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ABSTRACT: Much progress has been made in recent years towards a set of recognition criteria for river discharge
variability in river channel deposits, and thus sedimentary proxies for precipitation variability. Despite this progress,
there is currently no consensus on how different styles of discharge variability are reflected in river sedimentary
records, and whether variable-discharge river records from different climate types can be distinguished. Herein, river
discharge and precipitation variability in the Paleogene is investigated using associations between river channel and
floodplain deposits across the Paleocene–Eocene boundary from the Paleocene upper Nacimiento Formation and the
early Eocene San Jose Formation in the San Juan Basin, New Mexico, USA.

The succession is identified as deposits of variable-discharge river systems based on shared channel-deposit
characteristics with modern and ancient variable-discharge river systems and the proposed facies models, in addition
to alternations of poorly drained and well-drained floodplain deposits and/or slickensides indicating alternating wet–
dry cycles. A long-term stratigraphic trend toward increasingly well-drained floodplain deposits is also observed and
hypothesized to indicate successively more arid conditions from the Paleocene into the early Eocene. Comparisons
with modern rivers from various climate zones suggest a long-term shift from a monsoonal climate in the Paleocene, to
a fluctuating subhumid climate, ultimately leading to semiarid to arid conditions in the early Eocene. These
observations suggest that floodplain deposits may be a better indicator of ambient climate, whereas channel deposits
are records for frequency and magnitude of high-intensity precipitation events. Therefore, the existing facies models
for variable-discharge rivers that consider only channel facies may not capture critical information needed to make
accurate interpretations of paleoclimatic conditions. This study also adds to a growing body of evidence from geologic
records of mid-latitude Paleogene river systems suggesting increases in the magnitude or variability of river discharge
coinciding with established climate perturbations.

INTRODUCTION

The surface of the Earth is shaped by tectonics and climate. Geomorphic

and sedimentary records are archives of changes to these tectonic and

climate regimes (e.g., Wobus et al. 2006a; Tucker 2009). To decipher the

geomorphic or sedimentary record effectively and distinguish the tectonic

and climatic signals, a sound understanding of how landscapes respond to

changes in tectonic or climatic boundary conditions is required (e.g.,

Whittaker 2012). Such deductions are ambitious because climate,

tectonics, and landscape are linked in a complex fashion and display

nonlinear dynamics (e.g., Wobus et al. 2006a, 2006b; Whipple 2009;

Jerolmack and Paola 2010; DiBiase and Whipple 2011). Deciphering

climatic signals from landscape topography has been proven especially

difficult due to nonunique and difficult to decode responses (Sólyom and

Tucker 2004; Tucker 2004; Molnar et al. 2006; DiBiase and Whipple

2011). In some situations, therefore, the best archive of landscape response

to past climate may be the sedimentary record (Allen 2008; Whittaker et al.

2009; Armitage et al. 2011; Whittaker 2012). Thus, clear recognition

criteria are particularly needed regarding the expression of specific climate

changes in the sedimentary record.

Climate, Precipitation, and River Discharge

Rivers are especially sensitive to tectonic and climatic forcing via their

channel gradient and discharge (e.g., Bull 1991, 2009; Macklin et al. 2012;

Whittaker 2012) that also affect the amount and composition of sediment

(e.g., Cecil et al. 2003). Tectonic processes create topography and maintain

relief through crustal uplift (Whipple 2004; Wobus et al. 2006a; Whittaker

et al. 2008). Climate provides the water needed for vegetation growth, soil

development, and runoff that facilitates sediment transport, and thus

influences the flux of water (discharge) and sediment that ultimately makes

it into a river system (Leeder 2011). Changes in climate can perturb these

hydrological and sediment supply variables, thus altering erosion and

sedimentation (e.g., Molnar et al. 2006).

Precipitation is one of the primary controls on river discharge and

sediment yield (Langbein and Schumm 1958). While traditional

approaches (e.g., Langbein and Schumm 1958) have focused on mean

annual precipitation, and thus considered changes in humidity as the key

aspect of climate control on river discharge and sediment yields (e.g.,

Syvitski and Milliman 2007), the temporal distribution of runoff plays a

major role in determining stream-channel and floodplain sedimentary
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processes through its control on the overall hydrology and the nature of

river morphodynamics, sedimentary environments, and soil development

(e.g., Cecil et al. 2003; Goodbred 2003; Latrubesse et al. 2005; Molnar et

al. 2006; Powell 2009). Rivers subject to high variability in precipitation in

their drainage areas also experience variable discharge (Latrubesse et al.

2005; Leier et al. 2005; Hansford et al. 2020). River discharge variability is

a function of seasonal (intra-annual) as well as interannual variability

(Hansford et al. 2020). Modern examples of variable-discharge rivers have

been highlighted primarily in arid subtropics (dryland rivers) (e.g., Graf

1988; Knighton and Nanson 1997; Tooth 2000; Powell 2009; Reid and

Frostick 2011), but are also recognized in the subhumid subtropics (e.g.,

Alexander et al. 1999a; Fielding et al. 2009, 2011) and monsoonal tropics

(e.g., Latrubesse et al. 2005; Leier et al. 2005), and also in areas proximal

to glaciers (e.g., Willis 2005).

Intense monsoon-driven summer rainfall causes high-magnitude flood-

ing in rivers that transmit a relatively low base flow during a sustained dry

season (Latrubesse et al. 2005; Fielding et al. 2009, 2011; Syvitski et al.

2014; Plink-Björklund 2015). As a result, these rivers are shown to deliver

most of their water discharge and sediment load during the summer

monsoon season (Goodbred 2003), because only the flood discharge is

geomorphically effective and able to transport sediment (Henck et al. 2010;

Plink-Björklund 2015). Exceptions include rivers that have part of their

drainage in a different climate zone (e.g., the Nile). In the monsoon zone

and in some subtropics, the intense monsoon-driven precipitation may

occur seasonally. More characteristically, subtropical areas have high

interannual variability with a precipitation recurrence frequency of multiple

years or even decades, thus some subtropical rivers are ephemeral and may

remain dry over these timescales (e.g., Alexander et al. 1999a). This

extreme interannual precipitation variability is especially distinct in areas

that receive monsoon rain only during extreme events. Interannual

monsoon anomalies have been shown to intensify the precipitation

extremes, resulting in catastrophic flooding events interspersed with

droughts (Seneviratne et al. 2012; IPCC 2014). In addition, observations

and proxy data have shown that monsoon intensity can also vary along

longer time scales from interdecadal to millennial (Wang et al. 2014).

Fluvial Deposits as Archives of Past Climates

There has been significant progress towards deciphering the signal of

discharge variability in river records and thus towards developing

paleoclimate proxies for precipitation variability. This work has developed

sedimentary proxies that highlight an abundance of upper-flow-regime

(UFR) sedimentary structures as a key recognition criterion for river

discharge variability (Tunbridge 1981; Sneh 1983; Stear 1985; Deluca and

Eriksson 1989; North and Taylor 1996; Billi 2007; Fielding and Alexander

1996; Fielding et al. 1999, 2009, 2011, 2018; Fielding 2006; Allen et al.

2014; Plink-Björklund 2015). This abundance implies high flow velocities,

and the characteristically rapid rise, sharp peak, and rapid decline of flows

as seen on flood hydrographs. Fielding et al. (1999, 2009, 2011; see also

Fielding and Alexander 1996) further highlighted in-channel vegetation

and vegetation-induced sedimentary structures in addition to the

abundance of UFR sedimentary structures and developed a facies model

with recognition criteria for subhumid subtropical rivers through

observations of the modern Burdekin River in Australia and rock-record

analogues. Colonization of the channel floor by vegetation indicates

periods of very low flow or lack of base flow, and a seasonally low water

table that is more accessible from the channel floor, a condition most likely

to occur in subhumid subtropics (Fielding et al. 2009, 2011; Allen et al.

2011, 2014). Furthermore, Fielding et al. (2011) documented changes in

the style of fluvial deposits from the rock record in the Pennsylvanian of

the Maritimes Basin Complex of Atlantic Canada which they interpret as

recording a transition from perennial to subhumid to semiarid climatic

conditions. They cite similarities with the modern Burdekin River deposits

as evidence of deposition under subhumid to semiarid climatic conditions,

whereas the underlying deposits contain a dominance of cross stratification

suggesting a relatively sustained discharge regime characteristic of

perennial river systems with low discharge variability. The change in

channel-fill style is coincident with a gradual change in floodplain deposits

from ‘‘drab’’ with carbonaceous plant debris, freshwater limestones, and

carbonaceous shales to increasingly red with carbonate nodules, suggesting

a shift from water-logged to well-drained conditions (Fielding et al. 2011).

Plink-Björklund (2015) reviewed 17 modern and 35 ancient sedimentary

records of variable-discharge rivers across the subtropics and the monsoon

zone and suggested further recognition criteria, such as high-deposition-

rate sedimentary structures, in-channel mud layers, thick soft-clast

conglomerates, in-channel trace fossils, soft-sediment deformation, and

the presence of flood event beds. Lack of bar forms or well-developed

accretion sets, recognizable as point-bar or braid-bar strata, has been

suggested as another key characteristic of rivers with variable discharge

(e.g., Rhee and Chough 1993; Uba et al. 2005; Billi 2007; Hampton and

Horton 2007; Fielding et al. 2009, 2011, 2018; Hulka and Heubeck 2010;

Allen et al. 2011; Plink-Björklund 2015). However, Wang and Plink-

Björklund (2020) document macroform or bar-scale architecture that they

interpret as characteristic of variable-discharge rivers, including low-angle

downstream accretion sets, channel-scale scour-and-fill structures, and

erosionally bound channel-scale backsets. Plink-Björklund (2015) further

observed that the sedimentary record of variable-discharge rivers exhibits

considerable variability in the proportions of characteristic facies and

architectural elements and attempted to link that variability to the presence

of a wet season vs. erratic storm occurrence, as well as to the presence or

absence of the base flow. A different approach was taken by Fielding et al.

(2018), with a focus on the role of interannual peak discharge variability as

a sole control on depositional style, based on an observation that modern

rivers with similar interannual variability displayed similar styles of

preserved sedimentology, even if the patterns of intra-annual variability

were different. In contrast, analyses of global river discharge by Hansford

et al. (2020) suggest that a significant divergence in the style of discharge

variability is linked to both intra- and interannual variability, such as

seasonal, erratic and single-storm-controlled behavior that all contrast with

persistent discharge patterns. In summary, despite the progress towards

recognition criteria for river discharge variability and thus sedimentary

proxies for precipitation variability, there is currently no consensus on how

different styles of discharge variability are reflected in river sedimentary

records and whether records of variable-discharge rivers from different

climate types can be distinguished.

Paleogene Climate Trends

Earth’s climate has evolved dramatically over the past 60 million years.

Complex fluctuations in thermal regimes have resulted in extremes ranging

from hothouse climates with ice-free poles to icehouse climates with

expansive continental ice sheets (e.g., Zachos et al. 2008). These climatic

variations can take place gradually over millions of years driven by tectonic

processes, they can be cyclic over tens to hundreds of thousands of years

driven by orbital forcing, or they can occur as anomalous perturbations

(Zachos 2001). Of particular interest are perturbations that took place

during the Paleogene, which are characterized by global increases in

temperature and are thus termed hyperthermal events (Kennett and Stott

1991). Some hyperthermal events are known to have caused severe

climatic and biotic change in both marine and terrestrial environments

(Gingerich 1989; Thomas 1989; Kennett and Stott 1991; Koch et al. 1992;

McInerney and Wing 2011). It is also known that extreme climate

fluctuations are likely to affect earth surface processes (Sólyom and Tucker

2004; Molnar et al. 2006; Tucker 2009; DiBiase and Whipple 2011). A

growing body of evidence from mid-latitude Paleogene terrestrial datasets

suggests climate-change-driven changes to river systems coinciding with

PRECIPITATION VARIABILITY IN THE PALEOGENE SAN JUAN BASIN, NEW MEXICOJ S R 1771

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/12/1770/5235664/i1527-1404-90-12-1770.pdf
by Baylor University user
on 02 April 2021



some of these hyperthermal events that is suggestive of an increase in the

magnitude or variability of river discharge (Schmitz and Pujalte 2007;

Foreman et al. 2012; Foreman 2014; Birgenheier et al. 2020; Wang and

Plink-Björklund 2019). Additional datasets are needed to further the

understanding of how these responses varied on regional and global scales

and ultimately provide data for paleoclimate reconstructions.

