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ABSTRACT: The Cretaceous Cliff House Sandstone comprises athick (400 m) net-
transgressive succession representing a mixed wave- and tide-influenced shallow-marine
system that migrated episodically landwards. This study examines the youngest part
(middle Campanian) of the Cliff House Sandstone, exposed in Chaco Cultural Natural
Historical Park, northwest New Mexico, U.S.A. Detailed mapping of facies architecture
between a three-dimensional network of measured sections has allowed the character,
geometry, and distribution of key stratigraphic surfaces and stratal unitsto be
reconstructed. Upward-shallowing facies successions (parasequences) are separated by
laterally extensive transgressive erosion (ravinement) surfaces cut by both wave and tide
processes. Preservation of facies tracts in each parasequence is controlled by the depth of
erosion and migration tragjectory of the overlying ravinement surfaces. In most
parasequences, there is no preservation of the proximal wave-dominated facies tracts
(foreshore, upper-shoreface), resulting in thin (4—7 m) top-truncated packages. Four
distinct shallow marine tongues (parasequence sets) have been identified, consisting of
ten parasequences with atotal stratigraphic thickness of ~ 100 m. Each tongue records an
episode of complex shoreline migration history (multiple regressive-transgressive
phases) in an overall net-transgressive system.

The ravinement surfaces provide a stratigraphic framework in which to understand
partitioning of tide- and wave-dominated deposits in a net-transgressive system, and a
model is presented to account for the sediment distribution and stratigraphic architecture
observed in each parasequence. Despite a complex internal architecture, parasequences
exhibit a predictable pattern which can be related to the regressive and transgressive
phases of deposition. Preservation of wave-dominated facies tracts is associated with
shoreline regression, while tide-dominated facies tracts are interpreted to record sediment
accumulation during shoreline transgression that also resulted in significant erosion of
the underlying regressive deposits. The interplay between erosion, sediment bypass, and
deposition during regression and transgression is shown to ultimately control the
preservation and stratigraphic architecture of the larger-scale net-transgressive coastal
system. While the Cliff House Sandstone exhibits a facies composition and quantitative
stacking patterns (shoreline trgjectory) similar to other studied examples, differencesin
the dip-extent of the wave-dominated sandstone tongue has resulted in a more



disconnected architecture between the high-frequency cycles. Understanding the variety
of stratal geometries that ravinement surfaces can generate is therefore crucial to
predicting the spatial distribution and facies architecture in transgressive systems.
INTRODUCTION

Transgressive shallow-marine deposits are commonly regarded as being relatively
thin, with complex internal geometries, and containing abundant fine-grained intervals
(Belknap and Kraft 1981; Demarest and Kraft 1987). These characteristics arise from
incompl ete preservation and pronounced reworking of shoreline systems during their
overall retreat (e.g., Curray 1964), however, thick net-transgressive shallow-marine
successions containing abundant stacked sandbodies have been documented (Olsen et al.
1999; Allen and Johnson 2011). Conceptual models indicate that preservation of net-
transgressive shallow-marine strata requires overal retreat of the shoreline punctuated by
periods of limited shoreline regression (e.g., Swift 1968; Swift et al. 1991; Cattaneo and
Steel 2000). Field studies have provided supporting evidence in the form of detailed
facies relationships and stratigraphic architectures that match the model predictions
(Sixsmith et a. 2008; Allen and Johnson 2011) though the number of field cases
documented are significantly fewer than those for regressive systems. Regressive
stratigraphic architectures in modern and ancient shallow-marine systems (e.g.,
Rodriguez et al. 2001; Hampson and Howell 2005; Tamura et al. 2008) have been well
documented, but relatively few have attempted to document the transgressive depositsin
similar detail, outside of incised-valley fills. As a consequence, there are presently few
published models for the internal architecture of net-transgressive shallow-marine
systems of the type that exist for their regressive counterparts.

Our understanding of net-transgressive sandstonesis limited because modern sand-
rich systems are difficult to study directly, and because studies of modern systems do not
address the issue of long-term preservation in the stratigraphic record. In the subsurface,
key geometrical stratal relationships are too small in scale or are not marked by
sufficiently large impedance contrasts to be imaged in seismic data of net-transgressive
sandstones. The significance of the numerous vertically stacked sandbodies that occur in
thick, net-transgressive systems, and associated three-dimensional stratigraphic
architectures are thus poorly constrained. In order to understand these aspects, it is
necessary to reconstruct the history of shoreline migration, and the concomitant
migration of linked erosional and depositional facies tracts.

Herein we document the detailed stratigraphic architecture of athick, net-
transgressive shallow-marine sandstone that is exceptionally well exposed: the Cliff
House Sandstone in Chaco Cultural Natural Historical Park, northwest New Mexico,
U.S.A. The Cliff House Sandstone crops out around the perimeter of, and is extensively
penetrated by, wells in the center of the San Juan Basin in northwestern New Mexico and
southwestern Colorado, where it comprises a mixed wave- and tide-dominated succession
of stacked seaward- to landward-stepping units that record an overall transgression
(Palmer and Scott 1984; Molenaar 1983; Donselaar 1989; Olsen et al. 1999). Our
mapping of facies architecture in a series of adjacent, depositional-dip-oriented canyons
in Chaco Cultural Natural Historical Park has enabled quantitative three-dimensional
reconstruction of key stratigraphic surfaces and sandbody distributions from near the
local up-dip to down-dip pinch-outs of the transgressive sandstone complex. The aims of



this paper are: (i) to document styles of interaction between the coeval faciestractsin the
Cliff House Sandstone depositional system(s); (ii) to identify the degree of preservation
of tide- and wave-dominated facies beneath erosional surfaces associated with
transgression; (iii) to reconstruct the history of shoreline migration, and the distribution
of related erosional surfaces; and (iv) to generate a conceptual model to account for
sediment partitioning and preservation in athick, net-transgressive succession.
GEOLOGIC SETTING

The Cliff House Sandstone comprises the transgressive portion of alarge regressive—
transgressive wedge developed during the Campanian along part of the western margin of
the Western Interior Seaway, which extended across the North American continent (Fig.
1A) (Molenaar 1983; Krystinik and DeJarnett 1995). Both the Cliff House Sandstone and
the underlying, regressive Point Lookout Sandstone belong to the Mesaverde Group (Fig.
1B). The Cliff House Sandstone is diachronous, and records an overall shoreline retreat
of over 170 km from northeast to southwest during a period of c. 4 Myr (Fig. 1B). In any
particular location, the Cliff House Sandstone represents only a fraction of this shoreline
displacement and duration.

The Western Interior Seaway developed during a period of high global sealevel
(Miller et a. 2005) and pronounced tectonic subsidence of the interior of the North
American continent, driven by thrust-induced loading from the Sevier orogenic belt and
more widespread dynamic subsidence above the subducting Farallon Plate to the west
(Fig. 1A) (Pang and Nummedal 1995; Liu and Nummedal 2004.). Campanian strata
along the western margin of the seaway record the interplay between tectonic and
climatic controls on sediment delivery from the Mogollon Highlands and Sevier
Orogenic Belt hinterland, tectonic subsidence in the basin, and eustatic sea-level
variations (Krystinik and DeJarnett 1995). The Cliff House Sandstone crops out along the
flanks of the San Juan Basin, which developed during the early Tertiary Laramide
Orogeny, in northeastern New Mexico and southwestern Colorado.

DATA AND METHODS

The study area lies within Chaco Culture National Historical Park, where the upper
part of the Cliff House Sandstone crops out (Scott et a. 1984). Within the study area,
data have been collected from a series of large, dissected mesas which surround a central
canyon, Chaco Canyon. Fifty measured sections detail vertical facies relationshipsin the
upper 100 m of the Cliff House Sandstone (Fig. 2). The lateral extent and geometry of the
key stratigraphic surfaces have been mapped between measured sections and across the
study area, and these surfaces bound packages of genetically related strata. These data
have been used to construct three dip-oriented (southwest to northeast) correlation panels
ranging between 5 km and 10 km in length, which encompass the up-dip and down-dip
pinchouts of several major sandbodies. In addition, a correlation panel oriented along
depositional strike (northwest to southeast) have been constructed along the northern and
southern faces of Chaco Canyon. The data density and distribution therefore provides a
high-resolution, three-dimensional dataset covering approximately 10 km x 10 km.
FACIES AND FACIES ASSOCIATIONS

The Cliff House Sandstone comprises twelve facies types which occur within three
distinct facies associations (Figs 3, 4, 5), reflecting the main sedimentary environments at
the time of deposition (Table 1). Thetidal channel-fill (T1) and proximal lower-shoreface



(W3) facies account for most of the preserved succession (90% of shallow-marine
deposits) exposed in the study area. It islikely that the uppermost, fine-grained strata of
the studied succession, consisting of distal lower-shoreface (W4) and offshore shales
(W5), have been removed by Quaternary erosion.

