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ABSTRACT

Fluvial strata of the Tornillo Group preserve a succession of Late Creta-
ceous, Paleocene, and early Eocene continental faunas and floras and pro-
vide a record of the Laramide orogeny in the southern part of the North
American Cordillera. Contacts between units in the Tornillo Group (Javelina,
Black Peaks, and Hannold Hill formations) have proven difficult to identify,
but minor adjustments to the stratigraphy allow each to be readily mapped
and provide a means to assess intraformational thickness variation and syn-
depositional deformation within the Tornillo Basin. The Javelina Formation
is thin in the southwestern part of the basin, and the Black Peaks Forma-
tion thins toward both southwestern and northeastern sides, suggesting
that development of the monoclines that bound the basin began in latest
Cretaceous through Paleocene time. An obscure structure extending south-
eastward from Grapevine anticline divides the basin into northeastern and
southwestern segments. The Javelina Formation thins southwest of this
structure and lacks lacustrine facies found to the northeast. The upper half
of the Black Peaks Formation is absent southwest of this line, and north-
east-facing monoclinal folds that affect the Hannold Hill Formation in the
same vicinity are truncated at the base of the overlying Canoe Formation.
Depositional limits of the Hannold Hill Formation probably did not extend
to the southwest.The middle Eocene Canoe Formation is largely unaffected
by contractive deformation that affects the Tornillo Group. Although incipi-
ent Laramide-age deformation broadly defined the Tornillo Basin during lat-
est Cretaceous through Paleocene time, deformation here occurred mostly
during the early Eocene.

B INTRODUCTION

The “Tornillo Clay” of Udden (1907) comprises continental strata of Late
Cretaceous through early Eocene age exposed in and around Big Bend Na-
tional Park (hereafter “the Park”) in Brewster County, Texas (Fig. 1). These
largely fluvial strata are composed of recessively weathering multicolored

mudstones interbedded with conglomeratic sandstone lenses that support
cuestas, hogback ridges, and low-lying badlands terrain.

These strata are of broad interest because they preserve the southernmost
succession of Late Cretaceous, Paleocene, and early Eocene continental fau-
nas and floras known in North America, and the strata reflect a different biome
than is preserved at well-studied sites in more northerly latitudes (Schiebout,
1974; Rapp et al., 1983; Standhardt, 1986; Lehman, 1987; Runkel, 1988; Wheeler
and Lehman, 2000). The Tornillo beds also record the progression of the Lara-
mide orogeny in the southern Cordillera and development of an intermontane
basin at that time, the Tornillo Basin (Wilson, 1970; Lehman, 1991).

The Tornillo Clay was studied in detail and mapped for the first time by
Maxwell et al. (1967), who revised the name to Tornillo Group and subdivided
the strata into three formations: in ascending order, these are the Javelina For-
mation, Black Peaks Formation, and Hannold Hill Formation. Although Udden
(1907) originally believed these beds were entirely Late Cretaceous in age,
Maxwell et al. (1967) showed that the Tornillo Group also included Paleocene
and Eocene strata. They attempted to place the contacts between the three for-
mations so that they coincided approximately with the Cretaceous/Paleocene
and Paleocene/Eocene boundaries. Their geologic map of Big Bend National
Park remained the most detailed depiction of the distribution of these strata
available for more than 40 years. Subsequently, theTornillo Group stratigraphy
proposed by Maxwell et al. (1967) was adopted for the Geologic Atlas of Texas
(1979, Emory Peak-Presidio Sheet).

Maxwell et al. (1967, p. 97) remarked that correlation of formations within
theTornillo Group “would be difficult without the aid of vertebrate fossils.” And,
referring to its subdivisions, he stated that (p. 103) “it is doubtful if either can
be accurately identified without fossils” Owing to such practical difficulties in
recognizing the formations, and following Lawson'’s (1972) suggestion, Schie-
bout et al. (1987) offered a revision of the Tornillo Group demoting the unit in
rank to formation, with the Javelina, Black Peaks, and Hannold Hill recognized
instead as members, and including the Big Yellow Sandstone (formerly the
basal unit of the overlying Big Bend Park Group) as the uppermost member of
the formation. Lehman (1988) and Runkel (1988) objected to these suggested
revisions, and they advocated continued use of the nomenclature of Maxwell
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et al. (1967). On a subsequent geologic map of Texas (Hartmann and Scranton,
1992), these strata were identified as the Tornillo Formation. However, at the
scale of this map (1:500,000), internal subdivisions were not shown.

During the 1990s, detailed studies of the Tornillo Group and mapping of
key areas further elucidated the stratigraphic and nomenclatural problems
(Beatty, 1992; Straight, 1996; Vines, 2000; Wheeler and Lehman, 2000, 2005,
2009; Wagner, 2001; Schmidt, 2009). From this work, it became clear that
the distribution of each unit, and the positions of contacts between them,
were not shown accurately or consistently on the existing geologic maps.
Because these strata occur in multiple fault-bounded exposures with inter-
vening areas interrupted by late Paleogene intrusive rocks or covered by
Neogene and Quaternary alluvium, there are many isolated outcrops. Using
the existing stratigraphic definitions, it was difficult to correlate accurately
between separate exposures, and it became necessary to address these
problems in order to provide a consistent framework for future work. Re-
gardless of whether the Tornillo Group subdivisions are recognized as mem-
bers or formations (as advocated here), the boundaries need to be clarified
and more conveniently defined so that they could be shown consistently in
mapping, and the relative stratigraphic positions of significant paleontologi-
cal sites could be properly determined. A consistent stratigraphic framework
is also needed for more derived studies of paleoclimatology (e.g., Nordt et
al., 2003; Bataille et al., 2016) and fluvial sequence stratigraphy (e.g., Atchley
et al., 2004).

Beginning in 2002, a joint U.S. Geological Survey and U.S. National Park
Service effort was undertaken to produce a new geologic map of Big Bend
National Park (Turner et al., 2011). As part of that effort, all exposures of the
Tornillo Group were investigated and mapped (Lehman, 2002, 2004, 2007).
These investigations indicated that simple changes in the positions of the
formation boundaries allow for consistent recognition and mapping of the
three formations. The Cretaceous—Paleocene and Paleocene-Eocene bound-
aries do not occur at readily identifiable lithologic contacts. The original type
sections of all three formations needed to be revisited, because each was
discovered to include strata equivalent to the other units as mapped else-
where in the Park. The changes implemented did not require redefinition of
the stratigraphic nomenclature, only revision of the formation contacts.

The present paper reviews the recent studies of Tornillo Group stra-
tigraphy, reevaluates the type sections, and provides explanation for the
emended formation contacts utilized in the new map of the Park (Turner et
al., 2011). The emendations described herein are based primarily on study of
the belt of exposures north of the Chisos Mountains. Mapping of the more re-
mote regions south of the Chisos Mountains indicates that criteria described
here are also applicable there. The maps and sections shown here are based
on unpublished maps of Lehman (2007) cited by Collins et al. (2006) and
Turner et al. (2011), some of which were also presented by Cooper (2011)
and can be compared with maps of the same areas originally given by Max-
well et al. (1967). Detailed descriptions for 32 measured stratigraphic sec-
tions, location data for each section, and corresponding graphic stratigraphic

columns showing the position of significant fossil localities are provided
as Supplemental Material'.

