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B.S., Geology, The University of the South, 2006
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ABSTRACT

This dissertation follows the hybrid format as defined by the Office of Graduate
Studies at the University of New Mexico. The three chapters herein were prepared as
manuscripts to be submitted for publication to peer-reviewed journals in the field of Earth
sciences. Chapter 1 will be submitted to New Mexico Geology. Chapter 2 will be
submitted to Geology. Chapter 3 will be submitted to the Geological Society of America
Bulletin. The main theme of these works is an exploration of paleoenvironmental
conditions recorded in the Paleocene siliciclastic sediments of the San Juan Basin,
northwestern New Mexico. Chapter 1 is an investigation of the lithologic and
stratigraphic properties of Cretaceous and Paleogene terrestrial siliciclastic rock units in
the San Juan Basin. | used petrography, stratigraphy, and geochemistry to show that
marked changes occurred in sedimentation styles, sedimentary sources, and regional
landscape evolution in the study area during the Laramide Orogeny and that these
changes caused observable trends in San Juan Basin rocks. Chapter 2 explores the
enigmatic silcretes of the Nacimiento Formation. My work shows that these silcretes
represent a product of silica diagenesis that cannot be explained using currently accepted
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models of silcrete genesis and that significant accumulation of volcanic ash occurred in
the Paleocene San Juan Basin. Chapter 3 is an exploration of the paleosols preserved in
the Nacimiento Formation. This work shows that widely used methods of estimating
paleoclimate conditions based upon the geochemical composition of paleosols will
produce inaccurate estimates in many realistic sedimentary basin environments. The
major properties of Nacimiento Formation paleosols appear to be controlled by non-
climate factors. | show that the evolution of a fluvial system can explain the observed

trends.
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EPIGRAPH

“We must not only consider how things are, but how they came to be so. ‘Tis pleasant to
look upon a tree in the summer, covered with its green leaves, decked with blossoms, or
laden with fruit, and casting a pleasing shade under its spreading boughs; but to consider
how this tree with all its furniture sprang from a little seed; how nature shaped it and fed
it in its infancy and growth; added new parts, and still advanced it by little and little, till it
came to this greatness and perfection, this, methinks, is another sort of pleasure, more
rational, less common...So to view this earth as it is now complete, distinguished into the
several orders of bodies of which it consists, every one perfect and admirable in its kind,;
this is truly delightful and a very good entertainment of the mind; but to see all these in
their first seeds; to take in pieces this frame of nature, and melt it down into its first
principles; ...this, methinks, is another kind of joy, which pierceth the mind more deep,
and is more satisfactory.”

-Thomas Burnet, Sacred Theory of the Earth, 1691

“When we are unable to explain the monuments of past changes, it is always more
probable that the difficulty arises from our ignorance of all the existing agents, or all their
possible effects in an indefinite lapse of time, than that some cause was formerly in
operation which has ceased to act...”

-Charles Lyell, Principles of Geology, Vol. I, 1830



Chapter 1
Ojo Alamo Sandstone: New interpretations of its sedimentologic and tectonic

significance
Kevin M. Hobbs!, Gary S. Weissmann?, Peter J. Fawcett?

!Department of Earth and Planetary Sciences, Northrop Hall, University of New Mexico,

Albuquerque, New Mexico 87131, USA

ABSTRACT

Fluvial siliciclastic rocks bracketing the Cretaceous-Paleogene boundary in the
San Juan Basin (SJB), New Mexico, provide records of regional fluvial and tectonic
evolution during the Laramide Orogeny. Petrographic analyses of sandstones from the
Upper Cretaceous Fruitland Formation and Kirtland Shale and the Paleocene Ojo Alamo
Sandstone and Nacimiento Formation show that the rivers depositing these sediments
were sourced in areas where unroofing of crystalline basement rocks took place,
introducing an increasing proportion of immature detrital grains into the fluvial system
through time. After the Cretaceous-Paleogene boundary, rivers deposited an increasing
amount of potassium feldspar relative to plagioclase feldspar, suggesting a growing
source in crystalline basement rocks. Geochemical analyses show significant differences
between Al- and K-poor Upper Cretaceous sandstones and Al- and K-rich lower

Paleocene sandstones in the San Juan Basin.

The high proportion of sand-size material in the Ojo Alamo Sandstone suggests
that it was deposited in a basin with a low sediment supply/accommodation ratio.
However, magnetostratigraphic age constraints suggest it had a relatively high

sedimentation/subsidence rate of up to 0.39 m/kyr. The sediment supply must have been



significantly high in order to deposit a basin-wide coarse sand-dominated package,
suggesting rapid creation of topographic relief in the San Juan Uplift, the proposed source

area of the Ojo Alamo fluvial system.

The observed sedimentary architecture and age constraints of the Ojo Alamo
Sandstone, including kilometers-wide sand bodies and limited overbank mudstones
throughout most of the outcrop area, are difficult to reconcile with accepted models of
aggradation and avulsion in fluvial systems, but available age and lithologic data do not
allow for complete understanding of Paleocene SJB fluvial systems and basin evolution.
Here, we present lithologic, petrographic, and thickness information from SJB K/Pg

fluvial siliciclastic units and interpretations of their origins.

INTRODUCTION

Since the 1970s, Ojo Alamo Sandstone research has focused primarily on the
interpretation of the formation’s position at or near the Cretaceous-Paleogene (K-Pg)
boundary, its potential economic role as a hydrocarbon reservoir or uranium source, and
its importance as a marker of regionally-extensive Laramide tectonic activity. Few
studies have offered basin-scale sedimentation, tectonic, and paleoenvironmental
interpretations for the Ojo Alamo Sandstone. Recent advances in understanding of fluvial
sedimentary processes and preservation potential (Owen et al., 2015, and references
therein), Laramide tectonic deformation history of the southern Rocky Mountains (Heller
et al., 2012, and references therein), and radiometric and magnetostratigraphic age
controls for Cretaceous and Paleogene rocks of the San Juan Basin (SJB) (Donahue,

2016) allow for updated interpretations of the depositional history, lithostratigraphic



relationships, and tectonic significance of the Ojo Alamo Sandstone which we present

here.

The K-Pg boundary in the SIB of northwestern New Mexico is located within or
between the Late Cretaceous Kirtland Formation and the Paleocene Ojo Alamo
Sandstone. The exact position of the boundary has been subject to conflicting
interpretations throughout the 20" Century (e.g., Bauer 1916, Reeside 1924, Dane 1936,
Baltz et al. 1966, Lindsay et al. 1981, Fassett 1985). Though still debated (e.g. Fassett et
al. 2011; Lucas et al. 2009), the K-Pg boundary is generally accepted to lie at the base of
the Ojo Alamo Sandstone sensu Baltz (1967), i.e., at the base of the “Kimbeto Member”
of the Ojo Alamo Sandstone sensu Powell (1973). We use that position throughout this
paper and note that the exact position of the boundary does not affect our interpretations
of basin sedimentary architecture and tectonics. We use Baltz’s (1967) definition of the
Ojo Alamo Sandstone in this study; i.e., we do not include the Naashoibito Member in

the Ojo Alamo Sandstone.

The intricacies of spatial and temporal relationships between
aggradation/progradation, degradation, system quiescence, accommodation, and
extrabasinal controls lead to complex sedimentary records in fluvially-dominated
terrestrial basins. Recent work shows that many fluvial siliciclastic packages preserved in
modern continental sedimentary basins and in the rock record are the deposits of
prograding distributive fluvial systems (DFSs) or megafans ( Hartley et al. 2010;
Weissmann et al. , 2010, 2013, 2015; Kukulski et al. 2013). Other workers highlight the
abundance of both modern and ancient fluvial deposits that do not meet the criteria for

DFS, suggesting that tributary fluvial systems are at least as likely as DFSs to be



preserved in the rock record (Fielding et al., 2012, Latrubesse, 2015). In either setting,
tributary or distributive, incision and downcutting occur when the rate of sediment
volume supply is greater than the rate at which sediment can be accommodated by
subsidence in the basin (Shanley & McCabe, 1994; Holbrook et al., 2006). Conversely,
when the creation of accommodation is greater than the rate of sediment volume supply,
the fluvial system experiences aggradation. Aggrading/prograding fluvial systems cannot
uniformly deposit sediment throughout a basin at any one point in time. Rather,
deposition occurs in and around individual active channels occupying a small portion of
the total basin area (Shukla et al., 2001; Nichols and Fisher, 2007). Over time as the
active channels change position, most or all of the basin area will accumulate sediment.
Basin-wide lithologically similar beds or deposits, therefore, must be interpreted as

diachronous.

Sedimentation in Laramide basins in the North American Cordillera from the Late
Cretaceous to the Eocene was simultaneous with uplift in the regions surrounding the
basins (Dickinson et al. 1988). Sediments preserved in Laramide basins often provide the
highest-resolution records of local to regional deformation and associated syntectonic
responses. Laramide basin sediments have been investigated for insights into
paleogeography, paleotectonics, and mantle processes (Dickinson et al., 1988; Heller et
al., 2003; Yonkee & Weil, 2015). These investigations share the premise that uplift led to
erosion of materials in the uplifted areas surrounding basins, transport downgradient
towards basins, and subsequent deposition and storage within basins as the basins

subsided. As such, the fluvial deposits preserved in Laramide basins are directly related



to the fluvial, magmatic, climatic, and tectonic conditions present during their erosion,

transport, and deposition.

Geologic Setting
The San Juan Basin is located in the Four Corners region of New Mexico and

Colorado (Fig. 1) in the Navajo section of the Colorado Plateau physiographic province
(Fenneman and Johnson 1946). The SJB is an asymmetrical broken-foreland structural
basin formed during the Laramide Orogeny and containing Paleozoic through early
Cenozoic sediments (Dickinson et al., 1988; Cather, 2004). The axial trace of the SJB is
arcuate, located near the northern and eastern basin margins with steeply dipping
northern and eastern limbs and shallowly dipping southern and western limbs. Like most
of the sedimentary cover of the Colorado Plateau, the central, southern, and western SJB
is relatively undeformed, with regional dips of <5°. The eastern basin margin is highly
deformed along the Nacimiento uplift, with Mesozoic and Cenozoic units steeply dipping
to overturned (Woodward et al., 1972). The northern basin margin is moderately
deformed along the San Juan uplift, Archuleta Anticlinorium, and Hogback monocline,
with Paleozoic through Cenozoic units moderately to steeply dipping (Steven et al.,
1974). The western and southern basin margins are slightly deformed along the Defiance
upwarp and Zuni Mountains uplift, respectively, with Mesozoic and Cenozoic units
gently dipping (Baltz, 1967). The structure of the SJB leads to a bullseye pattern in map
view, with Eocene bedrock in the central basin surrounded by rings of Paleocene, Upper

Cretaceous, and middle Cretaceous units.

The SJB was located on the western margin of the Cretaceous Interior Seaway

(CIS) during its maximum inundation from approximately 95 Ma (Cenomanian) until



approximately 74 Ma (Campanian) and accumulated as much as 1900 m of marine sands
and muds during three major transgressive-regressive episodes (Leipzig, 1982; Klute,
1986; Roberts & Kirschbaum, 1995). Following the retreat of the CIS at approximately
74 Ma, the SJB accumulated as much as 625 m of fluvioclastic sediment during the
Campanian and Maastrichtian (Klute, 1986; Sikkink, 1987; Cather, 2004; Donahue
2016). These deposits include the Fruitland Formation and the Kirtland Formation.
During the onset of the major Laramide regional deformation in the Paleocene, the SJB
accumulated as much as 700 m of fluvioclastic sediment (Sikkink, 1987; Williamson &
Lucas, 1992; Williamson; 1996; Russell, 2009). These deposits include the McDermott
Formation, Animas Formation, Ojo Alamo Sandstone and Nacimiento Formation.
Fluvioclastic deposition continued into the Eocene after major Laramide uplifts occurred
adjacent to the SJB, resulting in the accumulation of up to 650 m of fluvioclastic
sediment of the San Jose Formation (Smith, 1988; 1992; Milner et al. 2005). Episodic
deposition likely continued through the Oligocene (Cather et al., 2008), but SJB bedrock
units younger than Eocene are not preserved within the basin. A generalized stratigraphic

column showing units relevant to this paper is presented in Figure 2.

Previous Work
Throughout the 20™ Century, the issues of age and nomenclature surrounding the

K/Pg units in the SIB were addressed by Sinclair & Grainger (1914), Reeside (1924),
Dane (1936), Baltz (1953, 1967), Anderson (1960), Baltz et al. (1966), O’Sullivan et al.
(1972), Clemens (1973), Fassett (1973, 1974), Lindsay et al. (1978, 1981), Klute (1986),
and Sikkink (1987). Baltz et al. (1966) designated the lower conglomerate and
dinosauriferous middle shale of Bauer (1916) to the Kirtland Formation and restricted the
name Ojo Alamo Sandstone to the upper conglomerate and pebbly sandstone. Fassett
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(1966) extended this designation to include the medium- to thickly-interbedded shales
and channel sandstones overlying the shales of the Kirtland Formation at Mesa Portales
in the southeasternmost outcrop area near Cuba, New Mexico (these facies are absent in
other portions of the SJB). The debate over these designations has continued for half a
century and is fueled by contradictory absolute age estimates, geographically-limited
field studies, varying interpretations of conformable vs. disconformable contacts, and

confusion surrounding nomenclature.

Powell (1973) provided the first basin-scale sedimentation model for the Ojo
Alamo Sandstone. His investigation of the pebbly sandstone and conglomerate that make
up the Ojo Alamo Sandstone of Baltz et al. (1966) and Fassett (1966) included
measurement of >7,000 paleocurrent direction indicators throughout the outcrop area in
New Mexico. His interpretation of these data suggests a mean fluvial transport azimuth of
138° for the Ojo Alamo Sandstone of Baltz (1967). Given the direction and consistency
of paleocurrent indicators, Powell suggested a single sedimentary source area to the
northwest of the SJB in the vicinity of the present western San Juan Mountains or La
Plata Mountains. Powell’s interpreted depositional environment for the Ojo Alamo
Sandstone is an alluvial plain that resulted from the downgradient transport of sands and

gravels from alluvial fans located proximal to the source area.

An investigation of outcrops of Ojo Alamo Sandstone by Klute (1986) included
sedimentologic, petrographic, and paleocurrent analyses and interpretations. Klute
interpreted the depositional environment of the Ojo Alamo Sandstone as South
Saskatchewan- or Platte-type sandy braided rivers. The sandy braided river models of

Miall (1981, 1986) best fit most of the Ojo Alamo Sandstone sedimentary features



described by Klute (1986), but neither Miall nor Klute suggested a perfect modern analog
for the Ojo Alamo depositional system. Klute attributed the relative homogeneity of the
Ojo Alamo Sandstone throughout most of the study area to the avulsion of active
channels through the basin and the subsequent reworking of sediment during channel
shifting and flood events. In addition, Klute’s petrographic analyses show that the Ojo
Alamo Sandstone is enriched in potassium feldspar and sedimentary lithic grains relative

to the underlying Kirtland Shale fluvial sandstone.

Sikkink (1987) analyzed lithofacies in the Ojo Alamo Sandstone and adjacent
units in order to provide interpretations of depositional history near the K-Pg boundary in
the SJB. Sikkink interpreted the Ojo Alamo Sandstone to be synchronous with both the
Animas Formation and the Nacimiento Formation; interfingering of the Ojo Alamo
Sandstone and Animas Formation (McDermott Member) is noted in the northwestern
SJB near Farmington. Her interpretations include a source area in an early Laramide
volcanic/intrusive center near the present-day La Plata Mountains that shifted shortly
thereafter to a source in a basement-cored uplift near the present-day central to eastern
San Juan Mountains. Sikkink suggested that K-Pg McDermott Formation and Animas
Formation conglomeratic fluvial and debris flow deposits in the northernmost SJB were
shed from these emerging highlands while the finer-grained fluvial deposits, including

the Ojo Alamo Sandstone, were their distal meandering stream counterparts.

In the early 21% Century, several studies focused on the Ojo Alamo Sandstone
because of isolated dinosaur fossils found within it (e.g. Fassett et al. 2011; 2009; 2002;
Lucas et al. 2009; Sullivan et al. 2005). These studies were focused in the geographic

and stratigraphic vicinity of the dinosaur fossils in question and lead to little new



understanding of Ojo Alamo sedimentation; however, they focused new attention on the
age of what was variously interpreted as the Ojo Alamo Sandstone (sensu Baltz et al.
(1966)) or the Kimbeto Member of the Ojo Alamo Sandstone (sensu Powell (1973)). Of
interest to this study, the magnetostratigraphy utilized by the above studies suggest that
the unconformity below the Ojo Alamo Sandstone represents a deposition hiatus of 2-4
million years (Lindsay et al., 1981; Butler & Lindsay, 1985; Lucas et al. 2006). However,
radiogenic isotope age estimates derived from detrital zircons and sanidines in the
Kirtland Formation, Ojo Alamo Sandstone, and Nacimiento Formation suggest that the
hiatus between these formations was as short as 1.5 Myr (zircon) and 0.4 Myr (sanidine)

(Mason et al., 2013, Donahue, 2016), further decreasing the K-Pg hiatus in the SJB.

Here, we document lithologic and petrographic changes in SIB K-Pg fluvial
sedimentary rocks. When combined with geographic and age constraints, these changes
document the evolution of the fluvial systems that deposited sediment in the SIB during
part of the Laramide Orogeny and allow for increased understanding of regional
paleogeography. In addition, we report on the fluvial sedimentology of the Ojo Alamo
Sandstone, which comprises the first record of SIB sedimentation during and after the
major Laramide reorganization of paleogeographic and paleofluvial features. This
formation shows that basin-wide fluvial sedimentation can occur rapidly and does not

always produce the sedimentary architecture expected in an avulsive fluvial system.

METHODS
Stratigraphic sections were measured in the San Juan Basin. Section sites were
selected on the basis of correlation with other units, amount of exposure, completeness of

section, and accessibility. In addition to our own measurements, we utilize petrographic



data and lithologic descriptions from measured sections previously published by Baltz
(1967), Baltz et al. (1966), Powell (1973), Leipzig (1982), Klute (1986), Sikkink (1987),
and Wegert and Parker (2011). Electric well logs were analyzed in order to obtain
subsurface thickness measurements. Petrographic data were collected with thin section
point counts using the Folk method (Folk 1957). Whole-rock bulk geochemical analyses
of sandstones and mudstones were performed on a Rigaku ZSX Primus Il X-ray
fluorescence spectrometer by the Analytical Chemistry Laboratory in the Department of
Earth and Planetary Sciences at the University of New Mexico in order to investigate

geochemical trends among K-Pg formations preserved in the SJB.

RESULTS

The Ojo Alamo Sandstone
The 5 to 120 m-thick Ojo Alamo Sandstone contains pebbly arenite and wacke,

mud-clast conglomerate, claystone, and siltstone. Generalized stratigraphic columns with
major lithologic designations and their locations are presented in Figures 3 and 4. In most
areas, the formation is characterized by pebbly medium- to coarse-grained arenite with
local lenses and horizons of claystone. Beds range in thickness from 0.5-15 m.
Sandstones are typically light brown to yellow brown and sometimes develop reddish
brown weathering surfaces or desert varnish. Claystones and siltstones are typically light
brown, brown, or dark brown and are often covered in colluvium. Sandstone beds often
overlie scour surfaces in claystones while claystones conformably overlie gradational
boundaries. Sand grains are angular to subrounded and consist of quartz, feldspar,
sedimentary and volcanic lithic fragments, chert, and mafic minerals. Medium- and
coarse-grained sandstones are predominately clay-cemented with minor silica cements.

Less common fine-grained sandstones are cemented with roughly equal parts clay and
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silica. Bedforms include both trough and tabular crossbeds, convolute bedding, horizontal
plane bedding, lenticular bedding, wavy bedding, and fluid escape structures. Silicified
stumps, wood fragments, and logs up to 34 m long are common in the sandstones of the
Ojo Alamo Sandstone. Leaf fossils are present but uncommon in the formation’s

claystones (Flynn et al. 2014).

