interpreted exhumation as occurring
at 15 Ma, as evidenced by the thick aggradational succes-
sion of Oligocene eolianites. On the Zuni uplift to the south,
Thacker et al. (2021) used AFT thermochronology to infer the
exhumation history. Campanian to Eocene cooling is observed
on the flanks and crest, consistent with Laramide uplift. They
also observed a second exhumation event beginning ~20 Ma
on the northeastern flank, generally aligned with the interpre-
tation of Cather et al. (2008). Flowers et al. (2008) interpreted
the onset of exhumation at about 28 Ma from apatite U-Th/He
thermochronology.

For this study, the timing and amount of erosion (exhu-
mation) and uplift (elevation change) had little impact on
the interpretation and modeling of early Eocene and older
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subsidence. An exception would be if we had evidence of
post-Eocene large magnitude tilting or deformation in the
basin center, which would affect the Nacimiento Formation top
structure map (Fig. SE.) We have assumed that most elevation
change, and all post-Eocene exhumation, occurred after 20 Ma
(Figs. 3A and 3B).
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Figure 6A. Reference case flexural model for upper Campanian through Maas-
trichtian interval (i.e., Huerfanito Bentonite to top Cretaceous interval). The
location of the stratigraphic profile is shown on Figure 5B, and the control
points are the large yellow dots, and the small yellow dots illustrate the ac-
ceptable error range. The program performs a Monte Carlo simulation, varying
load height, width, and effective elastic thickness (EET). Modeled profiles and
associated loads that satisfy the stratigraphic control points are shown as the
cloud of successful trials. The program reports the mean and standard devia-
tion of the modeled parameters (load height, width, and EET).
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Figure 6B. Reference case flexural model for Eocene interval. See text and
Figure 6A for explanation of flexural modeling characteristics.

The Oligocene was interpreted as a period of relative
tectonic quiescence. Based on occurrences in the Chuska
Mountains, San Juan Mountains, and Mogollon-Datil areas,
there is a possibility that Oligocene eolianites and/or vol-
canics were emplaced in the basin (Cather et al., 2008) and
subsequently eroded during Miocene to recent exhumation.
No attempt has been made to reconstruct such aggradational
deposits in the basin models.

Regional Patterns

The correlation between 2nd order stacking patterns and
tectonic subsidence/uplift is recognized for other parts of the
Western Interior region (Supplement 1.2). To the immediate
north, the Uinta, Piceance, and Park basins of Utah and Col-
orado display a simpler large-scale stacking. First, there was
an increase in subsidence near the end of the Turonian and an
associated retrograde from the Ferron Sandstone and Fron-
tier Formation into the main body of the Mancos Shale (upper
Coniacian to lower Santonian). The strata became strongly
progradational in the middle to upper Campanian, as the total
subsidence rate decreased (Aschoff and Steel, 2011). The
Campanian—Maastrichtian succession of progradation-retro-
gradation-progradation of the San Juan is absent here.

Farther north, stacking patterns in the Wyoming basins
appear superficially similar to the San Juan Basin at first glance
(Rudolph et al., 2015). A large magnitude, forced regression of
the fluvial system recorded by the Ericson Sandstone, Parkman
Sandstone, and Teapot Sandstone occurred during a period of
decreased subsidence or uplift, analogous to the Menefee For-
mation. This was followed by a profound transgression marked
by the Lewis Shale, which has been related to flexural sub-
sidence associated with Laramide uplifts such as the Granite
Mountains, Uinta Mountains, Big Horn Mountains, and others
(Rudolph et al., 2015; Lynds and Lichtner, 2016; Saylor et al.,
2020). The succession is capped by a progradational stratal
stack consisting of shallow marine Fox Hills Sandstone and
coastal plain Lance Formation.

Although the patterns of stratigraphic sequence stacking,
tectonic activity, and subsidence appear analogous between the
San Juan and Green River basins, there are two critical differ-
ences. First, the transgressive-regressive cycles observed in the
San Juan Basin occurred earlier than similar cyclicity observed
in Wyoming. For example, the Ericson Sandstone regression in
Wyoming occurred ~79-72 Ma (Rudolph et al., 2015), whereas
the Menefee Formation progradation occurred ~84-80 Ma
(Fig. 2, Supplement 1.2). Furthermore, Lewis Shale maximum
flooding occurred at ~72 Ma (Asquith Zone) in Wyoming,
whereas the Huerfanito Bentonite maximum flood occurred at
~75.8 Ma in the San Juan Basin. This indicates that the large-
scale (2nd order), transgressive-regressive cycles observed in
these basins are unlikely to be eustatic in origin. Rather, their
comparative diachroneity supports a tectonic driver of stratal
cyclicity that was variable along strike.