Aims of This Study

The San Juan Basin in New Mexico (Fig. 1) preserves the southernmost

sedimentary record of the Paleocene and early Eocene in North America,

and thus represents a critical datapoint of comparison for climatic and

biotic change during the Paleogene. This paper documents channel and

floodplain facies and their depositional styles in the Paleogene San Juan

Basin with the aim to 1) explore the differences in the depositional style of

variable-discharge rivers and their corresponding floodplain deposits, 2)

propose links between the depositional style of river deposits and climate,

and 3) test previous hypotheses for variable-discharge-river facies models

proposed by Fielding et al. (2009, 2011, 2018) and Plink-Björklund (2015,

2019) by combined examination of both channel and floodplain

depositional characteristics. Ultimately, the goal of the study is to examine

discharge variability at multiple scales and discuss the potential

implications for improving our understanding of Paleocene–Eocene

climates.

GEOLOGICAL SETTING AND BACKGROUND

The San Juan Basin is in the Four Corners region of northwestern New

Mexico and southwestern Colorado and is one of several intraforeland

basins formed during the Laramide orogeny (Dickinson et al. 1988; Cather

2004). Laramide tectonics during the Late Cretaceous through the Eocene

caused subsidence of the San Juan Basin in response to uplift of

surrounding areas (Cather 2004). Baltz (1967) and Pecha et al. (2018)

suggested that the San Juan Basin received most of its sediments from

highlands to the north and the early San Juan uplift, although source areas

in the Brazos–Sangre de Cristo, Nacimiento, Zuni, and Defiance uplifts are

also suspected (Smith 1992; Cather 2004; Pecha et al. 2018) (Fig. 1B).

Long-term evolution of the Cretaceous–Eocene sedimentary succession

has been linked to tectonic episodes of subsidence in response to the

Laramide orogeny (Fassett 1985; Cather 2004). The intraformational

angular unconformity and reverse faults evident from outcrops in the

eastern part of the study area show that the Paleogene units in the San Juan

Basin were deposited simultaneously with deformation along the basin-

bounding Nacimiento fault (Woodward 1987; Smith 1988) (Fig. 1B).

Stratigraphy

The Paleogene units preserved in the San Juan Basin are the earliest

Paleocene Ojo Alamo Sandstone (Toa), the Paleocene Nacimiento

Formation (Tn), and the early Eocene San Jose Formation (Tsc, Tsr, and

Tstl) (Fig. 1C, D). These units crop out in a series of badlands and cliff-

forming sandstones along the western and southern part of the San Juan

Basin. This study focuses on the uppermost Nacimiento Formation and the

Cuba Mesa Member and Regina Member of the San Jose Formation.

Paleocene Nacimiento Formation.—The Paleocene Nacimiento

Formation is composed primarily of fluvial deposits consisting of a

succession of sandstones and varicolored mudrocks, and the formation has

a thickness of as much as 525 m (Baltz 1967; Williamson and Lucas 1992).

The Nacimiento Formation is divided by lithologic and sedimentologic

features into three members: the Arroyo Chijuillita (oldest), the Ojo

Encino, and the Escavada (youngest) (Williamson and Lucas 1992). The

Arroyo Chijuillita Member is characterized by ‘‘drab’’ mudrocks and sparse

heterolithic sandstones. The Ojo Encino Member is also dominantly

mudrock and is characterized by repetitive black-red-green-white banding

that is associated with variegated mudrocks (black, red, and green) and

fine-grained sandstones (white) (Williamson and Lucas 1992). Three

persistent black mudrock deposits in the Ojo Encino Member (referred to

as the lower black, middle black, and upper black) can be correlated across

the basin and serve as useful marker beds (see Leslie et al. 2018). The

Escavada Member is characterized by a predominance of sandstones,

‘‘drab’’ mudrocks, and abundant silcretes (Williamson et al. 1992). Across

the southern San Juan Basin, the thickness of the Escavada Member varies

(19–88 m) due to intraformational thinning (Butler and Lindsay 1985) and

channel scouring at the base of the San Jose Formation (Williamson and

Lucas 1992). A north-to-south decrease in grain size and paleocurrent

measurements indicate a prevailing north-to-south paleoflow throughout

the Nacimiento Formation (Baltz 1967; Klute 1986; Sikkink 1987; Smith

1992). The early Paleocene ages of the Arroyo Chijuillita and Ojo Encino

members of the Nacimiento Formation are well constrained by biostratig-

raphy, magnetostratigraphy, and radiometric dating (Williamson and Lucas

1992; Leslie et al. 2018). The age of the Escavada Member is poorly

constrained, with the only age indicator being a zone of normal polarity in

the western San Juan Basin that has been correlated to chron 26 (59.24–

58.96 Ma), suggesting a late Paleocene age (Butler and Lindsay 1985).

Lower Eocene San Jose Formation.—The San Jose Formation is the

most extensively preserved and exposed Eocene unit in New Mexico (Baltz

1967; Smith and Lucas 1991). Similar to the underlying Nacimiento

Formation, it is composed of fluvial deposits. Previous geological

investigations of the southern and southeastern outcrop areas of the San

Jose Formation include descriptions of fossils and local stratigraphy (e.g.,

Simpson 1948; Lucas et al. 1981; Smith and Lucas 1991; Smith 1992) and

regional mapping (Baltz 1967; Mytton 1983; Manley et al. 1987). The San

Jose Formation contains both sandstone-dominated and mudrock-domi-

nated lithofacies. The sandstone vs. mudrock dominance is the primary

characteristic used to distinguish between the members in the San Jose

Formation, which from oldest to youngest are the Cuba Mesa (sandstone

dominant), Regina (mudrock dominant), Ditch Canyon (sandstone

dominant), Llaves (sandstone dominant), and Tapicitos (mudrock domi-

nant) (Baltz 1967; Smith 1992). The Cuba Mesa Member at the base of the

San Jose Formation is a 25–240-m-thick (based on lithostratigraphy)

succession that overlies the Paleocene Nacimiento Formation (Baltz 1967;

Smith and Lucas 1991). It consists of medium- to very coarse-grained,

buff-colored sheet sandstones that thicken locally in vertically stacked

(amalgamated) channel belts that can attain thicknesses up to 100 m, with

channel width-to-thickness ratios ranging from 20 to . 1000 (Smith 1988).

The basal sandstone of the Cuba Mesa Member is continuous, nearly basin

wide, over an area of ~ 8000 km2 (Smith 1988). In some parts of the basin,

the contact between the Nacimiento and Cuba Mesa Member of the San

Jose Formation can be difficult to distinguish because the Escavada

Member of the Nacimiento Formation contains arkosic sandstones that are

similar in lithology to those of the Cuba Mesa Member (Baltz 1967; Smith

and Lucas 1991). Like the underlying Escavada Member, no age-

diagnostic fossils or dateable materials have been discovered, leaving the

deposits of both the upper Nacimiento Formation and the lower San Jose

Formation with uncertain age constraints. It has long been proposed that a

large unconformity (� 5.6 My; Fassett et al. 2010) separates the

Nacimiento and San Jose Formations in the southern San Juan Basin only

(Barnes et al. 1954; Stone 1983; Smith and Lucas 1991) or throughout the

basin (Cather 2004). Due to the lack of age constraints in this interval and

ongoing reinvestigation of the nature of the Nacimiento–San Jose contact,

we have not identified the unconformity on our simplified stratigraphic

column, and we show that the location of the boundary between Paleocene

and Eocene deposits is uncertain (Fig. 1C).
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FIG. 1.—Regional maps and Paleogene stratigraphy of the San Juan Basin (SJB). A) Location of the San Juan Basin in the conterminous United States. B) Regional map of

the San Juan Basin (SJB) and adjacent basins and uplifts (G, Galisteo Basin; B, Baca Basin; MV, Monte Vista Basin; RA, Raton Basin; HP, Huerfano Park Basin; CL-J,

Carthage–LaJoya Basin). Redrawn from Dickinson et al. (1988), Lawton (2008), and Cather (2004). C) Simplified Paleogene stratigraphy of the SJB. D) Geologic map of the

SJB and areas selected for detailed investigations. Arroyo Chijuilla (AC) and Continental Divide (CD) are in the southern SJB. Cañon Largo (CL) is in the central SJB. Map

modified from Williamson et al. (2008) and Manley et al. (1987).
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The Regina Member of the San Jose Formation ranges from 150 to 460

m in thickness and is composed of varicolored mudrock and interbedded

sandstone. The sandstone beds are lenticular over spatial scales ranging

from a few meters to many kilometers (Smith 1992). Lenticular

conglomeratic sandstones in the northernmost outcrops of the member

contain cobbles derived from Proterozoic rocks common in the San Juan

uplift north of the San Juan Basin (Smith 1992). Vertebrate fossils from the

Regina Member provide the only means by which the early Eocene age of

the San Jose Formation has been determined (Williamson and Lucas

1992).

DATASET AND METHODS

For this study, detailed investigations were conducted in three locations

with exposures of the upper Nacimiento Formation, Cuba Mesa Member,

and Regina Member: Arroyo Chijuilla (AC) and Continental Divide (CD)

in the southern San Juan Basin, and Cañon Largo (CL) in the central San

Juan Basin (Fig. 1D). Approximately 720 m of section were measured

between these three sites. Sandstones were described at 10 cm resolution

based on bedsets, sedimentary structures, biogenic structures, and grain

characteristics (size, shape, sorting, and composition). Mudrocks were

described based on texture and color at 1–1.5 m resolution. We used a

qualitative assessment of texture and color (e.g., Tabor et al. 2017) during

this initial investigation in lieu of a detailed future paleopedological study.

Rooting structures, burrows, soil structure (peds), and presence of nodules

were noted on the measured section when they were apparent. Herein,

mudrocks are identified as paleosols where visible evidence of pedogenesis

is observed, such as mottling and ped structures. Mudrocks are identified

as devoid of visible pedogenic modification where relict laminae or plant

fragments are observed and indicate absent or minimal soil formation

processes.

Photomosaics of outcrops were collected to document macroform

characteristics and associations between sandstone and mudrock deposi-

tional styles. Sandstone channel thicknesses and widths were measured

from outcrops in the Arroyo Chijuilla study area using a using a laser

rangefinder mounted to a tripod. Laterally extensive channels were

measured by collecting GPS coordinates at channel terminations.

Sedimentary facies proportions were quantified using the measured facies

thicknesses as compared to the total measured section thickness.

In an effort to characterize paleoclimatic conditions and their variability

across the studied stratigraphic interval, comparisons to modern climate

conditions were used by estimating the overall precipitation regime, rather

than latitude. We utilize sedimentological signatures of precipitation

variability (see Fielding 2006; Fielding et al. 2009, 2011; Plink-Björklund

2015) and paleosol characteristics (e.g., Kraus 1999; Tabor et al. 2017). We

do not infer that the past conditions were comparable to every aspect of the

modern climate types, but rather use this as a general illustration of

paleoclimate conditions. Monsoon climate (Am in the Köppen–Geiger

modern climate classification; see Peel et al. (2007)) is characterized by an

annually high and a highly seasonal precipitation pattern, where the

precipitation range (wet–dry season) is characteristically high due to the

yearly migration of the Inter-Tropical Convergence Zone (ITCZ) (Wang

and Ding 2008). Subhumid tropical climate types (Aw and As in the

Köppen–Geiger modern climate classification; see Peel et al. (2007)) occur

at an intermediate position between the ITCZ and the subtropical high-

pressure cells, moving poleward. Like the monsoon climate, there is a

distinct seasonality to precipitation, but with a much shorter and less

sustained wet season and a considerably higher interannual variability

(Wang and Ding 2008). In arid climate types (Bw and Bs in the Köppen–

Geiger modern climate classification; see Peel et al. (2007)), mean annual

precipitation is less than potential evapotranspiration and precipitation

events are erratic and may have interannual to interdecadal return

frequency. Arid climates thus have an extreme interannual precipitation

variability, as they receive monsoon rain only during extreme monsoon

trough migration or abnormal or strengthened monsoon seasons and

associated cylconic flow. Following these definitions, we refer to

paleoclimate conditions as monsoonal, if there is evidence for precipitation

variability and a high soil moisture; as arid if there is evidence for

precipitation variability and a low (well drained) soil moisture; and as

subhumid if there is evidence for precipitation variability and a relatively

low soil moisture but with indicators for less well-drained conditions than

in the latter.