Conglomerates and conglomeratic sandstones of the Ojo Alamo Sandstone are
either pebble conglomerates/conglomeratic sandstone or mud-clast conglomerate. Pebble
conglomerates/conglomeratic sandstones contain clasts from 2 to 100 mm (-1 to -7 ¢)
diameter and include subrounded to well-rounded pebbles of chert, alkali feldspar
granite, quartzite, silicified wood, trachyandesite, sandstone, limestone, and metapelite.
Mud-clast conglomerates contain clasts from 30 to 500 mm (-5 to -9 ¢) diameter of
subangular to very angular claystone. The mud-clast conglomerate lithofacies is restricted
to cut-and-fill structures that represent scouring in both intraformational claystones as

well as the underlying Cretaceous claystones at the base of Ojo Alamo Sandstone.

Descriptions of Ojo Alamo Sandstone Facies
We categorize the Ojo Alamo Sandstone into three broad facies associations: (1)

amalgamated channel belt deposits; (2) overbank floodplain deposits; and (3) isolated

channel-fill deposits; described below:

Amalgamated Channel Belt Deposits.---The amalgamated channel belt facies
contains poorly- to well-sorted medium- to coarse-grained pebbly crossbedded and plane
bedded sandstones. These lithological compositions and sedimentary structures, along
with abundant petrified wood and lack of marine or estuarine fossils, suggest deposition

in fluvial channel environments (Gibling 2006; Bridge 2003; Robinson and McCabe
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1998; Miall 1978). Tabular and trough crossbeds represent downstream and oblique bar-
face deposits (Best et al. 2003) and range from 0.3 to 1.5 m thickness. The abundance of
tangential crossbeds suggests high sediment transport rates (Bridge 2003; Sallenger 1979;
Bagnold 1954). Planar horizontal beds represent vertically-accreted bar-top deposits and
range from 0.2 to 1.5 m thickness. These beds suggest high bed shear stress and
sediment transport rates (Bridge 2003; Bridge and Best 1997, 1988). These facies
commonly exhibit highly contorted bedding, especially near the tops of stories. Cut-and-
fill structures are found both at the base of and within these deposits (Fig. 5). Where these
facies overlie mudstones, clay clasts from the underlying deposits are found within the

sandstones and conglomerates.

The deposits of this facies association form simple and multi-story bodies up to
11 km wide and up to 19 m thick. Wider and thicker units may exist. Individual channel
belts are impossible to recognize in the field. In the southern and western SJB, these
facies contain multiple stories that represent erosion within former channel deposits,
suggesting reworking of material and a low accommodation/sediment supply ratio (Owen
et al. 2015b; Kjemperud et al. 2008). Multiple stories, lateral continuity, and the lack of
identifiable channel-belt margins collectively suggest that vertical and lateral
amalgamation of channel deposits was a widespread process occurring throughout both
the temporal and spatial range of deposition of fluvial units (Wang et al. 2011; Friend et
al. 1979). While there is no significant downcurrent thinning of these facies, they do
exhibit a downgradient reduction in mean and maximum grain size from coarse sand and
cobbles in the La Plata area in the northwest to medium sand and pebbles at Mesa

Portales in the southeast.
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Overbank Floodplain Deposits.---The overbank floodplain facies contains sandy
mudstones with interbedded fine-grained sandstones. This facies’ laterally discontinuous
sand lenses, organic-rich fossil hash layers, and leaf fossils (Flynn et al. 2014) suggest
deposition in fluvial floodplain environments (Alexander and Fielding 2006; Kraus and
Gwinn 1997). Paleosols are uncommon; when present, they exhibit entisol-like
properties. Bedding is difficult to observe in most outcrops, but is thin and tabular to
laminar where observed. Mudstones in these facies contain considerable sand and silt,
suggesting deposition in close proximity to channels, high sediment supply, or high flood
magnitude (Owen et al. 2015; Pizzuto 1997; Guccione 1993). The poor sorting and
overall sandiness of these deposits is similar to the proximal overbank deposits of Hajek
and Edmonds (2014) and Slingerland and Smith (2004), which they show to be
associated with vertically-accreting systems in aggradational settings. These facies
conformably overlie sandy channel deposits and are overlain by amalgamated channel

belt deposits and cut-and-fill structures.

Deposits of this facies association form laterally-extensive complexes with widths
of greater than 1 km and thicknesses of up to 7 m. These deposits are often truncated by
channel sandstones (Fig. 6). In the southern SJB at Mesa Portales and the western SJB at
Head Canyon, these facies separate up to four thick, laterally-extensive amalgamated
channel belt complexes, leading to the bluff-and-slope topography common in the Ojo

Alamo outcrop area at those locations (Fig. 7).

Isolated Channel-fill Deposits.---The isolated channel-fill facies contains poorly-
to moderately-sorted medium- to coarse-grained sandstones and pebbly sandstones that

fill simple channels with well-defined channel geometry in cross-section. Their geometry
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(Fig. 6B) suggests incision of a simple channel into overbank or channel deposits
followed by deposition from a non-migrating channel. These deposits often contain clay
rip-ups when overlying mudstones. Both symmetric and asymmetric channel forms are
present. Wings associated with levee and/or crevasse-splay deposits are absent. Some
isolated channel-fill deposits are found in close proximity to one another in the same
stratigraphic interval (Fig. 6B), suggesting possible anastomosing fluvial form. Given the
lithologic similarity to the sandstones of the amalgamated channel belt facies through
which they incised, these isolated channel-fill deposits might represent possible periods
of low stage during which the depositional rivers assumed an anastomosing form that was
not present during periods of higher stage. Alternatively, these deposits could represent
cross-bar channels. This interpretation does not require a stage-dependent variation in
fluvial form and is in accord with inferred reworking of sediment arising from the
observed lithologic homogeneity between isolated channel-fill deposits and amalgamated

channel belt deposits.

Deposits of this facies form lens-shaped bodies of 5 to 90 m width and 1 to 9 m
thickness that cut into underlying sandstones and mudstones. These deposits are overlain
by sandstones along distinct boundaries. Isolated channel-fill deposits in the Ojo Alamo
Sandstone exhibit no appreciable upwards fining trends, suggesting that they are not
abandoned main channels (Bridge 2003; Miall 1996). These deposits are difficult to
observe unless exposed in vertical cliff faces, leading to a probable underestimation of
their abundance. Given their relative thinness and narrowness when compared to

geometries of amalgamated channel belt deposits, we do not interpret the channel
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dimensions recorded in the isolated channel-fill facies as representative of the main

channels of the Ojo Alamo Sandstone fluvial depositional system.

Sedimentary Architecture
The sedimentary architecture of the Ojo Alamo Sandstone varies across the

outcrop area. In some sections, such as the Shannon Bluffs south of Farmington and in
the La Plata River valley, the Ojo Alamo Sandstone forms a single 12-70 m thick
amalgamated complex channel belt sandstone cliff with no observed mudstones. These
multi-story sand bodies are laterally continuous for up to 3 km. In other locations, such as
Head Canyon and Mesa Portales, the Ojo Alamo Sandstone consists of laterally
continuous sand bodies separated by mudstone interbeds. In either setting, wide
sandstone bodies show a high degree of lateral and vertical amalgamation, suggesting a
low accommodation/sediment supply ratio (Weissmann et al. 2013; Huerta et al. 2011).
Where mudstones are present, they are often laterally truncated by overlying channel
deposits, making mudstones less laterally extensive than sandstones. In the Bisti/De-na-
zin Wilderness Area and Escavada Wash, the Ojo Alamo Sandstone has a 6-10 m-thick
single-story form. These thinner single-story forms contain abundant very coarse sand
and pebbles, perhaps representing high-energy barhead or confluence scouring and

minimal deposition of relatively coarse material.

Sandstone Petrography
Petrographic data from sandstones immediately above and below the base of the

Ojo Alamo Sandstone are presented in Figure 8. Sandstones form the Fruitland
Formation are well-sorted fine- to medium-grained subrounded to rounded quartz
arenites. Kirtland Formation sandstones show significant variation in mineralogic

composition; they are moderately- to well-sorted fine- to medium-grained subrounded to
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subangular arkosic arenites and lithic arenites. Sandstones from the Ojo Alamo Sandstone
are poorly- to moderately-sorted medium- to coarse-grained subrounded to very angular
arkosic arenites; two of the 39 samples are lithic arenites. Sandstones from the lower
Nacimiento Formation (Arroyo Chijuillita Member of Williamson and Lucas (1992)) are
moderately- to well-sorted fine- to medium-grained angular to well-rounded feldspathic

arenites and arkosic arenites. Sandstones are cemented with clays and amorphous silica.

Detrital grains in SIB K/Pg sandstones include quartz, plagioclase feldspar,
potassium feldspar, chert, lithic fragments, hornblende, micas, amphibole, and heavy
minerals. Both monocrystalline and polycrystalline quartz grains are present. The wide
range of roundness in quartz and chert grains suggests reworking of sand grains from
older sedimentary rocks among all three formations. Detrital feldspars in the Ojo Alamo
Sandstone display a wide range of physical weathering and chemical alteration by
sericitization and vacuolization (Fig. 9), with chemically-altered feldspars becoming less

common upsection.

Relative proportions of plagioclase feldspar and potassium feldspar for
sandstones from the Kirtland Formation and Ojo Alamo Sandstone are presented in
Figure 10. Mean values for 25 Kirtland Formation sandstones are 62% plagioclase
feldspar and 38% potassium feldspar. Mean values for 39 Ojo Alamo Sandstone
sandstones are 37% plagioclase feldspar and 63% potassium feldspar. These data show
that while the total feldspar content in both formations is not significantly different, there
is significant variation in the plagioclase feldspar/potassium feldspar ratios in the San
Juan Basin across the K-Pg boundary, with the Ojo Alamo Sandstone being richer in

potassium feldspar.
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Geochemical Analyses
The bulk geochemical compositions of 57 sandstones from the Ojo Alamo

Sandstone and immediately adjacent formations are presented in Table 1. The results are
typical for the arkosic arenites, feldspathic arenites, and lithic arenites analyzed. SiO> and
Al>03 comprise 60-89% of the sandstones by mass. The Ojo Alamo Sandstone is richer
in K and Al than the sandstones of the Kirtland Formation (Figs. 11 and 12). The
geochemical composition of the Nacimiento Formation sandstones is more variable and

overlaps with those of the Kirtland Formation and Ojo Alamo Sandstone.

INTERPRETATIONS

Changing Sediment Sources Across K-Pg Boundary
As shown in Figure 8, significant petrographic variation exists among the

sandstones of the Fruitland Formation, Kirtland Formation, Ojo Alamo Sandstone, and
Nacimiento Formation. The quartz arenites of the Fruitland Formation (Leipzig 1982)
suggest that the rivers that deposited the Fruitland Formation during middle to late
Campanian time were sourcing mature sediments, likely reworked from underlying
Cretaceous marine sands. The scarcity of feldspars and lithic grains is indicative of either
very distal deposits of a mature fluvial system or a quartz-rich source area, such as a
broad coastal plain underlain by beach deposits of the ultimate CIS regression, now
preserved as the Pictured Cliffs Sandstone. The increase in feldspar and lithic grains in
sandstones of the Kirtland Formation could be indicative of unroofing of basement rocks
in the sediment source area, an increase in volcanic activity in the drainage basin, a
significant reorganization of regional drainage patterns leading to a different sediment
source area, or some combination of these. Given the conformable character of the

Fruitland Formation/Kirtland Formation contact (Klute 1986; Baltz 1967), significant
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reorganization of regional drainage patterns between the deposition of these two
formations is unlikely. Instead, we interpret the increase in feldspar and lithic grains in
Kirtland Formation Sandstone as the result of evolving upland source areas related to the
early phase of Laramide localized uplift. The sandy Vermejo Formation in the Raton
Basin ~250 km east of the SJB is synchronous to the Kirtland Formation and contains
detrital grains indicative of up to 1 km of localized uplift in the headwaters of its
depositional fluvial system (Cather 2004). Similar-scale uplift and fluvial response likely
occurred in source areas of rivers in the SJB, leading to the increase in feldspathic and
lithic detrital grains in the Kirtland Formation. In light of the paleocurrent and
paleogeography information presented by Heller et al. (2012), Cather (2004), and Baltz
(1967), we suggest that this relief might have been created in the first stages of the
Laramide Zuni or Defiance Uplifts or the regional uplift and unroofing of the Mogollon

Rim.

Sandstones in the Ojo Alamo Sandstone show an increase in both the total
proportion of lithic grains and in the potassium feldspar/plagioclase feldspar ratio relative
to the underlying Cretaceous sandstones. The increase in the potassium
feldspar/plagioclase feldspar ratio in the Ojo Alamo Sandstone suggests development of a
sediment source in crystalline igneous or metamorphic terrains; potentially the Needle
Mountains in the western San Juan Mountains ~125 km north of the SJB or the Mogollon
Rim ~300 km southwest of the SIB. The paleocurrent analyses of Sikkink (1987) and
Powell (1972) both support a northerly source area for the Paleocene Ojo Alamo fluvial
system. The Needle Mountains in the western San Juan Mountains contain the nearest

and largest exposures of crystalline basement rocks and, in light of the above
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paleocurrent analyses, were upstream of the Ojo Alamo Sandstone depocenter, making
them the likely source for basement-derived detritus in the Ojo Alamo Sandstone. The
increase in proportions of hornblende, mica, and heavy mineral grains in the Ojo Alamo
Sandstone suggests that it had a sediment source in an igneous terrain. Donahue (2016)
and Bush et al. (2015) present data showing a significant population of detrital zircons
from the Ojo Alamo Sandstone with ages as young as 68.0 £1.4 Ma, suggesting a young
igneous source within the Ojo Alamo drainage area, most likely the Colorado Mineral
Belt-associated La Plata magmatic center ~100 km north of the SJB. This interpretation is
in accord with the paleocurrent analyses as well as the presence of minerals present in
both the La Plata magmatic center and the more proximal McDermott Formation (Wegert

& Parker 2011; Gonzales 2010; O’Shea 2009).

Sandstones in the lower Nacimiento Formation have similar petrographic
compositions to the Ojo Alamo Sandstone. Unaltered detrital grains of plagioclase
feldspar, potassium feldspar, and hornblende suggest a crystalline igneous and/or
metamorphic source area, likely shared with the Ojo Alamo Sandstone. Sericitized
feldspars and well-rounded quartz and chert grains suggest reworking of sediment from
older sedimentary units. The >5 km-thick exposed section of Paleozoic and Mesozoic
sedimentary rocks between the San Juan Uplift and the SIB depocenter provides
abundant potential sources for the variety of grain composition and texture in Nacimiento
Formation sandstones. The petrographic composition, interfingering contact with the
underlying Ojo Alamo Sandstone, and earliest Paleocene age of the Nacimiento
Formation all suggest that it is the deposit of the same fluvial system(s) that deposited the

Ojo Alamo Sandstone.
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Regional Landscape Evolution Recorded in SIB K-Pg Deposits
The relative homogeneity, lateral surface and subsurface stratigraphic continuity,

and improved age constraints from the Ojo Alamo Sandstone and adjacent units provide a
unique opportunity for interpretation of the sedimentary, tectonic, and fluvial factors at
work during deposition across the K-Pg boundary, shown in paleogeographic maps in
Figs. 13-15. Campanian and lower Maastrichtian fluvial deposits in this study area record
rivers flowing from highlands in the southwest towards the coastal plain of the retreating
Cretaceous Interior Seaway (Potochnik et al., 1989; Cather et al., 2012; Dickinson, 2013)
(Fig. 13). Detrital zircons in these sediments are predominately Phanerozoic in age,
suggesting a limited source of Proterozoic crystalline basement rocks during this
depositional period (Dickinson et al., 2012; Bush et al., 2015; Donahue, 2016). The
orientation of these rivers was similar to the north/northeast-flowing Turonian rivers
proposed by Blum & Pecha (2014), indicating that the lower Kirtland Formation provides
the final record of sedimentation in the study area prior to significant regional drainage
reorganization caused by the Laramide orogeny. The relatively large areal expanse of

these deposits suggests limited localized basin subsidence.

After deposition of the Fruitland Formation and the majority of the Kirtland
Formation by north/northeast-flowing rivers, there was a period of non-deposition and
erosion in the San Juan Basin (Fig. 14). This erosion removed more sediment from the
southeast SJB than from the northwest SJB (Fassett 1974; 1985; Newman 1987),
resulting in preservation of younger pre-erosion rocks in the northwest than in the
southeast. This differential erosion is perhaps due to uplift in the southeast related to the
incipient Nacimiento Uplift. We propose that this period of non-deposition and erosion
represents the interval of SJB drainage reorganization resulting from regional landscape
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changes associated with the onset of Laramide uplift and subsidence. The late
Maastrichtian age of this depositional hiatus (Williamson & Weil 2008) is in accord with
proposed regional- (Mackey et al., 2012; Bush et al. 2015) to continental-scale (Galloway
et al. 2011; Cather et al. 2012; Blum & Pecha 2014) drainage reorganization events.
Given the lack of sedimentary rocks in the SIB from this interval, it is unclear whether or
not the La Plata magmatic center or the San Juan Uplift contributed sediment to the SIB
via south/southeast-flowing streams during this interval. As shown in Figure 14, we
interpret the erosive Maastrichtian fluvial systems to have the same general orientation as
those that deposited the Kirtland Formation, supported by the variation in the thickness of
the Ojo Alamo Sandstone across the SJB (Figs. 16 and 17) that is potentially explained
by accommodation of earliest Paleocene (i.e., Ojo Alamo Sandstone) sediment in incised
valleys left by north/northeast-flowing Maastrichtian erosive streams. The variation in
Ojo Alamo Sandstone thickness in the central SIB could have resulted from merging
tributaries of north/northeast-draining latest Cretaceous erosive streams. A potential
interpretation of the age and thickness patterns of the Ojo Alamo Sandstone in the central
SJB is that they are the result of infilling paleovalleys by earliest Paleocene fluvial
systems. The lack of abnormally thick sandstone units in the bottoms of these features, as
evidenced from well e-log interpretation and illustrated in Figure 17, calls this

interpretation into question.

The Maastrichtian hiatus ended with the deposition of the first basin-filling
sediments by south/southeast-flowing fluvial systems in the latest Maastrichtian and
earliest Paleocene beginning with the Naashoibitio Member of the Kirtland Formation

and the Ojo Alamo Sandstone. Detrital zircon (Donahue, 2016), volcaniclastic grain
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petrography (O’Shea, 2009; Gonzales, 2010; Wegert & Parker 2011), and paleocurrent
(Powell, 1973; Sikkink 1987) evidence suggest a source area in the La Plata magmatic
center and San Juan Uplift, requiring a south/southeast paleoflow direction for the Ojo
Alamo depositional system (Fig. 15). The accommodation of Laramide uplift-derived
sediment in the SJB represents two significant changes in regional landscape evolution:
first, a greater than 90° shift in regional drainage directions resulting from reorganization
of regional-scale topography; and second, a preferential storage of sediment in isolated
subsiding basins rather than on wide coastal plains. The first shift is recorded nearly
simultaneously in other basins (Heller et al. 2012). The second shift is in accord with K-
Pg sedimentary records on the western Gulf Coastal Plain that show a lack of earliest
Paleocene sediments there (Galloway et al., 2011; Mackey et al., 2012). The
south/southeast-flowing Paleocene depositional system persisted through the deposition

of the Nacimiento Formation.