The second difference is in the magnitude of loads and flex-
ural subsidence. The Wyoming examples include many larger
uplifts that commensurately induced larger flexural responses
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in adjacent basins (Fig. 7). There are seven examples of mod-
eled topographic uplifts of greater than 1 km (Saylor et al.,
2020). The most notable example is the east Green River basin,
which recorded deep-water deposition in the Maastrichtian
with estimated paleobathymetry of 300-500 m, based on seis-
mic clinoforms (Rudolph et al., 2015) and correlated well logs
(Carvajal and Steel, 2012). In many of the Western Interior
basins, the earliest documented evidence of Laramide flexure
is in the Maastrichtian, whereas flexure in the San Juan Basin
was interpreted to have started in the Campanian. However,
other early examples (Turonian to Campanian) of Laramide
uplift have been observed in Wyoming and Montana (Carrapa
et al., 2019; Saylor et al., 2020).

CONCLUSIONS

San Juan Basin Upper Cretaceous to Cenozoic strata record
six phases of subsidence/uplift that have different drivers based
on stratigraphic thickness and stacking patterns. Subsidence
from the Cenomanian to Santonian appears to be of long wave-
length, which we interpreted to be associated with dynamic
effects related to mantle convection, as has been posited for
the Western Interior basin (Liu and Nummedal, 2004; Liu and
Gurnis, 2010). Laramide orogenesis in the San Juan Basin area
began by late Campanian time, with a modest uplift northwest
of the basin associated with early uplift of the San Juan uplift
and Hogback monocline. This deformation is observed in sub-
crop patterns beneath the Laramide unconformity (Fig. 5C).
As aresult, the onset of flexural subsidence may have contrib-
uted to the profound transgression of the Menefee Formation
into the Lewis Shale maximum flooding event. Above the
Huerfanito Bentonite, a strong progradational pattern into the
Pictured Cliffs Sandstone (shallow marine) and Fruitland For-
mation and Kirtland Formation (nonmarine) was driven by a
decreased subsidence rate. Flexural modeling of this episode
indicated that the San Juan uplift and Hogback monocline to
the northwest of the basin were the likely flexural loads and
exhibited a mean topographic height of ~0.8 km.

Similar (and usually much larger) Late Cretaceous flexural
effects are seen in many other Laramide basins in Wyoming
and northern Colorado (Fig. 7). This includes a strong retrogra-
dational pattern at the start of flexural subsidence.

Paleocene San Juan Basin stratigraphy (Ojo Alamo Sand-
stone and Nacimiento Formation) thickens toward the basin
center, exhibiting a much more symmetrical pattern (Fig.
5D) than observed in Upper Cretaceous strata. This possibly
represents a composite flexural effect from adjacent Lara-
mide uplifts to the northwest, northeast, and east of the basin.
Another contributing factor to the thickness pattern observed
during this episode (Fig. 5D) may be infill of paleorelief via
alluvial aggradation within a semienclosed basin. Note this
also infers Laramide uplifts rimming the basin.

Flexural modeling of the Eocene strata of the San Juan Basin
(Fig. SE) indicated that the locus of flexural loading shifted to
the east. The Nacimiento uplift and Archuleta arch provided
the flexural load. This was a relatively significant uplift, with a
mean topographic height of ~2 km (Fig. 6B). Furthermore, we
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interpreted the eastward shift of the basin depocenter to reflect
continued evolution of Laramide tectonic activity within the
study area.

In summary, the large-scale basin architecture and vertical
stacking patterns from Campanian to Eocene were primarily
driven by the timing, magnitude, and spatial distribution of
Laramide uplift and associated flexural subsidence.

The wavelength of the interpreted flexural effects is rela-
tively short. Consequently, the estimates of the flexural rigidity
of the coupled lithosphere from modeling are relatively low
(20-30 km) and broadly consistent with modern estimates
from seismic tomography.
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