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■ ABSTRACT

Understanding the tectonic and landscape evolution of the Colorado Pla-
teau−southern Rocky Mountains area requires knowledge of the Laramide 
stratigraphic development of the San Juan Basin. Laramide sediment-trans-
port vectors within the San Juan Basin are relatively well understood, except 
for those of the Nacimiento and Animas formations. Throughout most of 
the San Juan Basin of northwestern New Mexico and adjacent Colorado, 
these Paleocene units are mudstone-dominated fluvial successions inter-
calated between the lowermost Paleocene Kimbeto Member of the Ojo Alamo 
Sandstone and the basal strata of the lower Eocene San Jose Formation, 
both sandstone-dominated fluvial deposits. For the Nacimiento and Animas 
formations, we present a new lithostratigraphy that provides a basis for basin-
scale interpretation of the Paleocene fluvial architecture using facies analysis, 
paleocurrent measurements, and 40Ar/ 39Ar sanidine age data.

In contrast to the dominantly southerly or southeasterly paleoflow exhib-
ited by the underlying Kimbeto Member and the overlying San Jose Formation, 
the Nacimiento and Animas formations exhibit evidence of diverse paleoflow. In 
the southern and western part of the basin during the Puercan, the lower part 
of the Nacimiento Formation was deposited by south- or southeast- flowing 
streams, similar to those of the underlying Kimbeto Member. This pattern of 
southeasterly paleoflow continued during the Torrejonian in the western part 
of the basin, within a southeast-prograding distributive fluvial system. By Tor-
rejonian time, a major east-northeast–flowing fluvial system, herein termed 
the Tsosie paleoriver, had entered the southwestern part of the basin, and a 
switch to northerly paleoflow had occurred in the southern San Juan Basin. 
The reversal of paleoslope in the southern part of the San Juan Basin proba-
bly resulted from rapid subsidence in the northeast part of the basin during 
the early Paleocene. Continued Tiffanian-age southeastward progradation of 
the distributive fluvial system that headed in the western part of the basin 
pushed the Tsosie paleoriver beyond the present outcrop extent of the basin.

In the eastern and northern parts of the San Juan Basin, paleoflow was gen-
erally toward the south throughout deposition of the Nacimiento and the Animas 
formations. An important exception is a newly discovered paleodrainage that 
exited the northeastern part of the basin, ~15 km south of Dulce, New Mexico. 

There, an ~130-m-thick Paleocene sandstone (herein informally termed the Wirt 
member of the Animas Formation) records a major east-flowing paleoriver system 
that aggraded within a broad paleovalley carved deeply into the Upper Cretaceous 
Lewis Shale. 40Ar/ 39Ar dating of detrital sanidine documents a maximum depo-
sitional age of 65.58 ± 0.10 Ma for the Wirt member. The detrital sanidine grains 
are indistinguishable in age and K/Ca values from sanidines of the Horseshoe 
ash (65.49 ± 0.06 Ma), which is exposed 10.5 m above the base of the Nacimiento 
Formation in the southwestern part of the basin. The Wirt member may represent 
the deposits of the Tsosie paleoriver where it exited eastward from the basin.

Our study shows that the evolution of Paleocene fluvial systems in the 
San Juan Basin was complex and primarily responded to variations in sub-
sidence-related sedimentary accommodation within the basin.

■ INTRODUCTION

The San Juan Basin of New Mexico and Colorado (Fig. 1) is the south-
ernmost major basin in the Rocky Mountain region that contains a relatively 
complete Laramide sedimentary record (Dickinson et al., 1988). Except for 
the Paleocene Nacimiento Formation and correlative beds of the Animas 
Formation, the sediment-dispersal patterns for Laramide fluvial systems are 
reasonably well known. Here we present the first basin-scale reconnaissance 
of paleocurrent indicators within these units. We use 40Ar/ 39Ar sanidine geo-
chronology as a chronostratigraphic tool. We use these new constraints, in 
concert with previously published paleontologic, geochronologic, magneto-
stratigraphic, and paleocurrent data, to reconstruct for the first time the entire 
Laramide sediment-routing history of the basin.

In the San Juan Basin, Laramide stratigraphic units range from Campa-
nian through lower Eocene and include the Lewis Shale, the Pictured Cliffs 
Sandstone, the Fruitland and Kirtland formations, the Ojo Alamo Sandstone, 
the Nacimiento, Animas, and San Jose formations (Fig. 2).

In northern New Mexico, there were three peak phases of Laramide subsidence—
Campanian, early Paleocene, and early to middle Eocene (Cather, 2004). Campanian 
subsidence was greatest in the northern and north western San Juan Basin; 
Paleogene episodes of subsidence were greatest in its northeastern part.
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Figure 1. Map of the San Juan Basin with major 
structural features and structural contours (elevation 
relative to sea level) on the base of the Cenozoic (the 
base of the lower Paleocene Kimbeto Member of the 
Ojo Alamo Sandstone). IA—Ignacio anticline. Contour 
interval is 100 feet (30.5 m). Basin is outlined by the 
contact between the Campanian Fruitland Forma
tion and the underlying Pictured Cliffs Sandstone. 
This contact is dashed along eastern basin margin 
where Paleocene paleovalleys have eroded the con-
tact. Modified from Ayers and Ambrose (1990) and 
Cather (2004).
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The Hogback monocline defines the northwestern margin of the basin 
(Fig. 1). The northern and northeastern margins of the basin are the San 
Juan uplift and Archuleta anticlinorium, respectively. The transpressional 
Nacimiento uplift defines the southeastern margin of the basin (Baltz, 1967; 
Pollock et al., 2004). The southern part of basin is the gently northeast-dipping 
structural ramp of the Chaco homocline (Cather, 2003, 2004).

■■ METHODS

Paleocurrent Analysis

We measured 1486 paleoflow indicators from 51 localities within the Paleo-
cene Nacimiento and Animas formations (see data in Supplemental Files1). To 
augment previous studies, 130 paleocurrent measurements were made from 
three sites in the underlying Kimbeto Member of the Ojo Alamo Sandstone, 
and 234 measurements were made at nine localities in the overlying San Jose 
Formation. Paleoflow azimuths were determined primarily by the dip direc-
tion of tabular cross beds or the axes of trough cross beds, although pebble 
imbrications (9% of total) were also measured.

Paleocurrent azimuths in the Nacimiento Formation were measured mostly 
from well-sorted sandstone and pebbly sandstone deposited within moderate 
to large fluvial paleochannels. Such sandstones tend to be indurated and form 
bold outcrops, allowing a three-dimensional perspective of cross bedding. In 
contrast, sandstone deposited within thin splay deposits and small paleo-
channels tend to have significant clay content, particularly those low in the 
Nacimiento Formation in the south and southwest parts of the basin. These 
sandstones typically form low, rounded outcrops with “popcorn” weathering 
that obscures cross bedding.

Prior to this report, only three local paleocurrent studies have been pub-
lished for the Nacimiento Formation. Rains (1981) determined a northeast (040°) 
mean paleoflow direction based on 22 measurements from a locality in what 
is now considered the upper part of the Arroyo Chijuillita Member at Torreon 
Wash. Williamson et al. (1992a, their figure 2.8) published rose diagrams for 
19 measurements at two localities in the Escavada Member ~15 km east of 
Nageezi; their measurements show mostly south-southeast paleoflow, but no 
mean paleoflow direction was given. Milner (2004, her figure 11) presented rose 
diagrams (but no mean direction) for 41 paleocurrent measurements from two 
localities in what we term the upper part of the Kutz Member of the Nacimiento 
Formation, southwest of Navajo Reservoir. Paleoflow at these localities was 
fairly random, with a slight tendency toward east-southeast paleoflow.

40Ar/ 39Ar Geochronology

Sanidine was dated from a volcanic ash bed, herein informally termed 
the Horseshoe ash (sample SJ-ASH-2; 65.49 ± 0.06 Ma), from the lower Kutz 

TABLE 1. PALEOCURRENT DATA FOR PALEOGENE STRATA OF THE SAN JUAN BASIN 
Locality      Stratigraphic Location (UTM, NAD 27)      n  Mean                         Remarks 
    unit  zone easting   northing  azimuth         
1  Ta  13 279792  4100282 19    184  Road cuts east of Allison, Colorado 
2  Tsj  13 244715  4106460 14    224  Road cut on US-64 
3  Tsj  13 245474  4104500 13    101  Bondad landfill road 
4  Tsj  13 241828  4075699 24    136  South of Knickerbocker Peaks 
5  Tnk  13 233511  4058220 38    136  Kutz Canyon 
6  Tnk  13 233978  4057745 32    126  Kutz Canyon 
7  Tnoep  13 293654  3983657 22    005  East flank of Torreon Wash near Whitehorse  
8  Ta  13 314193  4093493 18    181  Navajo River west of Dulce 
9  Ta  13 321475  4082397  5    172  US-64 road cut near Dulce Lake 
12  Tsj  13 312850  4072738 16    157  Road cut on US-64 
13  Tsj  13 303818  4070255 58    216  Roads cuts on US-64 just W of Jicarilla Apache

   reservation 
15  Tsj  13 312574  4046032 29    229  Road cut on NM-537 
18  Tsj  13 320995  4065863 14    191  Road cut on NM-537 
21  Tnacu  13 319055  3983079 32    331  South of Mesa de Cuba 
24  Tnk  13 257560  4011800 34    129   Head of Betonnie Tsosie Wash 
26  Tnt  13 255431  4005130 49    094  East flank of Betonnie Tsosie Wash; sampling  

   transect begins at UTM, then ~400 m to W  
27  Tnacu  13 260800  3999400 16    357  Escavada Wash 
28  Tnacu  13 259000  4003800 27    027  Near Escavada Wash  
29  Tnt  13 261500  4000900 19    081  East flank of Escavada Wash 
32  Toa  12 743129  4077217 80    201  Includes W, E, and SE sides of Piñon Mesa 
35  Tnacl  13 317488  3982541 31           215  South of NM-197 
36  Tnacu  13 284120  3987813  4    350  Near continental divide 
37  Tnoep  13 316214  3984769   30    010  Arroyo Chijuillita 
38  Tnoe  13  310622  3982654 70    018  Includes lower Tnoe and Tnoep;  sampling transect  

   begins at UTM, then ~1.2 km to W 
39  Tnoe  13 306233  3982505 62    007  East flank of San Isidro Valley;  sampling transect  

   begins at UTM, then ~1.0 km to W 

1 Supplemental Files. Data and figures. Figure S1. Rose 
diagrams (north at top) of paleocurrent indicators 
from individual localities. Numerals on individu-
al roses correspond to numbered localities in text, 
on Figures 3, 8, and 22, and in Table S1. Please visit 
https://doi​.org​/10.1130​/GES02072.S1 or access the 
full-text article on www.gsapubs.org to view the Sup-
plemental Files.

Figure 2. Chronostratigraphic column for Upper Cretaceous and Paleogene 
strata in the San Juan Basin region of northwestern New Mexico, showing the 
stratigraphic terminology used in this report. Deposition of Laramide strata 
occurred ca. 80−50 Ma. Modified from Cather (2004). Naash—Naashoibito 
Member of the Ojo Alamo Sandstone; Kimb—Kimbeto Member of the Ojo Al-
amo Sandstone; Fm—Formation; Gr—Group; Mbr—Member; Ss—Sandstone; 
Sh—Shale; Bent.—Bentonite; Olig.—Oligocene; Tur.—Turonian; Con.—Conia-
cian; Sant.—Santonian; Maastr.—Maastrichtian; E—early; M—middle; L—late.
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Member of the Nacimiento Formation in the southwestern part of the basin, 
as well as from two siltstone samples (6-2-15-B and 6-2-15-C; maximum dep-
ositional age 65.58 ± 0.10 Ma) from the Wirt member of the Animas Formation 
in the northeastern part of the basin (see description of members below). Ana-
lytical data and methods are provided in the Supplemental Files (footnote 1). 
Processing and mineral separation were done at the New Mexico Geochro-
nology Research Laboratory at New Mexico Tech.