Avulsion and Preservation During Ojo Alamo Sandstone Deposition
Fluvial depositional systems are affected by external (allogenic) boundary

conditions and processes such as climate, base level, subsidence, and uplift, as well as
internal (autogenic) processes and variability such as avulsion, channel morphometry,
roughness, and bank strength. It is not always apparent whether a signal observed in the
rock record is the result of autogenic or allogenic variability. Wang et al. (2011)
suggested that over shorter time scales, fluvial depositional systems will aggrade
sediment somewhat randomly whereas over longer timescales, systems will preferentially
aggrade via compensation, the tendency for depositional systems to fill topographic lows.
The time period above which allogenic variability seems to overpower autogenic
variability is different for each system and difficult to constrain (Paola et al., 1992; Sheets
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et al., 2002; Covault et al., 2010), but is affected by roughness and aggradation rate
(Wang et al. 2011). The uppermost Naashoibito Member of the Kirtland Formation, the
entire Ojo Alamo Sandstone, and the lowermost Nacimiento Formation are all contained
within chron C29r (Peppe et al., 2013; Williamson et al., 2014), which had a maximum
duration of as little as 345+18 kyr (Sprain et al., 2015), thus the Ojo Alamo Sandstone
represents less than ~345 kyr of deposition, assuming constant deposition. The erosional
unconformity between the Ojo Alamo Sandstone and the underlying Naashoibito
Member of the Kirtland Formation precludes constant deposition through chron C29r,
therefore shortening the assumed duration Ojo Alamo Sandstone deposition. In order
better to understand relationships between allogenic processes, autogenic variability, and
deposition of the Ojo Alamo Sandstone, we used age constraints of chron C29r from
Sprain et al. (2015), observed outcrop and well log formation thickness data (presented in
Table 2), and the methods of Wang et al. (2011) to produce a range of compensation time
scales (Tc). Tc estimates represent the sedimentation time durations above which alluvial

sediments present forms influenced purely by allogenic processes and is defined as

Tc=£

r

where | is a roughness length scale in m and r is the basin-wide sedimentation rate in
m/kyr (Wang et al. 2011). Sedimentation time durations below Tc¢ will produce sediments
that record both autogenic and allogenic variations. For roughness length scales, we use
the depth of the thickest channel deposits we observe in the Ojo Alamo Sandstone, 10 m.
Sedimentation rates are calculated from available age constraints and formation thickness
data (Table 2). Our Tc estimates range from 26 kyr (using the highest sedimentation rate)
to 79 kyr (using the lowest sedimentation rate). These Tc values essentially represent the
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time duration required for the fluvial system to have filled its deepest channels with
sediment. These estimates are an order of magnitude less than the duration of
sedimentation for the entire Ojo Alamo Sandstone estimated above. Therefore, it is likely
that the Ojo Alamo Sandstone’s sedimentary architecture is the result of predominately
allogenic processes. This conclusion is supported by the formation’s wide geographic
distribution, which would have been unlikely to occur in a system controlled by

autogenic processes.

Estimated Ojo Alamo Sandstone sedimentation rates are 1.1-6.2 times greater
than estimated sedimentation rates of the overlying Nacimiento Formation of Williamson
(1996), suggesting a rapidly growing sediment source, rapidly subsiding basin, or
combination of the two. The Nacimiento Formation estimated sedimentation rates of
Williamson (1996) are minimum estimates as they do not take into account the numerous
sedimentary hiatuses evidenced by well-developed paleosols throughout the formation
(Hobbs and Fawcett 2014). In fluvial-dominated continental basins, high sedimentation
rates are usually associated with mudstones, since a subsiding basin will create
accommodation for storage of even fine-grained easily transportable sediment. Therefore,
the deposition of up to 120 m of coarse sands by the Ojo Alamo fluvial system in as little
as ~345 kyr is paradoxical. With the exception of minor muds preserved at Mesa
Portales, a large proportion of the fine sands and muds must have bypassed through the
San Juan Basin and their subsequent downgradient depocenter removed by post-
deposition uplift and erosion. By the late Paleocene, fluvial systems were routing
sediment from the Southern Rockies Laramide highlands to the western Gulf of Mexico

coastal plain (Galloway et al., 2011; Mackey et al., 2012;), but Paleocene sediments
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along the presumed paleoriver paths between the San Juan Basin and the Gulf coastal
plain are not preserved. In light of these considerations, the Ojo Alamo Sandstone in the
San Juan Basin highlights the problems associated with assuming that the present
structural basin in which fluvial sedimentary rocks are preserved can be directly equated
to the fluvial basin in which those sediments were deposited. The lithologic composition
(e.g., predominant coarse sandstones and scarcity of mudstones) and the proximity to
major Laramide tectonic features (e.g.,<1 km from the Nacimiento Fault, a major
Laramide uplift-bounding reverse fault with ~2 km of vertical offset) suggest that the
present outcrop and subsurface area of the Ojo Alamo Sandstone represent a small
portion of the area of the entire fluvial system in which the sediments were deposited.
Recent studies of well-preserved intact paleofluvial basins have shown that the deposits
of a single fluvial system show significant lithologic and stratigraphic variation over
spatial scales of 102 km (Klausen et al. 2014; 2015; Owen et al. 2015b). Deposits of such
systems are subject to post-deposition deformation (Klausen et al. 2014), and partial
exhumation and removal (Owen et al. 2015b), making interpretation of the remnants of
the system subject to inherent problems associated with incomplete stratigraphic records.
While there is no evidence for major vertical downcutting or erosion after deposition of

the Ojo Alamo Sandstone, some portion of it has been removed around the basin margins.

Several workers have addressed the topic of recognizing avulsion deposits in
fluvial sedimentary packages (e.g., Jones & Hajek 2007; Slingerland & Smith 2004;
Kraus & Wells 1999; Smith et al. 1989). Though the specific type of avulsion affects the
exact sedimentary signature of the event, avulsion deposits are generally recognized as

having a lower coal or paleosol overlain by a general coarsening-upwards sequence of
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heterolithic fine sandy deposits and channel sandstones/channel belts, and an upper
paleosol representing abandonment of the developed channel system (Fig. 18) (Kraus &
Wells 1999). The lack of paleosols and scarcity of overbank mudstones and heterolithic
fine sandy deposits, both indicative of relatively stable non-channel environments, in the
Ojo Alamo Sandstone makes interpreting the avulsion history of its depositional system
difficult. The formation is spatially widespread, exhibits subparallel paleocurrent
indicators throughout its outcrop area, and appears to have a common source area in the
La Plata magmatic center/San Juan Dome area, which all suggest that it was deposited by
a fluvial system characterized by migrating channels. Avulsion is considered a requisite
process for such systems to form. However, the sedimentary architecture of the Ojo
Alamo Sandstone does not provide the expected record of avulsive processes outlined
above (Fig. 18). Reconciling the seeming necessity of avulsion in the system with the
observed lack of well-defined avulsion deposits requires interpretation of the processes
and products of the Ojo Alamo fluvial system. One possible cause, illustrated in Figure
19, is that the Ojo Alamo fluvial system did not undergo random avulsion in the typical
sense. Fassett (1985) suggested that the Ojo Alamo Sandstone depositional system shifted
eastward through time due to development of accommaodation in that direction during the
development of the Laramide foreland basin and uplifts (Fig. 19). This could explain the
fining-eastward lithologic changes noted by Sikkink (1987). If overbank muds were
stored preferentially at any one time on the east side of the fluvial system due to
increased accommodation there, then perhaps they were subsequently removed when the
channel belt shifted eastward. In this scenario, the only remnants of the overbank muds

are the thin discontinuous mudstones observed among the channel belt deposits. The
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abundant channel scours into and through muds (Fig. 6A) are evidence of mud removal
during Ojo Alamo Sandstone deposition; perhaps this process was more important has
been previously considered. Better constraints on west-east age relationships of the Ojo
Alamo Sandstone are needed in order to develop this hypothesis more fully, but the Ojo
Alamo Sandstone presents a case in which the prevailing accepted explanations for

processes and products of avulsion in continental fluvial systems cannot be applied.

An alternative interpretation of the Ojo Alamo Sandstone is that it represents the
deposits of roughly parallel coalescing alluvial systems draining the La Plata Magmatic
Center, San Juan Dome, and/or Colorado Mineral Belt uplifts during an episode of rapid
uplift. This interpretation is supported by the subparallel paleocurrent indicators of
Powell (1973) and Sikkink (1987), perpendicular-to-paleoflow lithologic changes of
Sikkink (1987), and thickness variation (Figs. 16 and 17) of the formation. The rapid
uplift of a northerly source area would have provided an abundance of coarse material for
south-flowing streams that rapidly filled accommodation space and bypassed most fines
through the SJB. By the time of deposition of the overlying Nacimiento Formation, the

sediment supply/accommodation ratio was lower, leading to accumulation of more fines.

CONCLUSIONS
The fluvial siliciclastic rocks bracketing the K-Pg boundary in the SJB record

evidence of changing fluvial conditions during the development of a foreland basin.
Petrographic and paleocurrent evidence records evolution of paleorivers’ source area
through the Late Cretaceous and Paleocene. The first rivers depositing sediment in the
SJB after the retreat of the Cretaceous Interior Seaway flowed north-northeast and

deposited the quartz sands of the Fruitland Formation. The high quartz content suggests
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reworking of older sediments and little igneous or metamorphic material in the source
area. By the Maastrichtian Age, the same north-northeast-flowing rivers deposited the
arkosic sands of the Kirtland Formation, suggesting unroofing of igneous or crystalline
metamorphic rock in their source areas southwest of the SJIB. Reorganization of regional
fluvial systems after deposition of most of the Kirtland Formation in the Maastrichtian
resulted in removal of some early Maastrichtian and possibly upper Campanian fluvial
sediments and a basin-wide erosional unconformity. This reorganization is likely related
to the onset of a phase of Laramide deformation at ~67 Ma. By the beginning of the
Paleocene, area paleorivers flowed south-southeast from the La Plata Magmatic
Center/San Juan Uplift and through the SJB, depositing the arkosic sandstones and
conglomerates of the Ojo Alamo Sandstone. The Ojo Alamo Sandstone’s relative
enrichment in potassium feldspar relative to plagioclase feldspar suggests a source area
rich in potassium feldspar; the nearest known and most likely such area being the Needle
Mountains of the western San Juan Uplift. Early- to middle-Paleocene sandstones of the
Nacimiento Formation show similar paleocurrent indicators and mineralogic composition
to the Ojo Alamo Sandstone. This petrographic information, combined with the
interfingering depositional contact between the Ojo Alamo Sandstone and the Nacimiento
Formation, suggest that the latter records the continuation of the same fluvial system(s)

that deposited the former in an incipient and evolving broken foreland basin.

The Ojo Alamo Sandstone’s occurs entirely within chron C29r, which gives it a
maximum deposition duration of as little as 345 kyr and a sedimentation/subsidence rate
of as high as 0.39 m/kyr. This sedimentation/subsidence rate is indicative of significant

subsidence during the early Paleocene. Since the wide sandstone bodies that comprise the
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majority of the Ojo Alamo Sandstone are associated with low accommodation/sediment
supply ratios, the Ojo Alamo Sandstone must represent a period of high sediment supply
during which predominately coarse sand and pebbles were deposited in the incipient SIB.
Given the inclusion of detrital zircons from the La Plata Magmatic Center and the
abundance of potassium feldspar presumably from crystalline basement rocks in the San
Juan Uplift, this high sediment supply is likely related to the rapid development of
topographic relief in the source area of the Ojo Alamo fluvial system. Finer sands and
muds were bypassed through the system, possibly deposited in a more distal reach of the

paleoriver system that since has been lost to uplift and erosion.

Standard sedimentary models of avulsion stratigraphy are not compatible with the
sedimentary architecture observed in the Ojo Alamo Sandstone. The formation’s high
estimated sedimentation rates, predominance of coarse sands, and lack of paleosols
provide little evidence of long-term landscape stability (i.e., neither erosion nor
deposition) in the fluvial system during the early Paleocene depositional interval.
Because of this, evidence of avulsions (establishment of new fluvial channels in and/or
on former floodplains) in the Ojo Alamo fluvial system are difficult to recognize.
However, the formation’s conformable relationship with the overlying formation, lateral
continuity, and broad geographic distribution all suggest that it must have been deposited
by a long-lived and spatially migrating fluvial system. A potential explanation that
reconciles the absence of expected avulsion stratigraphy with the necessity of a spatially
migrating fluvial system is that the system did not avulse with the typical compensation-
driven processes associated with rivers in unconfined basins. Rather, the Ojo Alamo

fluvial system potentially was driven unidirectionally eastward across the incipient SJB
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by relatively increased uplift in the west, relatively increased subsidence in the east, or
some combination of the two during the onset of a new phase of Laramide deformation in
the earliest Paleocene. The observed lack of avulsion stratigraphy throughout most of the
Ojo Alamo Sandstone alternatively could be explained by the interpretation that the
formations represents not the deposits of one fluvial system but rather the coalesced
deposits of multiple alluvial systems draining a rapidly uplifted northerly source area.
Further work is needed regarding the timing of uplifts adjacent to the San Juan Basin in
order better to constrain SJB depositional history and to inform understanding of

relationships between tectonics and sedimentation.
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Figure 1. Location map of study area. Thick dashed line marks the approximate lower
contact of Paleogene sedimentary rocks in the San Juan Basin. Red dotted line marks the
present-day continental divide. Inset map shows location within New Mexico. BDNZ =
Bisti De-Na-Zin Wilderness Area; CCNHP = Chaco Culture National Historical Park;
MVNP = Mesa Verde National Park.
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Figure 2. Generalized stratigraphic column of upper Cretaceous and Paleogene units in

the San Juan Basin.
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Figure 5. Cut-and-fill structures in the Ojo Alamo sandstone. A: Complex 1.2 m thick
structure cut into intraformational mudstone 2 km southwest of Farmington, New
Mexico. B: Simple 1.1 m thick structure cut into, filled with, and overlain by medium-
grained sandstone, Arroyo Chijuilla, New Mexico.
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Figure 6. Overbank floodplain deposits of the Ojo Alamo Sandstone (outlined in yellow;
partially obscured by boulder talus) truncated by medium-grained channel sandstone.
Note the wide shelf at left formed by retreat of sandstone overlying mudstone; shelf is
absent at right and the vertically-stacked sandstone bodies form a continuous subvertical
exposure. Kinaird Arroyo, New Mexico. Scale varies; sandstone bodies are 5-9 m thick.

e

Figure 7. Succession of vertical faces of channel sandstone and vegetated slopes of
overbank mudstones within the Ojo Alamo Sandstone. Mesa Portales, New Mexico.
Scale varies; sandstone bodies are 4-12 m thick.
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Figure 8. Ternary diagrams showing composition of detrital grains of San Juan Basin
K/Pg sandstones.
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OJAL-103A

Figure 9. Feldspars from the Ojo Alamo Sandstone. A: Unaltered microcline
surrounded by sericitized feldspars and quartz. B: Unaltered microcline, polycrystalline
quartz, monocrystalline quartz, lithic grains, and untwinned feldspars. C: Angular
plagioclase feldspar showing albite twinning and minor sericitization (center), subangular
plagioclase feldspar showing relict albite twinning and sericitization (upper left), and
subangular sericitized feldspar (right of center), all with iron oxide staining on grain
boundaries. D: Angular unaltered untwinned feldspar with exsolution lamellae (NE-
SW), polycrystalline quartz, monocrystalline quartz, lithic grains, and untwinned
feldspars.
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Figure 10. Relative proportions of plagioclase feldspar and potassium feldspar from
sandstones of the Kirtland Shale and Ojo Alamo Sandstone.
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Figure 11. Si/Al ratios for sandstones from Kirtland Shale, Ojo Alamo Sandstone, and
Nacimiento Formation.
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Figure 12. Si/K ratios for sandstones from Kirtland Shale, Ojo Alamo Sandstone, and
Nacimiento Formation.
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Figure 13. Paleogeographic interpretation of San Juan Basin and surrounding areas
during the Campanian. Low-gradient streams flowing from the Mogollon Highlands in
the southwest towards the retreating Cretaceous Interior Seaway deposit well-sorted
sands and muds across much of the region. The thickest accumulations are preserved in
the northwestern SJB. Modified from Cather (2004).
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Figure 14. Paleogeographic interpretation of the San Juan Basin and surrounding areas
during the late Maastrichtian. Deposition of the lower members of the Kirtland Shale had
ceased, and erosional streams removed lower Maastrichtian and possibly upper
Campanian deposits. Erosion was greatest in the southeastern SJB, potentially due
relatively greater uplift in that area associated with the incipient Sierra Nacimiento Uplift.
In the central San Juan Basin, northeast flowing streams became entrenched, creating a
non-planar erosion surface onto which uppermost Maastrichtian and Paleocene sediments
would be deposited. Maastrichtian-aged detrital zircons in upper Maastrichtian SJB
deposits (Naashoibito Member of the Kirtland Shale) suggest that shallow intrusive

igneous rocks of the La Plata Magmatic Center were uplifted and eroded shortly after
cooling (Donahue, 2016).
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Figure 15. Paleogeographic interpretation of the San Juan Basin and surrounding areas
during the earliest Paleocene. Early Laramide uplift of the Defiance, Zuni, and San Juan
Uplifts reorganized regional drainage patterns, causing area streams to flow
south/southeast. Subsidence of the San Juan Basin provided accommodation for the
sediment these streams eroded from the emerging highlands. Volcanism in the La Plata
Magmatic Center contributed sediment via erosion of shallow intrusive and volcanic
rocks in the source area and via tephra fall. Uplift of the Sangre de Cristo highlands
separated the fluvial systems of the Raton Basin from SJB fluvial systems for the first
time since the retreat of the Cretaceous Interior Seaway (Bush et al. 2015), leading to
sediment accumulation and storage in Laramide basins rather than on the retreating Gulf
of Mexico coastal plain (Galloway et al., 2011; Blum & Pecha, 2014).
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Figure 17. Thickness relationships of Ojo Alamo Sandstone along five cross-sections.
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Figure 17 (previous page). Thickness relationships of the Ojo Alamo Sandstone and the
basal sandstone therein along five cross sections through the San Juan Basin. Location of
cross-sections given in Figure 4. X-axis shows distance from the western end of cross
section, in km. Y-axis shows thickness in feet. Blue line indicates the depth of the lower
contact of the Ojo Alamo Sandstone below the upper contact of the Ojo Alamo
Sandstone. Red line indicates the top of the basal sandstone of the Ojo Alamo Sandstone.
Data collected from well e-logs.
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~100 m

Channel sands

Well-developed paleosol
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Overbank fines

Figure 18. Cross-sections showing sedimentary architecture of alluvial
deposits. A: Architecture in the Paleocene upper Willwood Formation,
Bighorn Basin, Wyoming, showing well-developed paleosols,
heterolithic sheet sandstones, and channel sandstones. Meters-wide
ribbon sandstones are common within the heterolithic sheet
sandstones and may incise into paleosols. Paleosols formed during
intervals of subaerial exposure and depositional hiatus prior to
avulsion. Sheet sandstones and ribbon sandstones are interpreted as
avulsion deposits preceding the migration of a large channel (modified
from Kraus & Wells (1999)). B: Typical architecture in the Ojo Alamo
Sandstone throughout most of its outcrop area. Large channel bodies
are laterally and vertically amalgamated. Ribbon sandstones and
smaller channel deposits are uncommon. Overbank mudstones are
uncommon and laterally truncated by channel sandstones. C:
Architecture of the Ojo Alamo Sandstone at Mesa Portales. Single- and
multi-story channel bodies are laterally and vertically amalgamated
into 4-10 m-thick units separated by overbank mudstones. In some
cases, channel body units scour completely through underlying
overbank mudstones and into vertically adjacent sandstones of older
channel sand bodies (e.g., Fig. 5). Ribbon sandstones and smaller
channel (bar-top channel?) deposits common.
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Figure 19. Schematic diagram showing eastward progression of the Ojo Alamo fluvial
system depositional area due to increased uplift in the west and/or increased subsidence
and accommodation in the east.
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TABLES

Table 1. Bulk geochemical composition of sandstones sampled from the Kirtland Shale
(Kk), Ojo Alamo Sandstone (Toa), and Nacimiento Formation (Tn).