General Distribution

The best exposed and most accessible outcrops of the Tornillo Group ex-
tend in a belt north of the Chisos Mountains from Tornillo Flat (a broad expan-
sion of the central part of the Tornillo Creek drainage basin) up the headwaters
of Tornillo Creek, and from there into the tributaries of Terlingua Creek on the
western side of the Park (Fig. 2). Much of the research on the Tornillo Group
has been conducted in this region. A second major outcrop belt extends south
of the Chisos Mountains around Chilicotal Mountain into Juniper Draw, west-
ward along the flanks of Cow Heaven Mountain to the region south of Punta de
la Sierra, and southward into Coahuila, Mexico (Shiller, 2017).This outcrop belt
was mapped as part of the present study (Lehman, 2007), and several sections
were measured in the Glenn Springs area; but these exposures are much less
accessible, and alluvial cover is more extensive.

The only complete sections of the entire Tornillo Group are exposed on
Tornillo Flat, where these strata were first recognized. Here a series of north-
west-trending normal faults disrupt the Tornillo Group exposure into three
southwest-tilted fault blocks, such that the section there is repeated three times
(Lehman and Busbey, 2007). The Canoe fault, which passes along the south-
western flank of the Canoe syncline, was recognized by Maxwell et al. (1967);
but a second fault, herein termed the Exhibit Ridge fault, passes along the
southwestern side of Exhibit Ridge, and also partially repeats theTornillo Group
section. All three formations are exposed onTornillo Flat, and the Hannold Hill
Formation has not been recognized elsewhere. Farther west, in the headwa-
ters of Tornillo Creek, and in the drainages of Rough Run, Dawson, and Alamo
creeks, only the Javelina Formation and lower part of the Black Peaks Formation
are present. Similarly, south of the Chisos Mountains, the upper parts of the
Black Peaks Formation and Hannold Hill Formation are absent, and younger
strata there rest directly on the lower part of the Black Peaks Formation.

H JAVELINA FORMATION

The Javelina Formation consists of strata dominated by well-indurated
sandstone beds, unlike the uppermost part of the underlying Aguja Forma-
tion and lowermost part of the overlying Black Peaks Formation, which both
include a greater proportion of mudstone (Fig. 3). As a result, exposures of
the Javelina Formation typically form a parallel series of resistant and rela-
tively continuous cuestas or hogback ridges, whereas immediately overlying
and underlying strata typically form recessive slopes or low badlands and
are covered by alluvium in many areas. This distinctive physiographic ex-
pression aids in recognition of Javelina Formation exposures on topographic
maps and aerial photographs.
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Figure 2. Generalized geologic map of Big Bend National Park and vicinity (modified from Turner et al., 2011) showing the basic distribution of formations in the Tornillo
Group, its relationship to major geologic features, and the location of significant exposures discussed in the text: (1) Sierra Aguja; (2) valley south of Pena Mountain; (3)
Dawson Creek; (4) Rough Run Creek; (5) north of Paint Gap Hills; (6) north of Grapevine Hills; (7) south of Rosillos Mountains; (8) Tornillo Flat; (9) Canoe Valley; (10) south
of Dagger Flat; (11) northwest of McKinney Hills; (12) divide between Hannold Draw and Big Yellow arroyo; (13) Glenn Spring; (14) north of Talley Mountain; (15) south of
Punta de la Sierra. Shown below (right) is an index map with locations for the geologic maps shown in Figures 5 through 19 in relation to the outcrop belt of the Tornillo
Group and a generalized stratigraphic section of the Tornillo Group (left) showing positions of contacts between its constituent formations as described by Maxwell et al.
(1967) and the emended formation contacts shown by Turner et al. (2011) as described in the present study.
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Figure 3. Outcrop features of the Javelina Formation. (A) Lower part of type section of the Javelina Formation on the south side of Dawson Creek (units 1-5, section 1), showing
friable tan white-weathering conglomeratic sandstone interbedded with light-gray and purple mudstone typical of the western facies of the formati (B) basal sandstone of
the Javelina Formation (jv) and contact with underlying Aguja Formation (ag) exposed east of Paint Gap Hills (unit 1, section 9); (C) lower part of Javelina Formation northwest
of McKinney Spring showing prominent hogback ridges held up by well-indurated sandstone (units 5-9, section 5) alternating with variegated mudstone typical of eastern
facies of the formation; (D) upper part of Javelina Formation north of Grapevine Hills (units 3-7, section 8) showing lenticular white-weathering tuff bed (in left foreground)
dated at ca. 69 Ma; (E) lacustrine facies in upper part of Javelina Formation at Pterosaur Ridge (units 14-16, section 7) showing rhythmically bedded green siltstone and bio-
turbated dark-brown sandstone; (F) Javelina/Black Peaks formational contact northeast of McKinney Springs (units 11-17, section 5) showing prominent physiographic break
between dark-brown ridge-forming sandstone beds in Javelina Formation (jv) and slope-forming variegated mudstone of the Black Peaks (bp); (G) typical lacustrine mudstone
beds in upper Javelina Formation at Pterosaur Ridge (unit 15, section 7); (H) typical fluvial channel sandstone in upper Javelina Formation at Pterosaur Ridge (unit 3, section 7).

:/Ipubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/5/2206/4338453/2206.pdf
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Type Section

Maxwell et al. (1967; their plate 7, section no. 14) designated a type sec-
tion for the Javelina Formation on Dawson Creek (Figs. 4 and 5). However,
elsewhere in the text (p. 94), they indicated a section measured near Tule
Mountain as the type. The formation name is derived from Javelina Creek
(shown as “Javalina Creek” [sic] on the McKinney Spring 7.5’ topographic
quadrangle; U.S. Geological Survey, 1971), but no section was measured in
that vicinity, and recent mapping indicates that a complete section may not
be present there; the Javelina is in fault contact with the underlying Aguja
Formation (Turner et al., 2011). Similarly, there is not a complete section of
the Javelina Formation nearTule Mountain (Maxwell et al., 1967; their plate 7,
section no. 15); instead, the Aguja and Black Peaks formations are juxtaposed
there by faulting (Turner et al., 2011).

In the Dawson Creek area, the Javelina Formation is in depositional contact
with underlying and overlying strata, and the section there is best retained
as the type for the formation (Figs. 4 and 5). However, the upper part of the
section measured there by Maxwell et al. (1967) is now known to include strata
equivalent to the Black Peaks Formation and Canoe Formation (see below; Leh-
man, 1989; Lehman and Busbey, 2007). Therefore, only the lower 126 m of the
section measured there (Maxwell et al., 1967; to top of their unit 21, p. 95) are
retained as the type of the Javelina Formation. Only this part of the section
is equivalent to the Javelina Formation as originally mapped farther east by
Maxwell et al. (1967) in the type area for the overlying Black Peaks Formation
(see below). The part of the section at Dawson Creek delimited here as Jave-
lina Formation was also measured by Lawson (1972; 134 m, section 1, Lawson
figure 4), Standhardt (1986; 130 m, section DC-W, Standhardt’s figure 8), and
Lehman (1990; 122 m), and all recognized the same basic lithologic units. More
recently, Atchley et al. (2004) and Leslie et al. (2018) measured the same sec-
tion; the Javelina Formation as recognized here extends from their 42 m mark
up to their 175 m mark, and so the total thickness they determined (133 m) is
also comparable. A thickness of 123 m was obtained for the type section of the
Javelina Formation in the present study (Fig. 6).