Sample separation included disaggregating the sample in a blender, wet 
sieving the 80–120 mesh fraction, and then ultrasonically cleaning with H2O 
and 5% HF acid. Magnetic and heavy-liquid separation was used to concentrate 
the K-feldspar grains. Sanidine grains were handpicked from bulk K-feldspar 
separates using two methods. Early efforts involved handpicking clear K-feld-
spar grains under a binocular microscope. This method yielded many Paleozoic 
and Precambrian grains that appear to be clear microcline and orthoclase 
crystals rather than volcanic sanidine. An improved method was subsequently 
employed that involved examining K-feldspar grains immersed in winter-
green oil under a polarizing microscope. This method allowed identification 
of plutonic and/or metamorphic microtextures (perthite, twinning) that were 
not obvious when viewed with the binocular microscope and thus resulted 
in better avoidance of non-sanidine grains.

All samples were irradiated at the TRIGA reactor in Denver, Colorado for 
either 16 or 40 h in multiple packages (see Supplemental Files [footnote 1]) 
along with Fish Canyon sanidine interlaboratory standard FC-2 with an assigned 
age of 28.201 Ma (Kuiper et al., 2008). Ages are calculated with a total 40K decay 
constant of 5.463e−10 /a (Min et al., 2000).

After irradiation, at least six crystals of FC-2 were analyzed in irradiation pits 
closely spaced with unknown samples to determine J-factors, with resulting 
uncertainties ranging from ~0.01%–0.08%. The larger uncertainty in J is asso-
ciated with the Horseshoe ash sample where grains were in relatively large 
irradiation pits, thus individual grains had slightly variable neutron flux leading 
to variable 40Ar/39Ar values. Sample crystals were fused with a CO2 laser for 30 
seconds, and the extracted gas was cleaned with a NP-10 getter operated at 
1.6 A for between 30 and 150 seconds. All crystals were dated by single-crystal 
laser fusion with isotopes measured on an ARGUS VI multi-collector mass 
spectrometer equipped with five Faraday cups and one ion counting multiplier 
(compact discrete dynode [CDD]). Variable detector configurations were used 
and are detailed in the Supplemental Files (footnote 1). All data acquisition was 
accomplished with New Mexico Tech Pychron software, and data reduction 
used Mass Spec (v. 7.875) written by Al Deino at the Berkeley Geochronology 
Center. Extraction line blank plus mass spectrometer background values are 
provided in the Supplemental Files (footnote 1).

The maximum depositional age of the Wirt member, based on the young-
est population of detrital sanidine grains, and the depositional age of the 
Horseshoe ash were determined by the weighted mean of the selected grains 
and were weighted based on the inverse variance. The error is the square 
root of the sum of 1/σ2 values and is multiplied by the square root of the 
mean square of weighted deviates (MSWD) for values of MSWD greater than 

one. J-error is included for the weighted-mean age error, and all errors are 
reported at 1σ.

■■ PALEOGENE LITHOSTRATIGRAPHY AND PALEOFLOW OF THE 
SAN JUAN BASIN

The evolution of stratigraphic nomenclature for uppermost Cretaceous and 
lowermost Paleocene beds in the San Juan Basin has been quite complex and 
remains a topic of contention (e.g., Baltz et al., 1966; Powell, 1973; Fassett, 2009, 
2010). In this report, we use the nomenclature depicted in Figure 2.

The Paleocene is subdivided into four North American Land Mammal Ages 
(NALMAs), based on the evolution of fossil mammals. From oldest to youngest, 
with approximate boundaries following the timescale of Ogg (2012), these are 
the Puercan (ca. 66−63.5 Ma), the Torrejonian (ca. 63.5−62 Ma), the Tiffanian (ca. 
62 Ma−57.5 Ma), and the Clarkforkian (ca. 57.5−56 Ma). The first three NALMAs 
of the Cenozoic (Puercan, Torrejonian, and Tiffanian) are based on faunas origi-
nally described from the San Juan Basin (Wood et al., 1941; Woodburne, 2004).

Kimbeto Member of the Ojo Alamo Sandstone

The base of the Paleogene throughout most of the San Juan Basin is the 
lowermost Paleocene Kimbeto Member of the Ojo Alamo Sandstone (Table 1). 
It has been claimed that the underlying Naashoibito Member of the Ojo Alamo 
Sandstone in the southwestern part of the basin is also Paleocene, although 
we regard it as upper Maastrichtian (e.g., Peppe et al., 2013; Heizler et al., 2014; 
Williamson et al., 2014; see the “Paleocene dinosaurs” debate in Fassett, 2009; 
Lucas et al., 2009; and Fassett, 2013). The Kimbeto Member is not present in 
the northern fifth of the basin, where it has been eroded or grades laterally 
into the Animas Formation.

The Kimbeto Member consists of sandstone, pebbly sandstone, pebble 
to cobble conglomerate, and minor mudstone. The Kimbeto Member ranges 
from ~12–82 m thick (Powell, 1973). It is thickest and coarsest in its proximal 
outcrops in the northwestern part of the basin near Farmington. There, it con-
tains clasts of quartz, chert, silicified igneous rocks, and silicified limestone 
as much as 15 cm across (O’Sullivan et al., 1972). For details concerning the 
stratigraphy, depositional environments, and petrology of the Kimbeto Mem-
ber, see Powell (1972, 1973), Lehman (1985), Klute (1986), and Sikkink (1987). 
Paleoflow during deposition of the Kimbeto Member was generally toward 
the south or southeast (Fig. 3).

The Kimbeto Member disconformably overlies Upper Cretaceous continen-
tal beds throughout the basin (mostly the Campanian Kirtland and Fruitland 
formations but, locally, the Maastrichtian Naashoibito Member in the south-
western part of the basin). In contrast, there are two areas along the eastern 
basin margin where thick sandstones fill deep, broad paleovalleys (cf. Fassett 
and Hinds, 1971) eroded into the underlying marine beds of the Campanian 
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TABLE 1. SUMMARY OF CHARACTERISTICS OF PALEOCENE STRATIGRAPHIC UNITS IN THE SAN JUAN BASIN

Stratigraphic unit Age (NALMA) Location 
within basin

Thickness
(m)

Lithology Mean paleoflow Comments

Ojo Alamo Sandstone, 
Kimbeto Member

Puercan Central 
and south

12−82 Sandstone, pebbly sandstone, pebble 
to cobble conglomerate, and minor 
mudstone

South to southeast We use the term Kimbeto Member (Powell, 1973) to refer to all parts of the 
Ojo Alamo Sandstone exclusive of the Naashoibito Member.

Nacimiento Formation, 
Arroyo Chijuillita Member1

Puercan and Torrejonian South 30−130 Drab mudstone and fine sandstone, 
minor coal

South (lower part), 
north (upper part)

The lower ~30−55 m of the Arroyo Chijuillita Member extends westward to 
the Kimbeto Wash region (Fig. 4), where it is overlain by beds of the Tsosie 
Member (Fig. 5). We restrict the upper Arroyo Chijuillita Member to the 
area from Mesa de Cuba to about ten kilometers west of the continental 
divide (Fig. 4), where it interfingers with thick channel sandstones of the 
Tsosie Member (cf. Williamson, 1996; Davis et al., 2016).

Nacimiento Formation, 
Ojo Encino Member1

Torrejonian Southeast 90−122 Strongly variegated mudstone 
and sandstone

North We restrict the Ojo Encino Member to the geographic extent of its basal 
Penistaja Bed, which crops out in the area between Mesa de Cuba 
and somewhat west of the continental divide. The Ojo Encino Member 
formerly included thick fluvial channel sandstones farther to the west at 
Escavada Wash, Betonnie Tsosie Wash, the east flank of Kimbeto Wash, 
and on the west flank of Kimbeto Wash. We now assign these beds to the 
Tsosie Member.

Nacimiento Formation, 
Tsosie Member2

Late Puercan (?) and 
Torrejonian

Southwest Maximum 
~200

Thick channel sandstone and drab 
floodplain mudstone

East-northeast We designate beds 24−44 of the Betonnie Tsosie Wash measured section 
of Williamson and Lucas (1992) as the type section of the Tsosie Member. 
Because of poor exposure, this type section is incomplete in its upper part. 
Within the measured sections of Williamson (1996) at Betonnie Tsosie 
Wash, the east flank of Kimbeto Wash, and the west flank of Kimbeto 
Wash, we identify beds 24, 10, and 21, respectively, as the basal beds of 
the Tsosie Member. All of the beds formerly assigned to the Ojo Encino 
Member in the Escavada Wash measured section of Williamson (1996) are 
also tentatively considered to be Tsosie Member.

Nacimiento Formation, Kutz 
Member2

Puercan and Torrejonian West Maximum 
~300

Drab to variegated channel 
sandstone, splay sandstone, and 
floodplain mudstone

Southeast Formerly the “main body” of Williamson (1996). In Kutz Canyon, we 
designate the composite measured sections A through E and beds 1−8 of 
section F of Williamson (1996) as the type section the Kutz Member. The 
lower Kutz Member is exposed in measured sections at the West Fork of 
Gallegos Canyon (locality 57, Fig. 8) and at De-na-zin Wash (locality 59) 
(note that Williamson, 1996, tentatively correlated these beds with the 
Arroyo Chijuillita and the Ojo Encino members).

Nacimiento Formation, 
Angel Peak Member2

Late Torrejonian to 
early Tiffanian(?)

West 10–25 Yellowish-gray sandstone and 
associated thin mudstone

East Formerly the “unnamed member” of Williamson (1996). We designate the 
type section of the Angel Peak Member as bed 9 of measured section F 
in Kutz Canyon (Williamson, 1996). There, it is 16.5 m of yellowish-gray, 
cross-bedded, medium- to coarse-grained sandstone.

Nacimiento Formation, 
Escavada Member

Tiffanian West and 
South

20−90 Gray fine sandstone, mudstone, and 
thin silicified ash beds

East-southeast

Animas Formation, main part Puercan through Tiffanian North Maximum 
~700

Grayish-green to brownish-green, 
partly volcaniclastic sandstone and 
mudstone

South Excludes the McDermott Formation (considered by some to be a member of 
the Animas Formation) and the Wirt member.

Animas Formation, 
Wirt member2

Unknown, probably late 
Puercan and/or Torrejonian

Northeast Maximum 
~130

Buff-colored sandstone, minor 
greenish-gray mudstone, and rare 
pebbly sandstone

East Informal stratigraphic term. Maximum depositional age is 65.58 ± 0.10 Ma.

NALMA—North American Land Mammal Age.
1Stratigraphic term is geographically restricted relative to usage of Williamson and Lucas (1992) and Williamson (1996).
2New term (this study).
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Lewis Shale. The southern paleovalley (Fig. 3, locality 77) contains ~75 m of 
the Kimbeto Member. This paleovalley drained areas to the northeast, and 
its incision demonstrates that the eastern structural margin of the San Juan 
Basin (the Archuleta anticlinorium) was extant in the earliest Paleocene. The 
northern paleovalley (~15 km south of Dulce), however, contains ~130 m of 
sandstone and minor mudstone deposited by east-flowing paleorivers. We 
regard these beds as the basal part of the Animas Formation (see discussion 
of the Wirt member below).

Nacimiento Formation

The paleontology, palynology, and magnetostratigraphy of the Paleocene 
Nacimiento Formation in the southern and western San Juan Basin have been 
relatively well studied. The Nacimiento Formation hosts the “type localities” 
for the Puercan and Torrejonian NALMAs (Wood et al., 1941; see summaries in 
Williamson, 1996) and contains palynomorphs and fossil leaves of Paleocene 
age (Anderson, 1960; Fassett and Hinds, 1971; Tschudy, 1973; Newman, 1987; 
Williamson et al., 2008; Flynn et al., 2015, 2017; Flynn and Peppe, 2018). The 
Nacimiento Formation hosts magnetic polarity chrons from the near the base 
of C29n to C25r (Leslie et al., 2018; Williamson, 1996, and references therein), 
corresponding to a depositional interval of ca. 65.6−60 Ma using the timescales 
of Ogg (2012) and Sprain et al. (2018).

As much as ~530 m thick (Milner, 2004), the Nacimiento Formation grades 
northward into, and locally overlies, the Animas Formation. In this report, we 
revise the member-rank lithostratigraphy of the Nacimiento Formation (see 
below). The proposed members are laterally gradational but lithologically 
distinct, with paleocurrent signatures that attest to their differing roles in the 
fluvial architecture of the basin (Table 1).

Arroyo Chijuillita Member

The Arroyo Chijuillita Member (Williamson and Lucas, 1992), the basal 
member of the Nacimiento Formation in the southern part of the San Juan 
Basin (Figs. 4 and 5), conformably overlies the Kimbeto Member of the Ojo 
Alamo Sandstone and is ~30−130 m thick. We geographically restrict the upper 
Arroyo Chijuillita Member (Table 1).