formation  S2MPIe Na20  MgO  AR203  Si02  P205 K20 ca0 Ti02  MnO  Fe203 T('f,;‘;"'
Name mass% mass% mass% mass% mass% mass% mass% mass% mass% mass% Majors
Kk KISH-001 1.94 1.11 13.8 45.4 0.15 1.84 25.60 0.79 1.03 7.13 98.8
Kk KISH-002 1.75 1.38 18.8 66.4 0.25 3.20 1.59 1.18 0.04 4.91 99.5
Kk KISH-003 1.52 1.12 18.5 68.3 0.04 2.73 1.36 1.00 0.02 4.91 99.5
Kk KISH-004 1.08 1.36 17.8 59.3 0.22 4.30 2.93 1.05 0.21 9.66 97.9
Kk KISH-011 1.35 0.96 11.8 39.6 0.14 1.86 34.80 0.78 1.62 6.26 99.2
Kk KISH-012 1.88 1.35 19.3 65.1 0.27 3.10 2.33 1.42 0.04 4.59 99.4
Kk KISH-013 1.48 1.23 19.1 67.5 0.04 2.61 1.09 0.99 0.02 5.64 99.7
Kk KISH-023 1.47 1.16 18.6 68.1 0.04 2.61 1.70 0.90 0.02 4.63 99.2
Kk KISH-024 1.12 1.44 18.3 60.4 0.21 4.21 2.58 1.02 0.12 9.17 98.6
Kk KIFA-001 1.28 0.99 14.8 59.6 0.10 2.46 12.80 0.81 1.12 5.06 99.0
Kk KIFA-002 1.07 1.11 17.9 62.1 0.21 2.61 10.70 0.90 0.09 2.63 99.3
Kk KIFA-003 1.32 1.19 14.5 64.2 0.04 1.99 9.33 1.00 0.43 4.91 98.9
Kk KIFA-004 131 1.20 16.1 60.1 0.11 2.33 9.90 0.89 0.06 6.63 98.6
Kk NASH-02 2.35 1.13 15.8 59.0 0.04 2.11 1.23 0.69 0.04 8.05 90.5
Toa OJAL-102 0.55 0.95 25.8 59.7 0.06 1.48 1.63 1.23 0.00 7.92 99.3
Toa OJAL-104 0.41 1.05 23.5 60.5 0.07 3.49 1.51 1.03 0.06 8.15 99.8
Toa 0JAS-001 0.72 1.43 20.7 62.2 0.10 4.93 1.18 1.12 0.06 7.15 99.6
Toa 0JAS-002 0.35 1.13 20.1 62.4 0.08 4.05 1.58 0.98 0.17 8.98 99.8
Toa 0JAS-003 1.21 0.32 13.3 74.1 0.11 6.49 0.58 0.47 0.04 2.69 99.3
Toa 0OJAS-005 0.88 1.21 19.9 63.0 0.13 4.83 1.03 1.16 0.11 7.32 99.6
Toa 0JAS-011 0.68 1.43 21.3 62.1 0.11 4.76 1.18 1.16 0.05 6.89 99.7
Toa OAES-01 1.01 1.11 21.5 59.5 0.12 7.69 2.51 1.01 0.10 5.25 99.8
Toa OAES-02 0.61 0.80 20.4 63.4 0.10 5.91 1.46 1.21 0.07 4.99 99.0
Toa OALP-02 0.69 0.95 22.9 62.9 0.08 6.09 1.19 0.96 0.04 4.10 99.9
Toa OALP-03 0.39 1.08 23.1 61.1 0.09 6.19 1.61 1.08 0.07 4.98 99.7
Toa OALP-04 0.65 0.42 20.0 66.7 0.11 6.89 0.68 0.88 0.04 2.69 99.1
Toa OADN-01 0.67 1.01 22.7 62.1 0.10 6.91 1.59 0.92 0.10 3.46 99.6
Toa OADN-03 0.95 1.13 23.3 61.5 0.12 5.73 1.37 1.10 0.13 3.95 99.3
Tn CUME-02 0.75 0.60 19.7 61.8 0.10 2.22 7.61 1.32 0.78 4.12 99.0
T CUME-06 1.06 0.61 11.0 76.7 0.02 1.55 0.31 0.91 0.02 2.75 94.9
Tn CUME-08 0.70 0.07 19.2 62.0 0.07 2.17 6.71 1.10 0.58 5.90 98.5
T CUME-14 1.23 1.09 15.0 57.9 0.05 2.03 0.59 0.66 0.05 13.65 92.2
Tn CUME-18 0.96 0.73 21.4 64.5 0.08 2.36 1.93 1.15 0.03 5.92 99.1
Tn CUME-19 0.10 0.79 19.2 64.8 0.07 2.19 4.69 0.99 0.85 4.96 98.6
Tn BLAN-05 0.87 0.69 19.9 59.9 0.09 2.11 5.81 1.19 1.00 7.39 99.0
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Total

. Sample Na20 MgOo AI203 Si02 P205 K20 Cao Tio2 MnO Fe203
Formation (%)
Name mass% mass% mass% mass% mass% mass% mass% mass% mass% mass% Majors
MEPO-
Tn 001 0.57 0.77 20.4 65.3 0.07 1.86 1.34 1.24 0.03 8.22 99.8
MEPO-
Tn 002 0.79 0.53 18.5 69.7 0.04 2.42 0.08 1.38 0.03 5.39 98.9
MEPO-
Tn 003 0.92 0.53 15.6 47.6 0.06 2.08 26.40 0.64 1.52 3.52 98.9
Tn LIPL-01 1.18 1.31 22.9 60.1 0.21 4.53 1.11 0.96 0.09 7.32 99.7
Tn LIPL-02 1.01 1.10 23.4 64.1 0.10 5.60 0.09 1.01 0.06 3.16 99.6
Tn LIPL-03 0.59 0.99 21.2 60.9 0.08 6.91 2.29 1.06 0.10 3.16 97.3
Tn LIPL-04 0.93 1.13 22.5 61.7 0.13 5.68 1.16 1.01 0.08 4.55 98.9
Tn LIPL-07 0.85 0.87 19.9 60.9 0.02 3.89 5.91 0.90 0.05 6.54 99.8
WFKW-
Tn 001 1.89 0.76 15.0 58.9 0.06 2.51 1.89 0.60 0.02 3.80 85.4
i BIPO007 0.92 2.28 17.5 56.3 0.07 2.43 1.91 0.82 0.03 9.82 92.1
WFKW-
Tn 002 2.28 0.86 16.5 66.0 0.06 2.57 1.75 0.58 0.04 4.45 95.0
i KWFTO8 1.55 1.40 16.9 64.8 0.02 0.82 0.67 1.10 0.03 5.72 93.0
Tn CROWO05 0.13 0.16 7.2 81.8 0.01 0.07 0.11 0.96 0.01 0.83 91.3
Tn CROWO04 0.32 0.43 20.1 63.3 0.02 0.10 0.55 1.03 0.01 3.98 89.8
Tn JACAO5 1.28 1.09 20.4 60.0 0.01 1.10 0.88 0.79 0.03 5.16 90.7
Tn BETS-04 1.33 0.80 16.9 63.8 0.21 2.19 1.28 0.65 0.02 6.89 94.1
T BDNZ-53 1.18 1.02 19.7 56.1 0.04 1.92 0.54 0.79 0.02 9.33 90.6
Tn BDNZ-50 1.07 0.96 17.7 63.3 0.04 1.47 0.55 0.72 0.01 4.95 90.8
i BDNZ-35 1.38 1.05 22.1 56.2 0.02 0.50 1.08 0.78 0.04 5.78 89.0
Tn BDNZ-41 1.52 1.61 14.9 58.8 0.10 2.23 0.95 0.66 0.04 9.13 89.9
i ANGE-06 1.17 1.06 15.6 61.3 0.05 2.15 1.16 0.69 0.02 9.37 92.5
Tn ANGE-05 1.17 1.07 15.6 61.7 0.05 2.16 1.17 0.69 0.02 9.40 93.1
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Table 2. Sedimentation rate estimates for the Ojo Alamo Sandstone.

Thickness of Ojo Alamo Sandstone (m)

Inferred duration of sedimentation (ky)

Sedimentation rate (m/ky)

120 (maximum thickness) 307 (minimum estimate of Sprain et al. (2015)) 0.39
120 511 (maximum estimate of Sprain et al. (2015)) 0.23
65 (average thickness) 307 0.21
65 511 0.13
6 (minimum thickness) 307 0.02
6 511 0.01
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Chapter 2

Pyroclastic silcretes in the Paleocene Nacimiento Formation, New Mexico: a new
genetic origin for silcretes
Kevin M. Hobbs!, Peter J. Fawcett

Earth and Planetary Sciences Department, University of New Mexico, Albuquerque,

New Mexico, 87131 USA

ABSTRACT
Silica-cemented sediments and soils, commonly called silcretes, are thought to

form via one of three processes: (1) by long-term (>10° y) pedogenic silica accumulation
in stable landscapes; (2) by interstitial silica precipitation by shallow groundwater
downgradient from aluminosilicate weathering zones during landscape incision; or (3) in
evaporitic alkaline ephemeral lakes in endorheic basins. Each of these genetic settings
produces an associated specific set of silcrete characteristics. In contrast, the abundant
silcretes in the Paleogene Nacimiento Formation (NFm) of New Mexico formed in the
<108 y interval between deposition of underlying sediment and burial by overlying
sediment during Laramide sedimentation, precluding long-term pedogenic origin. NFm
silcrete stratigraphic relationships and mineralogic composition preclude both
groundwater and alkaline ephemeral lake origins. Here we present evidence suggesting
that NFm silcretes formed in the Paleocene from the rapid concentration of silica during
alteration of volcanic tephra under supergene conditions, a new fourth process for silcrete
genesis. These conclusions show that current understanding of silcrete genesis is
incomplete, and that the role of fine-grained pyroclasts in sedimentary basins deserves

further emphasis.
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INTRODUCTION
Silcretes are indurated silica-cemented sediments and soils containing >85 wt.%

SiO, (Summerfield, 1983; Nash & Ullyott, 2007). Most silcrete research has focused
upon those from Australia and southern Africa, where they form from the long-term
accumulation of silica in duricrusts in stable landscapes (e.g., Thiry & Milnes 1990; Hill
et al., 2003; Thiry et al., 2006); and from Cenozoic deposits of western Europe, where
they represent paleosol duripans or more recent groundwater precipitation horizons (e.g.,
Thiry, 1999; Bustillo & Bustillo, 2000; Ullyot et al., 2015; Huggett & Longstaffe, 2016).
More localized silcrete formation is known from North America (e.g., Wehrfritz, 1978;
Nimlos & Ortiz-Solorio, 1987; Williamson et al., 1992), South America (e.g., Scherer &
Lavina, 2006; Batezelli & Ladeira, 2016), southwest Asia (Khalaf, 1988), and New
Zealand (Lindqvist, 1990). Silcretes are known in rocks ranging in age from Precambrian
to recent (Mustard & Donaldson, 1990; Dubroeucq & Thiry, 1994); the majority are
hosted by Cenozoic sediments (Thiry, 1999; Nash & Ullyott, 2007).

Silcrete mineralogic composition is dominated by opal, chalcedony, and quartz
(Bustillo & Bustillo, 2000; Nash & Ullyott, 2007). Matrices are composed of opal,
chalcedony, and microquartz (<20 um). Grain overgrowths and large void-fillings are
commonly megaquartz (>20 um). The detrital component of silcretes is usually quartz
(Nash & Ullyott, 2007). There is a well-documented sequence of silica ordering in
silcrete cements, with amorphous opal being replaced progressively by chalcedony,
microquartz, and megaquartz (Thiry & Millot, 1987). This sequence is present in
pedogenic silcretes, where more ordered silica is present near the top of the profile
(Ballasteros et al., 1997), and in groundwater silcrete vug fills, where silica order

increases towards the center of voids (Thiry & Milnes, 1991). Alumina content is usually
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<1%, with higher concentrations reported in some pedogenic silcretes (Armenteros et al.,
1995; Nash & Ullyott, 2007). The silica in most silcretes is derived from weathered
silicate minerals. This leads to solute silica in surface and subsurface waters. Silica
solubility is affected by a number of factors (Rimstidt, 1997; Lee & Gilkes, 2005; Maly
et al., 2006), but under most conditions is greatest in waters above pH 9 (Dove &
Rimstidt, 1994). Under most surficial and shallow groundwater conditions, quartz
remains relatively insoluble, making quartzose sediments unlikely sources for solute
silica in surface and subsurface waters (Nash & Ullyott 2007). Argillization and clay
diagenesis are important silica sources (Birkeland, 1974; Wopfner, 1983) and usually
occur in low pH environments associated with high bioactivity or precipitation of metal
oxyhydroxides. Silica can have biogenic sources in monocotyledonous plants (Meunier et
al. 1999) and diatoms (Battarbee et al. 2001). Pedogenic and evaporitic silcretes involve
vertical translocation of silica, resulting in vertical gradations in silica form and/or
content (Nash & Ullyott, 2007).

Current models for silcrete formation include pedogenic, groundwater, and
evaporitic origins, each associated with a specific set of physical and chemical
characteristics (Nash & Ullyott, 2007). Pedogenic silcretes form over long periods (>10°
y) on basement rocks or basement-adjacent sediments, and indicate an unconformity
(Wopfner, 1983; Thiry, 1999). They require the downward percolation of silica solutions
and subsequent precipitation of silica lower in the solum, leading to an upper elluviated
horizon and lower illuvated horizon (duripan) (Milnes & Thiry, 1992).
Macromorphological features in pedogenic silcretes vary but usually include columnar

structures, roots, and bioturbation structures (Nash & Ullyott, 2007). Groundwater
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silcretes form at the water table or at groundwater outflow zones (Nash & Ullyott, 2007)
in arenaceous sediments and limestones. These silcretes form downgradient from
aluminosilicate weathering zones, where silica is liberated from primary minerals and
clays during hydrolysis and subsequently delivered to silicification zones. Silica
precipitation is triggered by changes in solution chemistry, leading to micro-scale
concentric zones of silica phases or ordering (Thiry & Millot, 1987). Evaporitic silcretes,
also called pan/lacustrine silcretes, form in or adjacent to lakes in endorheic basins
(Summerfield, 1983; Nash & Ullyott, 2007). Changes of silica mobility related to salinity
and pH in these environments lead to precipitation of silica from solution. Evaporitic
silcretes are nodular or irregularly shaped, contain a wide variety of matrix minerals, and
are geographically associated with other mineral phases reflecting the solute ions and/or
molecules present in the evaporating water (Armenteros et al., 1995; Nash & Ullyott,

2007). Properties of pedogenic and groundwater silcretes are listed in Table 1.

THE NACIMIENTO FORMATION
The Nacimiento Formation (NFm) in the San Juan Basin (SJB) (Fig. 1) contains

siliciclastic sandstone and mudstone deposited by southeast-flowing rivers in the Danian
through Thanetian Ages of the Paleocene Epoch (Williamson, 1996). Deposition was
concurrent with structural deformation caused by development of the San Juan Basin,
San Juan Dome, La Plata Magmatic Center, and other Laramide Orogeny features in the
early Paleocene (Smith, 1988; Cather, 2004; Donahue, 2016). Due to its rich and diverse
fossil vertebrate fauna, much work has been devoted to NFm paleontology and
biostratigraphy since the late 19" Century (Williamson, 1996, and references therein).

Relatively little work has focused on the stratigraphy of the unfossiliferous portions of
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the NFm, and even less has focused on the paleoclimatology, sedimentology, fluvial
history, and paleoenvironmental interpretation of this unit.

The NFm contains numerous 10-50 cm thick, weathering resistant, indurated
silica-rich beds. These beds are interbedded with assorted facies, including sandstone,
mudstone, and paleosols. Rains (1981) applied the term silcrete to describe these beds.
Due to their relatively resistance to weathering as compared to other NFm rocks, silcretes
are noticeable features in the landscape as they cap mesas, form prominent bluffs and
breakaways in hillslopes, and create talus-mantled slopes and plains below vertical
outcrops. Despite their prominence in the landscape and their abundance in the NFm, SJB
silcretes remain poorly understood.

Two previous studies have offered interpretation of the chemical and mineral
composition, stratigraphic relationships, and genesis of NFm silcretes. Rains (1981)
investigated the occurrence and nature of SJB silcretes in an effort to determine the
environments and processes responsible for them. On the basis of field observations and
petrographic and X-ray diffraction analyses, he concluded that the silcretes were the
“result of extensive chemical weathering under complex and variable climate conditions™
and that “these conditions are very similar to those under which major Australian
silcretes developed” (p. 69). It should be noted that Australian silcretes are highly
variable in observed form and suggested genesis (e.g., Thiry and Milnes, 1990; Hill et al.,
2003; Borger et al., 2004; Lee and Gilkes, 2005; Thiry et al., 2006). Seizing upon the
shared characteristics of SIB and Australian silcretes, Rains interpreted SJB silcretes to
have formed under similarly warm and seasonally wet conditions. In addition to detailed

lithologic and petrographic descriptions, Rains (1981) provided detailed stratigraphic
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measurements of silcrete-bearing sections of the Nacimiento Formation. Rains’ field
observations include silcretes that are laterally continuous on the km scale as well as
silcretes displaying a bifurcating form in outcrop. Rains’ petrographic analyses yield an
average of 91% silica (quartz and cryptocrystalline silica matrix), 3% potassium feldspar,
3% clay/mica matrix, and 3% other; his X-ray diffraction analyses indicate the presence
of quartz, amorphous silica, potassium feldspar, kaolin-group clays, and interstratified
smectite-group clays.

Williamson et al. (1992) presented a description and interpretation of Nacimiento
Formation silcretes, noting the similarities to and differences from silcretes in other
settings. They remark upon the wide variability in the form of silcretes in different
geographic, geologic, and temporal settings, and state that such variability likely
represents different genetic conditions. Like Rains (1981), Williamson et al. (1992)
conclude that SJB silcretes likely have their origin in pedogenic or surficial weathering

processes, rather than groundwater diagenetic processes.

METHODS
Silcretes and adjacent strata were mapped and measured in the NFM outcrop area

in San Juan and Sandoval Counties, New Mexico (Fig. 1). For optical petrographic
analyses, thin sections were prepared with standard techniques. In order to determine
grain size, composition, and texture, petrographic identification and point counts were
performed with a petrographic microscope. Minerals were identified with X-ray
diffraction analyses on a Panalytical X’Pert Pro diffractometer at the New Mexico
Bureau of Geology and Mineral Resources. Bulk geochemical composition of silcretes
and adjacent strata was determined with X-ray fluorescence analyses on a Rigaku ZSX

Primus Il wavelength-dispersive spectrometer in the Analytical Chemistry Laboratory at
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the University of New Mexico. Elemental compositions of individual grains, matrix
components, and clays were obtained on a JEOL 8200 electron microprobe analyzer in
the Electron Microbeam Facility at the University of New Mexico.

Here, we present new data and interpretations in order better to understand how
these silcretes relate to the tectonic, sedimentary, volcanic, and geomorphic evolution of
the SJB during accumulation of NFm sediments in the Paleocene. Out work shows that
NFm silcretes cannot be explained with conventional models of silcrete genesis. Using
geochemical, petrographic, and stratigraphic investigations, we show the silcretes in this

study are likely the result of alteration of volcanic ashfall deposits.

RESULTS
Silcretes of the NFm crop out in the southwest SJB (Fig. 1). Although they cannot

accurately be correlated stratigraphically across the area, silcretes are more common in
the lower 50 m and upper 100 m of the ~450 m-thick NFm. Stratigraphic correlation of
NFm silcretes shows that there are at least 30 unique silcretes; the actual number is likely
higher but difficult to ascertain due to difficulties in lateral correlation between outcrop
areas. Silcretes are 10-50 cm thick with distinct planar upper contacts and distinct
irregular to planar lower contacts. Individual silcrete beds are vertically homogenous.
Silcretes overlie claystones, siltstones, sandstones, and paleosols, and are overlain by
mudstones, siltstones, and sandstones. Subjacent and superjacent strata show no
remarkable depletion or enrichment in Si, Al, or base cations. Silcretes are usually
parallel to underlying strata, but can be observed cross-cutting lower units (Fig. 2). Root
traces are present in 20% of observed silcretes. Burrows are present in 55% of observed
silcretes and comprise two classes: straight, vertical ~3-5 mm-diameter cylindrical

burrows; and subvertical 10-16 mm-diameter burrows. The larger burrows sometimes
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become horizontal at the base of the silcrete stratum, suggesting that subjacent strata were
less favorable for burrowing while bioturbation occurred. Individual silcrete beds can be
traced laterally for up to 2 km. Silcretes laterally terminate against channel cuts (Fig. 2)
or by pinching out. Laterally discontinuous silcretes pinch in and out over 10°s to 100’s
of m.