Lower Contact

The base of the Javelina Formation coincides with a transition from re-
cessively weathering mudstone, covered by alluvium in many areas, to
ridge-forming conglomeratic sandstone (Figs. 3 and 6). Furthermore, mud-
stones in the upper part of the Aguja Formation (the upper shale member of
Lehman, 1985) tend to be drab yellow or olive gray with a few discontinuous

»
>

Figure 4. Original type section of the Javelina Formation (left, modified from Maxwell et al.,
1967) showing unit numbers corresponding to the original description and correspondence with
stratigraphic units g d in the p study; on right is shown the principal reference
section for the Javelina Formation measured for the present study (Dawson Creek, section 1).
cl—claystone; si—siltstone; ss—sandstone; cg—conglomerate.
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EXPLANATION

Alluvium

Qal, Unconsolidated alluvial floodplain deposits in modern stream
valleys, including low terrace deposits near modern floodplain level

Terrace Deposits

Qal, Remnant unconsolidated alluvial deposits of gravel, sand, and silt
above the level of modern floodplain

—— Holocene ——

Alluvial Fan and Pediment Deposits

Consolidated gravel, sand, and caliche covering pediment and
inactive alluvial surfaces at high elevation above modern floodplain;
thickness up to 15 m

Pleistocene
Q
£
w

Intrusive Rock

Tig Intrusive rocks of varied composition in stocks, laccoliths,
dikes, and sills

path of Javelina type section
shown by Maxwell et al. (1967)

Chisos Formation (part)

Tch
Gray and light brown conglomeratic sandstone, pink and white
( Tach tuffaceous mudstone, tuff beds and lava. Tasb, Ash Spring Basalt
Member; Tacb, Alamo Creek Basalt Member; total thickness up

to825m

Eocene-
Oligocene

Canoe Formation

41 Tcf Yellow conglomeratic sandstone at base, overlain by white,
pink, and yellow tuffaceous clay; locally including basaltic
lava flows (Tefb); thickness up to 400 m

Black Peaks Formation

KT bp Gray, red, and black mudstone with yellowish-gray sandstone;
thickness up to 400 m

2712
OiS mi

—
Cretaceous -
Paleocene

0
(L\ Javelina Formation

Kjv Light gray and dark brown sandstone with gray and
maroon mudstone containing abundant calcite nodules;
thickness up to 200 m

1
045

Figure 5. Geologic map of the type area of the Javelina Formation on the south side of Dawson Creek, near the west entrance to Big Bend National Park, showing
path of original type section measured by Maxwell et al. (1967) and that part of the section identified as Javelina Formation in the present study (section 1).

Aguja Formation

Kag Yellowish-gray to dark brown sandstone interbedded with
ellow and gray mudstone; thickness up to 300 m.
yellow and gray hi 300

Cretaceous

Pen Formation

K pf Dark gray calcareous shale, weathers yellow, with thin
sandstone beds near top; intervals with large septarian
; thickness up to 200 m
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Figure 6. Correlation of key stratigraphic sections of the Javelina Formation in Big Bend National Park, Texas (see Supplemental Material, section | [text footnote 1] for detailed descriptions of

sections). cl—claystone; si—siltstone; ss—sandstone; cg—conglomerate.

red or purple beds, but these brightly colored beds are more numerous and
laterally extensive in the Javelina Formation. The contact between the Jave-
lina Formation and the underlying Aguja Formation was therefore placed by
Maxwell et al. (1967, p. 81) “at the top of a sandstone above which the beds
are predominantly varicolored bentonitic clay.” This color change appears to
be gradational, and so the contact defined in this way is somewhat arbitrary.
However, Lehman (1985, 1989) found that in many areas the sandstone bed
mapped as the contact by Maxwell et al. (1967), or one immediately above or
below it stratigraphically, also contains lenses of chert-pebble conglomerate at
its base. In contrast, conglomerate beds in the underlying Aguja Formation are
composed of clasts exclusively of intrabasinal origin (carbonate concretions,
wood, and bone). The lowermost sandstone with chert-pebble conglomerate
also records a shift in paleocurrent orientation and sandstone petrology, likely
corresponding to the onset of initial subsidence in the Tornillo Basin (Lehman,

1991), and so this stratigraphic horizon is of tectonic significance. Although the
mudstone color contrast appears to be gradational, the lowermost sandstone
with chert-pebble conglomerate occurs at a progressively lower stratigraphic
level from west to east across the Park, suggesting that part of the upper shale
member of the underlying Aguja Formation may have been truncated by ero-
sion prior to deposition of the Javelina Formation; and the contact may be
disconformal (a depositional sequence boundary; Lehman, 2009, Lehman'’s
figure 45). The base of this sandstone, rather than its top (as originally placed
by Maxwell et al., 1967), is therefore a more appropriate formational contact
because this corresponds more closely with this stratigraphic discontinuity
(Wagner, 2001).

Recently, it has also been discovered that the uppermost Aguja Formation
includes a series of rhythmically bedded mafic pyroclastic deposits that are
lacking in the overlying Javelina Formation (Breyer et al., 2007; Befus et al.,

Lehman et al. | The Tornillo Group of West Texas
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2008). Although these pyroclastic deposits occur only in a few areas, they grade
laterally into more extensive mudstone beds that typically have an unusual blue
or olive-green coloration (Munsell 5 GY 3/2-7/2) due to high chlorite content—
probably an alteration product of the mafic pyroclastic material. Distinctive,
white, and thoroughly agatized wood is also abundant in these green beds (e.g.,
Lehman and Wheeler, 2001).These unique aspects of the uppermost Aguja beds
therefore also aid in identifying the base of the overlying Javelina Formation.

The lower contact of the Javelina Formation is herein recognized as the
base of the lowermost sandstone unit containing chert-pebble conglomerate
above which the intercalated mudstone deposits are brightly colored. This
minor adjustment allows for more consistent determination of relative strati-
graphic positions of fossil collection sites within the formation. In most ar
eas, the contact thus defined is very close to its position as originally mapped
by Maxwell et al. (1967), and so the recent mapping does not differ much in
this respect. Exceptions exist northwest of McKinney Hills, and in the region
around Talley Mountain in the headwaters of Juniper Draw, where Maxwell
et al. (1967) placed the contact much higher in the section than elsewhere;
a substantial part of the section shown in those areas as Aguja Formation is
included here instead within the Javelina Formation. This error in mapping led
to mistaken early reports that remains of sauropod dinosaurs occurred within
the Aguja Formation (e.g., Davies, 1983); these sites are instead within the Ja-
velina Formation.