SEDIMENTARY FACIES AND FACIES ASSOCIATIONS

The studied succession consists of erosionally based lenticular or

laterally and/or vertically amalgamated lithosomes, 2–50 m thick and 30–

1500 m wide, that are dominated by sandstone facies (Tables 1, 2) and

laterally associated and vertically interbedded with mudrock-dominated

facies (Tables 3, 4). In sandstones, facies group 1 (Fig. 2, Table 1) is the

most abundant, composing approximately 85% of all the sandstone facies

present, and includes conglomerates (S1.1–14%), sandstones with scour-

and-fill structures (S1.2–21%), sandstones with planar to low-angle

laminae (S1.3–19%), sandstones with convex-up, long-wavelength laminae

(S1.4–8%), sandstones with soft-sediment deformation (S1.5–5%), and

structureless sandstones (S1.6–18%) (Fig. 2, Table 1). Commonly, these

facies transition vertically and/or laterally into one another, forming

complex relations when viewed in outcrop (Fig. 3). Sandstone facies group

2 (Fig. 4; Table 2) consists of sandstones with cross strata and laminae at or

close to the angle of repose and form consistent cross sets. This facies

group composes approximately 15% of the sandstone facies and includes

cross-stratified sandstones (S2.1–11%), sandstones with climbing cross

strata (S2.2–0.1%), sandstones with scours and climbing cross laminae

(S2.3–2%), and sandstones with overturned cross strata or laminae (S2.4–

2%). Sandstone facies group 1 is interpreted as upper-flow-regime (UFR)

and high-deposition-rate (HDR) deposits (see Table 1 and facies

association discussions below), and facies group 2 as lower flow regime

(LFR) and normal deposition rates to HDR deposits (see Table 2 and facies

association discussions below).

Mudrock facies group 1 (Fig. 5; Table 3) consists of mudrock that is

gray, gray-green, brown, or black in color. This facies group composes

approximately 64% of the mudrock facies in the three measured sections

combined and includes globular gray mudrock (M1.1–3%), black mudrock

(M1.2–3%), brown to dark gray mudrock (M1.3–18%), gray-green

mudrock (M1.4–4%), and gray mudrock (M1.5–37%). Mudrock facies

group 2 (Fig. 6; Table 4) consists of mudrock that is dominantly purple,

red, or variegated in color. This facies group composes approximately 36%

of the mudrock facies of this dataset and includes purple mudrock (M2.1–

18%), red mudrock (M2.2–16%), and mudrock with variegated color

(M2.3–2%).

Some sandstones of Facies S1.6 also occur as tabular deposits 0.20–3 m

thick interbedded with mudrock facies as documented below in facies

associations 4–6 (Fig. 7; Table 5). Some mudrocks also occur in

amalgamated and lenticular lithosomes as documented in facies associa-

tions 2 and 3 (Figs. 8, 9; Table 5).

Below, we distinguish three sandstone-dominated and three mudrock-

dominated facies associations. The sandstone facies associations 1–3 are

recognized based on the degree of sandstone amalgamation and the

proportion of sandstone and mudrock facies, and mudrock facies

associations 4–6 by the proportion of mudrock facies groups 1 and 2.

Facies Association 1 (FA 1): Sandy Channel Lithosomes

Facies association 1 characteristically consists of 10–50-m-thick,

erosionally bounded sandstones that have a massive or uniform appearance

in outcrop (Fig. 8A), except for . 1-m-thick mud-clast conglomerates that
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occur above basal erosion surfaces and some internal erosion surfaces (Fig.

10A, D). Vertical amalgamation of these erosionally bounded sandstones

results in cliff outcrops that can reach thicknesses of . 100 m in the

northern San Juan Basin. Where measured, individual erosionally bounded

lenses range from 172 to 1564 m in width. The extensive lateral

amalgamation of the individual lenses with crosscutting basal scours gives

the sandy lithosomes a tabular appearance (Fig. 8A). Low-angle (, 108)

downstream- or upstream-dipping accretion sets are observed in outcrops

that are oriented approximately parallel to the prevailing flow direction

(north to south) (Fig. 10B). Accretion sets consist of amalgamated

sandstones or are in places separated by mud-clast conglomerates (Fig.

10A). UFR and HDR sedimentary structures are dominant as sandstone

facies group 1 forms 96% (Fig. 9A). Commonly, the UFR structures

transition into other styles of UFR structures laterally and vertically (Fig.

10C). For example, a commonly encountered facies succession in the Cuba

Mesa Member starts with a basal erosion surface overlain by a thick mud-

clast conglomerate (Facies S1.1), which is then overlain by vertical

alternations of scour-and-fill (S1.2) and planar to low-angle laminae (S1.3)

(Fig. 9A). In some examples, the scour-and-fill structures truncate the

underlying planar to low-angle laminae. In other examples, the transitions

are the result of upward steepening or, in contrast, flattening of the laminae.

It is also common to see thick and laterally extensive deposits with stacked

scour-and-fill structures (Fig. 9A). Some deposits are bioturbated from the

top down or from accretion set boundaries with vertical burrows that are

commonly . 1 m in length (Fig. 10E).

Facies Association 1 Interpretation.—The dominance of UFR

sedimentary structures in erosionally based amalgamated sandstones

(sandstone facies group 1) indicates dominant deposition under Froude

supercritical flow regime and is a key characteristic of variable-discharge

rivers (see reviews in Fielding 2006; Fielding et al. 2009, 2018; Plink-

Björklund 2015, 2019).

TABLE 1.—Sandstone facies group 1: sandstones and conglomerates with planar to low-angle, concave- to convex-up laminae, or devoid of structure.

Facies % Description Interpretation

S1.1 Conglomerates 14% Composed dominantly of granule-to boulder-size angular to

subrounded mudrock rip-up clasts surrounded by a sandy

matrix. Locally, granules of quartzite (dominant) and chert

are present. Common at the bases of channel scours and

flat erosion surfaces. Most deposits contain randomly

oriented clasts and reach thicknesses up to 3 m. Some

deposits are stratified and imbricated and found in

composite bedsets ranging in thickness from several

decimeters to several meters thick.

Locally derived from floodplain deposits

resulting from bank undercutting, collapse,

and transport under supercritical flow

conditions.

S1.2 Sandstones with scour-and-

fill structures

21% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from medium to very coarse with localized lenses of

conglomeratic sandstone with gravel-size grains. Subangular

to subrounded. Poorly to moderately sorted. Scoured surface

at the base, filled with upward-flattening laminae with dip

angles ranging from 208 to , 58. Dip directions of laminae

are multimodal, even within the same bedsets. Fill styles

range from asymetrical to symetrical. Thicknesses range

from decimeters to several meters. Widths range from

decimeters to 10s of meters.

Supercritical flow, high deposition rates,

suspension deposition, large antidune, cyclic

steps, or chute-and-pool formation.

S1.3 Sandstones with planar to

low-angle laminae

19% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from fine to very coarse. Subangular to subrounded.

Poorly to moderately sorted. Planar to low-angle (, 108)

stratification with distinct laminae. Dip directions are

mostly to the north and northwest. Thicknesses range from

decimeters to a several meters.

Supercritical or transcritical flow, high

deposition rates, suspension deposition,

plane bed to antidune formation.

S1.4 Sandstones with convex-up

long-wavelength laminae

8% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from medium to coarse. Subangular to subrounded.

Poorly to moderately sorted. Very low angle, long-

wavelength cross strata with upward-increasing steepness.

Dip directions are mostly to the north and northwest.

Thicknesses of laminae sets range from decimeters to a few

meters. Widths range from meters to 10s of meters.

Supercritical flow, high deposition rates,

suspension deposition, antidune formation.

S1.5 Sandstones with soft-

sediment deformation

5% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from Medium to coarse with occasional lenses of

gravel-size grains. Subangular to subrounded. Poorly sorted.

Soft-sediment-deformed laminae that form anticlinal to

domal structures that transition laterally and/or vertically

into other facies within group 1. Thicknesses range from 1

m to 10s of meters.

Water escape or local collapse.

S1.6 Structureless sandstones 18% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from fine to coarse. Subangular to subrounded.

Poorly to moderately sorted. Often weakly cemented. No

visible sedimentary structures. Thicknesses range from

decimeters to 10s of meters.

High deposition rates, suspension deposition.

Could also indicate disruption of

sedimentary structures by compaction prior

to cementation. Weakly cemented deposits

may contain structures that are not visible

on the surface due to weathering and

erosion.
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TABLE 2.—Sandstone facies group 2: sandstones with steeply dipping cross strata and laminae.

Facies % Textures Interpretation

S2.1 Cross-stratified sandstones 11% Quartzose-to-arkosic, buff to yellow sandstone with high-angle

(’ 308) planar and trough cross strata. Grain sizes range

from medium- to lower-coarse. Subrounded. Moderately to

poorly sorted. Recognized by cross-sets with consistent

foresets that display no change in dip angle. Dip directions

are to the south and southeast. Thicknesses of cross-sets

range from decimeters to ’ 1 m. Thicknesses of bedsets

range from several decimeters to several meters.

Subcritical flow, normal deposition rates,

bedload deposition, formed by the migration

of dunes.

S2.2 Sandstones with climbing

cross strata

0.1% Quartzose-to-arkosic, buff to yellow sandstone with high-angle

(’ 308), climbing cross-stratification. Grain sizes range

from medium- to lower-coarse. Subangular to subrounded.

Moderately to poorly sorted. Recognized by high-angle (’

308) foreset laminae with inclined set boundaries, dipping to

the north and opposite to the south dipping cross strata.

Thickness of cross-sets range from a few centimeters to

approximately several decimeters. Thicknesses of bedsets

range from decimeters to ’ 2 m.

Subcritical flow, high deposition rates,

suspension and bedload deposition, formed

by the migration and aggradation of dunes.

S2.3 Sandstones with scours

and climbing cross laminae

2% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from upper fine to medium. Subangular to

subrounded. Moderately to poorly sorted. Scoured surface

at the base, filled with ripple laminae with inclined set

boundaries. The angle of ripple-lamination boundaries are

upward flattening. Thicknesses of cross-sets are , 3 cm.

Thicknesses of bedsets range from a few centimeters to a

few meters.

Supercritical to subcritical flow, high

deposition rates, suspension and bedload

deposition.

S2.4 Sandstone with overturned

cross strata or laminae

2% Quartzose-to-arkosic, buff to yellow sandstone. Grain sizes

range from medium- to lower-coarse. Subangular to

subrounded. Moderately to poorly sorted. Recognized by

clear set boundaries that are deformed and contain

oversteepened foreset laminae (. 308) that dip to the south.

Thicknesses of cross-sets range from several centimeters to

several decimeters. Thicknesses of bedsets range from ’ 1

to a few meters.

Deposition under subcritical flow conditions.

Subsequent deformation likely occurred

under supercritical flow conditions.

Paleoflow direction is in the direction of

overturning.

TABLE 3.—Mudrock facies group 1: gray-brown-black mudrock.

Facies % Description Interpretation

M1.1 Globular mudrock 3% Dominantly gray to dark-gray mudrock with large, concave-

up, globular soft-sediment-deformation features. Grain sizes

range from clay to silt. Thicknesses range from 1 to a few

meters.

Deformation of floodplain muds due to

loading as sediment is deposited in the

overlying channel.

M1.2 Black mudrock 3% Very dark gray to black mudrock with moderate subangular,

blocky peds. Grain sizes range from clay to silt. High

organic content. Slickensides common.

Floodplain deposition. Reducing to poorly

drained soil conditions. Black indicates

presence of organic matter or manganese

oxide minerals.

M1.3 Brown to dark gray

mudrock

18% Brown to dark gray mudrock, often with relect lamination and

plant fragments. Grain sizes range from clay to silt.