The mineral composition, grain size, and sorting of NFm silcretes are
substantially different from that of the superjacent and subjacent arkosic arenites, wackes,
siltstones, and claystones encapsulating them. NFm silcretes contain moderately- to well-
sorted, fine grained sand to silt predominated by strain-free monocrystalline quartz with
minor amounts of microcrystalline quartz, chalcedony, feldspar, lithic fragments, and
accessory minerals. Grains comprise 35-60% of the rock. Tephra shards are common
(Fig. 3), making up 9-20% of the rock and were identified on the basis of biconcave
shapes, arcuate clast margins, Y-shaped clasts, or preserved whole vesicles, all indicative
of vesicularity. Many clasts are elongate and very angular. These have the same mineral
and chemical composition as clasts that meet the criteria for shards, but we cannot be
certain of their origin. By not counting them as shards, we almost certainly underestimate
the total percentage of shards in NFm silcretes. These rocks are cemented by
cryptocrystalline and microcrystalline silica matrix that comprises 40-65% of the rock
(Fig. 4). Unlike many pedogenic and groundwater silcretes, there is no observed
progression of silica ordering (e.g., from low-order amorphous silica to high-order
quartz) in grains, matrix, or vug fills of NFm silcretes. Clays make up <2% of the matrix
and are often associated with bioturbation features. Unfilled pores make up <2% by

volume of NFm silcretes, making these the lowest-porosity facies in the SIB Paleogene
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section. By standard sedimentary classification, NFm silcretes are classified as silica-
cemented submature quartz wackes. By the pyroclastic classification of Schmid (1981),
NFm silcretes are tuffites. Using the micromorphological classification of Summerfield
(1983), NFm silcretes are F-fabric silcretes (matrix-supported).

The average NFm silcrete contains 90% SiO», 6% Al,O3, and 4% other
components by oxide weight percent (Table 2). Microprobe analysis shows that most
detrital grains, tephra shards, and matrix materials are composed of quartz. Some grains
and matrix materials contain lower-order silica forms, predominantly opal-CT. Detrital
aluminosilicate minerals, including feldspars, and titanium oxides (presumably rutile) are
also present. Matrix materials also include minor amounts of hydrated aluminosilicate
clays. See the Appendices for full petrographic, bulk geochemical, and microprobe

analytical data.

DISCUSSION

Volcanic Origin for NFm Silcretes
Nacimiento Formation silcretes share some mineral and physical properties with

both pedogenic and groundwater silcretes (Table 1), but lack many of the properties
needed to designate them as one or the other. For instance, the preservation of
sedimentary structures is present in both groundwater and NFm silcretes; however, NFM
silcretes lack the quartz overgrowths observed in groundwater silcretes. NFm silcretes are
not associated with any evaporitic minerals and are limited in areal extent, precluding
their interpretation as evaporitic silcretes. The moderate sedimentation rates in the
Paleocene SJB of 0.01-0.12 mm/yr (Williamson, 1996) also preclude long-term
pedogenic origin for NFM silcretes. We propose that NFm silcretes formed via neither

long-term pedogenic silica accumulation nor silica precipitation in groundwater. Instead,
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the alteration and cementation of aeolian-deposited silica-rich tephra were responsible for
NFm silcretes. The abundance of very angular tephra shards (Fig. 3) suggest limited
fluvial transport of these clasts after deposition. The nearest known igneous eruptive
centers in the early Paleocene are 2100 km from NFm silcretes (Cunningham et al.,
1994), and tephra shards are likely to be destroyed or rounded if fluvially transported
such a distance (Cas & Wright, 1988). The textural uniformity (fine sand to silt), sorting,
lack of fluvial bedding structures, and stratigraphic relationships of NFm silcretes also
suggest an ashfall origin. Some silcretes can be observed on either side of sand-filled
channel cut structures, suggesting that the silcrete formation is related to original bed
composition instead of a later water table position. The “bifurcating” silcretes of Rains
(1981) at Ojo Encino, shown in Fig. 2, are in fact the result of erosion of a lower ashfall
deposit by a channel cut and the subsequent deposition of a later ashfall deposit that
draped topography. Some silcretes (BDNZ-21 and BDNZ-24; Repository data) show a
higher proportion of feldspars, rounded quartz grains, and clay cements, suggesting some
mixing of pyroclastic and epiclastic materials after the initial ashfall deposition of
pyroclasts. In NFm fluvial sandstones, tephra shards are present but make up <1% of
detrital grains, suggesting that aeolian pyroclastic deposition and/or reworking sometimes
occurred in the Paleocene SJB but did not result in the creation of tuffite or subsequent
silcrete.

Potential source volcanoes for pyroclasts in NFm silcretes are in the southwestern
Colorado Mineral Belt, ~100 km NNW from NFm silcretes, and in the Colorado
Plateau/Basin and Range transition zone of southeastern Arizona, ~400 km SW from

NFm silcretes. Since there is no structural evidence for Cenozoic major crustal
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contraction or extension in the area between the SJB and these magmatic centers, we
assume these distances were similar during NFm deposition. Early Paleocene Colorado
Mineral Belt igneous products are of intermediate chemical composition (Wegert &
Parker, 2011), whereas coeval Arizona igneous products are felsic (Titley, 1995). Both
Colorado and Arizona potential volcanic sources for NFm pyroclastic deposits are at a
more westerly longitude than silcretes, meaning both were likely upwind of the
Paleocene SJB if general global atmospheric circulation patterns are assumed, given the
Paleocene SJB’s location in the middle latitudes (Irving, 1979. The high silica content of
NFm silcretes might suggest that the Arizona felsic (~70 wt. % SiO», Lang, 1991)
eruptions are a more likely source of pyroclastics than are the Colorado intermediate (52-
64 wt. % SiO,, Wegert & Parker, 2011) eruptions. In either case, NFm silcretes, at 90 wit.
% SiOz, are more silica-rich than igneous sources. The chemical disparity between
silcretes and potential igneous sources must be explained by post-depositional leaching of
aluminum and base cations (i.e., pyroclasts had the bulk chemical composition of their
parent magma but were chemically altered after deposition), by chemical compositional
sorting in an eruptive event (i.e., silica-rich pyroclasts were preferentially deposited in the
SJB due to sorting and/or chemical segregation processes), or by some combination of
both. Pyroclastic aeolian deposits are known to be more felsic farther from the eruptive
source, but even the most distal ash deposits rarely exceed ~79 wt % SiO> (Sarna-
Wojcicki et al., 1981; Shane, 1991). Therefore, either Arizona or Colorado Paleocene

magmatic centers are possible sources for NFm aeolian pyroclastic deposits.

NFm Silcrete Alteration
Even if the original bulk chemical composition of NFm aeolian pyroclastic

deposits is assumed to be as silica-rich as the most silicic shards observed in recent
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volcanic eruptions (75 wt. % SiO», 13 wt. % Al>O3, 12 wt. % other (Shane, 1991)), then
post-deposition removal of Al and base cations is still required in order to attain the bulk
chemical compositions observed in NFm silcretes (Table 2). This is problematic in
regards to interpretation of NFm silcretes, as the geochemical stability of silicic
pyroclastic materials is well documented (Dugmore et al., 1992; Pollard et al., 2003). At
low pH, Si is relatively immobile (Alexander et al., 1954), but base cations are more
mobile (Drever, 1994). Due to the presence of NFm silcretes immediately above and
below arkosic sandstones with unaltered feldspars, the lack of remarkable loss or gain of
Al or base cations in those sandstones, and the distinct boundaries between silcretes and
subjacent and superjacent beds, it seems unlikely that low pH groundwater could have
caused the leaching observed in silcretes. If it had, greater alteration of adjacent units and
less distinct lithologic boundaries would be expected. Instead, the chemical environments
and processes responsible for silcrete formation must have been strictly confined to the
aeolian pyroclastic deposit beds themselves. A potential explanation is that porosity and
permeability conditions within the aeolian pyroclastic deposits allowed acidic meteoric
waters long enough residence time to leach most Al and base cations from the initially
glassy pyroclasts and interstitial ash. Plants colonized these deposits, as is evidenced by
preserved roots traces, and their contribution of organic acids and ligands likely increased
Al solubility (Zuti¢ and Stumm, 1984; Drever & Stillings, 1997), an effect seen in
modern plant-rich soils (Johnson et al., 1981). Modern soil formed in acidic materials or
under acid-producing plant communities can create spodic horizons wherein Al and base
cations are removed. While NFm silcretes lack the accumulation of Al and base cations

deeper in the profile as is observed in modern Spodosols, perhaps similar interactions
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between acidic materials, plant communities, and Al-humus complexes allowed for the
nearly complete removal of most non-silica elements from these horizons relatively
rapidly after deposition. Though the exact cause and process of leaching in these deposits
IS unknown, it is evident that peculiar chemical conditions must have existed in order to

produce the observed silcretes.

IMPLICATIONS AND CONCLUSIONS

New Consideration of Silcrete Genesis
NFm silcretes do not fit the currently accepted models for silcrete formation.

Cross-cutting relations (Fig. 2) show that these beds were surficial or very shallow
(shallower than the depth of channel incision) and that at least part of their development
occurred while the sedimentary basin was undergoing fluvial depositional processes in
the Paleocene. Since pedogenic silcretes are assumed to take hundreds of thousands to
millions of years to form, there is not enough time elapsed during NFm deposition to
account for all of the silcretes that it contains. In addition, NFm silcrete exhibit no
vertical grading, association with elluviated horizons, or other pedogenic features found
in pedogenic silcretes. Groundwater silcretes form via the interstitial precipitation of
silica in arenaceous sediments downgradient of weathering zones during local/regional
landscape incision. NFm silcrete do not fit with this model for several reasons. First,
there are no known nearby weathering zones to supply silica-rich waters to the NFm.
Second, NFm silcretes are not geographically associated with any major incision and can
be found located downdip of local incisions, suggesting the discharge of silica-rich
waters was not a factor in their origin. Third, groundwater silcretes disply overgrowths of
silica minerals around detrital grains of the host sediment whereas NFm silcretes show

complete replacement of host sediment with quartz and few to no silica overgrowths.
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The indurated silica-rich beds described here fit the general accepted definition of
silcretes but are incompatible with accepted methods of silcrete genesis. NFm silcretes
are not relict features associated with long-term geomorphic stability in inactive
landscapes. Instead, they represent relatively rapid induration in an active sedimentary
basin. The presence of silica-rich ashfall deposits provided a unique stratigraphically
constrained chemical and/or hydrological environment that generated the distinctive NFm
silcretes. While the exact processes of NFm silcrete genesis are not fully understood, the
role of fine-grained aeolian pyroclastic materials in the creation of silcretes deserves

greater emphasis.

Paleoenvironments of the Nacimiento Formation
The presence of numerous ashfall deposits in the NFm demands a

reconsideration of possible paleoenvironmental implications. NFm paleoclimatic
conditions have been assumed as having high mean annual precipitation and
temperatures, due in part to the interpretation of crocodilian and palm fossils as indicators
of humid paleoclimate conditions (e.g., Wing & Greenwood, 1993; Markwick, 1994).
The abundance of preserved ashfall deposits in the NFm suggests that there was
sufficient precipitation during NFm deposition to prevent the aeolian erosion of these
deposits; rapid colonization by plants likely aided in this preservation process. Aeolian
pyroclastic/ashfall deposits in other Cenozoic fluvial basins have been interpreted as
having been deposited under subhumid to semiarid conditions and as having significant
impacts on paleobiota and paleolandscape development (Hunt, 1990). The deposits we
describe here prove that mineral material was delivered to the aggradational early
Paleocene San Juan Basin via non-fluvial means. NFm silcretes show that portions of the

NFm depositional system underwent periods of quiescence during which aeolian
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pyroclastic deposits could not only accumulate, but also be colonized by biota and

preserved.
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Figure 1. Location map of study area. Inset map shows location within New Mexico.
Nacimiento Formation outcrop area marked by shaded area. AP: Angel Peak; DZ: De-na-
zin Wash; JC: Jay Canyon; EW: Escavada Wash; OE: Ojo Encino.
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Figure 2. Two silcretes at Ojo Encino. Arrows mark silcrete beds. Upper silcrete formed
in aeolian pyroclastic material that was deposited in a channel cut through lower silcrete
and adjacent siliciclastic strata. Scale varies; ~3 m vertical distance between the two
silcretes near arrows.
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Figure 3. Photomicrographs of tephra shards in Nacimiento Formation silcretes. Scale bar
in each is 0.1 mm. Sampling localities: A: Kutz Canyon. B: Escavada Wash. C: Jay
Canyon.
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Figure 4. Ternary diagram showing relationships between quartz grains, silica matrix, and
all other materials in Nacimiento Formation silcretes and average Nacimiento Formation
sandstone.
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TABLES

Pedogenic Silcretes ‘

SJB Silcretes

Groundwater Silcretes

Sedimentary structures destroyed X v Sedimentary structures preserved
Microquartz dominant v X Quartz overgrowths dominant
Associated with kaolinitic weathering horizons X v Associated with arenaceous sediments
Indicate a depositional hiatus v X Unrelated to depositional processes
Columnar fractures X v Massive
Transect varous ages and types of substrate v X Associated with one stratum
Formed on stable basement rocks X v Formed in basin fill
Contain roots & bioturbation structures v X No pedofeatures present
Elluvial-over-illuvial vertical profile X v Little to no vertical grading
Require >10° y to form ? ? Can form in <10° y

Form in subaerial weathering profile

Form in lithified sediment

Table 1. Properties of pedogenic and groundwater silcretes, taken from Nash & Ullyott
(2007) and references therein. San Juan Basin (SJB) silcretes of this study, shown in
middle column, share properties with both types of silcretes.

Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt % Wt %
Sample Na0 MgO Al03 SiO: P20s K20 Ca0 TiO: MnO Fe,03
BDNZ-24 1.852 0.402 13.134 79.059 0.019 3.132 0.472 0.717 0.017 1.196
ESCA-05 0.099 0.357 5.892 90.622 0.012 0.532 0.391 1.118 0.008 0.968
CROW-06 0.253 0.199 3.829 93.597 0.010 0.150 0.224 1.062 0.011 0.665
CROW-082 0.224 0.151 5.275 92.229 0.013 0.103 0.143 1.070 0.014 0.779
CROW-05 0.145 0.178 7.867 89.619 0.015 0.081 0.118 1.054 0.010 0.910
ANSI-01 0.297 0.194 4.022 91.191 0.019 1.599 0.197 1.009 0.018 0.991
JACA-17 0.220 0.246 5.009 90.879 0.013 0.816 0.431 1.150 0.013 0.897
Average 0.4 0.2 6.4 89.6 0.0 0.9 0.3 1.0 0.0 0.9

Table 2. Bulk geochemical data of SJB silcretes.
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Appendix A. Petrographic Point Count Data

GRAINS MATRIX
Quartz
T < © © t & ] © S = © ©
£ 3 £ 5|2 & £ 5|2 & 5| B
5 2 Z [ o 3 S} [ & [ [
= o ] °
=) - I
(G]
Sample
ANSI-O1a 8 23 9 40 2 3 0 45 53 2 55 100
ANSI-01b 12 28 5 45 1 2 1 49 50 1 51 100
BDNZ-24 9 15 17 41 5 9 5 60 32 8 40 100
CROW-06A 4 34 3 41 2 1 1 45 55 0 55 100
CROW-06B 5 26 0 31 2 1 1 35 65 0 65 100
CROW-06C 5 29 3 37 1 1 1 40 59 1 60 100
CROW-
082A 11 19 6 36 4 3 1 44 54 2 56 100
CROW-
082B 8 22 5 35 2 2 2 41 58 1 59 100
CROW-
082C 6 26 5 37 2 2 1 42 57 1 58 100
ESCA-05a 2 16 8 26 6 3 5 40 58 2 60 100
ESCA-05b 2 20 5 27 5 1 5 38 61 1 62 100
BDNZ-21 6 16 6 28 6 9 9 52 40 8 48 100
CROW-05 9 29 7 45 1 1 1 48 51 1 52 100
JACA-17 7 31 2 40 1 3 1 45 55 0 55 100
CROW-
081A 8 26 1 35 1 0 4 40 59 1 60 100
CROW-
081B 7 29 2 38 2 0 3 43 56 1 57 100
Average 6.8 243 53 364 27 26 26 442|539 19 558 100
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Appendix B.

Bulk Geochemical Data

Wt %

Wt %

Wt %

Wt %

Wt % Wt % Wt % Wt % Wt % Wt %
Sample Na.O MgO Al,03 SiO; P20s K20 Ca0 TiO: MnO Fe 03 Total
BDNZ-24 1.852 0.402 13.134 79.059 0.019 3.132 0.472 0.717 0.017 1.196 | 100.0
ESCA-05 0.099 0.357 5.892 90.622 0.012 0.532 0.391 1.118 0.008 0.968 | 100.0
CROW-06 0.253 0.199 3.829 93,597 0.010 0.150 0.224 1.062 0.011 0.665 | 100.0
CROW-082 0.224 0.151 5.275 92.229 0.013 0.103 0.143 1.070 0.014 0.779 | 100.0
CROW-05 0.145 0.178 7.867 89.619 0.015 0.081 0.118 1.054 0.010 0.910 | 100.0
ANSI-01 0.297 0.194 4.022 91.191 0.019 1.599 0.197 1.009 0.018 0.991 99.5
JACA-17 0.220 0.246 5.009 90.879 0.013 0.816 0.431 1.150 0.013 0.897 99.7
Average 0.4 0.2 6.4 89.6 0.0 0.9 0.3 1.0 0.0 0.9 99.9
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Appendix C. Microprobe Elemental Data