Upper Contact

The upper contact of the Javelina Formation was placed by Maxwell et al.
(1967, p. 98) at the base of a sandstone bed that “overlies the Javelina with an
irregular base and lies between the highest known dinosaurs and the lowest
recognized Paleocene mammals.” However, this sandstone bed is discontinu-
ous and otherwise not distinctive, and the scarcity of vertebrate fossils makes
it impractical to utilize fossil content to locate the formational contact. As a
result, the Javelina/Black Peaks formational contact was only mapped by Max-
well et al. (1967) in two areas: westernTornillo Flat and west of Glenn Springs.
Later it became clear that extensive exposures of Black Peaks Formation had
been incorrectly mapped as Javelina Formation simply because at that time
Paleocene fossils had not yet been discovered in most areas (reviewed by Leh-
man and Busbey, 2007).

Lawson (1972), Schiebout et al. (1987), and Lehman (1985, 1989) recognized
this problem and offered various possible solutions. Lehman (1985, p. 71) noted
that in many of the areas mapped by Maxwell et al. (1967), the Javelina Forma-
tion consisted of a lower “sandstone-dominated” interval, entirely Cretaceous
in age, and an upper “mudstone-dominated” interval, mostly Paleocene in
age.The Cretaceous—Paleogene boundary is within the lower part of the “mud-
stone-dominated” interval. Straight (1996) observed that at the type section of
the Black Peaks Formation on westernTornillo Flat, the mapped position for the
upper boundary of the Javelina Formation had been placed by Maxwell et al.

(1967) near the top of Lehman’s (1985) “sandstone-dominated” interval of the
Javelina Formation; and so, in the Black Peaks type area, the “mudstone-dom-
inated” interval was actually included in the lower part of the Black Peaks
Formation. The same is true at the only other exposure of Black Peaks Forma-
tion mapped by Maxwell et al. (1967) in the unnamed syncline west of Glenn
Springs. Hence, for consistency, the Javelina/Black Peaks formational contact is
everywhere placed at that level in recent mapping (Turner et al., 2011).

This revised upper contact is: (1) compatible or nearly so with the position
shown by Maxwell et al. (1967) in the two areas where they mapped the over-
lying Black Peaks Formation; (2) consistent with their general concept that the
Javelina Formation was Late Cretaceous, and the Black Peaks Formation was
Paleocene in age, because the K/Pg boundary is within the lowermost part
of the “mudstone-dominated” interval just above the formational contact; (3)
recognizable because it coincides with a prominent physiographic break in the
stratigraphic succession and so is readily mapped; and (4) practicable because
fossils are generally uncommon in this interval, and the K/Pg boundary does
not occur at a marked lithologic break, making itimpossible to place the forma-
tion contact at the system boundary for mapping purposes.

Therefore, herein the limits of the Javelina Formation are clarified to con-
form with the original definition of the unit. Only the lower “sandstone-domi-
nated” part of the original type section on Dawson Creek is recognized as the
Javelina Formation. This part of the type section corresponds closely with the
limits of the unit as it has been mapped previously elsewhere in the region.
In this way, the upper boundary also corresponds approximately with the po-
sition shown at the base of the type section of the overlying Black Peaks For-
mation onTornillo Flat. The revised contact also corresponds with a distinctive
physiographic break; the Javelina Formation is a persistent ridge-forming unit,
whereas the lower part of the Black Peaks Formation is a slope-forming unit
(Fig. 6).The contact between the two units is, however, entirely gradational and
intertonguing. The top of the highest persistent ridge-forming sandstone unit
varies as these units thin and pinch out where traced along strike. So, for ex-
ample, in the measured section taken at “Sauropod Hills” (Fig. 6, section 3) the
upper contact of the Javelina Formation is placed at the top of a thin lenticular
sandstone bed (unit 11 of section 3); however, this bed thickens and holds up a
prominent cuesta ~1 km northwest of the path taken for the section. Similarly,
at Grapevine Hills (Fig. 6, section 8), the upper contact is placed at the top of a
series of inconspicuous thin sandstone beds (unit 9 of section 8), but that unit
also thickens south of the line of section and is a conspicuous cliff-former. As
a result of this intertonguing pattern, the mapped position of the uppermost
ridge-forming sandstone varies locally over a stratigraphic interval of 20-30 m,
and the contact must be chosen arbitrarily within this zone of gradation.

Key Beds

Thus far, no means of confidently correlating individual units within the
Javelina Formation has been discovered (Fig. 6). A tuff bed is present within
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the middle part of the formation northwest of Grapevine Hills (Lehman et al.,
2006), but this bed has not been identified in other exposures. The formation
comprises alternating sandstone and mudstone intervals, and in most areas,
there appear to be four major sandstone intervals that can be traced laterally
several kilometers within a given exposure. But, whether any of these is cor-
relative regionally is unknown. Several of the sandstone intervals are “com-
pound” sand bodies composed of multiple-channel aggradational sequences,
and, in some exposures, as few as three to as many as five distinct sandstone
intervals are present (Fig. 6). Distinctive paleosols identified at some exposures
(e.g., Rough Run Creek) have not been confidently recognized elsewhere.

Nordt et al. (2003) theorized on the basis of stable isotope excursions de-
tected in the Dawson Creek section that two disconformities are present within
the Javelina Formation. Atchley et al. (2004) also identified a stratigraphic se-
quence boundary, and based on magnetic polarity zonation, Leslie et al. (2018)
interpreted an unconformity within the same section. However, it has not been
possible to identify the purported isotopic excursions in other sections of the
Javelina Formation (e.g., Schmidt, 2009), and the positions of unconformities
hypothesized by Nordt et al. (2003), Atchley et al. (2004), and Leslie et al. (2018)
do not correspond with one another or with any prominent stratigraphic or
petrologic characteristics that would allow for their identification or correlation
in other sections of the Javelina Formation.

Distribution

In most areas, the distribution of the Javelina Formation documented by
recent mapping is much reduced compared to that shown by Maxwell et al.
(1967). Although the major outcrop areas are the same, significant parts of
these areas are now mapped as Black Peaks Formation (e.g., compare Fig. 7
with Maxwell et al., 1967). Some strata included in the Javelina Formation by
Maxwell et al. (1967) along the south flank of Dawson Creek and in the Rough
Run Creek drainage between Dogie Mountain and Little Christmas Mountain
are mapped here as Canoe Formation. Runkel (1988, 1990) also recognized that
the strata in this area do not pertain to the Javelina Formation, but instead
identified them with the Devil's Graveyard Formation. The correlative Canoe
Formation nomenclature is preferred here for mapping purposes simply for
sake of uniformity of use within the Park (Turner et al., 2011).