The Arroyo Chijuillita Member consists of a poorly exposed, drab suc-
cession of gray to black mudstone, light-gray, commonly clay-cemented fine 
sandstone, and minor coal that was deposited by rivers and in floodplain 
lakes (Fig. 6). Fluvial channel sandstones are commonly cross bedded and 
typically thin (~1−3 m thick).

Puercan fossil localities within the “Ectoconus zone” (sensu Sinclair and 
Granger, 1914; see Williamson, 1996) lie within the lower ~20 m of the Arroyo 
Chijuillita Member, but the Torrejonian “Pantolambda zone” (sensu Sinclair 
and Granger, 1914) at Betonnie Tsosie Wash (Williamson, 1996) is within the 

Tsosie Member. The upper half of the Arroyo Chijuillita Member at Mesa de 
Cuba contains Torrejonian fossils (Williamson, 1996).

The paleoflow regime during deposition of the Arroyo Chijuillita Member is 
incompletely understood. Approximately the lower half of the Arroyo Chijuillita 
Member shows evidence of southerly paleoflow (mean = 196°; Fig. 7A), similar 
to paleocurrent indicators within the Kimbeto Member, which it transitionally 
overlies. Note, however, that we collected paleocurrent measurements at only 
two localities within the lower Arroyo Chijuillita Member (localities 35 and 
79, Fig. 8, and see data in Supplemental Files [footnote 1]). In contrast, five 
localities in the upper part of the Arroyo Chijuillita Member exhibit evidence 
of northerly paleoflow (mean = 355°), similar to that of the overlying Ojo 
Encino Member (Fig. 7B).

These relationships imply that a profound paleoflow reversal occurred in 
the southern San Juan Basin during deposition of the unfossiliferous strata 
that lie between the Puercan and Torrejonian fossiliferous beds. Although 
interpretation is limited by poor exposure, there is no evidence of a significant 
disconformity marking this reversal within the Arroyo Chijuillita Member. Nor 
is there evidence that the stratigraphic domains of southerly and northerly 
paleoflow are divided by the deposits of an axial river, as might be expected 
if these domains represented oppositely-draining tributary systems. Rather, it 
seems that the fine-grained deposits of the middle Arroyo Chijuillita Member 
record a gradual, syndepositional rollover in paleoslope orientation that was 
related to increased subsidence in the basin axis to the north (see below).

Ojo Encino Member

The Ojo Encino Member (Williamson and Lucas, 1992) occupies the middle 
part of the Nacimiento Formation in the southeastern San Juan Basin. The Ojo 
Encino Member is a fluvial succession of mudstone and sandstone, ranging in 
thickness from 90 to 122 m. Fluvial channel deposits, typically ~2−10 m thick, 
exhibit cross bedding and horizontal laminations. Variegated Ojo Encino flood-
plain mudstone displays hues of gray, red, green, and black. Black horizons 
in the Nacimiento Formation represent poorly drained paleosols (Davis et al., 
2016; Hobbs, 2016) and are suggestive of episodes of high water tables. The 
basal part of the member is the Penistaja Bed (Williamson and Lucas, 1992), a 
prominent, slightly pebbly sandstone that disconformably overlies the Arroyo 
Chijuillita Member near, and east of, the continental divide (Fig. 9). The Ojo 
Encino Member shows evidence of northerly paleoflow (mean = 012°; Fig. 7C). 
It contains pebbles of indurated fine sandstone and siltstone (Fig. 10) derived 
from Mesozoic strata exposed to the south on the Chaco homocline.

The age of Ojo Encino Member is reasonably well constrained, as it hosts 
several Torrejonian fossil localities (Fig. 5; Williamson, 1996). In the middle of 
the Nacimiento Formation, in what we consider as lower Ojo Encino Member, a 
reworked volcanic ash has yielded a sanidine maximum depositional age of 64.4 
± 0.2 Ma, based on the youngest five of 36 crystals dated (age recalculated from 
Fassett et al. [2010] using Fish Canyon Tuff sanidine = 28.201 Ma; error is 1σ).

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/5/1641/4831334/1641.pdf
by Durham University user
on 05 April 2020

http://geosphere.gsapubs.org


1648Cather et al.  |  Laramide San Juan BasinGEOSPHERE  |  Volume 15  |  Number 5

Research Paper

Figure 4. Digital elevation map of northwestern New Mexico showing cross-section line A–A′ (Fig. 5) and the geographic distribution of the Paleocene Nacimiento Formation 
(Tn) and the lower Eocene San Jose Formation (Tsj). Also shown are selected roads, geographic features, and municipalities. Mtn—Mountain.
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Tsosie Member

We propose the new name Tsosie Member for the middle part of the 
Nacimiento Formation in the southwestern part of the basin (Figs. 4 and 5; 
Table 1). Tsosie Member strata can be distinguished from the Ojo Encino and 
the Arroyo Chijuillita members by the presence of thick channel sandstones, 
the absence of the Penistaja Bed, and the absence of the strongly variegated 
beds that characterize the Ojo Encino Member.

The Tsosie Member is largely or entirely Torrejonian in age (Fig. 5), although 
it is possible that its lower part may range into the late Puercan. A detrital-san-
idine maximum depositional age of 62.48 ± 0.02 Ma was obtained from a 
sandstone in the Tsosie Member in Escavada Wash; this age is probably close 
to the actual depositional age, given its strongly unimodal character (only 
20 out of 86 dated sanidines are significantly older than 62.48 Ma; Leslie et 
al., 2018).

The Tsosie Member is characterized by ~10−35-m-thick, commonly 
cross-bedded channel-sandstone complexes separated by mostly drab flood-
plain mudstone. Sandstone is mostly fine to coarse grained. Conglomerate is 
absent except for intraformational mudstone clasts. Laterally accreted beds 
indicative of point-bar migration are locally present, but are not prevalent. In 
several areas, we have noted preserved channel margins and point-bar depos-
its that indicate deposition within a deep paleoriver, herein termed the Tsosie 
paleoriver, with bank-full channel depths of at least 5 m (Fig. 11).

Paleoflow during deposition of the Tsosie Member was east-northeast (mean 
= 075°; Fig. 7D). Thick fluvial sandstone beds are present in the subsurface within 
the middle part of the Nacimiento Formation east-northeast (down depositional 
dip) from the Tsosie Member exposures in the Escavada Wash−Kimbeto Wash 
area. These sandstones, formerly correlated to the Arroyo Chijuillita and the Ojo 
Encino members in wells 6−9 of Williamson and Lucas (1992) and wells 11−20 
of Williamson (1996), we assign to the Tsosie Member (Fig. 8).

lateral gradation

Torrejonian

Puercan

 paleoflow direction 
(north at top)

gradational
conformable
disconformable

Tsj - San Jose Fm

Cretaceous       strata

N
ac

im
ie

nt
o 

Fm

Tne - Escavada Mbr

paleoflow
reversals

Tnap - Angel Peak Mbr

Tnk - Kutz Mbr

deposits of ENE- flowing axial rivers

deposits of SE- flowing distributary fluvial system

Tnt -Tsosie Mbr

Tnoe - Ojo Encino Mbr

deposits of N- flowing tributary streamsTnoep - Penistaja Bed of Ojo Encino Mbr

Tnac - Arroyo Chijuillita Mbr

Toa - Kimbeto Mbr of Ojo Alamo Ss

TKa - Animas Fm

Contacts

Fossil localities

be
nd

T

P

Na
ge

ez
i

200 m

20 km

Sa
n 

Ju
an

 R
ive

r

La
 P

la
ta

, N
M

An
im

as
 R

ive
r

An
ge

l P
ea

k

Bl
an

co
 W

as
h

Ki
m

be
to

 W
as

h
Be

to
nn

ie
 T

so
sie

 W
as

h
Es

ca
va

da
 W

as
h

Co
nt

in
en

ta
l d

ivi
de

To
rre

on
 W

as
h

M
es

a 
de

 C
ub

a

Hu
er

fa
no

 M
tn

 /D
nz

W
 (p

ro
j.)

TKa Toa

Tnk

NW SE
A A’

Tnt

?

?

?

Tnap

Tsj

Tsj

Tnoe

Tnac Tnoep

Tne

T
T

T

T

T
T

TTTTT
T

T T

TT

T
T

T

P P P P

Figure 5. Schematic projected cross sec-
tion of the western and southern part of 
the San Juan Basin depicting the spatial ar-
rangement of stratigraphic units, nature of 
contacts, paleoflow directions, stratigraphic 
position of major paleoflow reversals, and 
Puercan and Torrejonian fossil localities 
(Williamson, 1996). The Horseshoe ash 
(not shown) occurs 10.5 m above the top 
of the Kimbeto Member at De-na-zin Wash. 
Datum is the base of the Kimbeto Member 
of the Ojo Alamo Sandstone. Line of section 
and localities are shown in Figure 4. Data 
are projected onto the line of section from 
outcrops, petroleum-well data described in 
Williamson and Lucas (1992) and William
son (1996), and well data from the area 
north of the Animas River. Note that only 
the upper part of the Arroyo Chijuillita 
Member was deposited by north-flowing 
streams; the lower part contains southerly 
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mation; Mbr—Member; Ss—Sandstone; 
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proj.—projected; NM—New Mexico.
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Kutz Member

The Kutz Member (new term; formerly the “main body” of Williamson, 
1996) is a thick succession of cross-bedded fluvial channel sandstone, splay 
sandstone, and floodplain mudstone best exposed in Kutz Canyon, where 
it is ~200 m thick (Table 1). Only the middle and upper parts of the unit are 
exposed in Kutz Canyon. In wells nearby to the east, the total thickness of the 
Kutz Member is ~300 m (Williamson, 1996). The Kutz Member overlies the 
Kimbeto Member with apparent conformity.

The lower Kutz Member tends toward drab colors (Fig. 12), whereas reddish 
or variegated hues prevail in the upper part (Fig. 13), indicating paleosols in the 
upper part of the member were better drained. Together, upsection increases in 
coarseness and depth to the paleo–water table are suggestive of progradation.

Paleoflow during deposition of the Kutz Member was southeastward (mean 
= 125°; Fig. 7E). The proximal facies of the Kutz Member is exposed ~12 km 
north of Farmington. There, pebbly sandstone (Fig. 14) records where a sig-
nificant fluvial system entered the basin. This point source and the somewhat 
radial paleoflow (Fig. 8) suggest the Kutz Member may represent the deposits 
of a prograding distributive fluvial system (e.g., Weissmann et al., 2010; see 
also Leslie et al., 2018).

The middle and upper parts of the Kutz Member contain Torrejonian beds 
(Fig. 5). The lower 30−40 m of the Kutz Member at the measured sections at 
the West Fork of Gallegos Canyon and at De-na-zin Wash contain Puercan beds 

(Williamson, 1996). A recently discovered volcanic ash bed (Fig. 15), 10.5 m 
above the base of the Kutz Member in De-na-zin Wash, herein informally 
termed the Horseshoe ash, is the only in situ (i.e., not significantly reworked) 
ash yet dated from the Paleogene of the San Juan Basin. The Horseshoe ash 
caps the middle Puercan “Ectoconus zone” at De-na-zin Wash.

40Ar/39Ar geochronology of the Horseshoe ash. Sample SJ-ASH-2 from 
the Horseshoe ash at De-na-zin Wash yielded a weighted-mean age of 65.49 
± 0.06 Ma based on 58 of 61 dated crystals (Fig. 16). The Horseshoe ash sam-
ple has abundant sanidine grains with few microcline or orthoclase crystals. 
The MSWD of 5.13 is slightly elevated and indicates scatter above analytical 
uncertainty. This scatter is likely a combination of both grain-to-grain vari-
ation of neutron flux across the irradiation pit as well as some contribution 
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of the Arroyo Chijuillita Member of the Nacimiento Formation exposed in the south-
ernmost spur of Mesa de Cuba (zone 13, 319687E, 3982679N; all UTM locations are 
NAD 1927). Channel-form sandstone above dead tree at center of image is ~1.3 m thick.