Continental Facies Association

The continental facies association is mainly exposed in the lower and more proximal
part of the Cliff House Sandstone in the southwestern part of the study area. They are
overlain by and pass down-dip into tide-dominated and wave-dominated facies
associations, and are often intercal ated with the former.

Undifferentiated Coastal-Plain and Lagoonal Facies (C1)

Description.—Thisfaciesis composed of interbedded fine- to medium-grained sheet
sandstones (0.1-0.5 m thick) with carbonaceous mudstones and discontinuous coal seams
(Fig. 3A). The sandstones consist of moderately sorted, sub-rounded grains and exhibit
ripple cross-lamination. In addition, vertical to sub-vertical, downward-tapering, semi-
cylindrical tubes of 0.05-0.1 min length are locally observed. Bioturbation is absent
throughout the facies.

Interpretation.—This facies isinterpreted to comprise coastal-plain and lagoonal
deposits due to the high percentage of carbonaceous material in the mudstones, the
numerous coal seams and the lack of marginal-marine trace fossils. Vertical tubes are
interpreted as root casts and support a vegetated subaerial coastal-plain interpretation
(Rahmani 1988). The sheet sandstones are considered to be the deposits of crevasse
splaysin areas adjacent to active fluvial channels on the coastal-plain.

Tide-Dominated Facies Association

The tide-dominated facies association occurs mainly in the proximal, southwestern
parts of the studied exposures. Units of this facies association are erosionally based,
which causes variable thickness and lateral extent. Down-dip, the tide-dominated facies
are separated from the wave-dominated facies by abasal erosion surface and are locally
top truncated by an overlying wave-dominated unit. This facies architecture is described
in detail later in the study.

Tidal Channel-Fill Facies (T1)

Description.—This faciesis composed of upper fine- to lower medium-grained
sandstones, arranged into sets of both trough and planar cross-bedding with carbonaceous
siltstone and mudstone drapes along many foresets and toesets (Fig. 3B). Sandstones are
well sorted and texturally mature, similar to those of facies W4. Planar cross-bed sets are
0.1-1 m thick, exhibit numerous reactivation surfaces and are oriented in opposite
directions (Figs. 3C, 4, 5) in addition to rare herringbone cross-stratification. Thisfacies
occurs within channelized sand bodies which are laterally amalgamated into extensive
sheetswith irregular erosional relief at their bases. Individual channelized bodiesrangein
thickness from 1 to 20 m, and their basal surfaces are lined with rip-up mud clasts,
woody debris, and rare shell debris. Low-angle inclined bedding surfaces occur at and
parallel to the margins of several channelized bodies. Trace fossils are common,
including Skolithos, Thalassinoides, Ophiomorpha, and rare Teredolites, which occursin
rafted wood debris. Channelized sandbodies of facies T1 are observed to thinin a
pal eolandwards direction (southwest) and pinch out against proximal lower-shoreface



deposits (facies W4) at their down-dip terminations. Channels thin gradually up dip over
severa kilometers, and pinch out within coastal-plain and lagoonal deposits (facies C1).

Interpretation.—The abundance of carbonaceous siltstone and mudstone drapes on
cross-bed foresets and toesets implies periodic variationsin flow velocity, while
bidirectional paleocurrents and herringbone cross-stratification indicate deposition under
opposing current directions. In combination, these structures are diagnostic of tidal
currents (e.g., Nio and Y ang 1991). The occurrence of facies T1 in channelized bodies
with inclined bedding surfaces at their margins indicates lateral accretion of migrating
channels, to form wider sheet-like bodies. Trace fossils such as Skolithos, Thalassinoides,
and Ophiomorpha (while not conclusive), al indicate deposition under high-energy,
shallow-marine conditions (Pemberton et al. 1992), while mud clasts and woody debris at
sandbody bases implies erosion of avegetated coastal-plain. The occurrence of this facies
up-dip of wave-dominated shoreface deposits (e.g., facies W4) and down-dip of coastal-
plain and lagoonal deposits (facies C1) suggests deposition in a mixed wave-tide barrier-
island setting, most likely asthefill of tidal inlet channels (Y ang and Nio 1985; Fenies
and Faugeres 1998). The similarity between the textural and grain-size characteristics of
sandstone in this faciesto that of proximal lower-shoreface sandstones (facies W4)
suggests that sediment was supplied from the shoreface and reworked into the tidal
channel deposits (Kumar and Saunders 1976).

Tidally Influenced Fluvial Channel-Fill Facies (T2)

Description.—Facies T2 occurs as erosionally based, channelized sandbodies 1-6 m
thick characterized by abundant sets and cosets of trough and planar cross-bedding.
Sandstones are predominantly fine- to medium-grained, but more rarely lower coarse-
grained, and are poorly to moderately sorted. Sandbody bases are lined by lags of pebble-
grade mud clastsin addition to abundant plant and woody debris. Cross-sets fine
upwards, range in thickness from 0.1 to 1-2 m, and are commonly overlain by ripple-
laminated beds. Some are sigmoidal (Fig. 3D). Both single and compound cross-sets
contain rare carbonaceous drapes on foresets and toesets, and show bidirectional
paleocurrents with a significant majority towards the north-northeast (Fig. 5). Low-angle
inclined bedding surfaces parallel to the margins of several channelized bodies are
abundant (vertical spacing of 0.2-0.5 m), and can be traced from top to base of the
sandbodies that contain them (5-15 m in length). Contorted cross-beds are also
commonly observed throughout. Rare Thalassinoides and Skolithos occur sporadically
throughout this facies. Facies T2 occurs only in the lower part of the exposures, and is
intimately associated with tidal flat (facies T3) and coastal-plain deposits (facies C1).
Where exposed down-dip, units are separated from proximal |ower-shoreface deposits
(facies W4) by an erosion surface.

Interpretation.—In geometry, sandstone content, and predominant sedimentary
structures, this facies appears to have much in common with tidal channel-fill deposits
(facies T1). The occurrence of bidirectional cross-sets with carbonaceous drapes on their
foresets and toesetsindicates atidal origin (e.g., Nio and Yang 1991). However, trace
fossils are significantly less common, implying an environmental stress (Pemberton et al.
1992), possibly related to brackish salinity conditions. The abundance of water-escape
structures and contorted cross-bedding implies rapid deposition and high sediment
supply. Carbonaceous plant debris and wood fragments are common in the channel bases



and suggest an abundant supply of coastal-plain material in close proximity. The
widespread occurrence of inclined bedding surfaces at the margins of channelized
sandbodies of facies T2 indicates lateral accretion of migrating channels of sinuous plan
form, which is common in both fluvial and fluvial-tidal systems (Nio and Yang 1991).
Tidal Flat Facies (T3)

Description.—This facies consists of intercal ated beds and laminae of fine- to
medium-grained sandstone, siltstone, and mudstone. Wavy bedding with planar laminae,
wave-ripple cross laminae, and ripple cross laminae are common (Fig. 3E), with
abundant carbonaceous drapes on both ripple foresets and wave-ripple cross lamination.
Bioturbation is sparse, but occasional Thalassinoides occur at the base of sand-prone
intervals. Root traces are absent throughout this facies. Sandstone and mudstone beds
typically do not exceed 0.2 m in thickness but stack vertically into units 1-5 m thick.
Facies T3 is observed only in the basal exposures of the Cliff House Sandstone, in
association with coastal-plain and lagoonal (facies C1), tidal channel-fill (facies T1), and
tidally influenced fluvial channel-fill deposits (facies T2).

Interpretation.—The heterolithic nature of this facies and abundance of
carbonaceous drapes on ripple forms are suggestive of deposition under tidal currents
(e.g., Nio and Yang 1991). Sparse bioturbation reflects a stressed environment
(Pemberton et al. 1992), consistent with atidal setting (e.g., Fenies and Faugeres 1998;
Nio and Yang 1991). Given its association with channelized sandstones reflecting tidal
influence (facies T1, T2), it seemslikely that this facies records deposition on tidal flats
that were laterally equivalent to coeval tidal channels (cf. Donselaar and Nio 1982).
Wave-Dominated Facies Association

The wave-dominated facies association occurs mainly in the distal (northeastern)
parts of the study area. Typical units of this association are highly continuous along both
depositional dip and strike. Up-dip, these units are separated from the tide-dominated
facies association by an erosion surface.