Floodplain deposition. Reducing to poorly

drained soil conditions. Laminae and

preserved organic matter indicate a lack of

pedogenesis. Soils were likely buried before

pedogenesis could take place.

M1.4 gray-green mudrock 4% gray mudrock with extensive green mottling and weak to

moderate blocky peds. Grain sizes range from clay to silt.

Rare slickensides.

Floodplain deposition. Reducing to poorly

drained soil conditions. Green mottling

indicates localized reduction of ferric

minerals or removal of organic matter and

oxides due to water saturation and anoxia.

M1.5 gray mudrock 37% Dominantly gray mudrock. Grain sizes range from clay to silt.

Structureless or with angular blocky peds. Devoid of

mottling or containing minor green, purple, and/or red

mottling. Some structureless deposits contain small

lignitized plant fragments and visible quartz granules.

Floodplain deposition. Reducing to poorly

drained soil conditions or lack of pedogenic

development.
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Comparison of the documented UFR facies to experimentally produced

deposits (Alexander et al. 2001; Cartigny et al. 2014; Ono et al. 2020)

indicates deposition by migration of antidunes as well as cyclic steps

(Table 1). Antidune migration produces upstream- or downstream-dipping

low-angle lamination that commonly display convex-up shapes with planar

laminae forming between the antidunes (Alexander et al. 2001; Cartigny et

al. 2014), such as in facies S1.3 and S1.4 (Table 1, Fig. 2). Low-angle

bedforms can also form by the flattening of dunes at the transition to upper-

stage plane beds (e.g., Naqshband et al. 2017), but the presence of

upstream-dipping laminae (backsets) suggests that the supercritical-flow

origin is more likely, as dunes can migrate only downstream. Furthermore,

the upward-flattening to upward-steepening trends are a characteristic of

antidunes and form as scours are filled and antidune mounds aggrade,

respectively (West et al. 2019). The nearly planar, subhorizontal geometry

(S1.3) formed in experiments at lower aggradation rates and bedform

amplitude increased with higher aggradation rates, producing backsets or

foresets and convex-up laminae (S1.4) (Cartigny et al. 2014). The

documented scour-and-fill and consistent backset deposits (S1.2) are

similar to experimentally produced deposits from migrating cyclic steps

(Cartigny et al. 2014; Ono et al. 2020). In contrast to fully supercritical

flow that produces antidunes in cyclic steps, the flow abruptly shifts to

subcritical at hydraulic jumps and then accelerates to supercritical again

downstream. Erosion occurs in the steep supercritical zone upstream of the

hydraulic jump and deposition occurs at the hydraulic-jump scour,

producing scour-and-fill structures. Backsets form at the downstream edge

of the scour as the cyclic steps migrate upstream (e.g., Cartigny et al. 2014;

Ono et al. 2020). Ono et al. (2020) show that cyclic steps alone can

produce complex lamination that include scour-and-fill structures and

planar to low-angle laminae with foresets and backsets. Scour-and-fill and

consistent backsets form at hydraulic jumps and lower-angle laminae form

farther downstream, such as is observed in some outcrops (Fig. 3A). In

these experiments, consistent backsets formed only when the migration of

the hydraulic jumps was stable (Ono et al. 2020). Regardless of the specific

bedform regime responsible for the creation of these structures, facies

S1.2, S1.3, and S1.4 are indicative of deposition under Froude supercritical

flow conditions. The experiments further show a dominance of suspension

transport of sands (Alexander et al. 2001; Cartigny et al. 2014; Ono et al.

2020), and even gravels (Ono et al. 2020), at high deposition rates under

supercritical flow. This abundance of suspension transport and rapid

deposition is corroborated by the aggradational nature of the sedimentary

structures and the gradational or diffuse laminae (Fig. 2) (see Duller et al.

2010). High deposition rates are likely to be essential for accumulating

large thicknesses of UFR deposits that otherwise have a very low

preservation potential (Allen and Leeder 1980; Cheel 1986; Bridge and

Best 1988, 1997; Paola et al. 1989; Alexander et al. 2001). In places, soft-

sediment deformation (S1.5) and structureless sandstones (S1.6) occur in

association with the UFR sedimentary structures, especially in large

hydraulic-jump scours (Fig. 3B). Structureless deposits were commonly

produced at hydraulic jumps in experiments due to the abrupt loss of

capacity where flow transitions from supercritical to subcritical (Alexander

et al. 2001; Cartigny et al. 2014). Soft-sediment deformation formed by

porewater escape due to rapid deposition, as well as by partial gravitational

collapse from steep hydraulic jump scour margins towards the scour base

(Cartigny et al. 2014; Ono et al. 2020).

Supercritical flow conditions occur in many rivers during seasonal

floods, such as those that occur in monsoon zone rivers (e.g., Kale et al.

1994), or floods with up to multidecadal occurrence, such as those that

occur in subhumid or arid rivers (Alexander et al. 1999a; Amos et al.

2004). A general lack of transitions from UFR structures to ripples or

dunes implies extremely rapid decline in flood flow velocity (Jones 1977)

or complete reworking during consecutive floods (Amos et al. 2004).

Evidence for high deposition rates and suspension transport of sand- to

granule-size sediment further indicates deposition by seasonal rivers which

are likely to have high sediment yields compared to rivers from perennial

precipitation zones (Cecil et al. 2003). The suspended load in some

modern subtropical rivers has been suggested to be about 20 times higher

than in persistent-discharge rivers (Frostick and Reid 1977). The high

percentage of UFR structures observed in this lithosome is similar to some

of the deposits of the most extreme modern variable-discharge river

systems that receive their total annual precipitation in just a few downpours

(Sneh 1983; Stear 1985; Billi 2007) and have been shown to consist of 80–

100% UFR sedimentary structures (Plink-Björklund 2015). Similar

channel lithosome styles have been hypothesized to consist entirely of

high-magnitude flood deposits (Plink-Björklund 2015; Wang and Plink-

Björklund 2020) because they share many characteristics with flash-flood

deposits (Schumm 1961; McKee et al. 1967; Williams 1971; Stear 1985;

Billi 2007).

The thick mud-clast conglomerates (S1.1) indicate high floodplain

erosion and channel bank collapse or flowage rates (Karcz 1969; Laury

1971). Conglomerates with randomly oriented, angular to subangular,

matrix-supported clasts indicate minimal current reworking and are likely

to be derived from bank failure. Riverbanks are undercut during floods, and

develop shear cracks, whereby parts of the bank slump during the falling

stage of floods (Coleman 1969; Gohain and Parkash 1990; Singh et al.

1993). This bank undercutting and successive collapse is linked to high

water power and rapid lowering of water level during the waning stage of

floods (e.g., Manley et al. 1987; Gohain and Parkash 1990; North and

Taylor 1996; Tandon and Gibling 1997). Flowage of bank material into

TABLE 4.—Mudrock facies group 2: purple-red mudrock.

Facies Name Facies % Textures Interpretation

M2.1 Purple mudrock 18% Dominantly purple mudrock with weak to moderate blocky

peds. Yellow-brown mottles are common. Rarely, gray-green

mottles are also present. Grain sizes range from clay to silt.

Some deposits contain slickensides

Floodplain deposition. Weak hematite impregnation.

Moderately poorly drained soil conditions. Pedogenic

modification. Gray and yellow-brown mottles and

slickensides are the result of soil gleying, and indicate that

the soils were episodically saturated.

M2.2 Red mudrock 16% Dominantly red (pink to maroon) mudrock with moderate to

strong blocky peds. gray mottles are common. Slickensides

are common. Grain sizes range from clay to silt. Some

horizons contain large (. mm) carbonate nodules.

Floodplain deposition. Moderately to well-drained and

oxidizing soil conditions. Pedogenic modification. gray

mottles are likely root traces. Presence of carbonate nodules

indicate well-drained and oxidizing conditions. Slickensides

are the result of soil gleying and indicate that the soils were

episodically saturated.

M2.3 Mudrock with

variegated color

2% Mudrock with abundant, varicolored mottling of gray-green,

yellow-brown, purple, and red and strong wedge-shaped

peds. Slickensides are abundant. Grain sizes range from

clay to silt.

Floodplain deposition. Episodic soil saturation. Extensive

pedogenic development.
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FIG. 2.—Examples of sandstone facies group 1. A) S1.1: conglomerate with randomly oriented clasts. B) S1.1: conglomerate with stratified and imbricated clasts. C) S1.2:

sandstone with scour-and-fill structures (annotated). D) S1.3: sandstone with planar to low-angle laminae. E) S1.4: sandstone with convex-up long-wavelength laminae. F)

S1.5: sandstone with soft-sediment deformation. G) S1.6: structureless sandstone in well-cemented outcrop. H) S1.6: seemingly structureless sandstone in poorly cemented

outcrops (marked with white arrows) encased in mudrock deposits.
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channels is another failure mechanism that develops when the water level

falls rapidly and porewater in the channel banks develops overpressure and

failure (Coleman 1969). Such thick conglomerates have also been

described from other ancient river deposits (e.g., Deluca and Eriksson

1989; North and Taylor 1996; Plink-Björklund et al. 2014), and are

suggested to be common in rivers with variable discharge that experience

high-magnitude floods with high water power, high tractive force, and

rapid changes in water level (North and Taylor 1996; Plink-Björklund

2015). The stratified and imbricated conglomerates indicate current

reworking and transport (Karcz 1969), as also corroborated by the lower

degree of clast angularity than is observed in the conglomerates with

randomly oriented clasts.

In-channel bioturbation indicates that the channels only transmitted

discharge during floods and were seasonally dry or had low perennial base

flow (Hasiotis et al. 2007).

In summary, facies association 1 lithosomes appear to consist entirely of

high-magnitude flood deposits or flood event beds (e.g., Fig. 10A), because

they essentially lack dune or ripple strata. At macroform scale they either

display upstream or downstream accretion, where accretion sets are

composed of flood event beds and lack indicators of point-bar accretion

(lateral accretion, upward fining; e.g., Willis 1993; Bridge et al. 1995) or

braid-bar accretion (sets of cross strata at different scales; e.g., Bridge

2003; Lunt et al. 2004). The high degree of channel amalgamation together

with a lack of systematic lateral migration (lateral accretion) signifies high

avulsion rates (Bryant et al. 1995).

Facies Association 2 (FA 2): Heterolithic Channel Lithosomes

Facies association 2 also consists of abundant sandstones, but these

lithosomes contain mudrock layers along accretion set boundaries and

flood-event bed boundaries (Fig. 11). As a result, these lithosomes appear

less laterally and vertically amalgamated in outcrop than those of FA 1

(Figs. 8B, 9B). FA 2 lithosome thicknesses range from 5 to 13 m and

widths from 94 to 312 m. Accretion sets dip at a low angle (, 108) in the

downstream direction or at a high angle (up to 208) in the upstream

direction in outcrops that are oriented parallel to flow direction (north to

south) (Figs. 8B, 11A). The steep upstream accretion sets are erosionally

bound and characteristically display basal scours (Figs. 8B, 11A). As a

result, each of the strata in the accretion sets has a lenticular shape with

erosional upper and lower boundaries (Fig. 8B). UFR and HDR

sedimentary structures are still dominant with sandstone facies group 1

at 89%, but there is a larger proportion of lower-flow-regime (LFR)

structures of sandstone facies group 2 (11%) compared to FA 1 (Fig. 9B).

The most common LFR structures are cross-stratified sandstone (S2.1,

10%) and scours filled with climbing ripple laminae (S2.3, 2%) (Figs. 3,

9B). Lateral variations in facies within individual lithosomes are common.

A characteristic facies succession in the upstream-accretion sets is

structureless (S1.5) and soft-sediment deformed (S1.6) sandstones, or

scour-and-fill sandstones near the basal scours, and an upward and

downstream transition into more laminated facies, including planar to low-

angle laminae (S1.4), but also cross strata (S2.1) and climbing cross strata

(S2.2).

Some deposits are bioturbated from the top down or from accretion set

boundaries. Burrows associated with this lithosome are shallower,

branching trace fossils (Fig. 11B). Mudrock layers of several decimeters

in thickness (Fig. 11A) are gray (M1.3 and M1.5) to purple (M2.1) and

commonly display pedogenic modification in the form of mottling and ped

structure (Figs. 5, 6, Tables 3, 4). Some of the dark-gray (M1.3) mudrock

layers contain plant fragments.