Figure 7. Paleocurrent rose diagrams for the Nacimiento and Animas formations. These are sum-
mary plots; for individual localities (numbered arrows on Fig. 8), see data in Supplemental Files 
(text footnote 1). A—lower part of Arroyo Chijuillita Member; B—upper part of Arroyo Chijuillita 
Member; C—Ojo Encino Member of the Nacimiento Formation; D—Tsosie Member of the Na-
cimiento Formation; E—Kutz Member of the Nacimiento Formation; F—Angel Peak Member of 
the Nacimiento Formation; G—Escavada Member of the Nacimiento Formation; H—combined 
Animas and Nacimiento formations in the northern and eastern parts of the basin (except Wirt 
member); I—Wirt member of Animas Formation.
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Figure 9. View to the west of the Penistaja Bed of the Ojo Encino Member of the Na-
cimiento Formation (Tnoep) disconformably overlying the Arroyo Chijuillita Member 
(Tnac), ~8 km west-southwest of Mesa de Cuba (zone 13, 310521E, 398277N).

Figure 10. Pebbles within the Penistaja Bed of yellowish-gray, probably Upper Cre-
taceous sandstone and siltstone, and red, probably Jurassic or Triassic sandstone. 
Northerly paleoflow during deposition of this bed suggests these pebbles were derived 
from Mesozoic exposures on the Chaco homocline to the south. These pebbles contrast 
with the dominantly siliceous, north- to northwest-derived pebbles that characterize 
the Nacimiento Formation in the western part of the basin and the siliceous pebble 
suites of the Ojo Alamo Sandstone and San Jose Formation throughout the basin 
(zone 13, 310596E, 3982667N).

Figure 11. Thick fluvial channel sandstone in the lower part of the Tsosie Member of 
the Nacimiento Formation (foreground). This sandstone preserves the margin of a 
~5-m-deep paleochannel (arrow). Major channel sandstones of the middle part of the 
Tsosie Member (numbered 1, 2, and 3) are exposed on the north flank of Betonnie 
Tsosie Wash. All of these fluvial sandstones show evidence of east-northeast paleo-
flow and are interpreted to represent deposits of a major, extrabasinal paleoriver (the 
Tsosie paleoriver) that entered the San Juan Basin here. View to the northwest from 
zone 13, 254873E, 4004909N.

Figure 12. Lower part of the Kutz Member of the Nacimiento Formation showing 
fine-grained character and dominantly drab coloration. View to the west of the east 
flank of Black Hill, at the head of the West Fork of Gallegos Canyon (zone 12, ~757100E, 
4032300N).
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by geological scatter. Geological scatter could be related to several factors, 
including minor argon loss, excess argon in melt inclusions, or the presence of 
xenocrysts that are slightly older than the eruption age of the Horseshoe ash. 
K/Ca values cluster near 100, but have overall high uncertainty due to difficulty 
measuring small 37Ar signals on a 10e12 ohm Faraday amplifier. Radiogenic 
yields were commonly between 99.8% and 100%. See below for comparison 
between the 40Ar/39Ar sanidine geochronology of the Horseshoe ash and the 
detrital-sanidine ages from the Wirt member of the Animas Formation.

Angel Peak Member

We use the new term Angel Peak Member (Table 1) for a sandstone-dom-
inated interval above the Kutz Member in the Kutz Canyon–Nageezi region. 
Williamson (1996) called this interval the “unnamed member.” It consists of 
~10–25 m of yellowish-gray, commonly cross-bedded fluvial sandstone and 
associated thin mudstone of floodplain or pond origin (Fig. 17). The Angel Peak 
Member lies conformably on, and locally intertongues with, the underlying Kutz 
Member. Paleoflow during deposition of the Angel Peak Member was toward 
the east (mean = 091°; Fig. 7F). The Angel Peak Member is late Torrejonian to 
possibly early Tiffanian in age, based on magnetostratigraphy (Williamson, 1996).

Escavada Member

The Escavada Member (Williamson and Lucas, 1992) is a thin (~20−90 m) 
but widespread unit in the uppermost Nacimiento Formation, extending from 

Figure 13. Variegated sandstone and mudstone in upper part of the Kutz Member of 
the Nacimiento Formation (Tnk), exposed in the upper reaches of Kutz Canyon. Road 
in canyon at center of image is ~5 m wide. Angel Peak in the distance is capped by the 
San Jose Formation (Tsj), which is underlain by the Escavada (Tne) and Angel Peak 
(Tnap) members of the Nacimiento Formation (see Fig. 17). View to the northeast 
from zone 13, 237365E, 4045820N.

Figure 14. Siliceous pebbles and coarse sandstone in the proximal facies of the lower 
Kutz Member south of Thompson Arroyo, ~12 km north of Farmington (Fig. 8, local-
ity 62). Zone 12, 752623E, 4083222N.

Figure 15. Exposure of the Horseshoe ash (thin, light-gray bed in excavation) in De-
na-zin Wash (zone 12, 769016E, 4024341N) within the lower part of the Kutz Member.
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Kutz Canyon to Mesa de Cuba. It consists of a drab (mostly shades of gray) 
fluvial succession of fine sandstone, mudstone, and thin, laterally extensive, 
silica-cemented beds that were interpreted by Hobbs (2016) as silicified volca-
nic ashes, an interpretation with which we concur. Silica-cemented beds in the 
Nacimiento Formation were termed silcretes by Rains (1981) and Williamson 
et al. (1992b), who interpreted them as paleosols. Silica-cemented beds are 
numerous in the Escavada Member (Fig. 18) but also occur more sparsely in 
the Arroyo Chijuillita Member, the Ojo Encino Member, and the lower part of 
the Kutz Member.

The Escavada Member is Tiffanian, based on its magnetostratigraphy (Wil-
liamson, 1996). It conformably overlies the Angel Peak Member, the Tsosie 
Member, and the Ojo Encino Member (Fig. 5) and shows evidence of east-south-
easterly paleoflow (mean = 112°; Fig. 7G). The Escavada Member was deposited 
more slowly than underlying strata (Williamson, 1996), probably a reflection 
of decreased accommodation in the Tiffanian.

Animas Formation

The Paleocene Animas Formation crops out in the northern part of the San 
Juan Basin and consists of fluviatile, partly volcaniclastic beds. It is as much as 

Figure 16. Relative age probability and K/Ca diagrams comparing 40Ar/39Ar analytical 
results of sanidine from the Horseshoe ash (10.5 m above base of the Kutz Member 
at De-na-zin Wash, 769016E, 4024341N, zone 12) to the post–70 Ma detrital sanidines 
from two localities in the upper part of the Wirt member along Jicarilla Apache Road 
J-15. The eight youngest detrital-sanidine grains are indistinguishable in age and 
K/Ca from sanidines of the Horseshoe ash. Of these eight sanidine grains in the Wirt 
member, sample 6-2-15-B yielded one from a green siltstone ~19.5 m below the top 
of the Wirt member (zone 13, 328256E, 4067042N), and sample 6-2-15-C yielded seven 
from a greenish-gray siltstone ~10 m below the top of the Wirt member (zone 13, 
328221E, 4067058N).

Figure 17. View to the north of the type area of the Angel Peak Member of the Nacimiento Forma
tion from zone 13, 243113E, 4047655N. Stratigraphic units (descending) are the yellowish-gray 
coarse sandstone of the San Jose Formation (Tsj) capping Angel Peak, the gray fine sandstone 
and mudstone of the Escavada Member (Tne), the yellowish-gray sandstone of the Angel Peak 
Member (Tnap), and the gray and buff sandstone and mudstone of the Kutz Member (Tnk) of 
the Nacimiento Formation. The San Juan Mountains of Colorado are on the distant skyline.
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~700 m thick in the northeastern San Juan Basin (Stone et al., 1983) and thins 
southward. The Animas Formation disconformably overlies the Campanian 
Kirtland Formation in most places in the northeastern San Juan Basin. In the 
northwestern San Juan Basin, the Animas Formation overlies the McDermott 
Formation. The McDermott Formation is Maastrichtian, as shown by the pres-
ence of dinosaur fossils (Reeside, 1924), palynomorphs (Newman, 1987), and 
detrital zircon that indicates a maximum depositional age of ca. 69−68 Ma 
(Donahue, 2016; Pecha et al., 2018).

The basal Animas Formation near Durango is Puercan, based on palyno-
morphs (Newman, 1987). South of Dulce, the lower Animas Formation contains 
detrital-sanidine grains that indicate a maximum depositional age of 65.58 
± 0.10 Ma (see below). Detrital zircons from the Animas Formation ~8 km east 
of Durango yield a maximum depositional age of 63.6 ± 0.6 Ma (Donahue, 2016; 
her sample WP44). In southern Colorado, the upper Animas Formation hosts 
the “type” Tiffanian beds. These were deposited during magnetic polarity chron 
C25r (Lofgren et al., 2004), ca. 58 Ma (Ogg, 2012). The upper Animas Formation 
near Dulce contains turtle bones of probable Torrejonian age (Dane, 1946).

The Animas Formation can be distinguished by its color (grayish green to 
brownish green; Fig. 19) and its partly volcaniclastic nature from the domi-
nantly siliciclastic Nacimiento and San Jose formations. In the eastern San 
Juan Basin, the Paleocene outcrop belt is subparallel to depositional dip, giv-
ing rise to a broad lateral gradation between the Nacimiento Formation and 
the Animas Formation. We place the lateral contact at the north boundary of 
T. 26 N., similar to Manley et al. (1987) and NMBGMR (2003). We emphasize, 
however, that this contact placement is arbitrary (cf. Anderson, 1960; Fassett 
and Hinds, 1971), and we note that no worker has yet identified a mappable 
lateral contact within the broad transition between the Nacimiento and Animas 
formations in the eastern basin.

In the northwestern part of San Juan Basin, our observations suggest the 
Kutz Member of the Nacimiento Formation was deposited by a major south-
east-flowing paleoriver system that entered the basin north of Farmington, 
whereas the Animas Formation was deposited by tributary streams that drained 
volcanic terranes farther north (Fig. 8). Paleocurrent measurements obtained 
during this study within the Animas Formation are southerly (mean = 180°; 
Fig. 7H), similar to those of Sikkink (1987; see localities labeled “S” in Fig. 8).

Wirt Member

An exception to the southerly mean-paleoflow indicators of the Animas 
Formation is a thick succession of buff-colored sandstone, minor greenish-gray 
mudstone, and rare pebbly sandstone at the base of the Animas that fills a 
broad paleovalley incised into the Lewis Shale ~15 km south of Dulce. These 
deposits (Fig. 20), herein informally termed the Wirt member of the Animas 
Formation, are named for the abandoned Wirt lookout tower in SW1/4 s. 15, 
T. 30 N., R.1 W. The Wirt member displays evidence of easterly paleoflow 
(mean = 085°; Fig. 7I), and grades upsection into the greenish-gray mudstone 

Figure 18. View to the east of the Escavada Member of the Nacimiento Formation 
(Tne) disconformably overlain by the San Jose Formation (Tsj) at the head of Escav-
ada Wash (zone 13, 268374E, 4008494N). Arrows denote thin, silica-cemented beds 
(silicified volcanic ash beds; Hobbs, 2016) in the Escavada Member.

Figure 19. Channel-filling, greenish-gray fluvial sandstone and gray floodplain mud-
stone and fine sandstone of the Animas Formation in road cut along U.S. Highway 64 
at Dulce Lake (zone 13, 321463E, 4082875N).
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and sandstone of the Animas Formation. Wirt member sandstones are mostly 
medium to coarse grained and occur in beds ~1−4 m thick that exhibit horizon-
tal stratification, low-angle bedding, and cross bedding. Sandstone beds are 
interpreted to have been deposited by braided, bedload-dominated streams. 
Rare pebbles consist of granite, chert, quartz, quartzite, altered feldspar, and 
intermediate-composition volcanic rocks. Maximum clast size is ~0.5 cm.