Foreshore Facies (W1)

Description.—This facies comprises moderately sorted, upper fine- to medium-
grained sandstone arranged into planar-parallel to low-angle (< 3°) laminated units that
are 1-2 mthick (Fig. 4A). The sandstones are unbioturbated. Units of facies W1 form
tabular sheets that can be traced for up to 2 km down depositional dip, which overlie and
pass down depositional dip into upper shoreface deposits (facies W2). Thefaciesis
typically erosionally overlain by either tidal channel (facies T1) or proximal lower-
shoreface (facies W3) deposits.

I nterpretation.—The dominant depositional processis interpreted to have been wave
swash—backwash action in a foreshore setting, based on the laterally extensive upper-
flow-regime bedforms, the association with other wave-dominated facies, and due to the
lack of bioturbation (e.g., Clifton et al. 1971).

Upper-Shoreface Facies (W2)

Description.—This facies consists of moderately well-sorted, upper fine- to medium-
grained sandstones which are arranged into thin (0.1-0.4 m) trough and planar cross-sets
and cosets (Fig. 4B). Units of facies W2 are typically between 1 and 2 m thick. These
units gradationally overlie and pass down dip into proximal lower-shoreface deposits



(facies W3), and grade upward into foreshore deposits (facies W1). Bioturbation is sparse
(Skolithos, Diplocraterion).

I nterpretation.—Sparse bioturbation by traces that constitute a Skolithos ichnofacies
indicates deposition in a sand-rich, high-energy shallow-marine setting (Pemberton et al.
1992). Planar and trough cross-bedding records the migration of dunesin response to
unidirectional currents; the association of this facies with both proximal lower-shoreface
(facies W3) and foreshore deposits (facies W1) strongly suggests deposition under the
influence of fair-weather waves on the upper-shoreface and in the inferred environment
may be due to onshore-, longshore-, and/or offshore-directed, wave-generated currents
(Clifton et al. 1971).

Proximal Lower-Shoreface Facies (W3)

Description.—Facies W3 is composed of amalgamated beds of swaly- and
hummocky cross-stratified, well-sorted, fine-grained sandstones (Fig. 4C). Each unit of
the faciesis dominated by hummocky cross stratification at its base and more common
swaly cross stratification at its top. In some locations, swaly cross stratification is
observed to pass gradationally upwards into high-angle trough cross-stratification. Rare
sets of wave-ripple cross lamination and planar to low-angle lamination are also
observed. Bioturbation is common, by atrace-fossil assemblage including abundant
Ophiomorpha nodosa, Thalassinoides, and more rarely Arenicolites, Palaeophycos, and
Planolites. Beds commonly have a slightly coarser basal 1ag, which contains carbonate
shell debris, wood fragments, and rare shark teeth. Lags are often overprinted by
carbonate-cemented concretions and concretionary horizons. Units of facies W3 form
tabular sheets that are 2—8 m thick and laterally continuous along dip and strike for > 10
km. Units grade up dip into and are overlain by upper shoreface deposits (facies W2), and
they grade down dip into and overlie distal lower-shoreface deposits (facies W4).

Interpretation.—The dominance of swaly- and hummocky cross-stratification
reflects deposition above storm-wave base, where storm oscillatory flows allow
aggradation of bedforms under waning flow (Hunter and Clifton 1982). The dominance
of swaly-cross stratification is typical of the upper part of the lower-shoreface, while
preservation of hummocky cross-stratification is likely to have occurred closer to storm
wave base (Dott and Bourgeouis 1982; Leckie and Walker 1982). The absence of shale
indicates a highly energetic environment in which silt and mud did not settle out of
suspension or was eroded by subsequent storm events. The trace-fossil assemblage
indicates a setting where high-energy sandy substrates were rapidly but episodically
emplaced, resulting in a mixed Skolithos—Cruziana ichnofacies (Pemberton et al. 1992).
Distal Lower-Shoreface Facies (W4)

Description.—This faciesis composed of non-amalgamated beds of well-sorted,
very fine- to fine-grained sandstones intercal ated with siltstones and mudstones.
Sandstone beds contain hummocky cross-stratification with rare wave-ripple lamination,
while the siltstones form discontinuous, nearly-horizontal lensesin a mudstone matrix.
Bioturbation is pervasive in the mudstone intervals, with trace fossils including
Ophiomorpha, Thalassinoides, Planolites, Palaeophycos, and Arenicolites. Thisfacies
forms wedge-shaped units that are traceable for up to 5 km in a down-depositional-dip
direction and > 10 km along strike. The facies passes up dip into and is overlain by



proximal lower-shoreface deposits (facies W3), and passes down dip into and overlies
offshore shales (facies W5).

Interpretation.—The facies records deposition in an area deeper than the proximal
lower-shoreface, which is less energetic and less prone to storm events. Hummocky
cross-stratified sandstone beds record deposition above storm wave base, and intercalated
siltstone and mudstone beds likely reflect fair-weather deposition. Between storms,
pervasive bioturbation in the mudstones records col onization of sand beds in between
storms by a mixed Skolithos—Cruziana ichnofacies (Pemberton et al. 1992).

Offshore Facies (W5)

Description.—Facies W5 comprises interbedded siltstones and mudstones with very
rare, very fine- and fine-grained sandstone beds which do not exceed 0.5 m in thickness.
These thin sandstone beds occasionally exhibit planar parallel and asymmetric ripple-
cross lamination. Several sandstone beds infill steep-sided erosiona scours (Fig. 4D).
Bioturbation is sparse to moderate in intensity and is dominated by Planolites, with rare
Ophiomorpha and Thalassinoides. This facies occurs as low-angle tabular wedges of > 5
km dip extent, and they grade up dip into distal lower-shoreface deposits (facies W4).

Interpretation.—This facies represents deposition beneath mean storm wave base,
and represents the most distal facies present in the study area. Mgor, infrequent storms
are recorded by steep-sided, sandstone-filled scours that resemble gutter casts (Myrow
1992) and formed as aresult of increased rip currents during the waning storm. Rare
Ophiomorpha and Thalassinoides indicate episodic increases in marine energy and could
be either opportunistic or transported down-dip by marine currents. The siltstone and
mudstone beds record fair-weather deposition.

Mouth-Bar Facies (D1)

Description.—Facies D1 islocally restricted in its distribution, occurring at two
stratigraphic levels. Units of the facies pass laterally into proximal lower-shoreface
deposits (W3), and are erosionally truncated by tidal channel-fill deposits (T1) at their
up-dip pinchouts, where exposed. Facies D1 comprises interbedded fine-grained
sandstones, siltstones, and mudstones. Sandstone units consist of multiple amalgamated
beds in southwest—northeast-trending (i.e., approximately shoreline-normal) channels that
are 0.94 m thick and 10-50 m wide, while intervals of faciesD1 areup to 5 min overall
thickness (Fig. 5A, B). Mudstone rip-up clasts are common at the bases of sandstone
units, including large (0.2—1.4 m diameter) mudstone “rafts.” Many sandstone beds are
hummocky and swaly cross-stratified in their lower part, with current-ripple and wave-
ripple cross-laminated tops (Fig. 4E). Other beds contain planar-parallel and low-angle
inclined lamination, while thin (0.05-0.10 m) graded sandstone beds (very fine- to fine-
grained) with structurel ess bases and parallel-laminated tops are also present. Siltstones
and mudstones contain coal intraclasts, wood fragments, and carbonaceous plant debris.
Ophiomorpha, Planolites, and Thalassinoides are common in mudstones, siltstones, and
sandstones, while Teredolitesis also observed in larger wood fragments.

Interpretation.—The localized occurrence of channelized sandstones with
intercalated carbonaceous-rich mudstones is interpreted to reflect proximity to a high-
energy fluvial input point along strike from, and in water depths similar to, lower-
shoreface deposits (facies W3), most likely in mouth bars along a wave-dominated
deltaic shoreline (Bhattacharya and Giosan 2003). The erosional base of the sandbody



could aso indicate deposition in the terminal distributary channel (Olariu and
Bhattacharya 2006; Ahmed et al. 2014). Graded beds in the sandstones are indicative of
sediment-gravity-flow deposits, while the hummocky and swaly cross-stratification
records reworking by waves during storm events. Bioturbation reflects episodic
colonization by a mixed Skolithos—Cruzana ichnofacies (Pemberton et al. 1992), most
likely in between storms. This facies provides indirect evidence that the studied portion
of the paleo-coastline was near to afluvial input point during deposition of the upper
Cliff House Sandstone.