FIG. 2.—Continued.
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Facies Association 2 Interpretation.—The dominance of UFR

sedimentary structures in erosionally based amalgamated sandstones

(sandstone facies group 1) suggests that most deposition occurred under

Froude supercritical flow regime similar to facies association 1, and

indicates variable-discharge rivers (see reviews in Fielding 2006; Fielding

et al. 2009, 2018; Plink-Björklund 2015, 2019).

In places, the vertical transitions from UFR to LFR structures (e.g., Fig.

9B) may indicate a less-rapid decline in flow strength during the waning

phase of floods (Jones 1977). Whereas in upstream-accretion sets, the UFR

and LFR structures may have formed at the same time and thus indicate

spatial flow fluctuations. Such large-scale erosionally bounded backsets

have been recognized in other deposits of variable-discharge rivers and

interpreted as channel-scale cyclic-step migration (Wang and Plink-

Björklund 2020). Comparison to experimentally produced deposits (Ono

et al. 2020) shows coeval deposition of scour-and-fill or structureless strata

at the hydraulic jump, and low-angle strata downstream of hydraulic

jumps. The highest deposition rates occur at the hydraulic jump, at times

resulting in structureless or graded deposits (see also Postma et al. 2009;

Postma and Cartigny 2014; Postma 2014). The degree of stratification and

lamination increases downstream of the hydraulic-jump scour, where the

flow accelerates into transcritical and then again to supercritical conditions

(e.g., Cartigny et al. 2014). Dunes and climbing dunes may form in the

zone where the flow is still subcritical and deposition rates are lower.

Upstream migration of a hydraulic jump may result in a vertical succession

where erosional scours are overlain by structureless or soft-sediment-

deformed deposits that transition upward into better-stratified deposits

(Postma et al. 2009; Postma and Cartigny 2014; Postma 2014; Ono et al.

2020) including cross strata or climbing cross strata (Fig. 9B).

Deposition of in-channel mud horizons has been linked to the waning of

high-magnitude floods with a high mud content (Williams 1971; Tunbridge

FIG. 3.—Outcrop examples of sandstone facies group 1. A) Backsets (annotated in red) with dip directions approximately opposite the prevailing paleocurrent direction

(black arrow). The backsets commonly transition downstream into low-angle (S1.3) or convex-up low-angle (S1.4) structures. B) Example of an interpreted hydraulic-jump

deposit, where abrupt loss of flow capacity at the jump resulted in rapid sediment fallout and a structureless deposit (S1.6) that includes mud clasts. Red arrows show inferred

flow directions. Prevailing paleoflow direction is indicated by the black arrow.
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1981). Newly formed mud drapes at the tops of bars, on accretion surfaces,

or at the channel bottom have been observed in modern variable-discharge

rivers after major floods (e.g., Stear 1985; Abdullatif 1989; Singh et al.

1993; Billi 2007). For example, after a high-magnitude flood of Kosi River

in 1984, a mud layer 30 cm deep, 20 m wide, and 100 m long mud was

deposited in a channel (Singh et al. 1993). Experiments show (Ono et al.

2020) that clay and silt can also be deposited at hydraulic jumps without

overall flow waning. The presence of bioturbation and pedogenic

modification (mottling and peds) indicates that the channels were

seasonally or interannually dry or had low perennial base flow (Hasiotis

et al. 2007).

In summary, although facies association 2 lithosomes contain a small

proportion of LFR structures, some of these structures likely formed

coevally with the UFR structures and indicate the inherent spatial

variability of the supercritical flow regime. Deposition from sustained

supercritical flow is further indicated by consistent large-scale backsets

(Fig. 11) that document cyclic-step migration. In addition, facies

association 2 lacks indicators of point-bar accretion (lateral accretion,

upward fining; e.g., Willis 1993; Bridge et al. 1995) or braid-bar accretion

(sets of cross strata at different scales; e.g., Bridge 2003; Lunt et al. 2004),

and appears to consist entirely of high-magnitude flood deposits or flood

event beds.

Facies Association 3 (FA 3): Lenticular Channel Lithosomes

These lithosomes are isolated and lenticular in shape. The FA 3

thicknesses range from 2 to 17 m and widths from 27 to 282 m. These

lenticular deposits range from sandy to heterolithic with mud layers

separating sandy accretion sets or sandy strata within the accretion sets

(Fig. 12B). In places, the accretion sets occur as channel-scale scour-and-

fill structures (Fig. 12A). In some examples, lateral-accretion sets dipping

at 10–308 occur where the outcrop exposure is perpendicular to flow.

Although still abundant, the content of UFR sedimentary structures is

considerably lower, and sandstone facies group 1 forms 50% (Fig. 9C).

LFR structures (sandstone facies group 2, 50%) include cross-stratified

sandstone (S2.1, 39%), scours filled with climbing-ripple laminae (S2.3,

3%), and overturned cross strata (S2.4, 8%). Vertical and lateral transitions

between UFR and LFR structures are frequently observed, although some

of the smaller lenticular lithosomes consist entirely of LFR structures (Fig.

12C). Lignitized plant and wood fragments are occasionally found in these

lithosomes.

Facies Association 3 Interpretation.—The isolated nature of these

lithosomes indicates a lower degree of channel amalgamation. The

combination of LFR and UFR sedimentary structures suggests variations

FIG. 3.—Continued.
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between low and high flow velocities, respectively, where rapid deposition

in supercritical flow conditions alternated with subaqueous dune migration

during more sustained subcritical flow conditions. This presence of cross

strata above UFR structures may indicate a less rapid decline of flood

strength and preservation of the waning-phase deposits (Abdullatif 1989).

Alternatively, the LFR structures may be the result of post-flood reworking

of sediment under subcritical flow conditions (Abdullatif 1989). Also, the

LFR structures may simply be better preserved due to less erosion during

consecutive floods. A modern example of such UFR and LFR deposit

variability is the River Gash in Sudan, which experiences high-magnitude

floods that last for about a week, but also a wet-season base flow that lasts

for the whole monsoon season (Abdullatif 1989).

Channel-scale scour-and-fill architecture (Fig. 12A) suggests conditions

controlled by discharge variability and supercritical flow and have been

documented in other deposits of variable-discharge rivers (Wang and

Plink-Björklund 2020). Lateral-accretion sets, however, indicate sustained

bar migration as determined by subcritical flow conditions.

In summary, facies association 3 preserves approximately equal

proportions of LFR and UFR structures, and on macroform scale contains

both lateral-accretion sets characteristic for subcritical flow and channel-

scale scour-and-fill geometries formed in supercritical flow.

Facies Association 4 (FA 4): Poorly Drained Floodplain Lithosomes

Facies association 4 consists of vertically stacked deposits of dominantly

mudrock facies group 1 (gray-brown-black mudrock, 95%), including

globular gray mudrock (M1.1), black mudrock (M1.2), brown to dark gray

mudrock (M1.3), gray-green mudrock (M1.4), and gray mudrock (M1.5).

Deposits of mudrock facies group 2 are rarely observed in this facies

association (purple-red mudrock, 3%). Most of the mudrock layers are

tabular, but there are also occasional scour surfaces filled with brown to

dark gray mudrock (M1.3) (Fig. 7A). Vertical successions show

alternations of mudrocks lacking visible evidence of pedogenic modifica-

tion and commonly exhibiting preserved organic matter and/or relict

lamination (M1.3 and some deposits of M1.5) with more strongly

developed paleosols displaying soil structure (peds) and/or mottling (M1.2,

M1.4, and deposits of M1.5 with weak to moderate angular blocky peds).

Thin, tabular or lenticular, and poorly cemented buff-colored sandstones

(S1.6, 2%) are commonly interbedded in the mudrock succession (Fig. 7A)

and range in thickness from 0.20 to 3 m. These sandy deposits are difficult

to distinguish from the surrounding mudrock facies because all of them

display a similar style of badland erosion, forming steep slopes (. 458)

that are commonly capped with well-cemented, cliff-forming channel

FIG. 4.—Examples of sandstone facies group 2. A) S2.1: cross-stratified sandstone. B) S2.2: sandstone with climbing cross strata. C) S2.3: sandstone with scours and

climbing cross laminae. Scour surfaces are annotated in white. D) S2.4: sandstone with overturned cross strata or laminae.
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FIG. 5.—Example hand samples of mudrock facies group 1. A) M1.1: globular gray mudrock. B) M1.2: black mudrock. C) M1.3: brown to dark gray mudrock with relict

lamination and plant fragments. D) M1.4: gray-green mudrock. E) M1.5: gray mudrock.
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deposits (Fig. 7A) and a thick interval (. 1 m) of globular gray mudrock

(M1.1) at the bases of the channels.

Facies Association 4 Interpretation.—Mudrock deposits with black

(Facies M1.2) or dark brown colors (Facies M1.3) are commonly

attributable to the presence of organic matter or manganese oxide minerals

(Farnham and Kraus 2002; Vepraskas 2016; Tabor et al. 2017). Gleyed

colors including gray and green (Facies M1.4 and M1.5) are thought to be

the result of reduction of ferric minerals or removal of organic matter and

oxides, which are processes associated with water saturation and anoxia

(Farnham and Kraus 2002; Vepraskas 2016; Tabor et al. 2017). The poorly

cemented buff sandy deposits are likely crevasse splays where thin and

tabular, and isolated channel deposits where lenticular. The crevasse-splay

deposits indicate partial avulsions, which causes channels to shift their

positions on the floodplain (Bridge and Leeder 1979; Jones and Schumm

1999). This process can end sedimentation to part of the floodplain for a

period of time, leading to pedogenic development of surface deposits

(Kraus 1999). Meanwhile, the location occupied by the overbank flow of

the partial avulsion experiences a high rate of sedimentation that prevents

pedogenic development (Kraus 1999). The large, globular soft-sediment-

deformation structures (Facies M1.1) likely resulted from loading of wet

floodplain muds by sand deposited above, similar to ball-and-pillow

structures (Mills 1983).

The facies in the FA 4 lithosome display a range of pedogenic

development levels, from mudrocks lacking visible pedogenic modification

to more strongly developed paleosols. Similar styles of stacked mudrock

deposits are interpreted to record variations in the balance between

sediment accumulation and the rate of pedogenesis (Marriott and Wright

1993; Kraus 1999). Pedogenic development can occur only on land

surfaces that are relatively stable for a period of time (Ruhe 1956; Marriott

and Wright 1993), and vertically stacked paleosols are formed in

sedimentary systems undergoing net aggradation, where the rate of

sedimentation does not overwhelm the rate of pedogenesis (Kraus 1999).

The vertically stacked profiles containing both mudrocks lacking visible

pedogenic development and weakly to moderately developed paleosols

indicate that sedimentation was rapid and unsteady at times, precluding the

development of strongly developed soils (sensu compound to composite

paleosols of Kraus 1999). Some scoured surfaces in the floodplain

successions indicate that some soil profiles may have been truncated due to

erosion of the upper part of a developing soil (Marriott and Wright 1993;

Kraus 1999). The stacked floodplain deposits overlying the scour surface

indicate that episodes of erosion and truncation were eventually followed

by renewed sedimentation (sensu Marriott and Wright 1993). The

combination of compound to composite paleosols and erosion surfaces

is thought to result from an unstable floodplain (Marriott and Wright 1993;

Kraus 1999). The presence of relict planar lamination (some deposits of

M1.3) filling some scoured surfaces may indicate the presence of standing

water (ponding) on parts of the floodplain. Taken together, the combination

of facies in this association indicates periods of net aggradation through

high deposition rates alternating with times of landscape stability or

erosion in a frequently wet depositional environment.