In a few areas, the Javelina Formation exposures are more extensive than
shown previously. For example, around Talley Mountain, and in the headwa-
ters of Juniper Draw, much of the area shown as Aguja Formation by Maxwell
et al. (1967) is actually Javelina Formation. Similarly, extensive areas mapped
as Hannold Hill Formation by Maxwell et al. (1967) on Tornillo Creek north of
Grapevine Hills are shown here to be Javelina Formation. Exposures of Chisos
Formation in the lower reaches of Blue Creek were inadvertently mapped as
Javelina Formation by Maxwell et al. (1967) because the overlying Ash Spring
Basalt Member was mistakenly identified as the Alamo Creek Basalt Member
of the Chisos Formation (Lehman, 2004).

Thickness Variation

As presently recognized and mapped (Turner et al., 2011), the Javelina For-
mation has a relatively consistent thickness typically ranging between 123 m
(Dawson Creek) and 183 m (northern Tornillo Flat; Fig. 6). The more extreme
thickness variations reported by Maxwell et al. (1967) are a result of previously
unrecognized faults that cut out part or all of the Javelina Formation in those ar-
eas.The thinnest section observed in the present study (114-122 m) is northwest
of Grapevine Hills; however, here it is possible that a fault obscured in a covered
interval has cut out part of the section (Straight, 1996) or that one or more of
the mudstone intervals has been tectonically thinned along the steeply dipping
limb of the fold (Grapevine anticline) where the section was taken. The thickest
sections measured (185-190 m) on eastern Tornillo Flat and at Glenn Springs
may result from the presence here of an additional sandstone unit at the top of
the formation (thus including strata that would otherwise be regarded as part of
the overlying Black Peaks Formation), but it may instead reflect a greater rate of
subsidence along the eastern margin of the Tornillo Basin during deposition of
the Javelina Formation (an interpretation advocated by Lehman, 1991).

Facies Variation

Although the basic ratio of sandstone to mudstone does not differ dra-
matically over the region, there is a subtle change in facies from west to east
(Fig. 6). Western exposures of the Javelina Formation (in the Rough Run Creek,
Dawson Creek, and Alamo Creek drainages, south of Punta de la Sierra, and
west of Cow Heaven Mountain) have fine-grained sandstone beds that are
clayey and friable and weather to pale gray or yellow. Paleosols are very pro-
nounced, such that the mudstone intervals exhibit vivid red and purple beds.
In contrast, in eastern exposures of the formation (in the Tornillo Creek drain-
age, Juniper Draw, and around Chilicotal Mountain), the sandstone beds are
coarser grained, weather to olive green, and have highly indurated dark red-
dish-brown tops with pervasive bioturbation. There is also clear evidence for
lacustrine deposition in the eastern exposures (rhythmically bedded strata and
thin limestone beds with aquatic invertebrates and charophytes). If the western
and eastern exposures of the Javelina Formation are mostly or entirely equiva-
lentin age, this facies change suggests that stream channels in the eastern part
of the outcrop belt experienced more extended periods of stagnant water con-
ditions (meander cutoffs that produced oxbow lakes; Lehman and Langston,
1996) or episodic impounding of flow that resulted in shallow submergence of
the eastern part of the drainage basin.

Biostratigraphy

The Javelina Formation has a fossil vertebrate fauna of middle to late Maas-
trichtian age (Edmontonian to Lancian North American Land Mammal Ages
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Figure 7. Geologic map of the region along Rough Run Creek showing distribution of formations in the Tornillo

Group and location of stratigraphic sections.

chronology [NALMA]). The tuff bed in the middle of the formation (see above)
provides a U/Pb isotopic age of 69.0 + 0.9 Ma, which lies near the lower and
upper Maastrichtian boundary (Lehman et al., 2006). Most of the significant
vertebrate fossil sites are found in the upper half of the formation, generally
above the level of the tuff bed (Supplemental Material, section | [footnote 1]).
The lowermost part of the formation may be of Edmontonian age and has
yielded remains of several dinosaurs not known from the upper part of the for-
mation—the ceratopsian Bravoceratops polyphemus (Wick and Lehman, 2013)
and hadrosaur Kritosaurus sp. (Lehman et al., 2016). Although remains of both
ceratopsian and hadrosaurian dinosaurs are rare throughout the formation,
those documented in the upper part— Torosaurus cf. utahensis (Hunt and Leh-

Javelina Formation

Kijv Light gray and dark brown sandstone with gray and
‘maroon mudstone containing abundant calcite nodules;
thickness up to 200 m

Cretaceous

man, 2008) and ?Gryposaurus alsatei (Lehman et al., 2016)—differ from those
found near the base. The occurrence of Tyrannosaurus (Lawson, 1976; Wick,
2014) and Torosaurus is compatible with a Lancian age assignment for the
upper part of the formation.

Remains of sauropod dinosaurs are very common throughout the forma-
tion, and most or all of the specimens collected in the upper part of the forma-
tion are attributable to Alamosaurus sanjuanensis (e.g., TMM 41541 and 45891;
Lawson, 1972; Lehman and Coulson, 2002; Woodward and Lehman, 2009;
Fronimos and Lehman, 2014; Tykoski and Fiorillo, 2016). Sauropod specimens
from the lower part of the formation (e.g., TMM 40597) are less diagnostic but
may represent a different species (Wick and Lehman, 2014).
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Pterosaurs are also abundant locally in the upper part of the Javelina For-
mation (e.g., at “Pterodactyl Ridge”; Lehman and Busbey, 2007) and appear to
exhibit a stratigraphic succession of species, with an unnamed species occur-
ring in the middle of the formation (TMM 42489; section 7)— Quetzalcoatlus
sp., occurring abundantly throughout much of the upper part of the formation
(e.g., TMM 41544; section 7), and Q. northropi, collected only in the uppermost
Javelina and lower part of the overlying Black Peaks Formation (e.g., TMM
41450; section 1). Specimens of other dinosaurs (e.g., ankylosaurs and thero-
pods; Lawson, 1976) and smaller vertebrates such as fishes, turtles, and croco-
dylians (Standhardt, 1986; Tomlinson, 1997) are less abundantly preserved and
appear to have limited biostratigraphic significance.

Petrified wood is abundant throughout the Javelina Formation (Wheeler
and Lehman, 2000, 2005, 2009), and the wood types represented also vary
between the lower and upper parts of the formation. Wood types from the
lowermost part of the formation, particularly the basal sandstone, represent
primarily podocarpacean conifers and some dicot wood types (e.g., Metcalfe-
oxylon, Baasoxylon, and Gassonoxylon) that also occur in the uppermost part
of the underlying Aguja Formation. These wood types are all absent higher
in the formation, where instead trunks of the malvalean tree Javelinoxylon
multiporosum (Wheeler et al., 1994) are common, and auraucariacean conifer
woods occur rarely. Both vertebrate fauna and woody flora of the Javelina
Formation suggest a biostratigraphic separation between the lower (Edmon-
tonian) and upper (Lancian) parts of the formation. These observations may
support the presence of an intraformational unconformity within the Javelina
Formation hypothesized by Leslie et al. (2018).They correlated the lower part of
the formation with magnetic polarity chron C31 (ca. 70-69 Ma) and the upper
part of the formation with chron C 29r (ca. 66 Ma).