FACIES SUCCESSIONS AND KEY STRATIGRAPHIC SURFACES

Conceptual stratigraphic models of barrier-island depositional systems indicate that
anumber of surfaces may be generated during transgression, and that these surfaces are
arranged in a particular order in avertical succession (e.g., Swift 1968; Demarest and
Kraft 1987; Cattaneo and Steel 2003). In landward locations, the onset of transgression is
marked by the drowning of the subaerial coastal-plain and development of alagoon
above atransgressive surface (TS). Landward retreat of the barrier island resultsin
erosion of lagoonal deposits by backstepping tidal inlet channels and associated networks
of back-barrier channels that drain through the tidal inlets, creating atidal ravinement
surface (tRS). Continued barrier-island retreat results in erosion by fair-weather and
storm waves, generating a wave ravinement surface (WRS), as the shoreface on the
seaward side of the barrier passes the location of the vertical succession. Further
deepening may occur as the barrier island continues to retreat to its most landward
position; the greatest water depths occur at the flooding surface (FS). Thus, four surfaces
(TS, tRS, wRS, and FS) may be sequentially generated during asingle transgression of a
barrier-island depositional system. The surfaces have variable geometry and extent. TS
are planar, but their extent mimics that of the overlying, initially developed lagoon. These
surfaces form in proximal locations only. tRSs are composite erosion surfaces of highly
variable relief and extent, depending on the depth and migration history of tidal channel
networks. WRSs are laterally extensive, planar erosion surfaces, reflecting the relatively
uniform extent and depth of wave erosion on the shoreface, and steepen near their
landward terminations to form pal eoseaward-dipping “steps’ that represent the paleo-
shoreface profile. wRSs are the fundamental surfaces which control the overall
preservation of facies tracts; the depth of erosion at each WRS is controlled by the depth
of wave base during its creation and the migration and climb (i.e., trajectory) of the
surface through time (Swift, 1975: Thorne and Swift, 1991). FSs are extensive, especially
in distal locations, and their geometry can reflect the paleo-shelf profile. Some of these
surfaces may be coincident with each other, depending on the depth of erosion and
volume of deposition.

In the section below, we document the key stratigraphic surfaces in the Cliff House
Sandstone dataset, in the context of the facies successions that are juxtaposed across
them. Incomplete exposure precludes discrimination of coastal-plain and lagoonal
deposits (which are combined as facies C1), such that the TSs cannot be recognized. Both
tRSs and wRSs are interpreted, with the latter being coincident with FSin the study area.
Wave Ravinement Surfaces (WRS) and Flooding Surfaces (FS)

Description.—Wave-dominated facies are typically arranged in upward-shallowing
sandstone tongues that comprise, from deep to shallow: offshore (W5), distal lower-



shoreface (W4), proximal lower-shoreface (W3), upper-shoreface (W2), and foreshore
deposits (W1). In any vertical measured section, only part of this complete facies
succession is present. Lower-shoreface and offshore deposits (W3-W5) predominate in
distal locations (e.g., successions between wRS 800 and 900, wRS 900 and 1000, and
WRS 1000 and 1100 in Fig. 6B), but are locally supplemented by mouth-bar deposits
(facies D1) (e.g., succession between wRS 700 and 800 in Fig. 6B). Foreshore, upper-
shoreface, and proximal lower-shoreface deposits (facies W1-W3) occur in proximal
locations, near the up-dip pinchout of a particular wave-dominated sandstone tongue
(e.0., succession between wRS 600 and 700 in Fig. 6A).

The base of each upward-shallowing facies succession is typically marked by an
erosional surface that is lined with abundant shelly debris and rip-up clasts, in addition to
anincreasein grain size (e.g., Fig. 7B). Locally, the surface is overprinted by thin
carbonate-cemented concretions that may be laterally amalgamated to form a
concretionary horizon. The erosion surface may be marked by a series of sharp, steep-
sided gutter or scour casts into the underlying deposits, notably which consist of coal or
carbonaceous shale (facies C1) (Figs. 4F, 7A). Elsewhere, the surfaces have a planar
geometry, and may be associated with intense bioturbation. The erosion surfaces can be
traced for > 10 km aong strike and for several kilometers down dip (Figs. 8-13).
However, where the surfaces juxtapose similar lithologies, commonly proximal lower-
shoreface deposits (facies W3), they have only a subtle expression (a bedding break) and
are represented by dashed linesin Figs. 10-13. Two styles of up-dip termination of the
WRS are observed. First, a surface steepensin a paleolandward direction, to form a
concave-upward “step,” which is then truncated by a similar overlying surface (e.g., WRS
100 in Figs. 10, 13). Second, and more commonly, the surface maintains a planar,
horizontal geometry and is truncated by an erosion surface at the base of overlying tidal
channel-fill deposits (facies T1) (e.g., WRS 200, 400, 500 in Fig. 10; wRS 100, 200, 300,
500, 900 in Fig. 12; wRS 200, 400, 500 in Fig. 13). The deposits directly overlying each
erosion surface constitute the most distal facies of the overlying upward-shallowing,
wave-dominated facies succession (e.g., offshore facies W5 in the successions above
WRS 700 and wRS 900 in Fig. 6B; distal lower-shoreface facies W4 in the succession
above WRS 1000 in Fig 6B; proximal lower-shoreface facies W3 in the succession above
WRS 800 in Fig. 6B).

Interpretation.—Each of the erosion surfaces bounding the upward-shallowing,
wave-dominated sandstone tongues is interpreted as a wRS, because the occurrence of
overlying swaly and hummocky cross-stratified sandstones (facies W3 and W4) implies
that wave and/or storm processes generated the surface. This interpretation is supported
by the localized occurrence of gutter casts, which formed by deep localized scour of a
cohesive substrate by offshore-directed, storm-generated bottom currents (e.g., Myrow
1992). The occurrence of shell material in alag lining each erosion surface indicates
nondeposition due to sediment winnowing, and is characteristic of WRS in other
successions (Sixsmith et a. 2008). Carbonate-cemented concretions around the lags are
interpreted to be the result of localized redistribution of highly concentrated bioclastic
carbonate during early diagenesis.

The occurrence of distal facies directly above each interpreted wRS, without any
intervening upward-deepening succession, indicates that WRS are coincident with FSin
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the study area. Based on the lateral offset between facies tracts across the wRS and
coincident FS (Figs. 10, 12, 13), each surface records an increment of nondepositional
shoreline retreat of 3to > 10 km.

Tidal Ravinement Surfaces (tRS)

Description.—Tidal channel-fill deposits (T1) occur in multistory and/or multilateral
bodies that are locally marked by landward dislocations of facies tracts, such that they
erosionally overlie coastal-plain and lagoonal deposits (facies C1) (e.g., tRS400in Fig.
10; tRS 200, 500, 900, 1100 in Fig. 12; tRS 400, 600 in Fig. 13), or deeply incise into
and/or truncate underlying wave-dominated sandstone tongues near their up-dip
pinchouts (e.g., tRS 400, 500, 600, 800 in Fig. 10; tRS 200, 300, 500, 600 in Fig. 12; tRS
400, 500, 600 in Fig. 13). Individual channel-fill bodies are 2-5 m thick and 400-1300 m
wide. Thetidal channel-fill complexes are marked by a composite erosion surface at their
bases, lined by alag of mud rip-up clasts, coal fragments, and woody debris that contains
rare Teredolites (Fig. 7C, D). These composite erosion surfaces exhibit pronounced relief
(up to 12 m), are variably laterally persistent down depositional dip (1-7 km) (Figs. 8, 9,
10, 12, 13), and appear to be correlatable between dip-oriented canyons over strike
distances of c¢. 7 km (compare Figs. 10, 12, 13). Thetida channel-fill complexes that
overlie the composite erosion surfaces are truncated at their tops by interpreted wave
ravinement surfaces (Figs. 8, 9, 10, 12, 13). Channel-fill complexes thin up dip and break
up into individual, disconnected channel-fill bodies encased within carbonaceous shales
(faciesC1) (Figs. 10, 12, 13).