Facies Association 5 (FA 5): Variably Drained Floodplain Lithosomes

Facies association 5 consists of vertically stacked deposits of both

mudrock facies group 1 (gray-brown-black mudrock, 46%) and mudrock

facies group 2 (purple-red mudrock, 22%), with interbedded thin, tabular,

and poorly cemented sandstone deposits (S1.6, 32%) (Fig. 7B). Similar to

FA 4, these vertical successions show alternations of mudrock deposits

lacking visible pedogenic modification (M1.3 and some deposits of M1.5)

and paleosols. However, the paleosols in this facies association contain

moderately to strongly developed peds and abundant slickensides, and

display a range of colors including gray-green (M1.4), purple (M2.1), red

FIG. 6.—Example hand samples of mudrock facies group 2. A) M2.1: purple

mudrock with yellow-brown mottles. B) M2.2: red mudrock. C) M2.3: mudrock with

variegated color.
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FIG. 7.—Examples of floodplain lithosomes. Several representative horizons are annotated with their corresponding facies abbreviation. Human scale (black silhouette in

lower-right corners) is 1.8 m in height. A) Poorly drained floodplain lithosomes (FA 4) are dominated by gray-brown-black mudrock deposits (mudrock facies group 1) and

interbedded thin crevasse-splay deposits (S1.6). The arrow points to a scour surface that truncates a succession of floodplain deposits and is subsequently filled with a series of

stacked floodplain deposits. B) Variably drained floodplain lithosomes (FA 5) consist of both gray-brown-black mudrock (mudrock facies group 1) and purple-red mudrock

(mudrock facies group 2), interbedded with occasional crevasse-splay deposits (S1.6). C) Well-drained floodplain lithosomes (FA 6) consist of abundant purple-red mudrock

(mudrock facies group 2), alternating with some gray-brown-black mudrock (mudrock facies group 1) and thin crevasse-splay deposits (S1.6).
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(M2.2), and highly varicolored (gray-green, yellow-brown, purple, and red

mottling, M2.3). Nearly all of the deposits are tabular, and scour surfaces

truncating paleosol profiles are rarely observed unless they are associated

with sandy channel fills.

Facies Association 5 Interpretation.—The development of purple-red

deposits is attributed to the presence of hematite, an iron oxide mineral

resulting from the soil being moderately to well drained and oxidizing

(Retallack 1988). Purple mudrock deposits are interpreted as having

weaker hematite impregnation compared to red mudrock deposits (Kraus et

al. 2013). The mottles observed in these purple-red mudrock deposits are

redoximorphic features produced by soil gleying and indicate that the soils

were episodically saturated (Farnham and Kraus 2002). Furthermore, the

presence of slickensides indicates repeated shrinking and swelling of clays

due to fluctuations in the water table or seasonal wet–dry cycles at the

surface (e.g., Bigham et al. 2002; Kraus and Riggins 2007). The

combination of gleyed (reduced) and purple-red (oxidized) paleosols

may indicate alternating wet and dry periods on the floodplain during times

of low deposition rates or topographic variations in soil drainage

conditions.

The vertically stacked mudrock deposits indicate a sedimentary system

undergoing net aggradation. The presence of more strongly developed

TABLE 5.—Channel and floodplain facies associations.

Facies Association Name Included Facies Description Interpretation

FA 1 Sandy Channel

Lithosomes

S1.1; S1.2; S1.3; S1.4; S1.5;

S1.6; S2.1; S2.5

Channel deposits composed of stacked, thick

(10-50 m), and erosionally bounded flood

units with a massive or uniform appearance

in outcrop. Soft-clast coglomerates are often

present at the bases of flood units.

Dominance of UFR and HDR sedimentary

structures (96% Sandstone Facies Group 1).

Bioturbation is common at the tops of the

flood units.

High-magnitude flood deposits from flash-

flood events. Bioturbation indicates that the

channel was dry between flooding events.

FA 2 Heterolithic Channel

Lithosomes

S1.1; S1.2; S1.3; S1.4; S1.5;

S1.6; S2.1; S2.3; M1.3;

M1.5; M2.1

Channel deposits composed of stacked flood

units and mud layers along accretion-set

boundaries. UFR and HDR sedimentary

structures are abundant (89% Sandstone

Facies Group 1), with a larger proportion of

LFR structures (Sandstone Facies Group 2:

11%) than FA 1 channels.

High-magnitude-flood deposits with

preservation of waning flow stage, possibly

indicating a less rapid decline in flow

strength than the FA 1 channels. Where

present, in-channel pedogenic development

of mudrock indicates that the channel was

dry between flooding events, allowing soil

development.

FA 3 Lenticular Channel

Lithosomes

S1.2; S1.3; S1.4; S1.5; S1.6;

S2.1; S2.3; S2.4; M1.3;

M1.5; M1.2

Isolated channel deposits that are lenticular in

shape and bounded by floodplain deposits.

Channel fill ranges from sandy to

heterolithic. Lesser abundance of UFR and

HDR sedimentary structures (50%

Sandstone Facies Group 1) and higher

abundance of LFR structures (50%

Sandstone Facies Group 2).

Channels transported lesser discharge and have

a lower degree of amalgamation than the

highly amalgamated FA 1 and FA 2

channels. Combination of LFR and UFR

sedimentary structures indicates variations

between high and low flow velocities and

less-rapid decline of flood strength.

FA 4 Poorly drained

Floodplain Lithosomes

M1.1; M1.2; M1.3; M1.4;

M1.5; M2.1; S1.6

Vertically stacked mudrock deposits of

dominantly grey-green-black coloration

(95% Mudrock Facies Group 1) and sandy

crevasse-splay deposits (S1.6). Most

deposits are tabular; however, there are also

some scour surfaces filled with brown to

dark grey mudrock (M1.3).

A combination of compound to composite

paleosols and erosion surfaces indicating

rapid and unsteady floodplain sedimentation

(sensu. Marriott and Wright 1993; Kraus

1999). Crevasse-splay deposits indicate

channel migration by avulsion. The grey-

green-black coloring of the facies suggests

wet and reduced soils.

FA 5 Variably drained

Floodplain Lithosomes

M1.3; M1.4; M1.5; M2.1;

M2.2; M2.3; S1.6

Vertically stacked mudrock deposits of

alternating grey-green (46% Mudrock Facies

Group 1) and purple-red (22% Mudrock

Facies Group 2) coloration and sandy

crevasse-splay deposits (S1.6). Nearly all

deposits are tabular.

Composite paleosols indicating unsteady

floodplain deposition (sensu. Kraus 1999).

Crevasse-splay deposits indicate channel

migration by avulsion. The combination of

grey-green (reduced) and purple-red

(oxidized) paleosols suggests alternating wet

and dry periods on the floodplain during

times of slow deposition.

FA 6 Well drained Floodplain

Lithosomes

M2.1; M2.2; M2.3; M1.3;

M1.5; S1.6

Vertically stacked mudrock deposits with a

high occurrence of purple-red coloration

(42% Mudrock Facies Group 2) and sandy

crevasse-splay deposits (S1.6). Nearly all of

the deposits are tabular.

A combination of cumulative and compound

paleosols indicating alterations between

steady sedimentation and rapid, unsteady

sedimentation (sensu. Krauss, 1999).

Crevasse-splay deposits indicate channel

migration by avulsion. The abundance of

purple-red (oxidized) paleosols and the

reduced occurence of drab (reduced)

paleosols indicates that the floodplain was

well drained and frequently dry.
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peds, increased slickensides, increased mottling, and fewer mudrocks

lacking visible pedogenic modification (compared to FA 4), combined with

a lack of truncated paleosol profiles, indicates that erosion was

insignificant, and sedimentation was unsteady enough to allow for

paleosol development (sensu composite paleosols of Kraus 1999). The

presence of interbedded poorly cemented, buff sandy deposits, interpreted

as crevasse splays (see FA 4 interpretation), indicates that avulsion events

were occurring on the floodplain.

FIG. 8.—Examples of sandstone lithosomes. A) Sandy channel lithosomes (FA 1). B) Heterolithic channel lithosomes (FA 2). C) Lenticular channel lithosomes (FA 3).

Paleoflow directions are indicated by the black arrows in lower right corner of annotated images.
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Facies Association 6 (FA 6): Well-Drained Floodplain Lithosomes

Facies association 6 consists of vertically stacked deposits with a high

occurrence of purple-red mudrock (mudrock facies group 2, 42%),

including purple mudrock (M2.1), red mudrock (M2.2), and mudrock with

variegated color (M2.3) (Fig. 7C). Vertical successions of this facies

association consist of alternations of thick (. 1 m), tabular mudrock layers

exhibiting blocky to wedge-shaped peds, abundant slickensides, mottling,

and carbonate nodules with thick deposits of mudrock lacking visible

evidence of pedogenic modification (M1.3 and some deposits of M1.5,

30%) and thin (, 1 m) tabular or lenticular, and poorly cemented buff-

colored sandy deposits (S1.6, 28%). These sandy deposits are difficult to

distinguish from the surrounding mudrock facies because all of them

display a similar style of badland erosion, forming steep slopes (. 458)

that are commonly capped with the well-cemented, cliff-forming sandstone

channel deposits. Nearly all the deposits are tabular, and scour surfaces

truncating paleosol profiles are not observed unless they are associated

with sandy channel fill.

Facies Association 6 Interpretation.—The dominance of purple-red

(oxidized) paleosols and a lack of gleyed (reduced) deposits indicates that

the floodplain was well drained and frequently dry during times of low

deposition. The wedge-shaped peds that are common in these deposits are

thought to form only in soil profiles where seasonal precipitation and

abundant fine clay combine to induce shrink–swell processes (Tabor et al.

2017). The presence of slickensides and mottles also indicates that the soils

were episodically saturated. Carbonate nodules are formed under well

drained, oxidizing conditions with a net water deficit due to evapotrans-

piration, and their presence indicates periods of dryness (Breecker et al.

2009). The combination of visible peds, abundant slickensides, mottling,

and carbonate nodules in mudrock horizons measuring . 1 m in thickness

is interpreted as strongly developed paleosol profiles (Tabor et al. 2017).

Deposits with laminae, preserved organic matter, and/or a high silt content

are interpreted as sediments devoid of visible pedogenic modification. In

these cases, the deposits were likely buried before significant pedogenesis

could take place (Tabor et al. 2017).

FIG. 9.—Representative measured sections and photos from sandstone lithosomes. A) Sandy channel lithosomes (FA 1). B) Heterolithic channel lithosomes (FA 2). C)

Lenticular channel lithosomes (FA 3).
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As with FA 4 and FA 5, this facies association indicates a sedimentary

system undergoing net aggradation. However, the alternation of thick,

strongly developed paleosol profiles (sensu cumulative paleosols of Kraus

1999), mudrock deposits lacking visible pedogenic modification, and

sandy deposits (sensu compound paleosols of Kraus 1999) indicate

alternations between steady sedimentation and rapid, unsteady sedimen-

tation. The weakly developed paleosols and mudrock deposits lacking

visible pedogenic modification are commonly associated with sandy

avulsion deposits. The presence of interbedded poorly cemented, buff

sandy deposits, interpreted as crevasse splays (see FA 4 interpretation),

also indicates that avulsion events were occurring on the floodplain. Taken

together, the combination of facies in this association indicates periods of

net aggradation through high deposition rates alternating with times of

landscape stability in a frequently dry depositional environment.

FIG. 10.—FA 1 channel characteristics. A) Three stacked, thick, and erosionally bounded sandstones interpreted as flood event beds separated by mud-clast conglomerates.

Human scale (black silhouette in lower-right corner) is 1.8 m in height. B) FA 1 Channel with low-angle, upstream-dipping accretion sets. C) FA 1 channel consisting with

annotated sedimentary facies D) Mud-clast conglomerates (S1.1) overlain by sandstone with low-angle laminae (S1.3). E) In-channel bioturbation (vertical burrows) is seen in

the lower sandstone deposit, whereas the overlying deposit is not bioturbated and contains visible laminae. Paleoflow directions are indicated by the black arrows in annotated

images.
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DISCUSSION

Signatures of Variable Discharge in Channel Deposits and Comparison

to Facies Models

The FAs 1–3 channel deposits are identified as deposits of variable-

discharge river systems, based on a combination of 1) an abundance of

UFR and HDR sedimentary structures indicative of high-magnitude flood

events, 2) preservation of in-channel bioturbation and pedogenic

modification indicating periods of prolonged dryness, 3) in-channel

mudrock layers associated with high mud concentrations and rapidly

waning flow, and 4) lack of identifiable braid-bar or point-bar strata

characteristic of the upper flow regime. The proportion of UFR structures

varies from dominant (96% and 89% in FAs 1 and 2, respectively) to

FIG. 10.—Continued.
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FIG. 11.—FA 2 channel characteristics. A) Heterolithic channel lithosome with pedogenic modification of in-channel mud layer at a downstream-dipping accretion

boundary (marked with red star). The lower part of the lithosome displays low-angle downstream-accretion sets and the upper part erosionally bounded upstream-accretion

sets. B) In-channel bioturbation in FA 2 channel fill. Paleoflow direction is indicated by the black arrow in lower right corner of annotated image.