Sandstone of the Wirt member has previously been included in the lower 
part of the Animas Formation by Dane (1946, 1948), Dane and Bachman (1957, 
1965), and NMBGMR (2003) but was mapped as Ojo Alamo Sandstone by 
Fassett and Hinds (1971). We disfavor correlation of this sandstone to the 
Ojo Alamo for the following reasons. (1) The Wirt sandstone is as much as 
~130 m thick, thicker than the Ojo Alamo Sandstone in nearby exposures 
(~20−40 m thick) and in nearby well penetrations (~20−50 m thick; Stone et al., 
1983). Indeed, the Wirt member is thicker than even the proximal Ojo Alamo 
Sandstone near Farmington in the western basin (~82 m, Powell, 1973; ~67 m, 
O’Sullivan et al., 1972). (2) Paleoflow during deposition of the Wirt Member 
was easterly, orthogonal to the southerly paleoflow evidenced by nearby Ojo 
Alamo Sandstone outcrops along the Navajo River (Fig. 3, locality 78) and 
near Stinking Lake (Sikkink, 1987). (3) The youngest mode of sanidines of the 
Wirt member is statistically indistinguishable in age and K/Ca value from san-
idines of the Horseshoe ash, exposed 10.5 m above the Ojo Alamo Sandstone 
in the lower part of the Kutz Member at De-na-zin Wash (Fig. 16; see below). 
Figure 21 is our interpretation of the stratigraphic relationships south of Dulce.

40Ar/39Ar geochronology of the Wirt member. To establish a maximum 
depositional age for the Wirt member, detrital K-feldspar from three siltstone 
samples of the Wirt member were analyzed. These samples yielded grains 
that range in age from ca. 65 Ma to the Mesoproterozoic (Fig. 16; Supple-
mental Files [footnote 1]). In the initial detrital-sanidine dating attempt of the 

Wirt member, crystals were irradiated in package NM-277. The three samples, 
6-2-15-A, 6-2-15-B, and 6-2-15-C, yielded similar results, with most grains being 
older than 100 Ma (see Supplemental Files [footnote 1]). These samples con-
tained many plutonic and metamorphic K-feldspar grains with Precambrian 
apparent ages. However, two crystals (one from 6-2-15-B, one from 6-2-15-C) 
gave Paleocene ages (Fig. 16). These results led to a second dating attempt 
(irradiation NM-284) of sample 6-2-15-C where 247 grains were dated. In this 
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Figure 20. View to the northeast of the Wirt member of the Animas Formation from 
zone 13, 3227331E, 4073852N. Arrow marks the ~30 m Wirt lookout tower.

Figure 21. Schematic block diagram showing 
proposed stratigraphic relationships in the Dulce−
Stinking Lake area during deposition of the Wirt 
member of the Animas Formation. Note that prior 
to paleovalley development, paleoflow was south-
ward during deposition of the Kimbeto Member of 
the Ojo Alamo Sandstone, but became eastward 
during cutting of the paleovalley and subsequent 
aggradation of the Wirt member. Following filling 
of the Wirt paleovalley, southward progradation of 
the younger part of the Animas Formation saw re-
establishment of southward paleoflow in the area.
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case, 83 of the 247 grains yielded ages less than 300 Ma. This dating effort 
recovered two additional Paleocene crystals. A final attempt of detrital-sanidine 
dating on 6-2-15-C (irradiation NM-289) was made, and 54 of 99 grains yielded 
ages less than 300 Ma. This attempt yielded four grains with Paleocene ages 
and constitutes our most successful attempt at finding a young population 
of detrital grains.

A maximum depositional age for the Wirt member of 65.58 ± 0.10 is given 
by the weighted-mean age of the eight youngest grains. As with the Horse-
shoe ash crystals, the MSWD of 6.66 is slightly elevated and thus may indicate 
the presence of multiple age populations. The youngest normally distributed 
group of ages (n = 5) in the Wirt samples yields a weighted-mean age of 65.38 
± 0.08 Ma, which also could be used to define the maximum depositional age. 
Both of the above ages, however, are statistically indistinguishable from the 
65.49 ± 0.06 Ma Horseshoe ash, as are K/Ca values (Fig. 16). Since the range 
of the eight youngest sanidine grains from the Wirt member coincides closely 
with the range of sanidine ages in the Horseshoe ash sample, we think it best 
to include all eight grains to calculate the maximum deposition age.

In summary, detrital-sanidine grains from the Wirt member have ages and 
K/Ca ranges essentially identical to those of sanidines from the Horseshoe 
ash, a result that strongly suggests reworking of the Horseshoe ash into the 
Wirt member. Moreover, the low abundance of young detrital-sanidine grains 
in the Wirt member (eight of 532 grains analyzed) and the fact that these 
grains occur in two beds separated stratigraphically by ~10 m suggest the 
maximum depositional age of the Wirt member may be significantly older 
than its actual depositional age. Based on additional geologic considerations 
described below, we infer the Wirt member may record the same axial fluvial 
system (the mostly Torrejonian Tsosie paleoriver) that deposited the Tsosie 
Member of the Nacimiento Formation.

San Jose Formation

The Nacimiento Formation and the Animas Formation are overlain by the 
lower Eocene San Jose Formation, a dominantly fluvial succession as much 
as ~700 m thick (Fassett, 1974; Milner, 2004). Paleoflow during deposition 
of the San Jose Formation was generally southerly (Fig. 22). The San Jose 
Formation has been divided into several members (Baltz, 1967; Smith and 
Lucas, 1991; Smith, 1992), including a basal sandstone-dominated unit (the 
Cuba Mesa Member). The erosional top of the San Jose Formation is modern 
topography. Regional stratigraphic relationships indicate 1.0−1.5 km of middle 
Eocene through Oligocene strata have been removed by Neogene erosion in 
the San Juan Basin (Cather et al., 2008, 2012).

The lower contact of the Cuba Mesa Member with the underlying Nacimiento 
Formation is an unconformity with slight (1°−3°) angularity at Mesa de Cuba in 
the southeastern part of the basin. This unconformity may represent a lacuna 
of ~3−6 m.y., but estimation of its duration is imprecise because of the poorly 
constrained age of the Cuba Mesa Member (Williamson, 1996; Cather, 2004). 

Throughout the remainder of the southern and central basin, the contact at the 
base of the Cuba Mesa Member is sharp and disconformable (Fig. 18). Early 
studies (Smith and Lucas, 1991; Smith, 1992) inferred that this disconformity 
gives way to an area of conformity and uninterrupted sedimentation near the 
basin center. Examination of well logs near the synclinal basin axis by one of us 
(SMC) and B.S. Brister, however, suggested continuation of the basal discon-
formity into this area, which was attributed to an episode of diminished basin 
subsidence and low accommodation (Cather, 2004). A subsequent detailed 
analysis of numerous well logs indicates a persistent disconformity at the base 
of the Cuba Mesa Member throughout the central and southern San Juan Basin, 
with greater erosion (~75 m deep) of the Nacimiento Formation along the basin 
axis than elsewhere (Milner, 2004; Milner et al., 2005). In northernmost New 
Mexico and southern Colorado, the upper parts of the mudstone-dominated 
Nacimiento and Animas formations appear to intertongue with basal sand-
stone of the San Jose Formation, suggesting a conformable contact.

■■ LARAMIDE DEPOSITIONAL SUMMARY

Our analysis of fluvial paleoflow during deposition of the Nacimiento and 
Animas formations fills the final major gap in the knowledge of the Laramide 
sedimentary evolution of the San Juan Basin. What follows is a synopsis of 
that evolution, which began in the Campanian and continued through the 
early Eocene.

If the beginning of the Laramide orogeny is considered to be marked by 
initiation of local intraforeland basins and uplifts within the former Western 
Interior Seaway, then the Laramide orogeny in northwestern New Mexico 
began ca. 80−75 Ma, as shown by local thickening of the marine Lewis Shale 
within the San Juan Basin and the thinness or absence of regressive shoreline 
deposits of the overlying Pictured Cliffs Sandstone along its southeastern mar-
gin (Cather, 2004, and references therein). The onset of Laramide deformation 
coincided temporally with the passage of the subducted conjugate Shatsky 
Rise beneath the region (Liu et al., 2010).

Regression of the Lewis seaway during the late Campanian was driven 
by northeastward progradation of the Fruitland and Kirtland formations (Fas-
sett and Hinds, 1971; Fassett, 2000). The direction of Pictured Cliffs shoreline 
regression was ~030°, as shown by the trend of coastal-plain fluvial channels on 
sandstone isolith maps of the Fruitland Formation (Ambrose and Ayers, 1990). 
Northwestward thickening of the Fruitland and Kirtland formations was, in part, 
the result of increased subsidence along the Hogback monocline, which forms 
the northwestern margin of the basin. The Hogback monocline shed sediment 
eastward into the basin, resulting in deposition of the eastward-thinning Farm-
ington Sandstone Member of the Kirtland Formation (Fig. 23A; Cather, 2003). 
Campanian subsidence was the first of three Laramide subsidence events in 
northern New Mexico (Cather, 2004).

Detrital zircon in the Pictured Cliffs Sandstone and Fruitland Formation was 
derived largely from the Mogollon Highland of southern Arizona (Pecha et al., 
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2018). In contrast, zircon in the overlying Kirtland Formation, the Ojo Alamo 
Sandstone, and the Nacimiento, Animas, and San Jose formations reflects 
derivation mostly from nearby Laramide basement uplifts (Pecha et al., 2018).

During the Maastrichtian, a major basin-wide unconformity developed atop 
the Kirtland Formation, which contains a 73.34 ± 0.12 Ma ash in its upper part 
(Fassett and Heizler, 2017). The unconformity probably developed in response 
to a decreased basin subsidence and accommodation (Cather, 2004). The 
unconformity is overlain locally by Maastrichtian beds (the McDermott For-
mation and the Naashoibito Member of the Ojo Alamo Sandstone) but is more 
widely overlain by the lower Paleocene Kimbeto Member of the Ojo Alamo 
Sandstone. The associated lacuna has a duration of ~5−7.5 m.y.

The paleoflow regime during deposition of the Naashoibito Member of the 
Ojo Alamo Sandstone in the Hunter Wash−De-na-zin Wash region (Fig. 4) is 
uncertain. Similarities in pebble composition of the Naashoibito Member and 
overlying Kimbeto Member (Baltz et al., 1966) suggest that both share similar 
northerly sources. Powell (1972) reported an average paleoflow direction for 
the Naashoibito Member of ~210°, but he did not present the paleocurrent data 
or state where his measurements were collected. Moreover, he correlated beds 
along the entire eastern basin margin to the Naashoibito Member, a correlation 
no worker before or since has supported.

A major change in paleoslope occurred during development of the Maas-
trichtian unconformity, from a northeastward slope during Kirtland Formation 
sedimentation to a southerly or southeasterly paleoslope during deposition 
of the Kimbeto Member. The sandstone-dominated Kimbeto Member of the 
Ojo Alamo Sandstone was deposited during the earliest Paleocene (Fig. 23B), 
a time of low sedimentary accommodation in the San Juan Basin (Cather, 
2004). Heller et al. (2013) related deposition of the Ojo Alamo Sandstone to 
the effects of the subducted conjugate of the Shatsky Rise. We note, however, 
that during the early Paleocene, the Shatsky conjugate was far to the north-
east, centered beneath eastern Wyoming (Liu et al., 2010), so any connection 
between the conjugate and sedimentation in northwestern New Mexico seems 
tenuous. We think it is more likely that mantle-buoyancy–related epeirogenic 
uplift associated with ca. 74−68 Ma onset of magmatism in the southwest-
ern part of the Colorado Mineral Belt (Mutschler et al., 1987; Cunningham 
et al., 1994; Semken and McIntosh, 1997; Gonzales, 2017) was responsible 
for widespread post-Kirtland erosion and subsequent shift to southerly and 
southeasterly paleoflow.

Southerly to southeasterly paleoflow continued throughout Puercan, Torre
jonian, and early Tiffanian time in the northern and western parts of the basin 
during deposition of the Nacimiento Formation (the Kutz and Angel Peak mem-
bers) and the Animas Formation. In the southern part of the basin, however, 
southerly paleoflow persisted only during deposition of the lower Arroyo 
Chijuillita Member during the Puercan (Figs. 5 and 8).

Beginning during deposition of the unfossiliferous interval between Puer-
can and Torrejonian fossil localities (Williamson, 1996), paleoflow reversed in 
the southern basin. As the upper Arroyo Chijuillita Member and the Ojo Encino 
Member were being deposited, mostly during the Torrejonian, paleoflow was 

northerly. Situated between these north-flowing paleorivers and the southeast- 
to east-flowing paleorivers that deposited the Kutz and Angel Peak members 
was a major east-northeast–flowing paleoriver that deposited the mostly Tor-
rejonian Tsosie Member. We interpret these relations to represent an axial 
Tsosie paleoriver flanked by opposing tributary systems (Fig. 23C) during 
deposition of the middle part of the Nacimiento Formation.