SAMPLE Sio2 Al203  TiO2 Na20 MgO FeO K20 Ca0 BaO (0] HO TOTAL
ANSIO1 Clast 1 98.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 100
ANSIO1 Clast 10 63.4 18.5 0.0 2.6 0.0 0.0 7.2 0.1 0.7 0.0 7.3 100
ANSIO1 Clast 10 68.0 19.9 0.0 2.6 0.0 0.1 6.1 0.0 0.7 0.0 2.6 100
ANSIO1 Clast 11 2.4 2.9 64.0 0.0 0.2 18.3 0.0 0.4 0.3 0.0 11.4 100
ANSIO1 Clast 11 4.0 3.1 65.0 0.0 0.1 17.1 0.0 0.5 0.2 0.0 10.0 100
ANSIO1 Clast 12 102.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.02
ANSIO1 Clast 13 33.7 323 0.2 2.1 2.4 14.3 0.0 0.1 0.0 0.0 14.9 100
ANSIO1 Clast 13 353 32.0 0.4 2.3 34 13.2 0.0 0.1 0.0 0.0 13.4 100
ANSIO1 Clast 2 95.3 13 0.0 0.0 0.0 0.2 0.1 0.0 0.4 0.0 2.6 100
ANSIO1 Clast 3 98.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 100
ANSIO1 Clast 4 97.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 100
ANSIO1 Clast 5 97.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 100
ANSIO1 Clast 6 98.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15 100
ANSIO1 Clast 7 67.8 19.4 0.6 0.1 11 3.4 13 0.3 0.0 0.0 5.9 100
ANSIO1 Clast 8 36.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 63.6 100
ANSIO1 Clast 9 0.5 0.9 94.8 0.0 0.0 11 0.0 0.1 0.0 0.0 2.5 100
ANSIO1 Clast 9 0.5 0.9 94.7 0.0 0.0 11 0.0 0.1 0.0 0.0 2.6 100
ANSIO1 Matrix 1 74.7 8.9 0.2 0.1 0.7 17 0.4 0.4 0.0 0.0 12.9 100
ANSIO1 Matrix 2 77.7 9.3 0.2 0.1 0.7 1.6 0.3 0.3 0.0 0.0 9.6 100
ANSIO1 Matrix 3 56.6 9.4 0.2 0.1 0.8 3.1 0.4 0.4 0.0 0.0 29.1 100
ANSIO1 Matrix 3 98.3 0.8 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.9 100
ANSIO1 Matrix 4 99.2 1.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 100.6
ANSIO1 Matrix 5 102.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10235
ANSIO1 Matrix 6 102.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.53
ANSIO1 Matrix 7 102.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.77
ANSIO1 Matrix 8 98.8 11 0.8 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 101.14
BDNZ24 clast 1 67.5 21.0 0.0 11.4 0.0 0.1 0.1 0.9 0.0 0.0 0.0 100.85
BDNZ24 clast 2 45.9 38.6 0.0 0.3 0.1 0.8 11.0 0.0 0.1 0.0 3.2 100
BDNZ24 clay 57.8 233 0.3 0.4 15 53 1.0 13 0.0 0.0 9.1 100
BDNZ24 clay 2 64.6 21.6 0.4 0.1 15 4.7 2.5 1.2 0.0 0.0 35 100
BDNZ24 matrix 3 46.6 21.6 34 0.1 11 4.3 1.2 1.4 0.0 0.0 20.4 100
BDNZ24 matrix 3 61.0 17.7 0.4 0.3 0.9 3.6 11 1.2 0.0 0.0 13.8 100
BDNZ24 matrix 3 65.6 19.5 0.2 0.2 0.5 1.9 1.0 0.6 0.0 0.0 10.6 100
BDNZ24 matrix 3 72.3 11.8 0.3 0.4 0.9 2.7 0.7 1.0 0.0 0.0 10.1 100
BDNZ24 matrix 4 46.9 18.4 0.4 0.2 1.0 5.8 2.3 1.6 0.0 0.0 233 100
BDNZ24 matrix 4 53.1 211 0.2 0.2 11 3.7 3.9 0.9 0.0 0.0 16.0 100
BDNZ24 matrix 4 97.1 2.3 0.0 0.2 0.1 0.2 0.3 0.1 0.0 0.0 0.0 100.25
BDNZ24 matrix1 49.7 20.1 0.0 15 0.3 13 6.2 0.2 0.4 0.0 20.3 100
BDNZ24 matrix2 46.1 20.0 0.1 19 11 3.5 17 0.8 0.0 0.0 24.7 100
BDNZ24 matrix2 51.0 233 0.1 0.2 0.9 3.5 1.5 0.7 0.0 0.0 18.8 100
BDNZ24 matrix2 63.2 15.2 0.2 0.4 0.8 3.0 2.9 0.8 0.0 0.0 13.7 100
BDNZ24 matrix2 71.3 12.3 0.2 0.2 0.6 2.5 1.4 0.6 0.0 0.0 10.9 100
BDNZ24 shard 16 102.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.8
BDNZ24 shard 16 102.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.83
BDNZ24 shard 17 64.9 18.8 0.0 0.5 0.0 0.0 16.1 0.0 0.7 0.0 0.0 101.02
BDNZ24 shard 6 100.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.76
BDNZ24 shard 7 100.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.31
BDNZ24 shard 8 101.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 101.02
BDNZ24 shard 9 101.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 101.48
BDNZ24 shard 9 101.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 101.52
BDNZ24 shard1 100.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.84
BDNZ24 shard2 100.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.92
BDNZ24 shard3 59.0 19.6 1.4 13 0.7 3.7 1.7 1.0 0.0 0.0 11.7 100
BDNZ24 shard3 65.5 18.5 0.0 0.4 0.0 0.1 16.6 0.0 0.0 0.0 0.0 101.11
BDNZ24 shard4 62.6 24.2 0.0 8.8 0.0 0.0 0.1 5.2 0.0 0.0 0.0 100.88
BDNZ24 shard5 102.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.24
Crow06 Clast 1 96.2 0.9 0.0 0.1 0.0 0.1 0.1 0.0 0.1 0.0 2.5 100
Crow06 clast 2 100.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.43
Crow06 clast 3 100.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.27
Crow06 clast 4 97.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 2.8 100
Crow06 clast 5 100.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.86
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SAMPLE Si02  Al203 Tio2 Na20 MgO FeO K20 Ca0 BaO [¢] HO  TOTAL
Crow06 clast 6 100.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.83
Crow06 clast 7 97.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 100
Crow06 clast 8 97.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23 100
Crow06 clast 9 97.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25 100
Crow06 matrix 1 99.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 100
Crow06 matrix 2 97.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 100
Crow06 matrix 3 97.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 100
Crow082 clast 1 94.2 1.0 0.5 0.0 0.1 1.2 0.1 0.1 0.1 0.0 2.7 100
Crow082 clast 1 95.8 1.2 0.0 0.0 0.0 0.6 0.1 0.0 0.1 0.0 21 100
Crow082 clast 1 95.9 1.0 0.0 0.0 0.0 0.4 0.1 0.1 0.0 0.0 2.4 100
Crow082 clast 1 96.1 0.9 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 1.2 100
Crow082 clast 10 99.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 100
Crow082 clast 11 100.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.45
Crow082 clast 11b 97.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 100
Crow082 clast 12 100.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.06
Crow082 clast 12b 87.4 0.1 8.0 0.0 0.0 2.9 0.0 0.0 0.0 0.0 17 100
Crow082 clast 13 99.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 100
Crow082 clast 14 98.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 100
Crow082 clast 2 98.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11 100
Crow082 clast 3 98.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 100
Crow082 clast 4 99.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 100
Crow082 clast 5 98.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 100
Crow082 clast 6 99.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 100
Crow082 clast 7 99.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 100
Crow082 clast 8 97.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.6 100
Crow082 clast 9 99.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 100
Crow082 matrix 1 97.4 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 100
ESCAOS Clast 1 102.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10271
ESCAOS Clast 2 101.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10137
ESCAO05 Clast 3 713 18.1 0.7 0.1 0.7 2.5 0.6 0.7 0.0 0.0 53 100
ESCAOS clast 4 100.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.82
ESCAOS clast 5 99.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 100
ESCAO5 clast 6 84.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15.2 100
ESCAOS clast 6 101.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 101.76
ESCAOS clast 7 103.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 103.05
ESCAOS clast 8a 102.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.83
ESCAOS clast 8b 102.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.39
ESCAOS clast 8c 102.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.22
ESCAOS clast 8d 102.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 102.61
ESCAO5 Clay 1 67.1 16.8 0.7 0.1 1.2 3.2 0.8 0.6 0.0 0.0 9.6 100
ESCAO5 Clay 2 70.0 19.0 0.5 0.1 0.9 2.7 0.5 0.6 0.0 0.0 5.6 100
ESCAOQ5 Matrix 4 78.6 3.0 2.0 0.1 0.0 0.4 0.1 0.1 0.0 0.0 15.7 100
Qtz Std Test 100.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.7
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Chapter 3

Paleoenvironmental and paleoclimatic conditions recorded by paleosols of the
Paleocene Nacimiento Formation, New Mexico, USA
Kevin M. Hobbs?

Earth and Planetary Sciences Department, University of New Mexico, Albuquerque,

New Mexico 87131 USA

ABSTRACT
The environmental factors affecting pedogenesis are relatively well-understood in

modern systems. However, meaningful interpretation of the paleoenvironmental
significance of paleosols in a complex stratigraphic record requires understanding of the
interplay between climate, sedimentation, erosion, hydrological processes, and tectonics
during the accumulation and pedogenic alteration of sediments. Here, we study
pedogenic features, stratigraphic position, geochemistry, and petrography of paleosols in
the Nacimiento Formation in order to gain insight into the paleoenvironmental conditions
of the Paleocene in the San Juan Basin. Paleotaxonomical indicators in the Nacimiento
Formation suggest humid subtropical paleoclimatic conditions, but physical and mineral
properties of some of the formation’s paleosols indicate seasonal or long-term aridity.
Other paleosols are suggestive of temperate subhumid conditions. In this study, we
investigate paleosols through the San Juan Basin Paleocene section to understand better
the paleoenvironmental conditions during depositional hiatuses. Physical properties were
used to categorize paleosols into pedotypes indicative of unique soil moisture conditions.
The general stratigraphic distribution of these pedotypes shows an increase in soil
drainage conditions through the Nacimiento Formation that cannot be correlated with
known climate changes. We suggest that fluvial system evolution was the major control

on pedogenic conditions. Widely-used paleosol geochemical climate analyses were
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applied to Nacimiento Formation paleosols and provide estimates that are in disaccord
with estimates derived from paleotaxonomical indicators. We show that in alluvial
depositional systems with sources areas in weathered sedimentary rocks, these analyses
can be difficult to interpret and likely lead to estimates that do not reflect true pedogenic
conditions. Petrographic analysis of Nacimiento Formation paleosols shows that some
likely formed under semiarid to subhumid conditions that allowed pedogenic
accumulation and illuviation of smectite clays yet did not substantially chemically alter

primary detrital plagioclase feldspar grains in paleosol B horizons.

INTRODUCTION
The early Paleogene Nacimiento Formation of the San Juan Basin is renowned for

its preservation of one of the richest, most taxonomically diverse, early Paleocene fossil
mammalian faunas (Williamson & Lucas, 1992; Williamson, 1996). Because of its
paleofaunal content, the Nacimiento Formation has been the focus of numerous studies
that attempt to understand the composition of and changes to mammalian faunas in the
first few millions of years of the Paleocene Epoch (e.g., Williamson, 1996; Lofgren et al.,
2004; Silcox & Williamson, 2012; Williamson et al., 2012). These studies have
documented the evolution, immigration, and extinction trends of the rapidly diversifying
Paleocene mammalian fauna, but few have offered interpretation of the suite of complex
paleoenvironmental factors that were coeval with earliest Cenozoic mammals. These
factors include paleotemperatures, paleoprecipitation, paleopedology, seasonality, and
sedimentation timing and history.

In this study, the paleoenvironmental conditions present during deposition of the
Nacimiento Formation are reconstructed based on the physical and chemical properties of

paleosols preserved in the stratigraphic section. Detailed study of pedogenic features,
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geochemical trends, mineral composition, and stratigraphic relationships allows for new
interpretations of paleoenvironmental parameters that have not been addressed by
previous studies. When considered in context of stratigraphic position, Nacimiento
Formation paleosols provide a record of paleoenvironmental changes through the
formation. In this study, we aim to determine the paleoenvironmental conditions present
during pedogenesis in the San Juan Basin in the Paleocene and to put those conditions in
a context of stratigraphic, paleontologic, and regional paleolandscape understanding.

Of the factors affecting soil formation, climate often exerts the strongest long-
term influence. Climate conditions during pedogenesis affect the physical, mineral, and
chemical properties of soils. Assuming no subsequent diagenetic alteration, these effects
are preserved in paleosols, as well. Many characteristics of paleosols can be correlated
with an associated function of climate during pedogenesis. A stratigraphic record of
multiple paleosols within a section, unit, or basin can therefore be interpreted as
representative of climate conditions during hiatuses between depositional events during
sediment accumulation. Well-developed paleosols such as those in the Nacimiento
Formation are unique among paleoclimate indicators in that they represent the long-term
average of climate conditions during pedogenesis, making them less likely to be
influenced by short-duration climate shifts.

Because of the potential value of paleosols as paleoclimate proxies, many
methods use the well-established relationships between climate and soil properties to
provide estimates of past climate conditions. Relationships of particular interest to this
study are the long-term trends of soluble element loss in weathered soils (Chadwick et al.,

2003), the increase in chemical weathering intensity with increasing annual temperature
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and annual precipitation (Gallagher & Sheldon, 2013; Sheldon et al., 2002), and the

relationship between soil clay species and annual precipitation (Tabor et al., 2008; 2004;
Tabor & Montanez, 2004). Here, we use the above relationships and their interpretations
not only to gain insight into Paleocene climate conditions in the San Juan Basin, but also

to test the applicability of such methods in a complex sedimentary basin.

GEOLOGIC SETTING
The San Juan Basin (SJB) is a Laramide perimeter basin with gentle structural

relief. Sediments accumulated in the SJB from the Late Cretaceous until at least the early
Oligocene; the youngest remaining sedimentary units in the majority of the basin are
those of the early Eocene San Jose Formation. The SJB is asymmetric with its highest
subsidence on the northeast side of the basin (Dickinson et al., 1988). Bound on the east
by the Nacimiento Fault and Archuleta Anticlinorium, the south by the Zuni and Lucero
Uplifts, the west by the Defiance Uplift, and the north by the San Juan Uplift (Cather
2004), the SJB received most of its sediments from highlands to the north and the early
San Juan Uplift (Baltz, 1967; Donahue, 2016), although source areas in the Nacimiento,
Zuni, and Defiance Uplifts are suspected. The fluvial strata of the SIB indicate a general
southeast paleocurrent direction in the Paleogene (Smith 1988).

The Nacimiento Formation is up to 525 m thick and contains mudstone and
interbedded poorly-cemented fine to coarse sandstones (Baltz, 1967). The shales and
sandstones are of two different lithologic facies across the San Juan Basin. However, the
lateral changes between facies are so gradual that no lateral lithologic boundaries have
been proposed. Most lithologic descriptions of the Nacimiento Formation are based on
observations made in the southern portion of the SJB due to better access to and exposure

of outcrops there. Descriptions from the northern portions of the basin are based on well
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logs. The lowermost Nacimiento Formation interfingers or shares a gradational contact
with the underlying Ojo Alamo Sandstone (Baltz, 1967), an observation often cited as
evidence for placing the Ojo Alamo in the Paleogene as opposed to the Cretaceous. The
Nacimiento Formation also interfingers with the coeval sandy Animas Formation to the
north.

The Nacimiento Formation was deposited in terrestrial fluvial environments in the
San Juan Basin (Williamson & Lucas, 1992). The San Juan Basin is one of a number of
Laramide sedimentary basins in the western U.S. (Dickinson et al., 1988; Smith, 1988)
that received sediments from the Jurassic through the Neogene (Baltz, 1967). Dickinson
et al. (1988) suggest that the Paleocene/Eocene was a period of continued sedimentation
in many Laramide basins, including the San Juan Basin. The onset of the Laramide
orogeny in the Late Cretaceous/early Paleogene not only initiated the retreat of the
interior seaway that had defined baselevel for much of the Cretaceous (eustatic effects
likely played a role in sealevel changes, as well), but also caused greater relief and
steeper gradients in the incipient basins. In the San Juan Basin, Paleocene paleoflow was
primarily north to south; the Nacimiento Formation’s coarsening northward and its
interfingering with the coarser-grained Animas Formation to the north adds strength to
the north-to-south paleoflow argument. Sandstones in the Arroyo Chijuillita Member
contain angular orthoclase feldspar in the western portions of the outcrop area, likely
indicating a source terrane of granitic Proterozoic rocks (Baltz, 1967) of the western San
Juan Dome. In the eastern basin, however, pebbles of volcanic rocks are contained within
the lower Arroyo Chijuillita Member, likely sourced from the early stages of the San Juan

Volcanic Field. Much of the shale and siltstone in the Nacimiento Formation was likely

97



weathered from Cretaceous rocks nearby, given their similar lithologic compositions
(Baltz, 1967). The eastern (Sierra Nacimiento uplift) and northwestern (Hogback
Monocline) margins of the San Juan Basin were undergoing deformation during the latest
Cretaceous and early Paleogene (Cather, 2004) and were potential source areas for
recently-deposited sediments from within or near the basin. In general, sorting is poorer
in the northern Nacimiento Formation than in the south. Baltz (1967) attributed this poor
sorting to fan deposition in the northwestern San Juan Basin in the early Paleocene. The
aforementioned north-to-south paleoflow would have deposited lower-energy fine-
grained sediments farther south. The fluvial siliciclastic sediments of the Nacimiento
Formation were deposited as the by south-flowing fans and/or fluvial systems emerging
from the San Juan Dome, incipient San Juan Volcanic Field, Sierra Nacimiento

highlands, or an unknown granitic highland.

METHODS
Paleosols were documented at 10 locations in the western San Juan Basin (Fig. 1).

Where possible, paleosol-bearing sections were correlated to the lithologic and/or
biostratigraphic zones of Williamson (1996). The author chose Williamson’s (1996)
zonation because of its areal and stratigraphic coverage and its documentation of
recognizable lithostratigraphic features that can be used for correlation. The sections
exposed at the 10 study locations span the entire Nacimiento Formation stratigraphic
interval, though no one location provides a complete section of the entire formation.
Paleosols were identified based on the presence of pedogenic horizons recognizable in
the field, root traces, root haloes, and macroscopic pedogenic features such as gradational
lower contacts and pseudoslickenlines. Pedogenic features documented in the field

included horizon thickness, Munsell color, lithologic composition, physical pedogenic
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features, paleontologic features, and stratigraphic position and relationships. Due to the
variegated and millimeter-scale nature of some coloration features in Nacimiento
Formation paleosols, all colors could not evaluated; in these cases, horizon-representative
colors were listed.

Paleosol materials collected for geochemical analyses were taken from a depth of
at least 10 cm normal to present land surface in order to minimize effects of recent
weathering and/or climate conditions. After collection, materials were dried for 12 hours
at 90°C before further physical or chemical analyses. Bulk geochemical composition of
samples was determined on lithium tetraborate-fused paleosol samples with a Rigaku
ZSX Primus Il X-ray fluorescence (XRF) spectrometer by the Analytical Chemistry
Laboratory in the Department of Earth and Planetary Sciences at the University of New
Mexico. Fine portions of sandy paleosols were passed through 230-mesh (63 um) sieves
for X-ray diffraction (XRD) analysis in order to determine mineral composition. XRD
analysis was performed at the New Mexico Bureau of Geology and Mineral Resources on
a Panalytical X Pert Pro diffractometer emitting Cu K-alpha radiation with 1.54 A
wavelength. Where paleosol materials were of high enough strength in the field, samples
were collected for thin section analysis from at least 10 cm depth normal to present land
surface. These materials were cemented by Petropoxy 154 and cured for 10 minutes at
135°C.

Geochemical climate analyses on paleosol B horizon materials were performed
with methods of Sheldon et al. (2002), Nordt & Driese (2010), and Gallagher & Sheldon

(2013). A strong correlation exists between precipitation and chemical index of alteration
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(CIA) of a soil, allowing MAP during pedogenesis to be estimated from paleosols as
follows:

MAP (mm) = 221_12exp0.0197(CIA-K)

where CIA-K is defined as (100)*[(Al203)/(Al203 + CaO + Naz0)] using molecular
percentages from whole-rock XRF analysis (Sheldon et al., 2002). The standard error on
the above MAP estimation equation is £182 mm. For paleosols with vertic properties, MAP

during pedogenesis was estimated with the CALMAG proxy:

MAP (mm) = 22.69(CALMAG) - 435.8

Where CALMAG is defined as (Al203/(Al>O3 + CaO + MgO)*100) using molecular
percentages from whole-rock XRF analysis. The standard error on the CALMAG MAP
estimates is £108 mm (Nordt & Driese, 2010). Mean annual precipitations (MAT) during
pedogenesis can also be estimated from a paleosol using geochemical data with the

equation:

MAT (°C) = -2.74 * In(PWI) + 21.39

where PWI, paleosol weathering index, is defined as (100 * [(4.20*Na) + (1.66*Mg) +
(5.54*K) + (2.05*Ca)] using molecular percentages from whole-rock XRF analysis
(Gallagher and Sheldon, 2013). Due to uncertainties concerning sedimentary strata

thickness and their relationship to paleosol parent material composition, constitutive
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mass-balance methods of paleosol geochemical analysis (e.g., Chadwick et al., 1990)
were not applied.

Nacimiento Formation paleosols were classified into pedotypes based upon
physical and compositional characteristics. Using the interpretations of Mack et al.
(1993) and Retallack (1994) as an example, these pedotypes are inferred to represent
groups of paleosols that formed under similar environmental conditions. These pedotype-
classified paleosols were put into stratigraphic context by position in the published
Nacimiento Formation stratigraphy of Williamson (1996) and the stratigraphic sections

measured for this study.

RESULTS
Twenty-nine paleosol profiles were identified in the study area and classified into

six pedotypes. Individual profiles tend to exhibit upwards fining and are often separated
from one another by sandstone sheets, muddy overbank deposits, or silcretes. Using
Mack et al.’s (1993) paleosol classification, Nacimiento Formation paleosols fall into the
categories of argillisols, protosols, and vertisols. Some pedogenically-altered profiles are
stacked and form composite profiles (Fig. 2) sensu Kraus & Brown (1986) and Kraus
(1999). Some paleosols were truncated by channel cuts. No paleosols were observed that
appeared to have formed across different parent materials. Lateral extent of individual
paleosols is difficult to determine due to access, recent colluvium, and stratigraphic
relationships; however, two paleosols at Jay Canyon extend laterally with no remarkable
physical variation for at least 1.1 km. Relative stratigraphic positions and pedotypes of

observed paleosols are shown in Figures 3 and 4.

Pedotypes
Pedotype I: Low-chroma drab paleosols with carbonaceous root fossils
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This pedotype contains low-chroma (chroma =1 or 2) brown, tan, or gray
profiles. There is little horizonation. Parent materials include silty sands, muddy sands,
muddy silty sands, silts, and muddy silts. Carbonaceous root fossils are present in the
upper portions of these paleosols. Because of these paleosols’ low strength and fractured,
crumbly nature, it was not possible to collect representative material for petrographic thin
section analysis. XRD analyses indicate the presence of smectite-group clays.