PRECIPITATION VARIABILITY IN THE PALEOGENE SAN JUAN BASIN, NEW MEXICOJ S R 1791

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/90/12/1770/5235664/i1527-1404-90-12-1770.pdf
by Baylor University user
on 02 April 2021



FIG. 12.—FA 3 channel characteristics. A) Lenticular channel with a channel-scale scour-and-fill structure with upward-flattening sets. B) Lenticular channel with mud

layers separating sandy strata. C) Lenticular channel filled entirely with LFR structures from sandstone facies group 2 including cross strata and overturned cross strata.

Paleoflow directions are indicated by the black arrows in lower right corner of annotated images.
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abundant (50% in FA 3). The proportion of HDR structures remains

dominant in all channel lithosomes. At macroform scale, the channel

lithosomes display upstream or downstream accretion or channel-scale

scour-and-fill structures where accretion sets are composed of flood event

beds. Current facies models for deposits of variable-discharge rivers are

primarily based on meso-scale sedimentary structures, as very few studies

have systematically described macro-scale architecture other than noting

that recognizable braid-bar or point-bar strata are missing or rare. Below,

we compare to the proposed facies models for variable-discharge river

deposits (Fielding et al. 2009, 2011, 2018; Plink-Björklund 2015, 2019)

and to modern examples where possible.

FA 1 lithosomes share many characteristics with those described as

amalgamated lithosomes with thick flood units in Plink-Björklund (2015),

in that they consist of 80–100% of UFR and HDR sedimentary structures,

lack in-channel mudrocks, consist of relatively thick flood event beds, and

form lithosomes with a massive or uniform appearance in laterally and

vertically amalgamated tabular sandstones (see also Tunbridge 1981; Stear

1985; Billi 2007). Thick mud-clast conglomerates and in-channel long

vertical burrows have also been documented, and such lithosomes have

been suggested to resemble flash-flood and megaflood deposits (e.g.,

Schumm 1961; McKee et al. 1967; Williams 1971; Stear 1985; Billi 2007;

Plink-Björklund 2015; Fielding et al. 2018). On the macroform scale, the

similarity includes low-angle downstream accretion (Plink-Björklund

2015; Wang and Plink-Björklund 2020). Modern river deposits with

similar facies characteristics have been documented in the Kobo Basin,

Ethiopia (Billi 2007), the Sinai Peninsula (Sneh 1983), and the Karoo in

South Africa (Stear 1985). Mean annual precipitation varies considerably

in these three areas from 750 mm in the former to , 100 mm in the two

latter areas. The similarities in climate include sustained droughts that last

for most of a year (Billi 2007) to decades (Sneh 1983; Stear 1985), and that

the whole annual precipitation falls in a few downpours that last from hours

to a few days. Based on these characteristics, Plink-Björklund (2015)

hypothesized that such channel lithosomes occur where intermittent

intense rainfall, together with sparse vegetation, promote flash floods, high

erosion rates, and high sediment flux. Plink-Björklund (2019) further

speculated that such conditions may be characteristic for arid and semiarid

subtropics with intermittent rainfall and lack of prolonged wet seasons.

FA 1 lithosomes also share some characteristics with the alluvial bodies

with very high discharge variance proposed by Fielding et al. (2018).

Similarities include a dominance of the same styles of UFR sedimentary

structures (see also Fielding et al. 2009, 2011). Differences include

macroform-scale architecture that is present and a lack of trees and

sedimentary structures generated by in-channel vegetation (see also

Fielding et al. 2009, 2011). Fielding et al. (2009, 2018) propose the

Burdekin River (Fielding and Alexander 1996; Alexander and Fielding

1997; Alexander et al. 1999a, 1999b, 2001; Fielding et al. 1997, 1999;

Nakayama et al. 2002; Amos et al. 2004) and the Fitzroy Rivers (e.g.,

Amos et al. 2008; Croke et al. 2011) of seasonal tropical northeast

Australia, and Bijou Creek, Colorado (McKee et al. 1967) of the semiarid

continental western USA, as modern analogues. They relate this

depositional style to highly flashy discharge regimes and extreme

interannual variability, where moderate or more intense rain tends to

produce rapid runoff with a short response time, leading to highly peaked

discharge hydrographs, especially in conditions of sparse vegetation

following a prolonged drought.

FA 2 lithosomes are not well represented in the proposed facies models

in that they are dominated by UFR and HDR sedimentary structures,

contain in-channel mudrocks, and display downstream- and upstream-

accretion sets. The exception is Wang and Plink-Björklund (2020) where

similar strata are described in the Uinta Basin, Utah. However, in-channel

mudrocks are documented from numerous modern and ancient settings

(Williams 1971; Tunbridge 1981; Sneh 1983; Stear 1985; Abdullatif 1989;

Olsen 1989; Singh and Bhardwaj 1991; Singh et al. 1993; North and

Taylor 1996; Shukla et al. 2001; Billi 2007; Nichols and Fisher 2007;

Fisher et al. 2008; Fielding et al. 2009, 2011, 2018; Chakraborty and

Ghosh 2010; Allen et al. 2011; Mader and Redfern 2011; Plink-Björklund

2015, 2019; Wang and Plink-Björklund 2020). The listed modern

examples occur in arid to subhumid subtropics, and in the monsoon zone.

Thus, the presence of mud layers does not seem to be linked to a specific

climate condition, and is rather linked to high mud concentrations and a

rapid decline of floods (Plink-Björklund 2015), and perhaps the

downstream position along a river length (Wang and Plink-Björklund

2019).

FA 3 lithosomes are most similar to the lithosomes with flood units and

lower-flow-regime deposits of Plink-Björklund (2015) in that they contain

around 50% UFR deposits and occasional lateral-accretion sets. Modern

examples range from monsoonal-domain rivers (e.g., Shukla et al. 2001;

Singh et al. 2007), to semiarid subtropics with mean annual precipitation of

only 100–150 mm (Abdullatif 1989). This style of mixed UFR and LFR

has been linked to rivers that transmit effective discharge for a whole wet

season that lasts 3–5 months, and thus experience high- as well as low-

magnitude floods (Abdullatif 1989; Plink-Björklund 2015, 2019). Peak

discharges with high flow velocities and sediment concentrations, and thus

deposition of UFR/HDR sedimentary structures, may last for only a few

days and alternate with longer periods of lower discharge (Abdullatif

1989).

FA 3 is also similar to the alluvial deposits with intermediate-discharge-

variance of Fielding et al. (2018) in that they report a mixture of UFR and

LFR deposits. They do not, however, provide quantitative facies

proportions. The proposed modern analogues with documented sedimen-

tary records are the Eel River of northern California (Sloan et al. 2001) and

the sandy, braided Platte River of Nebraska (Horn et al. 2012), central

USA.

In summary, the proposed facies models suggest that FA 1 is linked to

very flashy discharge that is likely to occur in arid, semiarid, and even

subhumid tropical and subtropical climates with prolonged droughts, little

vegetation, and intense intermittent rainfall. In contrast, multiple climatic

regimes can be proposed for mixed UFR and LFR river systems of FA 3,

ranging from arid to monsoonal systems with pronounced summer wet

seasons to the winter-wet seasonal climate of California. Based on the

provided examples, a common denominator seems to be the presence of a

prolonged wet season, in contrast to the intense intermittent rainfall

producing strata of FA 1 (see also Plink-Björklund 2019). FA 2 channel

deposits cannot be linked to a specific climate type. Thus, although FAs 1–

3 can be identified as deposits of variable-discharge rivers; they are not

linked to specific climate types based on channel facies associations alone.

There is, however, a suggested link between lithosome types and

precipitation patterns (intermittent vs. pronounced wet season) for FAs 1

and 3.

Signatures of Variable Discharge in Floodplain Deposits

In addition to evidence of variable-discharge river systems from channel

deposits, the floodplain deposits display indicators of moisture fluctuations

and varying deposition rates. The crevasse-splay deposits observed in FAs

4–6 are related to partial or full avulsions, which are commonly observed

in modern seasonal river systems due to the frequent occurrence of flood

events (Abdullatif 1989; Makaske 2001; Jain and Sinha 2003, 2004;

Assine 2005; Billi 2007; Assine and Silva 2009; Sinha et al. 2009;

Chakraborty and Ghosh 2010; Donselaar et al. 2013), where highly

variable flood discharges and high sediment concentrations result in rapid

channel-bed aggradation and resultant superelevation, which is a key

threshold for avulsion occurrence (Bryant et al. 1995; Hajek and Edmonds

2014). The avulsions result in high deposition rates on the floodplain as

evidenced by sandy crevasse-splay deposits paired vertically with weakly
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developed compound paleosols and mudrocks lacking visible pedogenic

modification.

The FAs 4–6 lithosomes show alternations of compound paleosols and

mudrocks lacking visible pedogenic modification with more developed

composite and/or cumulative paleosols, indicating that avulsions were

episodic and punctuated by periods of slow deposition allowing for varying

levels of pedogenic development. A lack of pedogenic modification and

weakly developed paleosols (‘‘protosols’’) have also been linked to climatic

conditions that inhibit or slow down pedogenesis, such as extreme aridity

or cold (Kraus 1999). The coloration of the sediment and pedogenic

features such as mottles, structure, and nodules in floodplain deposits can

provide additional important information about climate and/or soil

drainage conditions (e.g., Kraus and Hasiotis 2006; Vepraskas 2016).

The most apparent evidence for highly variable soil moisture conditions is

seen in the variably drained floodplain lithosome (FA 5), where the gleyed

(reduced) deposits of mudrock facies group 1 are observed alternating with

the purple-red (oxidized) deposits of mudrock facies group 2. However,

some indicators of moisture fluctuations are present in all the floodplain

lithosomes observed throughout the study interval, even those identified as

lithosomes of poorly drained floodplains. These indicators include features

like slickensides and wedge-shaped peds that indicate repeated shrinking

and swelling of clays (Tabor et al. 2017). We suggest that these common

features indicate that a signature of variable precipitation is present

throughout the upper Nacimiento and San Jose formations, further

supporting the evidence from channel systems. However, some additional

indicators of variable precipitation such as carbonate nodules and more

strongly developed ped structures are observed only in association with the

variably drained and well-drained floodplain lithosomes (FA 5 and FA 6). It

is important to note that our interpretations of the paleosols are based on

qualitative assessments of texture and color. Including a detailed

paleopedological investigation in future work would enable a quantitative

estimate of paleoclimate conditions.

Channel–Floodplain Associations and Their Link to Hydroclimate

In order to further test hypotheses on the link between climate and the

various styles of channel and floodplain deposits, we here combine

evidence from channel and floodplain deposits. Six styles of channel–

floodplain associations occur at different stratigraphic intervals: isolated

lenticular channels (FA 3) in association with poorly drained floodplain

deposits (FA 4) (Fig. 13A) and heterolithic channels (FA2) in association

with poorly drained floodplain deposits (FA 4) (Fig. 13B) occur together in

the Escavada Member. Amalgamated sandy channels (FA 1) in association

with variably drained floodplain deposits (FA 5) (Fig. 13C) occur in the

lower Cuba Mesa Member and heterolithic channels (FA 2) in association

with variably drained floodplain deposits (FA 5) (Fig. 13D) occur in the

middle and upper Cuba Mesa Member. Isolated channels (FA 3) occur in

association with well-drained floodplain deposits (FA 6) in the lower

Regina Member (Fig. 13E), and amalgamated channels (FA 1) occur in

association with well-drained floodplain deposits (FA 6) in the upper

Regina Member (Fig. 13F). The variety of associations implies multiple

interesting perspectives on hydroclimate controls.