The Torrejonian, a time of subsidence and lake development in the Powder 
River and Wind River basins to the north (Yuretich, 1989), was also marked by 
renewed rapid subsidence and sedimentary accommodation in the San Juan 
Basin (i.e., the middle episode of rapid Laramide subsidence of Cather, 2004). 
During this time, there was no southward fluvial exit from the basin. The entire 
paleodrainage at this time was either endorheic or exited somewhere along the 
east side of the basin. We have examined numerous well logs near the basin 
axis (e.g., Stone et al., 1983) and see no evidence for thick mudstone deposits 
representing a long-lived paleolake beneath the San Jose Formation. After 
extensive reconnaissance, we have seen no candidate for a major fluvial exit 
point along the eastern basin margin other than the Wirt member exposures. 
We therefore postulate that the Wirt member represents the deposits of the 
Tsosie paleoriver as it exited the basin toward the east.

If we are correct, the Wirt member is likely Torrejonian, with possible late 
Puercan or early Tiffanian beds in its lower and upper parts, respectively (i.e., 
ca. 65−61 Ma). However, because the depositional age of the Wirt member is 
poorly constrained, its correlation to a time-transgressive Kimbeto Member 
cannot be ruled out. Such a correlation would suggest the exit point for Tor-
rejonian paleodrainage of the San Juan Basin is undiscovered or was eroded.

Figure 24 is our interpretation of the architecture of Torrejonian fluvial sys-
tems in the Four Corners region. We suggest that the position of the Tsosie 
paleoriver on the rather featureless Chaco homocline was determined by the 
gap between the rising Zuni and Defiance uplifts to the southwest. Given the 
large scale of this paleoriver, we infer its headwaters were in the Mogollon 
Highland, although it is possible it headed more locally in the Zuni-Defiance 
area. We note that the late Laramide Baca Basin, south of the Zuni uplift, did not 
begin to accumulate sediment until the middle Eocene (Cather and Johnson, 
1984, 1986; Cather, 2004). We also note that the old, non-sanidine, K-feldspars 
dated from the Wirt member represent cooling ages, and not crystallization 
ages, and thus are not as useful as detrital-zircon data for differentiating base-
ment source regions. This is because most Proterozoic basement terranes in 
the region share similar K-feldspar 40Ar/ 39Ar cooling ages, commonly between 
ca. 800 and 1200 Ma (e.g., Sanders et al., 2006; Karlstrom et al., 2010), irre-
spective of their age of crystallization or metamorphism.

We suggest that the Tsosie paleoriver crossed the San Juan Basin near its 
synclinal axis. It then probably exited the basin ~15 km south of Dulce, where 
it is recorded by the Wirt member of the Animas Formation. The paleoriver 
crossed the Archuleta anticlinorium through a structurally low area east of 
the Wirt exposures. Beyond this point, there are two main possibilities for the 
path of the paleoriver. It may have turned south and acted as a sedimentary 
bypass system through the area of the Galisteo–El Rito Basin, which, prior 
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to the latest Paleocene to early Eocene, had not yet begun to accumulate 
sediment (Lucas et al., 1997). Alternatively, the Tsosie paleoriver may have 
turned to the northeast and contributed sediment to the Poison Canyon and 
Raton formations in the Raton Basin. This latter possibility may be testable 
with petrographic, detrital-sanidine, and detrital-zircon studies.

During Tiffanian deposition of the Escavada Member and equivalent strata, 
continued southeastward progradation of the distributive fluvial system sourced 
in the western part of the basin pushed the axial Tsosie paleoriver beyond the 
present extent of Paleocene outcrops in the San Juan Basin (Fig. 23D). In the 
central and southern part of the basin, following a 3−6 m.y. lacuna that encom-
passed at least the latest Paleocene, the sandstone-dominated Cuba Mesa 
Member of the San Jose Formation was deposited by generally south-flowing 
paleorivers (Fig. 23E). The Cuba Mesa Member, its underlying disconformity, 
and the subjacent Escavada Member correspond to a second Laramide episode 
of weak basin subsidence, diminished accommodation, and basin overfilling 
(Cather, 2004; Milner, 2004, Milner et al., 2005, Leslie et al., 2018). The disconfor-
mity represents erosion both along the basin margins (except in the north) as 
well as in the basin axis, where the Nacimiento Formation has been erosionally 
thinned (Milner et al., 2005).

It is interesting to speculate whether the final phase of rapid Laramide 
basin subsidence, which culminated ca. 50 Ma in central and northern New 
Mexico (Cather, 2004), produced a third episode of paleoflow reversal in the 
southern San Juan Basin. Although beds of this age are not preserved in the 
San Juan Basin, ca. 50 Ma saw the culmination of basin closure and centripetal 
paleoflow in the Green River lake systems to the north (e.g., Smith et al., 2003).

■■ CONCLUSIONS

Our study demonstrates that the evolution of Paleocene fluvial systems in 
the Laramide San Juan Basin was complex and primarily reflected the role of 
varying intrabasin subsidence and sedimentary accommodation. The Puercan 
began with deposition of the Kimbeto Member of the Ojo Alamo Sandstone 
during a time of weak subsidence. It overlies an unconformity throughout 
most of the basin, and its extensive, thin, and relatively sheet-like geometry 
suggests deposition during a time of basin overfilling. Puercan paleorivers 
flowed southward or southeastward and exited the basin toward the south, 
during deposition of the Kimbeto Member, the lower parts of the Kutz and 
Arroyo Chijuillita members of the Nacimiento Formation, and the lower part 
of the Animas Formation.

During the Torrejonian, a new fluvial architecture was established during 
a regime of rapid subsidence in the northeast part of the basin. At this time, a 
major regional paleodrainage (the Tsosie paleoriver) entered the southwestern 
part of the basin and may have exited to the northeast near Dulce. All Tor-
rejonian paleodrainages within the basin appear to have been tributaries to 
the Tsosie paleoriver. Strata deposited by tributaries to the Tsosie paleoriver 
include the upper part of the Arroyo Chijuillita Member and the Ojo Encino 

Member (both deposited by north-flowing paleostreams), the middle and upper 
part of the Kutz Member, the Angel Peak Member, and the middle part of the 
Animas Formation (all deposited by south- or southeast-flowing paleostreams).

During the Tiffanian, southeastward progradation of the Escavada Member 
of the Nacimiento Formation and southward progradation of the upper part 
of the Animas Formation pushed the axial Tsosie paleoriver out of the basin. 
The Tiffanian succession in the central and southern part of the basin records 
a second episode of weak subsidence, low accommodation, and basin overfill 
marked by two probable condensed sections (the Escavada Member of the 
Nacimiento Formation and the lower Eocene Cuba Mesa Member of the San 
Jose Formation) and the unconformity that divides them.

0 50 100 km

37° N

105° W109°

Nu

COUT

NMAZ

Zu

Du

MonU

Mu

Eocene Laramide basinsEarly Laramide basins

Mtu

Su

SBb

SdCu
?

?

CJb

Bb

Gb

ABQ

Rb
SJb

SJsSJu

MH

Uu

Ts
os

ie 
pa

leoriver

Figure 24. Proposed paleodrainage system in the Four Corners region during the early Paleocene 
(Torrejonian). The San Juan (SJb) and Raton (Rb) basins contain Laramide deposits of Campanian 
through Eocene age, but Laramide basins to the south contain only Eocene sediments and thus 
postdate the Tsosie paleoriver. Note two possible paleodrainage pathways (see text) east of 
the Archuleta anticlinorium (anticline symbol). Other basins and uplifts are: Monument upwarp 
(MonU), Uncompahgre uplift (Uu), San Juan uplift (SJu), San Juan sag (SJs), Sangre de Cristo 
uplift (SdCu), Defiance uplift (Du), Zuni uplift (Zu), Nacimiento uplift (Nu), Galisteo–El Rito Basin 
(Gb), Baca Basin (Bb), Sierra uplift (Su), Carthage–La Joya Basin (CJb), Montosa uplift (Mtu), Mo-
gollon Highland (MH), Morenci uplift (Mu), and the Sierra Blanca Basin (SBb). ABQ—Albuquerque; 
UT—Utah; CO—Colorado; AZ—Arizona; NM—New Mexico.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/5/1641/4831334/1641.pdf
by Durham University user
on 05 April 2020

http://geosphere.gsapubs.org


1662Cather et al.  |  Laramide San Juan BasinGEOSPHERE  |  Volume 15  |  Number 5

Research Paper

ACKNOWLEDGMENTS

Field work by Cather was funded by the New Mexico Bureau of Geology and Mineral Resources. 
He thanks the Navajo and Jicarilla Apache tribes for access to their lands. The Horseshoe ash was 
discovered by Tom Williamson, Dan Peppe, and Ross Secord. Williamson acknowledges support 
from the Bureau of Land Management and the National Science Foundation (grants EAR-0207750 
and EAR-1325544). We benefited from informal reviews from Jim Fassett (who did not agree with 
some of our interpretations) and Karl Karlstrom and from discussions with Spencer Lucas, Kevin 
Hobbs, Dan Peppe, and Leslie Caitlin. Figures were created by Leo Gabaldon, Mark Mansell, Bri-
gitte Felix, and Stephanie Chavez. The paper was improved by comments from two anonymous 
reviewers, Science Editor David Fastovsky, and Associate Editor Cathy Busby.

REFERENCES CITED

Ambrose, W.A., and Ayers, W.B., 1991, Geologic controls on coalbed occurrence, thickness, 
and continuity, Cedar Hill field and the COAL site: Geologic and hydrologic controls on the 
occurrence and producibility of coalbed methane, Fruitland Formation, San Juan Basin: Gas 
Research Institute, Topical Report GRI-91/0072, p. 47−68.

Anderson, R.Y., 1960, Cretaceous−Tertiary palynology, eastern side of the San Juan Basin, New 
Mexico: New Mexico Bureau of Mines and Mineral Resources, Memoir 6, 59 p.

Ayers, W.B., Jr., and Ambrose, W.A., 1990, Geologic controls of the occurrence of coalbed meth-
ane, Fruitland Formation, San Juan Basin, in Ayers, W.B., et al., eds., Geologic Evaluation of 
Critical Production Parameters for Coalbed Methane Resources, Part 1: San Juan Basin: Gas 
Research Institute Report GRI-90/0014.1, p. 9−72.

Baltz, E.H., 1967, Stratigraphy and regional tectonic implications of part of Upper Cretaceous and 
Tertiary rocks, east-central San Juan Basin, New Mexico: U.S. Geological Survey Professional 
Paper 552, 101 p., https://​doi​.org​/10​.3133​/pp552.

Baltz, E.H., Ash, S.R., and Anderson, R.Y., 1966, History of nomenclature and stratigraphy of rocks 
adjacent to the Cretaceous−Tertiary boundary, western San Juan Basin, New Mexico: U.S. 
Geological Survey Professional Paper 524-D, 23 p., https://​doi​.org​/10​.3133​/pp524D.

Cather, S.M., 2003, Polyphase Laramide tectonics and sedimentation in the San Juan Basin, New 
Mexico: New Mexico Geological Society Guidebook 54, p. 119−132.

Cather, S.M., 2004, The Laramide orogeny in central and northern New Mexico and southern Col-
orado, in Mack, G.H., and Giles, K.A., eds., The Geology of New Mexico, A Geologic History: 
New Mexico Geological Society Special Publication 11, p. 203−248.

Cather, S.M., and Johnson, B.D., 1984, Eocene tectonics and depositional setting of west-central New 
Mexico and eastern Arizona: New Mexico Bureau of Mines and Mineral Resources, Circular 192, 33 p.

Cather, S.M., and Johnson, B.D., 1986, Eocene depositional setting and tectonic framework of 
west-central New Mexico and eastern Arizona, in Peterson, J.A., ed., Paleotectonics and Sed-
imentation in the Rocky Mountain Region: American Association of Petroleum Geologists 
Memoir 41, p. 623−652.

Cather, S.M., Connell, S.D., Chamberlin, R.M., McIntosh, W.C., Jones, G.E., Potochnik, A.R., Lucas, 
S.G., and Johnson, P.S., 2008, The Chuska erg: Paleogeomorphic and paleoclimatic impli-
cations of an Oligocene sand sea on the Colorado Plateau: Geological Society of America 
Bulletin, v. 120, p. 13–33, https://​doi​.org​/10​.1130​/B26081​.1.