Pedotype 11: Mid- to high-value green paleosols with absence of clay coatings

This pedotype contains mid- to high-value (value = 6-8) greenish gray and light
greenish gray profiles. Drab root haloes are present. Parent materials are silty sands.
These paleosols are sometimes capped with silcrete, but show no remarkable increase in
Si content relative to parent material or non-silcrete bearing paleosols of the same
pedotype. Both smectite-group and kaolin-group clays are present.

Pedotype I1l: Mottled red-and-drab paleosols

This pedotype contains paleosols with strongly mottled red and grey/green
horizons. Carbonaceous root fossils are sometimes present in the horizons above the
mottling. Grain size varies. The mottled horizon is the only well-developed diagnostic
horizon.

Pedotype 1V: Smectite-rich paleosols with pseudoslickenlines, low-value gray and red
colors, and poor geochemical differentiation

This pedotype contains dark (low-value) gray and/or red profiles. Carbonaceous
root fossils are sometimes present. Pseudoslickenlines up to 50 cm length are indicative
of paleosol material volume change related to smectite-group clays. Composition of

parent materials is difficult to ascertain but is assumed to be mud and muddy silt. These
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paleosols are poorly horizonated, likely due to the physical mixing associated with
development of vertic properties during pedogenesis.
Pedotype V: High-chroma paleosols formed on lower-chroma basal units

This pedotype contain upper horizons with high-chroma oranges and reds atop
lower-chroma parent materials. Clay coatings are present and comprise smectite-group
clays or a combination of smectite-group and kaolin-group clays. Parent materials include
silts, silty sands, muddy silty sands, and sands. Well-developed horizonation is present.
Pedotype VI: Pedogenically-altered sandstone with upward decrease in grain size and
well-developed horizonation

This pedotypes contains profiles that often display upwards reddening, though
some paleosols contain gray and grayish green horizons. Clay coatings are present and
comprise smectite-group clays. Parent materials include silty sands and sands. Horizons
are well developed and persist laterally for up to hundreds of meters with no remarkable
variation. Like pedotypes 2 and 4, paleosols of this pedotypes show no enrichment in Si
when overlain by silcrete strata.

Correlated stratigraphic sections showing the distribution of paleosols and

biostratigraphic and lithostratigraphic zones is illustrated in Figures 3 and 4.

Geochemical Climate Analyses
Chemical weathering indices of 30 paleosols’ Bt horizon materials were used to

produce estimates of the paleotemperature and paleoprecipitation conditions under which
the paleosols formed. Summary geochemical data and paleoclimate estimates are
presented in Table 1. Full geochemical data are presented in Appendix A. Geochemically

derived MAT estimates range from 9-16°C; MAP estimates range from 890-1380 mm.
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X-ray Diffraction Analyses
Diffractograms from the fine (mud and silt) portions of 20 Nacimiento Formation

paleosols are shown in Appendix B. Quartz and interstratified smectite-group clay
minerals are present in each analyzed sample. Illite, kaolin-group clay minerals, and
gypsum are present in some analyzed samples. The relative proportions of the three clay
minerals was determined by summing and comparing the number of counts at each
mineral’s 001 crystal plane spacing associate peak (~6.5° 20 for interstratified smectite-
group clay minerals; 8.9° 20 for illite; and 12.4° 20 for kaolinite); these results are shown

in Table 2 and Figure 6.

DISCUSSION

Paleoenvironmental Interpretation of Pedotypes
Pedotypes I, IV, V, and VI are represented by multiple paleosols in different

stratigraphic positions throughout the study area in the southern and western SJB.
Pedotypes Il and 111 each have only one representative paleosol in the study area;
however, their characteristics are so unique as to warrant their own pedotypes.

The suites of pedogenic features used for pedotype classification indicate the
presence of poorly drained pedotypes | and I1), moderately drained/seasonally variable
(pedotypes Il and 1V), and well-drained (pedotypes V and V1) paleopedogenic
conditions in the Paleocene SJB. Nacimiento Formation paleosols exhibit both high-
chroma and low-chroma colors, aiding interpretation of hydromorphic and well-drained
paleosol horizons (e.g., Kraus, 1999). Paleosols indicative of both poorly-drained and
well-drained paleopedogenic conditions are present throughout the Nacimiento
Formation section; however, there is a general trend towards better-drained paleosols
upsection (Fig. 4). Overall paleosol chemical and physical characteristics suggest
temperate paleoclimate conditions.
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Pedotype I is interpreted as resulting from poorly-drained paleopedogenic
conditions due to its low-chroma colors, generally weakly developed horizonation, and
carbonaceous root fossils. This pedotype is fairly evenly distributed throughout the
Nacimiento Formation, with four representative paleosols in the Arroyo Chijuillita
Member, three representative paleosols in the Ojo Encino Member, and two
representative paleosols in the Escavada Member. Given the presence of decimeters-thick
B horizons in some representatives of this pedotype, it is unlikely that the low-chroma
colors are the result of a short pedogenetic duration; instead, it is more probable that
paleosols of this pedotype formed in the absence of prevalent oxidizing conditions
(Quinney et al., 2013; Therrien et al., 2009; Mack et al., 1993). Modern alluvial soils
formed in saturated conditions or over shallow water tables in temperate environments
exhibit organic-rich B horizons, gleyed colors (chroma = 1), and low-contrast mottling
(Daniels et al., 1971), and are likely analogues for Nacimiento Formation paleosols with
similar characteristics.

The green coloration in the BC horizon of pedotype Il is interpreted as indicative
of saturated and/or reducing conditions in that portion of the solum during pedogenesis.
The upper horizons of pedotype Il paleosols are redder and indicative of oxidizing
conditions, suggesting that pedogenesis occurred over a shallow, stable water table.

Pedotypes V and VI are interpreted as the results of pedogenesis in well-drained
(non-aquic) temperate conditions. One of the 12 paleosols of pedotypes V and VI is
found in the Arroyo Chijuillita Member; 11 representative paleosols are found in the
Escavada Member. Pedotypes V and VI paleosols are not found in the Ojo Encino

Member. High-chroma horizons, well-developed horizonation, lack of carbonaceous root
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fossils, and illuviated clay-rich horizons are indicative of prevalent non-saturated
conditions throughout the solum for the majority of pedogenic duration (Retallack, 1988;
Kraus, 1999). The presence of smectite and illite clay coatings, along with the relatively
small proportion of kaolinite in the fine portions of these paleosols, suggests pedogenesis
in semi-arid or dry-summer continental climate (Tan, 1982). Many sandy BC horizons of
pedotypes V and VI paleosols contain unaltered primary aluminosilicate minerals (Fig.
7), further suggesting ustic, aridic, or xeric soil moisture conditions during pedogenesis
since wetter paleopedogenic conditions likely would have produced less active clays such
as kaolinite or oxides such as gibbsite (Berner & Holdgren, 1979; Vasquez, 1981).

Pedotypes Ill and IV are interpreted as indicative of variable water table depth
and/or seasonal wetting and drying during pedogenesis. The representative pedotype IlI
paleosol, located within the Arroyo Chijuillita Member at De-na-zin Wash, exhibits
strong red/gray mottling with increasing redness up-profile, suggesting free drainage and
oxidizing conditions above variable-depth saturated zone dominated by reducing
conditions (Daniels et al., 1971).

The seven representative paleosols of pedotype IV are found in the upper half of
the Arroyo Chijuillita Member and throughout the Ojo Encino Member. They are not
present in the Escavada Member. These paleosols lack strong horizonation, are rich in
smectite clays, and exhibit pseudoslickenlines up to 50 cm in length (Carritt, 2014),
suggesting vertisol-like processes during pedogenesis. Modern vertic soils form under
semi-arid to humid subtropical conditions (Nordt & Driese, 2010) and require seasonal
wetting and drying in order to develop the solum volume changes related to loss of

interlayer water in 2:1 clays. This wetting and drying can be related to wet-season/dry-
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season precipitation trends, as seen in Indian and north African modern vertic soils, or to
some combination of flooding and seasonal precipitation, as seen in modern alluvial
vertic soils (Aslan & Autin, 1998). In either case, vertic properties in modern soils seem
to require a minimum of 90 consecutive days of limited soil moisture during which clay
constituents shrink. Indicators of vertisol-like properties in Nacimiento Formation
pedotype IV paleosols suggest that these paleosols formed under better-drained
conditions than pedotype | and Il paleosols but under more poorly-drained conditions

than pedotype V and VI paleosols.

Paleoenvironmental Changes Through the Nacimiento Formation Represented by
Stratigraphic Distribution of Pedotypes
The six pedotypes presented here represent qualified categories on a continuum of

soil moisture and/or water table conditions during pedogenesis of Nacimiento Formation
sediments, with pedotype | representing the most poorly drained/shallow water table
conditions and pedotypes V and VI representing the most freely drained/deeper water
table conditions. When the distribution of pedotypes is viewed in relative stratigraphic
context, as shown in Figure 4, there is seen a marked change in soil drainage conditions
through the Nacimiento Formation.

Poorly drained and moderately drained pedogenic conditions prevailed during
deposition and pedogenesis of the Early Paleocene Arroyo Chijuillita Member. Eleven of
the 12 Arroyo Chijuillita Member paleosols are indicative of stable, high water tables or
seasonally fluctuating water tables. Pedotype IV paleosols with vertic properties,
indicative of seasonally fluctuating water tables, become more common upsection in the
Arroyo Chijuillita Member, suggesting a general drop in water tables or increasing

seasonality of soil moisture. There is one well-drained pedotype VI paleosol low in the
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Arroyo Chijuillita Member at Betonnie Tsosie Wash, indicating variability in the general
observed trend. With only one paleosol representative of well-drained conditions in the
Arroyo Chijuillita Member, it is difficult to interpret whether geographic, temporal, or
other factors were responsible for the well-drained pedogenic conditions.

Paleosols preserved in the Ojo Encino Member are indicative of poorly drained
reducing conditions and seasonally wet vertisol-like conditions. While there are no
apparent trends of pedogenic change in the Ojo Encino Member, the lack of well-drained
paleosols suggests that water tables were permanently or seasonally high throughout the
deposition and pedogenesis of the Ojo Encino Member.

Beginning at the base of the Escavada Member, paleosols indicative of well-
drained pedogenic conditions dominate the paleosol record for the remainder of
Nacimiento Formation deposition and pedogenesis. Eleven of the 13 paleosols observed
in the Escavada Member formed in freely drained oxidizing conditions, suggesting
deeper water tables than were present earlier in Nacimiento Formation deposition and
pedogenesis. The presence of two pedotype | paleosols, indicative of high water tables
and reducing conditions, within the Escavada Member are indicative of poorly drained
pedogenic conditions that were either short-lived, geographically restricted, or both.

The observed trend of Nacimiento Formation paleosols becoming better-drained
through time could be representative of increasing climate aridity, increasing depth to
water table in the depositional/pedogenic system, changes of the location of preserved
paleosols, unknown factors, or some combination of factors. Relationships between
incision, deposition, and burial/preservation of soils in the overall aggradational

Paleocene San Juan Basin fluvial system likely play a role, as well. There is no apparent
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correlation between the pedotype (with the inferred associated paleosol moisture
conditions) of a paleosol and its estimated MAP value (Table 1), suggesting that
precipitation conditions were not solely responsible for the observed apparent drying
trend seen in Nacimiento Formation paleosols. Quinney et al. (2013) reported a similar
lack of correlation between paleosol geochemically derived paleoprecipitation estimates
and the inferred paleosol moisture conditions in a Cretaceous fluvial sedimentary system,
suggesting that precipitation conditions alone are not responsible for many physical
properties of paleosols in active sedimentary basins. Because of the proximity to the
Cretaceous Interior Seaway and the presence of minor marine deposits in their study
interval, Quinney et al. (2013) suggested that changes in baselevel related to sealevel
changes were responsible for the variation in soil moisture conditions in the Late
Cretaceous fluvial sediments in their study. No marine deposits are known from the
Paleogene section of the San Juan Basin, and the epieric sea was at least hundreds of
kilometers from the San Juan Basin during the deposition and pedogenesis of the
Nacimiento Formation (Cather, 2004; Blum & Pecha, 2014), suggesting that minor
sealevel changes likely were not responsible for the paleosol moisture trends observed
there.

Hartley et al. (2013) and Weissmann et al. (2013; 2015) report a pattern of well-
drained soils proximal to sedimentary source and poorly drained soils distal to
sedimentary source in modern fluvial-dominated siliciclastic sedimentary basins. As a
fluvial system progrades, older poorly drained distal soils might be buried by sediments
on which better-drained and more proximal soils develop (Weissmann et al., 2013),

leading to an upsection trend of increasing soil drainage similar to that observed in
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Nacimiento Formation paleosols (Fig. 4). This trend and the interpretation of the
pedogenic and stratigraphic components therein obviously is complicated by
intraformational unconformities, poor dating constraints, and outcrop exposure and
access; however, the trend is likely to persist even in the presence of climate changes and
minor incision during net progradation of the fluvial system. Given the lack of observed
reliable indicators of major paleoclimate shifts related to Nacimiento Formation paleosols
or stratigraphy, combined with the lack of evidence of marine influence in the Paleogene
San Juan Basin, the most likely potential explanation for the observed trend in paleosol
drainage is that water table conditions and the associated alluvial pedogenic conditions
were controlled at least in part by the progradation of the Nacimiento Formation fluvial
system (Fig. 5).

Geochemical Climate Analyses of Mean Annual Temperature (MAT)
The paleosol-derived MAT estimates shown in Table 1 range from 11-16°C +

2.1°C using the PWI proxy of Gallagher & Sheldon (2013). Using the S proxy of Sheldon
et al. (2002), the range is 9-17°C £4.4°C. While there are not many published robust
quantitative paleotemperature estimates from the Nacimiento Formation, our MAT
estimates are similar to preliminary geochemical climate analysis estimates from other
researchers in the Arroyo Chijuillita Member (Davis et al., 2015). However, the MAT
estimates presented here are difficult to reconcile with the MAT estimates demanded by
the presence of fossils that constrain minimum paleotemperature estimates. Crocodilian
fossils are present in the Nacimiento Formation (Lucas, 1992). The most cold-adapted
and highest-latitude extant crocodilians are geographically restricted to areas with MAT
>16°C (Markwick, 1994) and a cold month mean (CMM) T of >4.4°C (Hutchison,

1982), setting a lower MAT and CMM constraint for paleoenvironments associated with
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crocodilian fossils. The Nacimiento Formation also contains fossil palms, a taxon whose
living representatives are restricted to areas with a CMM of 5-7°C (Sakai & Larcher,
1987; Wing & Greenwood, 1993), further raising the lower temperature constraints for
paleoenvironments present in the Paleocene San Juan Basin. These warm-adapted fossil
taxa are stratigraphically well-distributed through the Nacimiento Formation, but are not
found within the paleosols in this study. Therefore, if the paleosol-derived MAT
estimates are assumed to be accurate, then there must have been frequent and substantial
episodes of MAT shifts during the deposition of the Nacimiento Formation. While short-
lived warming events (termed “hyperthermals”) are known from the Paleocene (Bralower
et al., 2002; Quillévéré et al., 2008; Bornemann et al., 2009), it is unlikely that the ‘cold
paleosol/warm taxa’ paradox is representative of numerous, high-magnitude (at least
5°C) MAT shifts in the Paleocene San Juan Basin, as there are no known causal
mechanisms for so many hyperthermals as well as no associated record of similar
numerous high-magnitude hyperthermals from coeval Paleocene paleoclimate records.
This suggests that the MAT estimates shown in Table 1 are systemically low. That
Nacimiento Formation paleosol-derived MAT estimates are inaccurate is also supported
by comparison to Paleocene benthic marine temperatures. Zachos et al. (2008) show that
simultaneous to deposition of the Nacimiento Formation, average benthic marine
temperatures were 8-10°C. It is unlikely that a mid-latitude continental environment such
as the Paleocene San Juan Basin experienced average temperatures as little as 1°C
warmer than coeval benthic marine environments. In the Denver Basin, ~250 km
northeast of the San Juan Basin, a paleoflora coeval to the Nacimiento Formation is

indicative of tropical temperature regimes (Ellis et al., 2003), further suggesting that
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warm temperatures were likely to have existed in the Paleocene San Juan Basin.
Nacimiento Formation paleosol-derived MAT estimates must be questioned.

Multiple workers have applied the PWI proxy of Gallagher & Sheldon (2013) to
obtain MAT estimates that are in accord with coeval independently-derived estimates in
the same study intervals (e.g., Hyland, 2014; Smith et al., 2015; Hobbs & Parrish, 2016)
with both residual and alluvial paleosols. The S proxy of Sheldon et al. (2002) is equally
successfully applied (e.g., Therrien, 2005; Kraus & Riggins, 2007; Hyland, 2014).
However, the aforementioned paradoxes of Nacimiento Formation paleosol MAT
estimates being lower than other climate estimates suggest that these paleosol-derived
MAT estimate proxies cannot be applied accurately in some situations. To explore
potential reasons for inaccurate Nacimiento Formation MAT estimates obtained with the
PWI proxy, the PWI values of Nacimiento Formation paleosols (Table 1) were compared
with those calculated for Nacimiento Formation parent materials, other San Juan Basin
fluvial siliciclastic rocks, and composite materials from the upper crust, North American
shales, and igneous rocks (Fig. 8). One of the potential problems associated with paleosol
geochemistry-derived paleoclimate estimates is that they assume that paleosols formed
from the in situ weathering of primary minerals in unweathered parent materials.
However, as shown in Table 3, the mixture of primary unweathered geological materials
with even small amounts of clay minerals will lead to PWI values that fall within the
range of modern soil B horizons. In fluvial siliciclastic environments, such admixture of
allogenic clays is likely if the source area or transport area includes either sedimentary
units containing clays or weathering horizons formed under previous climate conditions

or by deposition of aeolian materials on stable surfaces within a fluvial system. The PWI
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values for Nacimiento Formation sandstones and mudstones fall within the range of PWI
values of moderately to highly weathered soils (alfisols and ultisols), even though these
units are demonstrably not paleosols. This suggests that while geochemically derived
paleosol paleoclimate estimate techniques such as the PWI proxy can be applied
successfully on unaltered residual or clay-free alluvial parent materials, their application
to siliciclastic materials with some proportion of allogenic clays is problematic. At the
bulk sampling scale that is necessary for analysis and application of these proxies, it is
often impossible to ascertain what portion of clays is authigenic and what portion is
allogenic, as it was for this study. Without knowing the admixture of component clays,
PWI values from alluvial paleosols should likely be treated as maximum constraints;
MAT estimates derived from them should be treated as minimum constraints given the
inverse relationship between PW1 and MAT. In complex sedimentary systems such as the
Paleocene San Juan Basin, the accretionary or cumulic nature of pedogenesis likely
precludes the accurate application of paleosol-based geochemical climate proxies. The
use of these methods in sedimentary systems where the input of even minor amounts of
alluvial, eolian, or pyroclastic input cannot be quantified is inadvisable.