Interpretation.—Although erosion surfaces at the base of migrating tidal inlets can
occur in arange of stratigraphic architectures (e.g., Nichol et a. 1996), two aspects of the
context of the erosion surface at the bases of multistory and/or multilateral tidal channel-
fill complexesin the study area suggest that they are composite tRSs. First, erosion
surfaces characterized by landward dislocations of facies tracts provide direct
stratigraphic evidence of shoreline retreat, Second, all of the tidal channel-fill complexes
are truncated down depositional dip by an overlying wave ravinement surface (Figs. 10,
12, 13), which suggests that their basal composite erosion surfaces formed mainly during
shoreline retreat. Thisinterpretation implies that only the deeper parts of the tidal
channel-fill complexes, which have the highest preservation potential, are preserved
between the underlying tRS and the overlying wRS.

STRATIGRAPHIC ARCHITECTURE

Ten high-frequency stratigraphic cycles are documented in the Cliff House
Sandstone in the study area (WRS 100-200, wRS 200-300, wRS 300—400, wRS 400~
500, wRS 500-600, wRS 600-700, wRS 700-800, wRS 800-900, wRS 900-1000, wRS
1000-1100 in Figs. 10-13). Wave ravinement surfaces have been numbered in the
stratigraphic order they appear (100 being the oldest, 1100 the youngest). The cross
sections presented (Figs. 10-13) have been correlated into a fence panel (Fig. 14), and
clear differences can be recognized between the dip and strike architecture. In the strike
orientation, facies belts and ravinement surfaces are widely correlatable and show
considerable lateral continuity (~ 10 km) in both the up-dip (South Mesato West Mesa)
and down-dip (Gallowash to Pueblo Bonito) regions. In the dip orientation, facies belts
display a consistent succession despite separation between facies associations (tide and
wave) by erosional surfaces. As such, the facies belts occur in a predictable fashion.
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Given the 4 Myr duration of the entire Cliff House Sandstone (Fig. 1B), of which
only the upper one third is exposed in Chaco Cultural Natural Historical Park, each high-
frequency stratigraphic cycle represents c. 100 kyr. In this section, we describe the
internal architecture of these high-frequency stratigraphic cycles (parasequences), and
their stacking into larger, low-frequency patterns (parasegquence sets) in the context of the
overall net-transgressive Cliff House Sandstone succession.

In order to characterize low-frequency patterns, we use shoreline trgjectory as atool.
Shoreline trgjectory is defined as “the cross-section of the shoreline migration path in the
depositional dip direction” (Helland-Hansen and Martinsen 1996), and has been applied
by numerous authors to quantify aspects of stratigraphic architecture (L gseth and
Helland-Hansen 2001; L aseth et al. 2006; Sixsmith et al. 2008; Hampson et al. 2009;
Helland-Hansen and Hampson 2009; Allen and Johnson 2011; Zhu et al. 2012).
Shoreline trajectories have been calculated from the positions in successive high-
frequency stratigraphic cycles of the up-dip pinchout of wave-dominated deposits, as a
proxy for the position of the shoreline during the turnaround from regression to
transgression, for the dip-oriented cross sections illustrated in Figures 10 and 13. Where
wave-dominated deposits cannot be traced to their up-dip pinchout position, their most
paleolandward position in the cross sections has been used instead. Sediment thicknesses
were not decompacted, and wRS 600 was used as a paleohorizontal datum surface due to
being the most extensive and prominent surface in the exposures. These assumptions are
likely to have arelatively small effect on the calculated shoreline trajectories (cf.
Hampson et al. 2009).

High-Frequency Stratigraphic Cycles

Each high-frequency stratigraphic cycle records a period of shoreline advance and
subsequent retreat. Wave-dominated deposits in each cycle are partitioned into medial-to-
distal locations (along the depositional profile), where they define an upward-shallowing,
regressive sandstone tongue that is bounded at its top and base by wRS and coincident
FS. The proximal shoreline deposits (foreshore and upper-shoreface; W1, W2) are
present only in some tongues, implying that such deposits are variably preserved due to
erosion at the overlying wRS. Tide-dominated deposits in each cycle are partitioned into
proximal locations, as atidal channel-fill complex (T1) bounded at its base by atRS and
at itstop by awRS and coincident FS. Each tidal channel-fill complex splits and passes
paleolandward into undifferentiated coastal-plain and lagoonal deposits (C1) that locally
contain tidal channel-fill deposits (T2) and tidal-flat deposits (Facies T3). The detailed
architecture of thistransition is not resolved in the study dataset, but it appears likely that
much of the coastal-plain and lagoonal strata were accumulated during shoreline retreat
and deposition of thetidal channel-fill complex with which they interfinger.

Stacking of High-Frequency Stratigraphic Cycles

Patternsin the vertical stacking of high-frequency stratigraphic cycles (cf.
parasequence stacking patterns sensu Van Wagoner et al. 1990) are defined principally
by the position of facies tracts in successive high-frequency stratigraphic cyclesalong a
dip-oriented transect (e.g., Figs. 10, 12, 13, 14). Thereislittle variation in the position of
facies tracts in successive high-frequency stratigraphic cycles along depositional strike
(e.g., Fig. 11; also by comparison of Figs. 10, 12, 13, 14). Shoreline trajectory is used as
a quantitative measure of stacking patterns, and is defined using the positionsin
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successive high-frequency stratigraphic cycles of the up-dip pinchout of wave-dominated
deposits.

Four low-frequency stratigraphic packages (cf. parasequence sets sensu Van
Wagoner et a. 1990) are identified on the basis of shoreline trajectories and associated
stacking patterns of the ten high-frequency stratigraphic cycles. These four packages are
described below.

Chaco Unit 1 (below wRS 100)

Description.—Exposures of the basal unit are up to 30 m thick in the southwestern
part of the study area (South Mesa; Fig. 2) and the unit passes into the subsurface in its
northern part (north of Chaco Canyon; Fig. 2) (e.g., Fig. 10). It comprises tidally
influenced fluvial channel-fill deposits (facies T2) which are intercalated with coastal-
plain, lagoonal and tidal-flat deposits (facies C1, T3). Laterally and vertically stacked
channel-fill deposits occur at two distinct stratigraphic levels that can be correlated for up
to 5 km down depositional dip (labeled Tf1 and T2 in Fig. 10). Channel-fill bodies
become less densely stacked and more isolated both up depositional dip and in
stratigraphically higher positionsin Chaco Unit 1. Tide-dominated and wave-dominated
deposits that are broadly coeval to the stacked channel-fill depositsin the lower part of
Chaco Unit 1 are not exposed.

Interpretation.—The lower part of Chaco Unit 1 isinterpreted to represent
deposition by a network of laterally mobile tidally influenced fluvial channels that
drained towards the coastline in the northeast. The upper part of the unit records
deposition by similar tidally influenced fluvial channels, although their reduced
abundance may reflect more rapid aggradation of the coastal-plain, less frequent river
avulsion, and/or alateral shift in the trunk river to another location. The first major
transgression, represented by high-frequency stratigraphic cycle wRS 100—200, occurred
at the same time.

Chaco Unit 2 (WRS 100-600)

Description.—Chaco Unit 2 is c. 40 m thick, and comprises five stacked high-
frequency stratigraphic cycles (wWRS100-200, wRS 200-300, wRS 300—400, wRS 400—
500, wRS 500-600 in Fig. 10). Wave-dominated sandstone tongues in the pal eoseaward
part of the high-frequency stratigraphic cycles are c. 2-8 m thick. The lower four tongues
(WRS100-200, wRS 200-300, wRS 300—400, wRS 400-500) maintain a uniform
thickness along strike (c. 10 km) and down depositional dip (c. 6 km), whereas the
uppermost sandstone tongue (WRS 500-600) thins gradually down dip. Foreshore and
upper-shoreface deposits (facies W1, W2) are present, but not widespread, in the upper
part of only one tongue (WRS 200-300; Figs. 11, 13). Mouth-bar deposits (facies D1) are
also present locally in only one tongue (WRS 400-500; Figs. 10, 11, 13). Tida channel-
fill complexesin the four high-frequency stratigraphic cycles are locally stacked
vertically to form athick (up to 30 m), composite sandbody. The paleolandward part of
Chaco Unit 2 comprises interstratified coastal-plain deposits (C1) and tidal channel-fill
sandbodies (T2).

Interpretation.—Chaco Unit 2 records aggradational to slightly progradational
stacking of high-frequency stratigraphic cycles (Fig. 10-14). The scarcity of foreshore
and upper-shoreface deposits is attributed to erosion at wRS that truncates the wave-
dominated sandstone tongue in each high-frequency stratigraphic cycle. In contrast, the

13



patchy, localized occurrence of mouth-bar deposits supports the interpretation of a small
number (1?) of widely spaced (> 10 km) fluvial sediment-input points aong the Chaco
Unit 2 shorelinesin the study area (Figs. 14, 15A).