The combination of heterolithic channels (FA 2) and isolated channels

(FA 3) in the same stratigraphic interval (Escavada Member) suggests that

is unlikely that they are related to different precipitation regimes. This co-

occurrence further suggests that these lithosome types may occur along the

same rivers (see also Wang and Plink-Björklund 2019). Analyses of

downstream changes in river discharge patterns, using data from multiple

gauging stations along the same river, reveal that while the average

discharge variability does not decrease downstream, the instantaneous

effects of single storms (flashiness) do decrease (Hansford and Plink-

Björklund 2020). Such a decrease in flashiness may be responsible for a

downstream change in lithosome style. Nevertheless, the association of

these variable-discharge channel lithosomes with the poorly drained

floodplain lithosome (FA 4) suggests that wet conditions were relatively

sustained, similar to modern monsoon climates. These channel–floodplain

associations contradict the facies model proposed by Fielding et al. (2018),

where monsoonal river deposits are hypothesized to be dominated by cross

strata and support the hypothesis that they are more similar to river

deposits in arid to humid subtropics (e.g., Kumar 1993; Singh et al. 1993;

Willis 1993; Shukla et al. 2001; Chakraborty et al. 2010; Plink-Björklund

2015, 2019). The occurrence of FA 1 and FA 2 channel lithosomes in the

Cuba Mesa Member may similarly reflect a downstream change (see Wang

and Plink-Björklund 2019), such as preferential upstream sand deposition

and downstream mud deposition. However, their association with variably

drained floodplain deposits (FA 5) suggests a climate that had both

considerable seasonal to interannual as well as decadal or longer

precipitation variability that may be similar to modern subhumid tropical

climates. The co-occurrence of FA 3 with well-drained floodplain

lithosomes (FA 6) in the lower Regina Member contradicts suggestions

that such isolated lenticular channel lithosomes are linked to monsoonal-

domain rivers that experience a sustained wet season and transport

perennial base flow, as was hypothesized by Plink-Björklund (2015).

Instead, this channel–floodplain association may also develop at lower-

magnitude precipitation events and/or losses due to evaporation and

infiltration under more arid conditions and increased soil drainage (see

Babcock and Cushing 1942; Ibrahim 1980; McCarthy and Ellery 1998).

This style of precipitation variability is seen in some modern semiarid to

arid subtropics, or drylands, that are characterized by high, yet variable,

aridity, reflecting low precipitation totals and high evapotranspiration

potential (see Tooth et al. 2013). The co-occurrence of FA 1 with FA 6 in

the upper Regina Member suggests a dominantly arid environment and

intense precipitation events resulting in high-magnitude flooding. This

style of precipitation regime is also within the range of diversity observed

in the modern semiarid to arid subtropics, or drylands (Tooth et al. 2013).

The observed diversity and overlap in channel–floodplain associations

agrees with suggestions that tropical monsoonal, subtropical, and dryland

subtropical rivers show many overlapping characteristics when the full

range of river styles is considered in the climate zones (e.g., Knighton and

Nanson 1997; Tooth and Nanson 2000; Powell 2009; see also review in

Tooth et al. 2013). The findings that amalgamated sandy channels (FA 1)

are associated with variably drained floodplain deposits (FA 5) and well-

drained floodplain deposits (FA 6), heterolithic channels (FA 2) are

associated with poorly drained floodplain deposits (FA 4) and variably

drained floodplain deposits (FA 5), and, in particular, isolated lenticular

channels (FA 3) are associated with both poorly (FA 4) and well-drained

floodplain (FA 6) deposits strongly cautions simplistic use of variable-

discharge channel lithosomes as proxies for paleoclimate or even

hydroclimate types. These findings signify the importance of incorporating

multiple data types, such as the combination of channel lithosomes and

floodplain characteristics documented herein. Factors such as downstream

variability along the river system must also be considered when analyzing

datasets.

Evidence of Paleogene Climate Changes in the San Juan Basin

The fluvial deposits of the Escavada Member of the Paleocene

Nacimiento Formation through the early Eocene Cuba Mesa and Regina

members of the San Jose Formation show characteristics that suggest a

range of variable precipitation regimes analogous to those of the modern

monsoon and subtropical domains. Here, we discuss what these similarities

and the stratigraphic positions of the various channel–floodplain

associations may imply about Paleogene climate changes in the San Juan

Basin.

The floodplain deposits suggest an overall trend of increasing aridity

from the Paleocene into the early Eocene, but the diversity in the channel
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FIG. 13.—Examples of channel–floodplain associations. A) Lenticular channel lithosome (FA 3) in association with poorly drained floodplain lithosome (FA 4). B)

Heterolithic channel lithosome (FA 2) in association with poorly drained floodplain lithosome (FA 4). C) Sandy channel lithosome (FA 1) in association with variably drained

floodplain lithosome (FA 5). D) Heterolithic channel lithosome (FA 2) in association with variably drained floodplain lithosome (FA 5). E) Lenticular channel lithosome (FA

3) in association with well-drained floodplain lithosome (FA 6). F) Sandy channel lithosome (FA 1) in association with well-drained floodplain lithosome (FA 6). Paleoflow

directions are indicated by the black arrows in the lower right corner of images.
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lithosome styles suggests that considerable variability in the frequency and

magnitude of precipitation and flooding events is superimposed on the

long-term drying trend (Fig. 14). Furthermore, the stratigraphic clustering

of the channel lithosome styles, as well as the stratigraphic variability in

gleyed vs. purple-red paleosols, suggests some long-term trends, and

perhaps cyclicity, in the frequency and magnitude of intense precipitation

events. Wang et al. (2014, 2017) have shown that variability in modern

monsoons and Quaternary paleo-monsoons occurs across time scales, from

interannual, interdecadal, centennial, millennial, and up to orbital and

tectonic timescales. The current lack of time constraints throughout the San

Juan Basin study interval precludes further analysis of the frequency and

duration of changes in the hydrological cycle, but the deposits in the study

interval suggest multiple time scales of precipitation variability. In

addition, some of the stratigraphic trends observed among the channel

lithosomes may show evidence of threshold climate change beyond

inherent monsoon precipitation variability. For example, the basin-wide FA

1 channel belt at the base of the Cuba Mesa Member, which corresponds

with a shift from poorly drained (FA 4) to variably-drained (FA 5)

floodplain deposits, may have resulted from sediment flushing as the

ambient climate of the region shifted from a monsoonal precipitation

regime in the Paleocene to variably subhumid and arid in the early Eocene

(Fig. 14A). Reduction in vegetative cover, erosion of soils, and an increase

in sediment yield is likely to result in a sediment flush under these

conditions (Cecil and Dulong 2003). It is also suggested that once

weathering and pedogenic equilibrium are reestablished under the drier

conditions, rivers continue to show a relatively high solid-sediment yield

(Cecil and Dulong 2003), which may be evidenced in the overlying FA 1

(central San Juan Basin) and FA 2 (southern San Juan Basin, Fig. 14B)

channel lithosomes in the middle and upper Cuba Mesa Member. The

return of FA 3 channels in the lower Regina Member could indicate

decreased discharge and solid-sediment yield as the climate became

increasingly arid, as suggested by their association with well-drained FA 6

floodplain deposits (Fig. 14C). However, the FA 1 channels in the upper

Regina Member, which are also found in association with FA 6 floodplain

deposits, suggest that rainfall intensity rather than overall aridity is a key

control on water discharge and sediment yields.

The long-term trend towards increasing aridity observed in the

floodplain deposits coincides with a global long-term warming trend

from the Paleocene to the middle early Eocene upon which transient

hyperthermals were superimposed (Zachos et al. 2008; Bijl et al. 2013).

Huber and Goldner (2012) suggest that the intensity and distribution of

precipitation changed as a result of the Paleogene warming trend, with

greater moisture transport to high latitudes (Pagani et al. 2006) and

enhanced seasonal extremes in some areas (John et al. 2008). In addition,

it has been suggested that extremes in the hydrological cycle resulting in

increased precipitation peakedness in the subtropics and mid-latitudes

coincided with the Eocene hyperthermals (McInerney and Wing 2011;

Plink-Björklund et al. 2014; Carmichael et al. 2016, 2018). The

Paleocene and early Eocene deposits in the study interval suggest an

overall long-term decrease in mean annual precipitation and fluctuations

in seasonal extremes of precipitation and seem to suggest that floodplain

deposits may be a better indicator of ambient climate, whereas channel

deposits are records for frequency and magnitude of high-intensity

precipitation events.

The long-term drying trend indicated by the San Juan Basin floodplain

deposits differs from what has been suggested from records in other mid-

latitude sedimentary basins with Paleocene–Eocene boundary deposits. In

the Bighorn Basin, Wyoming, a transient decrease in precipitation has been

suggested coincident with the Paleocene–Eocene Thermal Maximum

(PETM) hyperthermal event (Kraus and Riggins 2007; Kraus et al. 2015).

These researchers have also observed indicators of wet–dry cycles in the

PETM interval floodplain deposits that they suggest may correspond to

precessional cycles. The PETM interval is followed by indicators of similar

to slightly wetter background soil moisture, using the CALMAG mean

annual precipitation proxy, linked to four younger hyperthermal events

(Abels et al. 2015). In the Uinta Basin, Utah, paleosol characteristics and

trace fossils similarly suggest a transient shift to overall drier conditions

during the PETM, followed by a wetter period with seasonally variable

conditions (Golab 2010). In contrast, conditions in the Piceance Creek

Basin, Colorado, are suggested to have been drier in the late Paleocene and

more humid during the PETM due to an observed shift from a mix of

purple, orange, and red paleosols to dominantly purple paleosols (Foreman

et al. 2012). An abundance of red-pink paleosols above the identified

PETM interval suggests drier conditions further into the early Eocene. In

the Tremp–Graus Basin, Spain, semiarid conditions across the Paleocene–

Eocene boundary are suggested, with an increase in intra-annual humidity

gradients and associated seasonal flash floods during the PETM, followed

by drier conditions immediately after the PETM (Schmitz and Pujalte

2007).

CONCLUSIONS

This study identifies the river and floodplain deposits of the Paleocene

upper Nacimiento Formation (Escavada Member) through the Cuba Mesa

and Regina members of the San Jose Formation in the San Juan Basin as

formed by variable-discharge river systems, resulting from interannual

(seasonal) and intra-annual precipitation variability. Evidence for a variable

precipitation signature includes:

1. An abundance of upper-flow-regime sedimentary structures depos-

ited under Froude supercritical flow conditions and high deposition

rates in the channel deposits. A high percentage of upper-flow-regime

and high-deposition-rate structures is characteristic of modern and

ancient monsoonal and subtropical rivers that have highly seasonal

discharge and receive most of their annual (or in some cases,

interannual) precipitation from one to few large downpours resulting

in flooding events.

2. Preservation of in-channel bioturbation and mud layers with

pedogenic modification indicating that channels underwent periods

of prolonged dryness between flooding episodes.

3. Floodplain lithosomes with alternations of poorly drained and more

well-drained deposits and/or slickensides indicating alternating wet–

dry cycles.

4. Floodplain lithosomes with crevasse-splay deposits that suggest

channel avulsions resulting from flooding events.

Floodplain paleosols also evidence an overall long-term decrease in

mean annual precipitation, whereas channel lithosomes reflect more short-

term fluctuations in seasonal extremes of precipitation. Thus, integrating

paleo-precipitation proxies from the river channel and floodplain deposits

suggests that floodplain deposits may be a better indicator of ambient

climate, whereas channel deposits are records for frequency and magnitude

of high-intensity precipitation events. These data further suggest that the

long-term drying trend that coincides with a long-term global warming

trend from the Paleocene into the middle early Eocene was superimposed

by fluctuations in hydrological-cycle extremes.

We show that when analyzed together and compared with precipitation

variability from modern climate zones, the changes in channel–floodplain

associations suggest a shift from a monsoonal precipitation regime in the

Escavada Member of the Paleocene Nacimiento Formation to fluctuating

subhumid and arid subtropical in the Cuba Mesa Member and semiarid to

arid in the Regina Member of the early Eocene San Jose Formation.

We conclude that the existing facies models for variable-discharge rivers

that consider only channel deposit facies may not capture critical

information needed to make accurate interpretations of paleoclimatic

conditions.
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