A potentially important effect of the comparisons illustrated in Figure 8 is the
recognition that the relative “weathering” as inferred from PWI1 values of Cretaceous and
Paleogene sandstones in the San Juan Basin increases through time. A similar trend is
seen in mudstones from the same units. This suggests that an increasing amount of
weathered materials was being incorporated into the sediments accumulating in the San
Juan Basin during deposition of the Late Cretaceous Kirtland Shale and Paleocene Ojo

Alamo Sandstone and Nacimiento Formation. By the time of Nacimiento Formation
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deposition, up to 12 km of Paleozoic and Mesozoic sedimentary cover had been removed
from the source areas of the paleorivers feed in the San Juan, with up to 5 km of that
comprising often clay-rich Cretaceous sediments (Fassett, 1974; Donahue, 2016). Detrital
zircon evidence suggests that the San Juan Basin’s sedimentary source areas in the
western Colorado Mineral Belt and the San Juan Dome were actively uplifting across the
K/Pg boundary (Donahue, 2016), unroofing crystalline basement rocks in the process.
That unroofing potentially is represented by the upsection decreasing PWI (increasing
“weathering”) observed in the fluvial siliciclastic rocks of the San Juan Basin: as more
source area uplift occurred, more clay-rich sedimentary cover was incorporated into the
sediment load of rivers depositing sediments in the San Juan Basin. More work is needed
to gain higher-resolution data on the PWI values of pedogenically unaltered San Juan
Basin siliciclastic units, especially to extend the timespan back into the Campanian and
forward into the Eocene.
Mean Annual Precipitation in the Paleocene San Juan Basin

The paleosol-derived MAP estimates shown in Table 1 range from 907-1383
mm/yr £182 mm/yr. The CALMAG proxy of Nordt & Driese (2010), developed for soils
and paleosols with vertic properties, was applied to paleosols of pedotype IV. The CIA-K
proxy of Sheldon et al. (2002) was applied to all other paleosols. Both MAP proxies
utilize the relative abundances of base cations to estimate weathering conditions. Like the
MAT proxies discussed above, these MAP proxies require non-accretionary conditions
during pedogenesis because they are calibrated in simple mass-balance pedogenic
conditions found in residual soils. However, as shown above, accretionary conditions

must be assumed during at least some portion of Nacimiento Formation sedimentation
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and pedogenesis due to their formation in an active alluvial environment as well as the
input of eolian and volcanic materials (Chapter 2, this volume). Therefore, the MAP
values listed in Table 1 are suspect. While independently derived MAT estimates can be
compared to the paleosol-derived MAT estimates discussed above, there is little
published information on MAP conditions from the Nacimiento Formation. However,
given the likely complications arising from unknown allogenic/authigenic clay ratios and
evidence for eolian additions to the Nacimiento Formation (Chapter 2, this volume), we
are not confident that our MAP estimates are accurate. That they are fairly evenly
distributed across a reasonable range of MAP values with no significant outliers suggests
that inaccuracy-causing changes affected all paleosols relatively equally or that these
non-climatic changes were relatively minor. Further work is needed to understand better
the factors affecting geochemical weathering indexes and their application as MAP
proxies in complex accretionary alluvial paleosol settings.

While quantitative MAP estimates from Nacimiento Formation paleosols are
inconclusive, the physical and petrographic properties of some of the paleosols do
provide insight into the moisture conditions under which they form. The B horizons of
pedotype V and IV paleosols contain unaltered plagioclase feldspar grains with argillans
of illuviated smectite and illite clays (Fig. 7). Similar pedogenic micromorphology is
observed in modern aridic soils formed in climates with MAP >700 mm (Eswaran et al.,
2002; Persico et al., 2011). The combination of well-developed horizonation, unaltered
detrital feldspar, and illuviated predominately smectite clays in these paleosols suggests
that they did not form under wet conditions. Even if the inaccurate paleosol-derived MAT

values are assumed as representative of the temperature conditions under which these
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paleosols formed, long-term pedogenesis in humid climates would chemically alter
feldspars to kaolinite and hydroxides of iron and aluminum (Al-Hawas, 1989; Carnicelli
et al., 2015). Warmer conditions such as those indicated by crocodilian and palm taxa
would increase the weathering rate of primary minerals and decrease the likelihood of
their preservation in paleosol B horizons.

The indicators of seemingly semiarid-to-subhumid precipitation conditions in
some Nacimiento Formation paleosols contrasts with the formation’s fish, turtle, and
crocodilian fossils (Matthew, 1937; Williamson, 1996) that are indicative of riparian
and/or perennial fluvial environments. This contrast can be reconciled when each
moisture indicator (paleosols and fossils) is considered in the context of the depositional
system as a whole. For instance, abandoned floodplains/channels distal to an active
channel can undergo long periods of pedogenesis (Carnicelli et al, 2015), even in basins
that are undergoing net aggradation. If channel incision, distance from active channel, or
long-term precipitation conditions cause a water table depth greater than the depth of the
solum, and if the long-term precipitation conditions are semiarid to subhumid, then it is
reasonable to expect development of soils representative of prevailing precipitation
conditions even in fairly close proximity to an active channel in which might be
preserved wetlands-indicative species. The exclusive use of faunal and floral megafossils
as a paleomoisture proxy in a basin might lead to a riparian bias in interpretation of basin-
scale paleoclimate conditions. Nacimiento Formation paleosols suggest that in the
Nacimiento depositional system, humid conditions were not always present, especially on
the stable geomorphic surfaces away from active channels that probably made up the

majority of the area of the basin at any given point in time.
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CONCLUSIONS
Geochemical, mineral, and physical analyses of the paleosols of the Nacimiento

Formation show that environmental changes occurred during the deposition and
pedogenesis of its sediments in the Paleocene. Changes in paleosol drainage indicators
generally coincide with the lithological changes that define the three members of the
formation, with older poorly drained paleosols being subsequently overlain by younger
better-drained paleosols. We interpret this as evidence for basin-scale hydrological
changes associated with the progradation of a fluvial system. Quantitative paleosol-
derived paleoclimate proxies fall within a narrow range but are likely inaccurate due to
incorporation of clays from ancient weathering profiles and/or clay-cemented
sedimentary rocks in the San Juan Basin upland source area into the sediments of the
Nacimiento Formation. The addition of aeolian materials, either dust or volcanic ashfall
deposits, into the depositional environment is another likely cause for the inaccuracies
inferred from interpretation of these proxies. Mineralogic and petrographic properties of
these paleosols suggest that some formed under conditions considerably drier than have

been inferred previously from megafossil-based paleoenvironmental moisture estimates.
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Figure 1. Location of study sites within the San Juan Basin. Inset illustrates location of
study area in northwest New Mexico, USA.
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Figure 2. Stacked paleosols at Kutz Canyon. Both upper and lower reddened Bt horizons
exhibit drab root haloes. A horizon truncated before deposition of overlying sediments in
both paleosols. Staff in upper left is 1.5 m long.
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Figure 3. Correlated sections illustrating the stratigraphic distribution of Nacimiento
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represent member boundaries. The Arroyo Chijuillita and Ojo Encino Members are
difficult to correlate to Kutz Canyon; at those sections, general stratigraphic correlation
was attempted. Sections for Kutz West, Jay Canyon, and Upper Blanco Wash were

measured for this study; all other sections, member boundaries, and biozones modified
from Williamson (1996).
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Figure 5. A: Schematic plan view of a prograding active fluvial system. Soil drainage
regimes represented by same color gradient as Figure 4. Orange represents active
channel; yellow represents abandoned channels. B: Schematic cross section of
prograding fluvial system succession. Note upsection increase in sand percentage and
paleosol drainage conditions. Modified from Weissmann et al. (2013).
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Figure 6. Proportions of smectite (blue), illite (red), and kaolinite (gray) clays in fine
fractions of B horizons of Nacimiento Formation paleosols. Numerical proportions in

Table 2.
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Figure 7. A-D: Photomicrographs of paleosol sandy B horizon materials showing
illuviated clay argillans coating unaltered detrital grains. A: Plagioclase feldspar with
predominately smectite argillans, De-na-zin Wash. B: Plagioclase feldspar and quartz
grains with predominately smectite argillans; Upper Blanco Wash. C: Plagioclase
feldspar, quartz, and chert grains with predominately smectite argillans, Kutz West. D:
Assorted detrial grains with smectite, illite, and kaolinite argillans, Jay Canyon. E-F:
Illuviated active clays from recent aridisols, showing petrographic and micromorphologic
similarities to Nacimiento Formation argillans inferred to have formed under semiarid to
subhumid climate conditions, modified from Persico et al. (2011).
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Figure 8. Comparison of paleosol weathering index (PWI) values for Nacimiento
Formation paleosols, San Juan Basin K/Pg fluvial siliciclastic units, North American
shale composite, upper continental crust (UCC) composite, granite, and basalt. Range of
PWI values for modern forest soils from Gallagher & Sheldon (2013) shown with arrows.
Non-San Juan Basin values from Condie (1993) and Gromet et al. (1984).
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Sample MAP, MATS, MAT

Name CIA-K S PWI mm °C PWI, °C Pedotype
LIPL-04 85.050 0.216 26.5 1078 11.4 12.4 W
JACA15 90.852  0.147 18.0 1324 14.6 135 \Y
JACA13 90.219 0.072 111 1308 16.0 14.8 \Y
JACA11 90.088 0.173 19.1 1304 14.1 13.3 Vv
JACA08 83.840 0.245 31.8 1153 12.8 11.9 Vv
JACAO06 83.720 0.258 32.4 1150 125 11.9 |
JACAO5 85.172 0.154 22.8 1184 14.4 12.8 |
JACAO4 89.829 0.160 17.4 1298 14.3 13.6 Vv
JACAO1 92.631 0.053 7.5 1371 16.3 15.9 Vv
JACAO3 89.392 0.175 19.9 1286 14.1 13.2 \Y
CROWO04 93.083 0.030 6.5 1383 16.8 16.2 \
ANGE-02 79.642  0.264 29.1 950 10.0 12.2 Vv
KH28 82.465 0.243 28.3 1123 12.8 12.2 \Y)
ESCA-22 89.354  0.088 12.2 1200 15.0 14.5 \
NACI-37 87.548 0.186 22.6 1148 12.2 12.9

ESCA-02 77.728 0.219 35.0 910 11.3 11.7 W
ANGE-05 79.396 79.396 293 1056 12.3 12.1 Vv
KUTZ-17 93.157 0.044 7.2 1323 16.1 16.0 \Y)
ANGE-06 79.447 79.447 29.1 1058 12.3 12.2 |
KWFT24 75.991 0.332 38.1 988 11.2 11.4 |
OJEN-04 79.557 0.220 32.4 949 11.2 11.9

NACI-36 82.325 0.246 26.8 1009 10.6 12.4 \Y)
KWFTO08 82.552  0.192 23.5 1124 13.8 12.7 |
NACI-35 78.070 0.318 33.1 913 8.7 11.8 |
CUME-14 82.907 82.907 26.9 1132 12.1 12.4 \Y)
BDNZ-53 87.160 87.160 25.4 1231 13.5 12.5 \Y)
BDNZ-52 88.055 88.055 24.0 1253 13.6 12.7 \Y)
BDNZ-51 88.393 88.393 19.0 1261 14.0 13.3 \Y)
BIPO0O0O7 78.265 0.230 36.9 1033 13.0 11.5 \Y)
BDNZ-50 86.539 86.539 219 1216 13.8 12.9 vV
BDNZ-41 77.897 77.897 335 1026 11.2 11.8 |
BDNZ-40 78.006 78.006 35.4 1028 10.5 11.6 |
BDNZ-39 71.667 71.667 43.6 907 8.7 11.0 |
CUME-06 82.664 82.664 19.9 1127 11.5 13.2 \Y)
BDNZ-36 85.761 85.761 33.1 1198 11.9 11.8 |
BETS-04 78.920 78.920 29.9 1047 12.3 12.1 Il
BDNZ-35 83.988 83.988 20.5 1157 15.0 13.1 |
BETS-03 88.361 0.082 12.4 1171 15.1 14.5 1

Table 1. Summary of geochemical proxy values for samples in this study. Abbreviation
sources: CIA-K; S = Sheldon et al. (2002); PWI = Gallgher & Sheldon (2013). MAP =
mean annual precipitation, mm/yr. MAT = mean annual temperature, °C. Full
geochemical analytical results in Appendix A.
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Smectite lllite Kaolinite

Sample % % %
ANGE-02 42 30 27
ANGE-05 64 21 15
ANGE-06 71 18 10
BDNZ-35 77 18 5

BDNZ-36 28 40 32
BDNZ-37 1 1 98
BDNZ-40 80 17 3

BDNZ-50 74 5 21
BDNZ-52 51 13 36
BETS-03 24 36 40
BETS-04 69 16 16
CUME-06 83 10 7

CUME-14 50 20 30
ESCA-02 27 2 71
ESCA-22 15 34 51
JACA-15 25 33 42
KUTZ-17 57 35 8

KWFT-20 17 1 81
LIPL-04 6 2 92
NACI-35 51 37 12
NACI-36 36 42 22
NACI-37 49 30 21
OJEN-04 90 6 5

Table 2. Proportions of smectite, illite, and kaolinite clays in fine fractions of Nacimiento
Formation paleosol B horizons.
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Sample Name Na20 MgOo Al203 Si02 P205 K20 CaO Tio2 Fe203

mass% mass% mass% mass% mass% mass% mass% mass% mass% pyy
UCC, Condie (1993) 3.4 2.21 15.21 65.72 0.14 2.84 3.94 0.66 5.04 63.2
NASC, Gromet et al. (1984) 4.36 1.57 17.66 60.41 0.5 2.93 5.02 1.09 6.26 71.6
Kaolinite, Pearson (1978) 0.17 0.08 39.07 45.77 0.31 0.26 0.04 4.3
Montmorillonite, Pearson (1978) 1.13 18.57 43.77 7.7
95% UCC/5% Kaol 3.2385 2.1035 16.403 64.723 0.133 2.7135 3.756 0.627 4.79 60.3
90% UCC/10% Kaol 3.077 1.997 17.596 63.725 0.126 2.587 3.572 0.594 4.54 57.3
85% UCC/15% Kaol 29155 1.8905 18.789 62728  0.119 24605 3388  0.561 4.29 54.4
80% UCC/20% Kaol 2754 1784 19982 6173 0112 2334 3204 0528 404 514
75% UCC/25% Kaol 25925 16775 21.175 60733  0.105  2.2075  3.02 0.495 3.79 485
95% UCC/5% Montmorillonite 3.2865 2.0995 15.378 64.623 0.133 2.698 3.743 0.627 4.788 60.5
90% UCC/10% Montmorillonite 3.173 1.989 15.546 63.525 0.126 2.556 3.546 0.594 4.536 57.7
85% UCC/15% Montmorillonite 3.0595 1.8785 15.714 62.428 0.119 2.414 3.349 0.561 4.284 54.9
80% UCC/20% Montmorillonite 2.946 1.768 15.882 61.33 0.112 2.272 3.152 0.528 4.032 52.1
75% UCC/25% Montmorillonite 2.8325 1.6575 16.05 60.233 0.105 2.13 2.955 0.495 3.78 49.3
95% NASC/5% Kaol 4.1505 1.4955 18.731 59.678 0.475 2.799 4.782 1.0355 5.949 68.2
90% NASC/10% Kaol 3.941 1421 19.801 58.946 0.45 2.668 4.544 0.981 5.638 64.9
85% NASC/15% Kaol 3.7315 1.3465 20.872 58.214 0.425 2.537 4.306 0.9265 5.327 61.5
80% NASC/20% Kaol 3.522 1.272 21.942 57.482 0.4 2.406 4.068 0.872 5.016 58.1
75% NASC/25% Kaol 3.3125 1.1975 23.013 56.75 0.375 2.275 3.83 0.8175 4.705 54.8
95% NASC/5% Montmorillonite 4.1985 1.4915 17.706 59.578 0.475 2.7835 4.769 1.0355 5.947 68.4
90% NASC/10% Montmorillonite 4.037 1.413 17.751 58.746 0.45 2.637 4.518 0.981 5.634 65.2
85% NASC/15% Montmorillonite 3.8755 1.3345 17.797 57.914 0.425 2.4905 4.267 0.9265 5.321 62.0
80% NASC/20% Montmorillonite 3.714 1.256 17.842 57.082 0.4 2.344 4.016 0.872 5.008 58.8
75% NASC/25% Montmorillonite 3.5525 1.1775 17.888 56.25 0.375 2.1975 3.765 0.8175 4.695 55.6

Table 3. PWI values of unweathered materials (UCC and NASC) and mixtures of these
materials with increasing proportions of common clay minerals. Note decreasing PWI
values as proportion of clays increases. UCC values from Condie (1993). NASC values

from Gromet et al. (1984). Clay values from Pearson (1978).
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Appendix A. Full geochemical data from analyzed materials.
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Sample Na20 Mgo Al203 Si02 P205 K20 Cao TiO2 MnO Fe203
Name mass% mass% mass% mass% mass% mass% mass% mass% mass% mass%
ANGE-02 1.164 1.043 16.019 61.007 0.049 2.132 1.199 0.78 0.019 6.137
ANGE-05 1.174 1.066 15.646  61.685 0.053 2.161 1.171 0.69 0.02 9.404
ANGE-06 1.167 1.056 15.58 61.256 0.053 2.145 1.161 0.687 0.019 9.369
BDNZ-35 1.377 1.048 22.144  56.207 0.019 0.5 1.076 0.783 0.039 5.78

BDNZ-36 1.454 1.067 19.016  57.168 0.082 2.938 0.421 0.801 0.029 9.412
BDNZz-37 1.921 0.272 12.621 67.674 0.027 2.829 0.41 0.514 0.014 1.344
BDNZz-39 2.684 1.24 16.016  68.592 0.106 2.791 1.054 0.462 0.016 2.752
BDNZ-40 1.834 1.429 15.453  62.384 0.032 2.451 0.737 0.677 0.039 6.681
BDNZ-41 1.519 1.612 14.894 58.821 0.097 2.232 0.95 0.657 0.035 9.128
BDNZ-50 1.07 0.963 17.686  63.293 0.042 1.474 0.545 0.718 0.013 4.948
BDNZ-51 0.826 0.82 16.275 67.709 0.021 1.433 0.428 0.811 0.012 3.649
BDNZ-52 1.003 0.872 18.946 59.14 0.045 1.993 0.506 0.899 0.02 7.723
BDNZ-53 1.176 1.016 19.735 56.06 0.039 1.917 0.535 0.794 0.019 9.33

BETS-03 0.896 0.615 20.686  61.845 0.019 0.213 0.688 0.813 0.039 7.511
BETS-04 1.334 0.796 16.901 63.84 0.208 2.193 1.276 0.653 0.015 6.892
BIPO007 0.916 2.28 17.525 56.282 0.072 2.432 1.91 0.822 0.034 9.819
CROWO04 0.32 0.427 20.085 63.271 0.016 0.101 0.553 1.033 0.012 3.977
CROWO05 0.132 0.163 7.185 81.849 0.014 0.074 0.108 0.963 0.009 0.831
CUME-06 1.056 0.61 10.954 76.733 0.016 1.55 0.308 0.905 0.019 2.748
CUME-14 1.23 1.085 14.991 57.859 0.05 2.027 0.587 0.662 0.047 13.646
ESCA-02 1.102 2.19 18.129  59.994 0.069 1.987 1.86 0.831 0.029 7.438
ESCA-22 0.991 0.61 21.161  60.059 0.018 0.209 0.49 0.82 0.028 5.943
JACAO1 0.614 0.338 19.908 66.416 0.016 0.117 0.357 1.247 0.012 6.179
JACAO03 0.968 0.714 17.995 64.338 0.015 1.546 0.364 0.647 0.016 3.606
JACA04 0.927 0.58 17.617  65.477 0.012 1.293 0.321 0.504 0.013 3.661
JACAO05 1.281 1.092 20.37 60.017 0.013 1.098 0.878 0.786 0.029 5.156
JACAO06 1.44 1.479 18.359  65.076 0.021 2.349 0.758 0.838 0.032 6.488
JACAO08 0.98 1.557 17.351  61.703 0.069 2.548 1.019 0.823 0.034 8.241
JACA11 1.02 0.597 18.359  65.708 0.012 1.493 0.257 0.595 0.013 2.93

JACA13 0.839 0.57 20.668  60.997 0.013 0.199 0.53 0.813 0.019 6.777
JACA15 0.911 0.553 19.894 59.16 0.013 1.42 0.339 0.503 0.013 3.284
JACA17 0.245 0.312 11.142  73.297 0.016 0.804 0.185 0.75 0.009 2.501
KH28 1.065 0.946 16.739  57.003 0.026 2.264 1.066 0.769 0.082 9.878
KUTZ-17 0.468 0.472 20.159 63.271 0.029 0.111 0.391 0.983 0.027 4.961
KWFTO08 1.547 1.403 16.88 64.811 0.017 0.815 0.667 1.099 0.029 5.715
KWFT24 2.181 1.498 17.137  60.237 0.033 2.194 1.152 0.763 0.022 9.55

LIPL-04 1.467 1.001 19.874 61.278 0.041 1.744 0.594 0.697 0.019 4911
NACI-35 1.915 1.216 16.846  59.019 0.029 2.032 0.87 0.788 0.041 7.129
NACI-36 1.642 1.043 17.84 59.951 0.087 1.555 0.621 0.549 0.027 5.591
NACI-37 0.919 0.897 18.465  60.297 0.054 1.768 0.613 0.797 0.04 6.715
OJEN-04 1.269 1.168 20.195 62.89 0.026 2.167 1.706 0.873 0.034 4.664
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Appendix B. X-Ray diffractograms from XRD-analyzed fine fractions of
Nacimiento Formation paleosol B horizon materials.
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