Chaco Unit 3 (WRS 600-800)

Description.—Chaco unit 3 is 10-15 m thick in the southwestern part of the study
area and thickens to 3040 m towards the northeast (Figs. 10-13). It comprises two
stacked high-frequency stratigraphic cycles (WRS 600—700, wRS 700-800 in Fig. 10).
Chaco unit 3 is bounded at its base by wRS 600, which places distal lower-shoreface and
offshore deposits (facies W4, W5) directly above the lower-shoreface, tidal channel-fill
and coastal-plain deposits (facies W3, T1, C1) of Chaco unit 2. Both overlying wave-
dominated sandstone tongues lack foreshore and upper-shoreface deposits (facies W1,
W?2), but the upper tongue (WRS 700-800) does contain laterally extensive mouth-bar
deposits (facies D1) (Figs. 10-13). Only the upper tongue is eroded by tidal channel-fill
sandstone complexes, in the southern part of the study area (Figs. 10, 11, 13). Chaco Unit
3 does not contain any deposits of the continental facies association (facies C1) in the
study area (Figs. 10-13). In the Weritos Rincon section (Fig. 13) there isawave
ravinement surface (WRS750) which is not traceable into South Mesa or West Mesa.
Despite the dislocation of facies from proximal lower-shoreface to offshore shale, this
appears to be alocalized occurrence. As this appears to have been amalgamated into the
surrounding shoreface cycles, it is not treated as an individual shoreface tongue.

Interpretation.—WRS 600 represents the most pronounced facies dislocation across
awRS and coincident FSin the study area (Figs. 10, 12, 16) and the widespread
occurrence of distal lower-shoreface and offshore deposits (facies W4, W5) directly
above it implies the development of relatively deep water. Above this surface, Chaco
Unit 3 records progradational stacking of high-frequency stratigraphic cycles (Fig. 16).
The widespread extent of mouth-bar deposits (facies D1) in the wave-dominated
sandstone tongue of the upper high-frequency stratigraphic cycleis attributed to the
presence of one major or multiple minor, closely spaced fluvial sediment-input points
along the Chaco Unit 3 shorelines in the study area.

Chaco Unit 4 (WRS 800-1100)

Description.—Chaco Unit 4 is at least 2040 m thick and thickens towards the
southwest, although its top is not exposed. The unit comprises three stacked high-
frequency stratigraphic cycles (WRS 800—900, wRS 900-1000, wRS 1000-1100, in Fig.
10). Thin (< 1 m) intervals of distal lower-shoreface and offshore deposits (facies W4,
WS5) are present in the lower parts of wave-dominated sandstone tongues in the
uppermost cycles (WRS 900-1000, wRS 1000-1100 in Fig. 10). The lowermost
sandstone tongue (WRS 800-900) also contains foreshore and upper-shoreface deposits
(W1, W2) locally (Figs. 10-13). Mouth-bar deposits (D1) are absent in Chaco Unit 4in
the study area (Figs. 10-13). Coastal-plain, lagoonal, and tidal channel-fill deposits (C1,
T2) are present in the paleolandward parts of two high-frequency stratigraphic cycles
(WRS 9001000, wRS 1000-1100) in the study area, but their relationship with sandstone
tongues in paleoseaward locations is not exposed (Figs. 10-13).

Interpretation.—Chaco Unit 4 records progradational stacking of its three lower
high-frequency stratigraphic cycles, followed by retrogradational stacking of the
uppermost high-frequency stratigraphic cycle (Fig. 16). The absence of mouth-bar
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deposits (D1) could indicate that fluvial sediment-input points were not present along the
Chaco Unit 4 shorelinesin the study area. Alternatively, transgressive ravinement could
have removed any evidence of fluvial input, which isin part supported by the thin
preserved mouth-bar deposits under wRS 500 in Chaco unit 2 (Figs. 10, 13, 14).
Depositional Model

Each cycle comprises an internal facies architecture which can be separated into two
parts. Wave-dominated facies (W1-WS5, D1) records the advance of a wave-dominated
deltaic shoreline with significant storm-wave activity (e.g., Fig. 15A). The tide-
dominated deposits and the composite erosion surfaces at their bases cannot be readily
explained by invoking a strandplain or wave-dominated deltaic depositional model (e.g.,
Fig. 15A). Instead, each tidal channel-fill complex can be accounted for by the retreat of
anetwork of tidal inlets and contiguous back-barrier channels, which represent the
preserved remnant of a barrier-island shoreline of mixed wave and tide influence (Fig.
15B).

Facies partitioning in each high-frequency stratigraphic cycle reflects partitioning of
regressive and transgressive deposits into the paleoseaward and pal eolandward parts of
the cycle, respectively. Such partitioning has been widely interpreted in similar
stratigraphic cycles (e.g., Cross and Lessenger 1998; Sixsmith et al. 2008; Allen and
Johnson 2011). Facies partitioning into different components of a stratigraphic cycle may
reflect temporal variations in the depositional -process regime operating along the
paleocoastline, with fluvia influence occurring predominantly during regression and tidal
influence being enhanced during transgression (cf. Yoshida et a. 2007; Ainsworth et al.
2008, 2011). However, our interpretation also implies that preservation of facies tracts
differed over the duration of a stratigraphic cycle, such that thereis a strong
preservational bias towards wave-dominated-shoreface deposits during regression.
Similar wave-dominated shorefaces are inferred to have been present during
transgression (on the seaward side of the barrier island), but these facies were not
preserved as transgression proceeded, as the sediment was reworked into the back-barrier
by tidal processes and eventually eroded by the migrating storm wave base. Overall, we
envisage the Cliff House Sandstone depositional system to have had mixed wave, tide,
and localized fluvial influence (e.g., “wtf” in the classification scheme of Ainsworth et al.
2011), but individual cycles oscillate between “Wt” (during regression) and “Tf” (during
transgression).

Comparison with Other Net-Transgressive Successions

The overall net-transgressive shoreline tragjectory for the Cliff House Sandstonein
Chaco Cultural Natural Historical Park (from wRS 100 to wRS 1100; Fig. 15) is
calculated to be 0.53°. This value is comparable to those of the net-transgressive Hosta
Sandstone (0.38°; Sixsmith et al. 2008) and the middle, net-transgressive part of the John
Henry Member (0.41°, Allen and Johnson 2011). These three net-transgressive
successions thus share similar quantitative stacking patterns of high-frequency
stratigraphic cycles. However, the dip extent of wave-dominated sandstone tonguesin
high-frequency stratigraphic cycles (cf. parasequences) in the studied Cliff House
Sandstone succession is greater (5 to > 10 km) than the dip extent of tongues of similar
thickness (2—20 m) and facies composition in the Hosta Sandstone (3.5 to > 6 km,
Sixsmith et al. 2008). Wave-dominated sandstone tongues in high-frequency stratigraphic
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cyclesin the John Henry Member are thicker (15-50 m) and their dip extents are poorly
constrained (> 4 km, the length of dip-oriented cross sections, Allen and Johnson 2011).

The differing dip extent of wave-dominated sandstone tongues in the Cliff House
Sandstone and Hosta Sandstone is attributable, at least in part, to differencesin shoreline
trajectory in high-frequency stratigraphic cycles. Regressive and transgressive shoreline
tragjectoriesin high-frequency stratigraphic cycles (cf. parasequences) are generally low
(< 0.6°; Helland-Hansen and Hampson 2009). In the wRS 700-800 and wRS 800—900
sandstone tongues of the Cliff House Sandstone, regressive shoreline trajectories are very
low (c. 0.04°) and corresponding transgressive shoreline trajectories are even lower (<
0.01°). Comparable values for regressive and transgressive shoreline trgjectories in the
high-frequency stratigraphic cycles of the Hosta Sandstone are up to 0.24° and 0.05—
0.29°, respectively (Sixsmith et al. 2008). The lower values of regressive and
transgressive shoreline trgjectories, and larger dip extents of wave-dominated sandstone
tongues, in the Cliff House Sandstone are attributed to relatively high sediment supply as
aresult of direct fluvial sediment input to deltaic mouth bars (D1) during regression (Fig.
15A). In contrast, the Hosta Sandstone had no direct fluvial sediment input, but was
instead supplied only by wave-generated longshore currents (Sixsmith et a. 2008). Asa
result, it can be inferred that the Cliff House Sandstone shorelines underwent greater
progradation in the high-frequency stratigraphic cycles. A similar sediment-supply
control on the magnitude of high-frequency shoreline migration is observed in the
physical experiments of Kim et al. (2006). It could be postulated that autocyclic
variations in the fluvia input to the Cliff House Sandstone coastline would result in
periods of abandonment and transgression as sediment supply was unable to keep pace
with relative sea-level rise. Alternatively, each cycle of progradation and transgression
could be the result of changesin the rate of relative sea-level change (e.g., between
accelerating and decel erating rates of seal-level rise) and with a uniform sediment supply.