Cather, S.M., Chapin, C.E., and Kelley, S.A., 2012, Diachronous episodes of Cenozoic erosion in 
southwestern North America and their relationship to surface uplift, paleoclimate, paleodrain-
age, and paleoaltimetry: Geosphere, v. 8, p. 1177–1206, https://​doi​.org​/10​.1130​/GES00801​.1.

Cunningham, C.G., Naeser, C.W., Marvin, R.F., Luedke, R.G., and Wallace, A.R., 1994, Ages of 
selected intrusive rocks and associated ore deposits in the Colorado Mineral Belt: U.S. Geo-
logical Survey Bulletin 2109, 31 p.

Dane, C.H., 1946, Stratigraphic relations of Eocene, Paleocene, and latest Cretaceous formations 
of the eastern side of San Juan Basin, New Mexico: U.S. Geological Survey Oil and Gas 
Investigations Preliminary Chart 24.

Dane, C.H., 1948, Geologic map of eastern San Juan Basin, Rio Arriba County, New Mexico: U.S. 
Geological Survey Oil and Gas Investigations Preliminary Map 78, scale 1:63,360, 1 sheet.

Dane, C.H., and Bachman, G.O., 1957, Preliminary geologic map of the northwestern part of New 
Mexico: U. S. Geological Survey Miscellaneous Geologic Investigations Map I-224, scale 
1:380,160, 1 sheet.

Dane, C.H., and Bachman, G.O., 1965, Geologic map of New Mexico: U.S. Geological Survey, 
scale 1:500,000, 2 sheets.

Davis, A.J., Peppe, D.J., Atchley, S.C., Williamson, T.E., and Flynn, A.G., 2016, Climate and land-
scape reconstruction of the Arroyo Chijuillita Member of the Nacimiento Formation, San Juan 
Basin, New Mexico: Providing environmental context to early Paleocene mammal evolution: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 463, p. 27–44, https://​doi​.org​/10​.1016​
/j​.palaeo​.2016​.09​.011.

Dickinson, W.R., Klute, M.A., Hayes, M.J., Janecke, S.U., Lundin, E.R., McKittrick, M.A., and Olivares, 
M.D., 1988, Paleogeographic and paleotectonic setting of Laramide sedimentary basins in the 
central Rocky Mountain region: Geological Society of America Bulletin, v. 100, p. 1023–1039, 
https://​doi​.org​/10​.1130​/0016​-7606​(1988)100​<1023:​PAPSOL>2​.3​.CO;2.

Donahue, M.S., 2016, Episodic uplift of the Rocky Mountains: Evidence from U-Pb detrital zircon 
geochronology and low-temperature thermochronology, with a chapter on using mobile 
technology for geoscience education [Ph.D. dissertation]: Albuquerque, University of New 
Mexico, 201 p.

Fassett, J.E., 1974, Cretaceous and Tertiary rocks of the eastern San Juan Basin, New Mexico and 
Colorado: New Mexico Geological Society, Guidebook 25, p. 225−230.

Fassett, J.E., 2000, Geology and coal resources of the Upper Cretaceous Fruitland Formation, San 
Juan Basin, New Mexico and Colorado, in Kirschbaum, M.A., Roberts, L.N.R., and Biewick, 
L.R.H., eds., Geologic assessment of coal in the Colorado Plateau: Arizona, Colorado, New 
Mexico and Utah: U.S. Geological Survey Professional Paper 1625-B, p. Q1–Q132.

Fassett, J.E., 2009, New geochronologic and stratigraphic evidence confirms the Paleocene age 
of the dinosaur-bearing Ojo Alamo Sandstone and Animas Formation in the San Juan Basin, 
New Mexico and Colorado: Palaeontologia Electronica, v. 12, 146 p.

Fassett, J.E., 2010, Stratigraphic nomenclature of rock strata adjacent to the Cretaceous−Tertiary 
interface in the San Juan Basin: New Mexico Geological Society Guidebook 61, p. 113−124.

Fassett, J.E., 2013, Revised geochronology and paleomagnetic interpretations of uppermost 
Cretaceous and lowermost Paleocene rocks in the southern San Juan Basin: New Mexico 
Geological Society Guidebook 64, p. 215−222.

Fassett, J.E., and Heizler, M.T., 2017, An improved new age for the C33n-C32r paleomagnetic 
reversal, San Juan Basin, NW New Mexico and SW Colorado: New Mexico Geological Soci-
ety Guidebook 68, p. 115−121.

Fassett, J.E., and Hinds, J.S., 1971, Geology and fuel resources of the Fruitland Formation and 
Kirtland Shale of the San Juan Basin, New Mexico and Colorado: U.S. Geological Survey 
Professional Paper 676, 76 p., https://​doi​.org​/10​.3133​/pp676.

Fassett, J.E., Heizler, M.T., and McIntosh, W., 2010, Geologic implications of an 40Ar/39Ar sin-
gle-crystal sanidine age for an altered volcanic ash bed from the Paleocene Nacimiento 
Formation in the southern San Juan Basin: New Mexico Geological Society Guidebook 61, 
p. 147−156.

Flynn, A., and Peppe, D., 2018, Diverse early Paleocene megaflora from the Ojo Alamo Sand-
stone, San Juan Basin, New Mexico, USA: PaleorXiv Papers, p. 1−182, https://​doi​.org​/10​
.31233​/osf​.io​/rmz87.

Flynn, A., Peppe, D.J., Abbuhl, B., and Williamson, T.E., 2015, Diverse early Paleocene fossil flora 
from the Ojo Alamo Sandstone, San Juan Basin, New Mexico, USA: Implications for local 
and regional responses to the Cretaceous−Paleogene extinction event: Geological Society 
of America Abstracts with Programs, v. 47, no. 7, p. 207.

Flynn, A., Peppe, D.J., Abbuhl, B., and Williamson, T.E., 2017, Diverse Early Paleocene fossil 
flora from the San Juan Basin (New Mexico, USA) documents rapid recovery following the 
Cretaceous−Paleogene boundary: CBEP 2017, Climatic and Biotic Events of the Paleogene 
Program, abstract, p. 24.

Gonzales, D.A., 2017, A review and revision of late Mesozoic to Cenozoic pluton chronology in 
the Rico Mountains, southwestern Colorado, in Karlstrom, K.K., Gonzalez, D.A., Zimmerer, 
M.J., Heizler, M., and Ulmer-Scholle, D.S., eds., Geology of the Ouray-Silverton Area: New 
Mexico Geological Society Guidebook 68, p. 91−96.

Heizler, M.T., Williamson, T.E., Peppe, D.J., and Mason, I.P., 2014, The Naashoibito is latest Creta-
ceous: New Mexico Geological Society Annual Spring Meeting, Abstracts with Programs, p. 31.

Heller, P.L., Mathers, G., Dueker, K., and Foreman, B., 2013, Far-traveled latest Cretaceous-Paleo-
cene conglomerates of the Southern Rocky Mountains, USA: Record of transient Laramide 
tectonism: Geological Society of America Bulletin, v. 125, p. 490–498, https://​doi​.org​/10​.1130​
/B30699​.1.

Hobbs, K., 2016, Sedimentation, pedogenesis, and paleoclimate conditions in the Paleocene 
San Juan Basin, New Mexico, U.S.A. [Ph.D. dissertation]: Albuquerque, University of New 
Mexico, 160 p.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/5/1641/4831334/1641.pdf
by Durham University user
on 05 April 2020

http://geosphere.gsapubs.org
https://doi.org/10.3133/pp552
https://doi.org/10.3133/pp524D
https://doi.org/10.1130/B26081.1
https://doi.org/10.1130/GES00801.1
https://doi.org/10.1016/j.palaeo.2016.09.011
https://doi.org/10.1016/j.palaeo.2016.09.011
https://doi.org/10.1130/0016-7606(1988)100<1023:PAPSOL>2.3.CO;2
https://doi.org/10.3133/pp676
https://doi.org/10.31233/osf.io/rmz87
https://doi.org/10.31233/osf.io/rmz87
https://doi.org/10.1130/B30699.1
https://doi.org/10.1130/B30699.1


1663Cather et al.  |  Laramide San Juan BasinGEOSPHERE  |  Volume 15  |  Number 5

Research Paper

Karlstrom, K.E., Heizler, M., and Quigley, M.C., 2010, Structure and 40Ar/39Ar K-feldspar thermal 
history of the Gold Butte block: Re-evaluation of the tilted crustal section model, in Umhoefer, 
P.J., Beard, L.S., and Lamb, M.A., eds., Miocene Tectonics of the Lake Mead Region, Central 
Basin and Range: Geological Society of America Special Paper 463, p. 331−352, https://​doi​
.org​/10​.1130​/2010​.2463​(15).

Klute, M.A., 1986, Sedimentology and sandstone petrography of the upper Kirtland Formation 
and Ojo Alamo Sandstone, Cretaceous−Tertiary boundary, western and southern San Juan 
Basin, New Mexico: American Journal of Science, v. 286, p. 463–488, https://​doi​.org​/10​.2475​
/ajs​.286​.6​.463.

Kuiper, K.F., Deino, A., Hilgen, F.J., Krijgsman, W., Renne, P.R., and Wijbrans, J.R., 2008, Synchro-
nizing the rock clocks of Earth history: Science, v. 320, p. 500–504, https://​doi​.org​/10​.1126​
/science​.1154339.

Lehman, T.M., 1985, Depositional environments of the Naashoibito Member of the Kirtland Shale, 
Upper Cretaceous, San Juan Basin, New Mexico, in Wolberg, D.L., compiler, Contributions 
to Late Cretaceous Paleontology and Stratigraphy of New Mexico: New Mexico Bureau of 
Mines and Mineral Resources Circular 195, p. 55–79.

Leslie, C., Peppe, D., Williamson, T., Bilardello, D., Heizler, M., Secord, R., and Leggett, T., 2018, 
High-resolution magnetostratigraphy of the upper Nacimiento Formation, San Juan Basin, 
New Mexico, USA: Implications for basin evolution and mammalian turnover: American 
Journal of Science, v. 318, p. 300–334, https://​doi​.org​/10​.2475​/03​.2018​.02.

Liu, L., Gurnis, M., Seton, M., Saleeby, J., Muller, R.D., and Jackson, J., 2010, The role of oceanic 
plateau subduction in the Laramide orogeny: Nature Geoscience, v. 3, p. 353–357, https://​doi​
.org​/10​.1038​/ngeo829.

Lofgren, D.L., Lillegraven, J.A., Clemens, W.A., Gingerich, P.D., and Williamson, T.E., 2004, Paleo-
cene biochronology: the Puercan through Clarkforkian land mammal ages, in Woodburne, 
M.O., ed., Late Cretaceous and Cenozoic Mammals of North America: New York, Columbia 
University Press, p. 43−105, https://​doi​.org​/10​.7312​/wood13040​-005.

Lucas, S.G., Cather, S.M., Abbott, J.C., and Williamson, T.E., 1997, Stratigraphy and tectonic impli-
cations of Paleogene strata in the Laramide Galisteo Basin, north-central New Mexico: New 
Mexico Geology, v. 19, p. 89–95.

Lucas, S.G., Sullivan, R.M., Cather, S.M., Jasinski, S.E., Fowler, D.W., Heckert, A.B., Spielmann, 
J.A., and Hunt, A.P., 2009, No definitive evidence of Paleocene dinosaurs in the San Juan 
Basin: Palaeontologia Electronica, v. 12, 10 p.

Manley, K., Scott, G.R., and Wobus, R.A., 1987, Geologic map of the Aztec 1° by 2° quadrangle, 
northwestern New Mexico and southern Colorado: U.S. Geological Survey Miscellaneous 
Investigations Series Map I-1730, 1:250,000 scale.

Milner, M.K., 2004, A subsurface and outcrop interpretation of the Paleocene−Eocene sequence 
boundary, northwest San Juan Basin, New Mexico [M.S. thesis]: Salt Lake City, The Univer-
sity of Utah, 210 p.

Milner, M.K., Johnson, C., and Bereskin, S.R., 2005, Interpretation of the Paleocene−Eocene sequence 
boundary, northwest San Juan Basin, New Mexico: The Mountain Geologist, v. 42, p. 11–22.