B BLACK PEAKS FORMATION

The Black Peaks Formation, like the underlying Javelina, consists of an al-
ternating series of mudstone and sandstone beds; however, the Black Peaks
is dominated by mudstone and is primarily a recessive, slope-forming unit
(Fig. 8). As a result, it is covered by Quaternary alluvium in many areas. The
most extensive exposures form badlands along the flanks of major drainages
where overlying Quaternary pediment gravel forms a capping bed that slows
erosion. There are several thick, erosionally resistant ridge- or cliff-forming
sandstone units within the middle of the formation; the lower of these contains
abundant fossil logs and is a regionally extensive marker bed (the “log jam
sandstone” of Lehman and Busbey, 2007).

Color bands in the mudstone intervals of the Black Peaks Formation are
more distinct, generally thinner, and more laterally continuous than those in
either the underlying Javelina Formation or overlying Hannold Hill Formation.
Moreover, there are distinctive, laterally extensive black mudstone beds that
are key marker horizons (Schiebout, 1970, 1974), and these are unlike any mud-
stone layers observed in underlying or overlying strata. The black mudstone

beds occur as part of characteristic black-white-red color-banded “triplets” that
are distinctive compared to others in the Tornillo Group (Fig. 8). These “can-
dy-striped” intervals are a key feature of use in recognizing isolated exposures
of the Black Peaks Formation (Lehman and Busbey, 2007).

Type Section

The name Black Peaks Formation is derived from three small mafic intru-
sions on eastern Tornillo Flat (McKinney Springs 7.5 topographic quadrangle;
U.S. Geological Survey, 1971). However, much of the upper part of the forma-
tion is covered in that area (McKinney Hills section 18 of the present study and
sections 34 and 35 of Maxwell et al., 1967). The type section of the Black Peaks
Formation was designated at westernTornillo Flat by Maxwell et al. (1967), and
this is the only area in the region where a complete and well-exposed section
of the entire formation exists (Figs. 9 and 10).

Maxwell et al. (1967) measured 264 m of Black Peaks Formation at the type
section. Schiebout (1970) measured the same section but determined a thick-
ness of only 170 m (Fig. 9). She hypothesized that the discrepancy may have
been due to use of different dip values and different methods for measurement
(alidade versus Jacob’s staff). Schiebout (1970) reported a dip of 4°, whereas
the map given by Maxwell et al. (1967) shows 5° nearby. Measurements taken
for the present study yielded dips up to 6° and locally as much as 14° near the
top of the exposure. However, several additional factors probably contributed
to confusion regarding the limits and thickness of the formation (see below).

Lower Contact

The mapped position of the Javelina/Black Peaks contact in the type area
was shown much lower than the point where the base of the type section was
indicated by Maxwell et al. (1967; section 33 on their plate Il). The base of their
section is shown on the southwest flank of the headwaters of Star Creek, but
the mapped position of the basal contact is more than 1 km northwest of there,
in the headwaters of the next drainage (Fig. 10). The upper part of the section
measured by Maxwell et al. (1967; their units 14-33) is comparable in charac-
ter and thickness (153 m) to the entire section measured by Schiebout (1970;
170 m), and also comparable to the measurement of that part of the section
made for the present study (187 m).The lower 111 m of the section measured
by Maxwell et al. (1967; their units 2-13) includes several very thick mudstone
intervals (e.g., 59 m; units 11-13) that are lacking in Schiebout’s (1970) section.
Hence, it appears certain that Schiebout (1970) did not include the lowermost
111 m of strata in the section shown by Maxwell et al. (1967). This discrepancy
likely accounts for the difference in total thickness.

The sandstone bed mapped as the base of the formation by Maxwell et al.
(1967; unit 2 of their type section) corresponds quite closely with the position
of the K/Pg boundary, as is now better known and recognized in exposures
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Figure 8. Outcrop features of the Black Peaks Formation: (A) upper part of type section of Black Peaks Formation on western Tornillo Flat showing one of the few major
ridge-forming sandstone beds in the section (unit 16, section 12), dark-gray and variegated mudstone typical of the upper part of the formation; (B) oblique low-altitude
aerial photo of the type section of the Black Peaks Formation on western Tornillo Flat (units 10-19, section 12); (C) lower part of the Black Peaks Formation north of
McKinney Springs showing the “Black Peaks” (small intrusions on left) and distinctive regularly alternating red and dark-gray mudstone beds (units 3-9, section 18);
(D) typical “candy-striped” beds in lower Black Peaks Formation on Willow Creek, with thin but laterally extensive regularly alternating dark-gray, red, and white color
bands (units 3-5, section 20); (E) typical black mudstone marker bed on Tornillo Flat (bed “G"” of Schiebout, 1974; unit 17, section 12) showing sequence from red mud-
stone with carbonate nodules at base, overlain by white and/or light-gray mudstone, capped by black mudstone (staff is 1.5 m long); (F) lower part of Black Peaks For-
mation on the south side of Dawson Creek (units 1-5, section 20) showing contacts with underlying Javelina Formation and overlying Canoe Formation; (G) lowermost
part of Black Peaks Formation north of McKinney Springs (unit 1, section 18); (H) “log jam sandstone” bed in middle of Black Peaks Formation south of Dogie Mountain
(unit 11, section 21) showing typical unconsolidated tan-yellow sandstone with resistant petrified logs capping hoodoo (person is indicating root buttress of log).

:/Ipubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/5/2206/4338453/2206.pdf
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Figure 10. Geologic map of the type area of the Black Peaks Formation on western Tornillo Flat in Big Bend National Park, showing path of original type section measured by Maxwell et al. (1967)
and that part of the section identified as Black Peaks Formation in the present study.
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elsewhere onTornillo Flat; but no useful fossils have ever been collected from
the boundary interval in this vicinity. As noted above, however, fossils are gen-
erally scarce in these deposits, and it is impossible to precisely locate the K/Pg
boundary in most exposures, including at the Black Peaks type area. Moreover,
this basal sandstone bed indicated by Maxwell et al. (1967) is not a prominent
ridge-forming unit; it is lenticular and difficult to recognize, and even absent
in some exposures, and thus impractical to recognize as the base of the Black
Peaks Formation. The base of this sandstone bed (Fig. 9; unit 3 of the present
Tornillo Flat section 12) is 43 m above the top of the Javelina Formation as
recognized here and depicted in recent mapping (Turner et al., 2011). If all of
the strata mentioned above (i.e., the entire “mudstone-dominated” interval of
Lehman, 1985) are included within the Black Peaks Formation, then the com-
plete thickness of the formation measured here is 302 m. Subtracting the 43
m below the basal K/Pg sandstone bed identified by Maxwell et al. (1967), the
remaining thickness (259 m) determined here is remarkably close to the 264 m
they originally measured. A total thickness of 285 m for the Black Peaks Forma-
tion type section was measured by Bataille et al. (2016), using the formation
contacts advocated here and mapped byTurner et al. (2011), a value that is also
comparable to that determined in the present study.