The order-of-magnitude difference in regressive and transgressive shoreline
trajectories in high-frequency stratigraphic cycles (cf. parasequences) in the Cliff House
Sandstone and Hosta Sandstone results in significant differences in the connectedness of
WRS in the two units. In the Hosta Sandstone, each wRS steepens near its up-dip
termination to define a“step” geometry that is truncated by (and thus connected to) an
overlying wRS. The paleolandward parts of these WRS are characterized by sandstone-
on-sandstone contacts between the underlying and overlying wave-dominated sandstone
tongues. In the Cliff House Sandstone, wRS above and below each wave-dominated
sandstone tongue are generally unconnected (i.e., there is a greater degree of “step up”
between successive WRS than in the Hosta Sandstone; cf. Swift et al. 1991). Offshore
shales are more common and have greater dip extents above the WRS, which servesto
reduce the proportion of sandstone-on-sandstone contacts between the underlying and
overlying wave-dominated sandstone tongues.

Analysis of net-transgressive systems has demonstrated that significant sandbody
thicknesses can be preserved (Olsen et al. 1999; Allen and Johnson 2011) given the right
conditions of shoreline migration during regressive-transgressive cycles. Of further
importance is the preferential preservation of facies types which form the greater part of
the rock record in these systems. In this study, the predominant facies types comprise
proximal lower-shoreface (W3) and tidal channel-fill (T1). In the most distal log section
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in the study area, facies W3 comprises 80% of the preserved facies type, while evenin
the most proximal position, facies T1 still comprises 40% of preserved facies. Overall
52% of the total preserved facies types, (< 90% of the preserved shallow marine facies
types) are W3 and T1. Similar preferentia preservation can be observed in other
transgressive studies (Sixsmith et al. 2008; Allen and Johnson 2011) but these examples
share comparable shoreline-trgjectory values (despite different net thickness and length
scales) and removes the possibility of identifying any critical threshold values for the
shoreline trgjectory and facies preservation.

Martinsen and Helland-Hansen (1995) identified that shoreface, barrier-island, and
beach systems tend to exhibit along-strike variability on alarger scale when compared
with deltaic or estuarine systems. The Cliff House Sandstone and the Hosta Sandstone
are two examples of shoreface systems with avariable fluvial input, but along-strike
continuity and lateral extent of the facies belts remains comparable. Despite the apparent
proximity of fluvial input in the Cliff House Sandstone, there islittle along-strike facies
variability (on the scale of the area studied). Thisimplies that relative wave strength was
strong enough to rework the fluvial input and restrict the likelihood of point-source
development (Bhattacharya and Giosan 2003).

CONCLUSIONS

The Cliff House Sandstone records a prolonged period of shoreline retreat during the
Late Cretaceous in the Western Interior Seaway. Itsinternal architecture has proved to be
complex, though facies partitioning in each parasequence displays a predictable pattern.
Detailed facies mapping has enabled down-dip wave-dominated facies to be traced up-
dip into their tide-dominated and continental counterparts. Wave-dominated facies
developed during strandplain progradation, during periods of increased sediment supply
and relatively low rates of sea-level rise. In contrast, tide-dominated and continental
coastal-plain sediments are interpreted to have been deposited in a transgressive barrier-
island setting, where net movement of sediment is from the shoreface into the back-
barrier. Thislikely corresponds to a reduced sediment supply from a point source, and the
rate of relative sea-level riseis greater. Wave and tidal ravinement surfaces have enabled
genetically related packages to be correlated and to be related to periods of regression
and transgression. In contrast to models presented for regressive shorelines, the migration
of these ravinement surfacesis crucial in determining the preservation and accumulation
of depositional facies in transgressive systems. Each tidal ravinement surface can be
traced down-dip into a linked wave ravinement surface, and the preservation of back-
barrier depositsis reliant on sediments being placed above the tidal ravinement surface
but below the wave ravinement surface when it steps up and retreats during ongoing
transgression. The amount of sediment supplied during the regressive phase appears to be
acrucial factor in determining the separation between each high-frequency cycle and its
ravinement surfaces. The Cliff House Sandstone is an example whereby sandstone
tongues are disconnected due to a greater step-up in the wave ravinement surface, and
this has important connotations in establishing a successful correlation framework.
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FIGURE CAPTIONS

FIG. 1.—A) Schematic pal eogeographic reconstruction of the southwestern Western
Interior Seaway during Late Cretaceous times, including the approximate location of the
Cliff House Sandstone shoreline (Molenaar 1983; Donselaar 1989), the line of cross
section (Part B), and the location of the study area (Fig. 2). B) Summary
chronostratigraphic diagram for the Cretaceous San Juan Basin, New Mexico and
Colorado, USA (adapted from the regional cross-sections of Molenaar 1983). Cretaceous
stages and approximate ages (in Ma) are indicated. The upper part of the Cliff House
Sandstone, which is exposed in Chaco Cultural Natural Historical Park (Fig. 2) is
highlighted.

FIG. 2—Map showing outcrop extent and dataset collected for the Cliff House Sandstone
within the Chaco Cultural Natural Historical Park study area. The locations of the
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measured sections in Figure 5, architectural panels and photopanoramas in Figures 6, 8,
and 9, and correlation panelsin Figures 10, 11, 12, and 13 are shown.

FIG. 3.— Photographs of selected facies from the continental and tide-dominated facies
associations (Table 1), illustrating diagnostic features: A) interbedded carbonaceous
mudstones, siltstones, and fine-grained sandstones (facies C1); B) carbonaceous shale
drapes along the rippled toesets of cross-beds in channelized, tidal inlet sandstone (facies
T1); C) bidirectional trough cross-bedding in channelized, tidal inlet sandstone (facies
T1); D) stacked sigmoidal cross-sets, with thin carbonaceous drapes lining some foresets,
in tidally influenced fluvial channel-fill unit (facies T2); E) rippled sandstone beds and
carbonaceous mudstones in wavy-bedded heterolithic, tidal flat deposits (facies T3); and
F) Diplocraterion and Skolithos at top of a tide-dominated facies succession, indicating
colonization during depositional hiatus. Notebook, lens cap, and pencil for scale in the
various photographs.

FIG. 4—Photographs of selected facies from the wave-dominated facies associations
(Table 1), illustrating diagnostic features: A) meter-thick unit of planar-parallel-
laminated, fine- to medium-grained sandstone deposited under upper-flow-regime
conditions (facies W1); B) planar cross-set in well-sorted, fine- to medium-grained
sandstone (facies W2); C) amalgamated beds of swaley cross-stratified, fine-grained
sandstone (facies W3); D) fine-grained sandstone infilling gutter casts within offshore
shales (facies W5); E) ripple cross-lamination at the top of a channelized sandstone unit
dominated by hummocky and swaley cross-stratification (facies D1; note lens cap in top
left for scale), and F) meter-scale gutter casts infilled by hummocky cross-stratified and
parallel-laminated, fine-grained sandstone (facies W3), and scoured into carbonaceous
mudstones and siltstones (facies C1) at awave ravinement surface. Rucksack, lens cap,
and pencil for scale in the various photographs.

FIG. 5.—A) Dip-oriented architectural panel and B) strike-oriented photopanorama and
architectural panel of mouth bar deposits (facies D1) in Gallowash (Figs. 2, 10).
Channelized sandbodies are composed principally of fine-grained sandstones with basal
lags of abundant mudstone rip-up clasts.

FIG. 6.—Representative measured sections through the Cliff House Sandstone illustrating
facies successions and key stratigraphic surfacesin A) aproximal setting, at South Mesa,
and B) adistal setting, at Gallowash. The locations of the two sections are shown in
Figures 2 and 10. C) Paleocurrent data for tidal channel-fill (facies T2) and tidally
influenced fluvial channel-fill deposits (facies T3) are compiled from locations
throughout the study area.