Min, K., Mundil, R., Renne, P.R., and Ludwig, K.R., 2000, A test for systematic errors in 40Ar/39Ar 
geochronology through comparison with U-Pb analysis of a 1.1 Ga rhyolite: Geochimica et 
Cosmochimica Acta, v. 64, p. 73–98, https://​doi​.org​/10​.1016​/S0016​-7037​(99)00204​-5.

Mutschler, F.E., Larson, E.E., and Bruce, R.M., 1987, Laramide and younger magmatism in Colo-
rado—New petrologic and tectonic variations on old themes, in Drexler, J.W., and Larson, 
E.E., eds., Cenozoic Volcanism in the Southern Rocky Mountains Updated: A Tribute to Rudy 
C. Epis—Part 1: Golden, Colorado School of Mines Quarterly, v. 82, p. 1–47.

Newman, K.R., 1987, Biostratigraphic correlation of Cretaceous−Tertiary boundary rocks, Colorado 
to San Juan Basin, New Mexico, in Fassett, J.E. and Rigby, J.K., Jr., eds., The Cretaceous−
Tertiary Boundary in the San Juan and Raton Basins, New Mexico and Colorado: Geological 
Society of America Special Paper 209, p. 151–164, https://​doi​.org​/10​.1130​/SPE209​-p151.

NMBGMR, 2003, Geologic map of New Mexico: New Mexico Bureau of Geology and Mineral 
Resources, scale 1:500,000, 2 sheets.

Ogg, J.G., 2012. Geomagnetic polarity time scale, in Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and 
Ogg, G.M., eds., The Geologic Time Scale 2012: Amsterdam, Elsevier Publishing, p. 85−113, 
https://​doi​.org​/10​.1016​/B978​-0​-444​-59425​-9​.00005​-6.

O’Sullivan, R.B., Repenning, C.A., Beaumont, E.C., and Page, H.G., 1972, Stratigraphy of the Cre-
taceous rocks and the Tertiary Ojo Alamo Sandstone, Navajo and Hopi Reservations, Arizona, 
New Mexico, and Utah: U.S. Geological Survey Professional Paper 521-E, 65 p, https://​doi​
.org​/10​.3133​/pp521E.

Pecha, M.E., Gehrels, G.E., Karlstrom, K.E., Dickinson, W.R., Donahue, M.S., Gonzales, D.A., and 
Blum, M.D., 2018, Provenance of Cretaceous through Eocene strata of the Four Corners region: 
Insights from detrital zircons in the San Juan Basin, New Mexico and Colorado: Geosphere, 
v. 14, p. 785–811, https://​doi​.org​/10​.1130​/GES01485​.1.

Peppe, D.J., Heizler, M.T., Williamson, T.E., Mason, I.P., Brusatte, S.L., Weil, A., and Secord, R., 
2013, New age constraints on Upper Cretaceous through lower Paleocene age rocks in the 
San Juan Basin, New Mexico: Geological Society of America, Abstracts with Programs, 
v. 45, no. 7, p. 290.

Pollock, C.J., Stewart, K.G., Hibbard, J.P., Wallace, L., and Giral, R.A., 2004, Thrust-wedge tectonics 
and strike-slip faulting in the Sierra Nacimiento, in Cather, S.M., McIntosh, W.C., and Kelley, 
S.A., eds., Tectonics, Geochronology, and Volcanism in the Southern Rocky Mountains and 
Rio Grande Rift: Socorro, New Mexico Bureau of Geology and Mineral Resources, Bulletin 
160, p. 97−138.

Powell, J.S., 1972, The Gallegos Sandstone (formerly Ojo Alamo Sandstone) of the San Juan 
Basin, New Mexico [M.S. thesis]: Tucson, University of Arizona, 131 p.

Powell, J.S., 1973, Paleontology and sedimentation models of the Kimbeto Member of the Ojo 
Alamo Sandstone, in Fassett, J.E., ed., Cretaceous and Tertiary Rocks of the Southern Colorado 
Plateau: Four Corners Geological Society Memoir, p. 111–122.

Rains, G.E., 1981, Paleocene silcrete beds of the San Juan Basin [M.S. thesis]: Tucson, University 
of Arizona, 81 p.

Reeside, J.B., Jr., 1924, Upper Cretaceous and Tertiary formations of the western part of San 
Juan Basin, Colorado, and New Mexico: U.S. Geological Survey Professional Paper 134, 70 p.

Sanders, R.E., Heizler, M.T., and Goodwin, L.B., 2006, 40Ar/39Ar thermochronology constraints 
on the timing of Proterozoic basement exhumation and fault ancestry, southern Sangre 
de Cristo Range, New Mexico: Geological Society of America Bulletin, v. 118, p. 1489–1506, 
https://​doi​.org​/10​.1130​/B25857​.1.

Semken, S.C., and McIntosh, W.C., 1997, 40Ar/39Ar age determinations for the Carrizozo Mountains 
laccolith, Navajo Nation, Arizona: New Mexico Geological Society Guidebook 48, p. 75–80.

Sikkink, P.G.L., 1987, Lithofacies relationships and depositional environment of the Tertiary Ojo 
Alamo Sandstone and related strata, San Juan Basin, New Mexico and Colorado, in Fassett, 
J.E., and Rigby, J.K., Jr., eds., The Cretaceous−Tertiary Boundary in the San Juan and Raton 
Basins, New Mexico and Colorado: Geological Society of America Special Paper 209, p. 81–104, 
https://​doi​.org​/10​.1130​/SPE209​-p81.

Sinclair, W.J., and Granger, W., 1914, Paleocene deposits of the San Juan Basin, New Mexico: 
American Museum of Natural History: Bulletin of the American Museum of Natural History, 
v. 33, p. 297–316.

Smith, L.N., 1992, Stratigraphy, sediment dispersal and paleogeography of the lower Eocene 
San Jose Formation, San Juan Basin, New Mexico and Colorado: New Mexico Geological 
Society Guidebook 43, p. 297–309.

Smith, L.N., and Lucas, S.G., 1991, Stratigraphy, sedimentology, and paleontology of the lower 
Eocene San Jose Formation in the central portion of the San Juan Basin, northwestern New 
Mexico: New Mexico Bureau of Mines and Mineral Resources Bulletin 126, 44 p.

Smith, M.E., Singer, B., and Carroll, A., 2003, 40Ar/39Ar geochronology of the Eocene Green River 
Formation, Wyoming: Geological Society of America Bulletin, v. 155, p. 549–565, https://​doi​
.org​/10​.1130​/0016​-7606​(2003)115%3C0549:​AGOTEG%3E2​.0​.CO;2.

Sprain, C.J., and Renne, P.R., Clemens, W.A., and Wilson, G.P., 2018, Calibration of chron C29r: 
New high-precision geochronologic and paleomagnetic constraints from the Hell Creek region, 
Montana: Geological Society of America Bulletin, v. 130, p. 1615–1644, https://​doi​-org​.nmt​
.idm​.oclc​.org​/10​.1130​/B31890​.1.

Stone, W.J., Lyford, F.P., Frenzel, P.F., Mizell, N.H., and Padgett, E.T., 1983, Hydrogeology and water 
resources of San Juan Basin, New Mexico: Socorro, New Mexico Bureau of Mines and Mineral 
Resources, Hydrologic Report 6, 70 p.

Tschudy, R.H., 1973, The Gasbuggy core: A palynological perspective: Four Corners Geological 
Society, Memoir, p. 131–143.

Tweto, O., 1979, Geologic map of Colorado: U.S. Geological Survey, scale 1:500,000.
Weissmann, G.S., Hartley, A.J., Nichols, G.J., Scuderi, L.A., Olson, M., Buehler, H., and Banteah, 

R., 2010, Fluvial form in modern continental sedimentary basins: Distributive fluvial systems: 
Geology, v. 38, p. 39–42, https://​doi​.org​/10​.1130​/G30242​.1.

Williamson, T.E., 1996, The beginning of the age of mammals in the San Juan Basin, New Mexico: 
Biostratigraphy and evolution of Paleocene mammals of the Nacimiento Formation: Albu-
querque, New Mexico Museum of Natural History and Science Bulletin 8, 141 p.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/5/1641/4831334/1641.pdf
by Durham University user
on 05 April 2020

http://geosphere.gsapubs.org
https://doi.org/10.1130/2010.2463(15)
https://doi.org/10.1130/2010.2463(15)
https://doi.org/10.2475/ajs.286.6.463
https://doi.org/10.2475/ajs.286.6.463
https://doi.org/10.1126/science.1154339
https://doi.org/10.1126/science.1154339
https://doi.org/10.2475/03.2018.02
https://doi.org/10.1038/ngeo829
https://doi.org/10.1038/ngeo829
https://doi.org/10.7312/wood13040-005
https://doi.org/10.1016/S0016-7037(99)00204-5
https://doi.org/10.1130/SPE209-p151
https://doi.org/10.1016/B978-0-444-59425-9.00005-6
https://doi.org/10.3133/pp521E
https://doi.org/10.3133/pp521E
https://doi.org/10.1130/GES01485.1
https://doi.org/10.1130/B25857.1
https://doi.org/10.1130/SPE209-p81
https://doi.org/10.1130/0016-7606(2003)115%3C0549:AGOTEG%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(2003)115%3C0549:AGOTEG%3E2.0.CO;2
https://doi-org.nmt.idm.oclc.org/10.1130/B31890.1
https://doi-org.nmt.idm.oclc.org/10.1130/B31890.1
https://doi.org/10.1130/G30242.1


1664Cather et al.  |  Laramide San Juan BasinGEOSPHERE  |  Volume 15  |  Number 5

Research Paper

Williamson, T.E., and Lucas, S.G., 1992, Stratigraphy and mammalian biostratigraphy of the Paleo-
cene Nacimiento Formation, southern San Juan Basin, New Mexico: New Mexico Geological 
Society Guidebook 43, p. 265–296.

Williamson, T.E., Lucas, S.G., Hunt, A.P., Smith, L.N., and Kues, B.S., 1992a, Second-day road log 
from Cuba to Counselor, Lybrook, Nageezi, Barrel Springs, Fossil Forest, Blanco Trading Post, 
and return to Cuba: New Mexico Geological Society Guidebook 43, p. 33–52.

Williamson, T.E., Crossey, L.J., and Lucas, S.G., 1992b, Silcretes of the Paleocene Nacimiento 
Formation: New Mexico Geological Society Guidebook 43, p. 38–42.

Williamson, T.E., Nichols, D., and Weil, A., 2008, Paleocene palynomorph assemblages from 
the Nacimiento Formation, San Juan Basin, New Mexico: New Mexico Geology, v. 30, 
p. 3–11.

Williamson, T.E., Peppe, D.J., Heizler, M.T., Brusatte, S.L., and Secord, R., 2014, Chronostratigraphy 
of the Cretaceous−Paleogene transition in the San Juan Basin, northwestern New Mexico: 
Journal of Vertebrate Paleontology, Berlin, Germany: Program with Abstracts, Geological 
Association of Canada, v. 2014, p. 215–216.

Wood, H.E., Chaney, R.W., Clark, J.M., Colbert, E.H., Jepsen, G.L., Reeside, J.R., Jr., and Stock, C., 
1941, Nomenclature and correlation of the North American continental Tertiary: Geological 
Society of America Bulletin, v. 52, p. 1–48, https://​doi​.org​/10​.1130​/GSAB​-52​-1.

Woodburne, M.O., ed., 2004, Late Cretaceous and Cenozoic Mammals of North America: Biostratigra-
phy and Geochronology, New York, Columbia University Press, https://​doi​.org​/10​.7312​/wood13040.

Yuretich, R., 1989, Paleocene lakes of the central Rocky Mountains, western United States: Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, v. 70, p. 53–63, https://​doi​.org​/10​.1016​/0031​-0182​(89)90079​-5.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/15/5/1641/4831334/1641.pdf
by Durham University user
on 05 April 2020

http://geosphere.gsapubs.org
https://doi.org/10.1130/GSAB-52-1
https://doi.org/10.7312/wood13040
https://doi.org/10.1016/0031-0182(89)90079-5

	ABSTRACT
	INTRODUCTION
	METHODS
	PALEOGENE LITHOSTRATIGRAPHY AND PALEOFLOW OF THE SAN JUAN BASIN
	LARAMIDE DEPOSITIONAL SUMMARY
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19
	Figure 20
	Figure 21
	Figure 22
	Figure 23
	Figure 24
	Table 1
	Supplemental Files