The only other outcrop of Black Peaks Formation mapped by Maxwell et
al. (1967) is in the unnamed syncline west of Glenn Springs; and in this area,
they definitely included the entire “mudstone-dominated” interval within
the formation because the top of the section there is marked by the “log jam
sandstone” marker bed (Fig. 11, section 16; see below). As described above in
relation to the underlying Javelina Formation, and as shown in recent map-
ping (Turner et al., 2011), the lower boundary of the Black Peaks Formation is
emended such that it includes not only the 111 m of predominantly mudstone
originally included by Maxwell et al. (1967) but the entire “mudstone-domi-
nated” interval of Lehman (1985) down to the top of the prominent ridge-form-
ing sandstone that marks the top of the Javelina Formation. These strata are
mostly Paleocene in age, as is the remainder of the Black Peaks Formation,
and as adjusted, the Cretaceous—Paleogene boundary resides within the low-
ermost part of the Black Peaks Formation, near the contact with the underlying
Javelina Formation.

Upper Contact

The top of the Black Peaks Formation was placed by Maxwell et al. (1967,
p. 98) at “the base of a sandstone below Lower Eocene (Wasatchian) mamma-
lian remains.” This somewhat obscure contact reflected an attempt by Maxwell
et al. (1967) to locate the formation boundary coincident with or close to the
Paleocene/Eocene series boundary. However, vertebrate fossils are extremely
scarce in this part of the stratigraphic section, and it has since proven imprac-
tical, if not impossible, to recognize this sandstone bed in any exposures out-
side of Tornillo Flat, including at the type area (where even here it is shown as
a dashed contact on the map given by Maxwell et al., 1967). The Paleocene/

Eocene series boundary cannot be confidently identified in the section (see
below). Furthermore, neither Maxwell et al. (1967) nor Schiebout (1970) rec-
ognized a fault, herein termed the “Exhibit Ridge fault” that interrupts and re-
peats the upper part of the Black Peaks type section, including the contact with
the overlying Hannold Hill Formation (Fig. 10; Beatty, 1992; Lehman, 2004). For
example, in the measured section given by Maxwell et al. (1967; their plate 1X,
section 33) the lower part of the overlying Hannold Hill Formation includes a
“black clay” that is almost certainly one of the distinctive black marker beds
recognized by Schiebout (1970; her marker bed “G") in the uppermost Black
Peaks (Fig. 9). These structural complications probably led to errors in recogni-
tion and mapping of the upper contact of the formation.

Fortunately, the overlying Hannold Hill Formation has a lithologically dis-
tinctive and laterally continuous ridge-forming sandstone unit—the Exhibit
Sandstone Member (named by Maxwell et al., 1967), which can be recognized
in all exposures.The base of this conglomeratic sandstone is readily identified,
easily located, and corresponds with a sharp break in the physiographic ex-
pression of the strata. This contact may also mark an erosional disconformity
recording a hiatus of uncertain duration (see below). Beatty (1992) suggested
that the upper boundary of the Black Peaks Formation be raised slightly to
correspond with the base of the Exhibit Sandstone Member of the Hannold Hill
Formation. This slight change allows for consistent recognition of the forma-
tion contact throughout the region. This position also coincides with an obvi-
ous lithologic change, a marked physiographic break, and may correspond to
a depositional sequence boundary. The base of this unit is therefore mapped
as the Black Peaks/Hannold Hill contact (see below). The mapped position of
the contact shown by Maxwell et al. (1967) on Exhibit Ridge is actually quite
close to that shown here, and it is possible that the lower exposure of the Ex-
hibit Sandstone Member, repeated by faulting, was actually the contact they
originally selected.

Key Beds

The middle part of the Black Peaks Formation has a laterally extensive flu-
vial channel sandstone interval with abundant petrified logs (Figs. 8 and 11).
Wherever this sandstone interval is exposed, numerous fossil logs are observ-
able. Close inspection reveals that the logs occur in two distinct sandstone
layers, a few meters apart, separated by a mudstone bed.This sandstone inter-
val has been referred to informally as the “log-jam sandstone” (Lehman and
Busbey, 2007). In the foothills of Exhibit Ridge, the “log-jam sandstone” can
be traced for more than five kilometers, with many hundreds of logs exposed,
one every several meters or so.The “log-jam sandstone” is exposed all around
Tornillo Flat, repeated in each fault block, as well as on the south side of the
Chisos Mountains over 30 km to the south, and as far as 40 km to the west at
Dogie Mountain and farther southwest in the valley east of Pena Mountain.
Most or all of the logs lie prone in the sandstone; some are up to 8 or 9 m long
with root masses 1-2 m across. Of the many logs examined microscopically,

Lehman et al. | The Tornillo Group of West Texas



http://geosphere.gsapubs.org

WEST _ A B c D £ F e H | ; EAST

Dawson Creek (20) Paint Gap Hills (19)  Rough Run Creek (21) Glenn Spring (16) Grapevine Hills (14) Hannold Draw (17) McKinney Hills (18) Tornillo Flat (12)  Dagger Flat (15) Canoe Valley (13)
type section

meters unir €1 51 5 €g
460
meters wnit ¢l si ss cg
440 _ i \ -1
e oSS g8 B Base of Hannold Hill Formation
400 400 400
s
i 1 H
Sedimentary facies B
Lacustrine b 15 g
m G ||
Fluvial overbank (with paleosol) N T 7]
Fluvial channel m u i
meters it cl si ss cg
14] 1 |
300§ 3004 3001 3004,
3
T N 7] T meters unit cl si 55 cg
Upper part of formation —
truncated prior to depostion 1 || b T 260
of Canoe Formation - B
- o -4 -1 - .
= Upper part of formation
e not exposed
B | B | B meters wnit ¢l si ss cg b
1
meters unitcl si ss cg ]
200y — 2004 2004 2004 200 200 " 200
meters unir €1 51 55 €8 i —
180 —t . . - . 1801 —
12/ —
& A » - [ | F—— ms 10}
log jam” sandstone i | m|
-1 = —+ 1 -1 160—} 1
s =] 5 Black Peaks
] i — [ Formation
o 1 T /— ] °
7 | ;-
B
1| ] 14 ]
ol 4 L
. | :
100—| 1003 1001 1004 100
7
? 3
Pg s - 60 o2 60—
UK 3
Top of weers wir el si s cg Y07 40 40— 40 40 40—
. 1 1
. || |
Javelina >
FOI'matIOl'l 20 20— 20+ 20— 20— 20— 20—
\ 10 i 10 10— | frms| 10— 10— 10—
_— 0 o0 o4+t o1 o o4 o

Figure 11. Correlation of key stratigraphic sections of the Black Peaks Formation in Big Bend National Park, Texas (see Supplemental Material, section Il [text footnote 1] for detailed descriptions

of sections). cl—clay ; si— 1e; cg—conglomerate.

I - o d

GEOSPHERE | Volume 14 | Number 5 Lehman et al. | The Tornillo Group of West Texas



http://geosphere.gsapubs.org

GEOSPHERE | Volume 14 | Number 5

all but two belong to the same species— Paraphyllanthoxylon abbotti (Wheeler,
1991; Wheeler and Lehman, 2009). There are undoubtedly many thousands of
specimens exposed in the Park. Very few petrified logs are found immediately
below or above this zone; so it can be used with some confidence for correla-
tion of isolated exposures (Fig. 11).