FIG. 7—Photographs illustrating the character of key stratigraphic surfaces. A) Wave
and tidal ravinement surfaces within the Weritos Rincon (Fig. 2). Multiple steep-sided
scours give the wave ravinement surface a highly irregular geometry. B) Detail of wave
ravinement surface marked by lag of shell debris. C) Abundant woody debris lining tidal
ravinement surface at the base of tidal channel-fill deposits (facies T1). D) Mud rip-up
clasts of irregular geometry near the base of tidal channel-fill deposits (facies T1), and
indicating erosion by tidal ravinement.

FIG. 8—0riginal and interpreted photopanoramas illustrating vertical stacking of wave-
dominated tongues (proximal lower-shoreface deposits; facies W4 identified by “ Sf”) and
tidal channel-fill complexes (facies T1 identified by “Tc") within the Cliff House
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Sandstone. Each tongue and complex is bounded above and below by wave and tidal
ravinement surfaces (WRS, tRS). The photopanorama s oriented along depositional dip
and was taken from the southeastern face of South Mesa (Figs. 2, 10). Key to colorsfor
facies and stratigraphic surfacesis asin Figure 10.

FIG. 9.—Original and interpreted photopanoramas illustrating multistory, multilateral
nature of tidal channel-fill complexes (facies T1), which are stacked vertically with
wave-dominated tongues (proximal lower-shoreface deposits; facies W4). Tidal channel-
fill deposits contain prominent sets of lateral accretion surfaces. The photopanoramais
oriented along depositional dip and was taken from the southeastern face of West Mesa
(Figs. 2, 12). Key to colors for facies and stratigraphic surfacesis asin Figure 10.

FIG. 10.—Correlation panel through a depositional dip profile from South Mesa
(southwest; paleolandward) to Gallowash (northeast; pal eoseaward) through the Cliff
House Sandstone in Chaco Canyon Natural Historical Park (Fig. 2). The datum for the
profile is the most widespread transgressive surface, wRS 600. The locations of the
measured sections in Figure 5 are shown.

FIG. 11.—Correlation panel through a depositional strike section along northeastern
Chaco Canyon, from northwest (pal eolandward) to southeast (paleoseaward) (Fig. 2).
The datum for the profile is the most widespread transgressive surface, wRS 600.

FIG. 12.—Correlation panel through a depositional dip profile along West Mesa, from
southwest (pal eolandward) to northeast (paleoseaward), through the Cliff House
Sandstone in Chaco Canyon Natural Historical Park (Fig. 2). The datum for the profileis
the most widespread transgressive surface, wRS 600.

FIG. 13.—Correlation panel through a depositional dip profile from Weritos Rincon,
from southwest (paleolandward) to northeast (paleoseaward), through the Cliff House
Sandstone in Chaco Canyon Natural Historical Park (Fig. 2). The datum for the profileis
the most widespread transgressive surface, wRS 600.

FIG. 14.—Simplified fence pand illustrating the 3D control offered by the dip- and
strike-oriented cross sections. Note the differencesin lateral continuity of the facies belts
in both a dip- and strike orientation.

FIG. 15.—Depositional model for evolution of the Cliff House Sandstone coastline in the
study area. A) During the regressive part of each high-frequency stratigraphic cycle, a
wave-dominated delta and flanking strandplains that were supplied by longshore currents
built out across the shelf. B) During the transgressive part of each high-frequency
stratigraphic cycle, the landward migration of abarrier island system generated an
erosive wave ravinement surface and tidal ravinement surface. Tidal channel-fill and
coastal-plain deposits accumulated landward of the retreating barrier.

FIG. 16.—Simplified stratigraphic summary for A) the South Mesa and B) Weritos
Rincon exposures of the Cliff House Sandstone in Chaco Canyon Natural Historical Park,
illustrating the stacking patterns of high-frequency stratigraphic cycles (cf.
parasequences) and associated shoreline trgjectories. Shoreline trajectories are calcul ated
from the positions in successive high-frequency stratigraphic cycles of the up-dip
pinchout of wave-dominated deposits, for the dip-oriented cross-sections. Sediment
thicknesses are not decompacted and wRS 600 is used as a paleohorizontal datum surface
in our calculations of shoreline trgjectory. C) A conceptual model for the accumulation
and preservation of high-frequency cycles (cf. parasequences). Each cycle of shoreface or
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tidal accumulation is subject to subsequent erosion by either tidal or wave ravinement,
which reworks the upper portion of the cycle resulting in a significantly truncated rock
record. The migration of these surfacesin relation to the accumulated facies is therefore
crucial to understanding the preservation potential of each cycle.
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Table 1.—Summary of facies and facies associations in the Cliff House Sandstone in the Chaco Natural Historical Park study area.

Facies Facies . . . .
. Facies Sedimentary Structures Geometry Bl Bioturbation
Association Code
Continental Undifferentiated . . ) ) Extensive sheets. 0.75 m to over
Facies c1 Coastal-plain and Micaceous mudstones, siltstones, and rare fine-grained | 10 m thick, < 10 km dip and strike 0 Absent
Association lagoon sandstones. Abundant carbonaceous plant material. extent
Poor to moderately well sorted, fine- to lower coarse- | Sandstone lenses. 1-20 m thick. > Solithos Thalassinoides.
T1 Tidal channel fill grained sandstone. Bidirectional trough and planar cross- | 10 km strike extent. 3-6 km dip 3 o Hiomor ha. '
bedding, with occasional silty-clay drapes. Current ripple- | extent ‘FI)'er edoli tpes '
cross-lamination and mud rip-up clasts.
Tide-Dominated Poor to moderately sorted, fine- to medium-grained | Sandstone ribbons 1-20 m thick.
Facies T Tide-influenced sandstone. Abundant cross-bedding with carbonaceous | 14 km dip extent Individua 1 Thalassinoides
T channel fill drapes and current-ripple cross-laminations with water | channel belts restricted to > 10
Associgtion escape structures and rip-up clasts. km.
Intercalated, fine- to medium-grained sandstones, siltstones, | Minor sheets. Rarely exceed 2 m
. and mudstones. Wave and current cross-ripple lamination, | in thickness. 100-200 m dip and .
3 Tidal flats with abundant carbonaceous material. Flaser and lenticular | strike extent. 2 Thalassinoides
bedding throughout.
Tabular. 1-2 m in thickness. 1-2
Moderately sorted, upper finee to medium-grained | km in dip extent. Preservation . . .
wi Foreshore sandstone. Planar, parallel to low-angle laminated (< 3°). dependant on overlying erosion 3 Skolithos, Diplocraterion
surfaces.
Moderately sorted, upper fine- to medium-grained :ré:]bu:?]r ;i_z g]xtlennttm%(:];‘;ic?nj
W2 Upper shoreface sandstone. Small trough and planar cross-bedded sets and faci .ph . a 3 Skalithos, Diplocraterion
cosals, acies with  proxim ower-
shoreface facies.
Proximal lower Amalgamated units of well sorted, fine-grained sandstone. | Extensive tabular sheets. 1-20 m 3 Thalassinoides, Arenicolites,
Wave- w3 Swaly- and hummocky cross-stratification, rare wavy | thick. < 10 km dip extent and 10's Palaeophycos,
shoreface 4
Dominated lamination sand planar to low-angle lamination. of km along strike. Ophiomorpha, Planolites
; Non-amalgamated units of well sorted, fine grained | Low-angle tabular wedge. 1-5 m -
A Faq;f. wa Distal lower sandstone interbedded with siltstone- and mudstone units. | thick. < 5 km dip extent and 10's 3 -21&:]?0523?'?]?
ssociation shoreface Hummocky cross-stretification with rare wave-ripple | of km along strike FI)DI X pha,
lamination. anolites
Interbedded siltstone- and mudstones with rare sub-metre | Low angle tabular wedge. 1-5 m
W5 Offshore shales fine sandstone beds. Planar, paralel laminations with | thick. < 5 km dip extent and 10's | 2 Planolites
occasional wavy and ripple cross lamination. of km along strike
Interbedded upper fine sandstones, silt- and mudstones, | Discontinuous channel bodies. 1-4 Thalassinoides. Arenicolites
Hummocky and swaly cross-stratification, wave and current | ™M thick. Facies preserved in front ' '
D1 Mouth-bars of tidal ravinement surfaces and | 3 Palaeophycos,

ripple cross-lamination, planar paralel and low-angle
inclined lamination. Mud rip-up clasts common.

behind wave ravinement surfaces.

Ophiomorpha, Planolites
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