The distinctive black mudstone beds recognized by Schiebout (1970; her
marker beds “B-G”) can be traced several kilometers along the foothills of Ex-
hibit Ridge, and some of these may also be identified in exposures northwest
and west of McKinney Hills (see section 18). However, there are additional similar
black mudstone beds stratigraphically lower than those identified by Schiebout
(1970), and it is difficult to distinguish among these beds in distant exposures for
correlation purposes. Nevertheless, their presence alone is a key feature of use
in recognizing isolated exposures of Black Peaks Formation (Fig. 11).

In all areas, the Black Peaks Formation is divisible roughly into three
parts—a lower “mudstone-dominated” interval that spans the K/Pg boundary,
a central “sandstone-dominated” interval that includes the “log-jam sand-
stone” near its base, and an upper “mudstone-dominated” interval; each of
these is typically ~100 m in thickness (Fig. 11).

Distribution

The Black Peaks Formation is much more extensive in the western part of
the Park than was shown by Maxwell et al. (1967), although it is thinner over
much of this region (less than 200 m), and only the lower part of the forma-
tion is present in this region due to erosional truncation prior to deposition of
the overlying Canoe Formation or Chisos Formation (Fig. 11). Only the lower
“mudstone-dominated” interval up to the “log-jam sandstone” remains over
much of that region. The Black Peaks Formation is also more extensive in the
region south of the Chisos Mountains than previously shown, and here also
only the lower part of the formation is present.

Thickness Variation

The principal reference section on westernTornillo Flat is 302 m in thickness
(section 12), and southwest of “Pterodactyl Ridge” on northernTornillo Flat, the
thickness is 267 m (Fig. 11; section 13). In both of these areas, the formation is
fairly well exposed, and structural complications are minimal. However, both
areas straddle the boundary between the Park and adjacent Rosillos Mountain
Ranch, and some of the best exposures for parts of the formation exist outside
the Park on the adjacent private property.

On easternTornillo Flat, northwest of McKinney Hills (section 18) and near
the mouth of Hannold Draw (section 17; the “Crusher 2" section of Maxwell et
al., 1967; plate IX, section 26), the formation is significantly thicker, 408-449 m,
but large parts of the lower and upper mudstone intervals are covered by al-
luvium in these areas. Nevertheless, these thickness determinations are likely

to be reasonably accurate; there appears to be little structural complexity in
those areas. The thickest section of the Black Peaks Formation was measured
north of Grapevine Hills (section 14 of the present study), where as much as
540 m may be present (Fig. 11). However, the uppermost 150 m of this section
are mostly covered, and its thickness was estimated from the dip. It is possible
that a fault obscured in the covered interval has exaggerated the true thick-
ness here. At least the lower 410 m of the section are relatively clear of cover,
and its measured thickness is probably accurate. Nearby on the east side of
the Grapevine Hills laccolith, the “log-jam sandstone” is exposed along the
flank of the intrusion, and the interval above that to the base of the Hannold
Hill Formation is also fairly well exposed. Here, that interval alone is 221 m
in thickness, compared to 299 m measured north of the intrusion. Hence, the
total thickness of Black Peaks Formation measured north of Grapevine Hills
may be as much as 78 m excessive (462 m instead of 540 m) and, if so, closer
to the value determined for easternTornillo Flat. In all of these areas, the upper
contact of the Black Peaks with the Hannold Hill Formation is present. The to-
tal thickness appears to diminish northward to Canoe Valley. Elsewhere in the
Park, the Black Peaks Formation is unconformably overlain by strata younger
than the Hannold Hill Formation, and so its remaining thickness is typically
200 m or less.

During recent mapping, a previously unrecognized exposure of the base
of the Hannold Hill Formation (Exhibit Sandstone Member) was found on the
northern bank of Tornillo Creek northwest of McKinney Hills (Fig. 12). This out-
crop makes it possible to measure the complete section of Black Peaks Forma-
tion there also, and to place the vertebrate fossil localities (TMM 40147; locality
T2 of Maxwell et al., 1967) near the Black Peaks intrusions in their proper strati-
graphic position, which was previously uncertain. Maxwell et al. (1967; plate
IX, sections 34 and 35) measured several partial sections in that area, includ-
ing the central 87 m of Black Peaks Formation, equivalent to units 3 through
9 of the present section (Fig. 11; McKinney Hills section 18). The significant
vertebrate fossil collections made at TMM 40147 were taken from the interval
between unit 4 and unit 6 of the present section. This zone is just above the
“log-jam sandstone” and slightly higher stratigraphically thanTMM 41377 (the
“Schiebout-Reeves Quarry” of Schiebout, 1974) that is just below the “log-jam
sandstone” on westernTornillo Flat.

The lower part of the Black Peaks Formation, below the “log-jam sand-
stone,” varies substantially in thickness across the Park. In most areas, this
interval ranges from 100 m to 180 m in thickness; however, at Pena Mountain
near the southwestern corner of the Park, it is only 74 m; at the northernmost
complete section near Canoe Valley, it is only 60 m, and near Grapevine Hills, it
is only 45 m (on Rosillos Mountain Ranch; Adams, 2014). Similarly, the interval
between the top of the Javelina Formation and the K/Pg boundary (where it can
be identified) also varies substantially—from in excess of 80 m on Rough Run
Creek to less than 30 m on Dawson Creek. These dramatic thickness changes
indicate that there were significant local variations in sediment accumulation
across the region during latest Cretaceous through early to middle Paleocene
time (see below).
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The “log-jam sandstone” in the middle of the Black Peaks Formation is
consistently ~20 m thick, wherever it can be recognized. The upper part of the
formation is absent over most of the western and southern parts of the Park,
but also appears to vary significantly in thickness where its upper contact with
the Hannold Hill Formation is exposed. In part, this may be due to extensive
cover in those areas and resulting incorrect estimations of total thickness (see
above); but where its full thickness can be measured on southernTornillo Flat,
this upper interval is between 200 and 300 m thick, while it is only 160-180 m
on northernTornillo Flat (Fig. 11).

Facies Variation

The sedimentary facies of the Black Peaks Formation are generally uniform
in character stratigraphically and regionally across the Park. There are signifi-
cant lacustrine deposits, however, in the lowermost part of the formation (or-
ganic-rich shale and thin limestone beds with charophyte algae and aquatic
gastropods); these facies are poorly developed or entirely absent in the upper
part of the formation. Although overbank flood-plain deposits comprise the
dominant facies in the formation, the distinct color bands that reflect well-dif-
ferentiated paleosol horizons within these facies vary both stratigraphically
and regionally (Fig. 11). In some stratigraphic intervals, the paleosol horizons
are very pronounced; in others, they are absent or muted. Some intervals
with numerous prominent paleosol horizons grade laterally into correlative
intervals having fewer, less pronounced horizons. Variations in alluvial pa-
leosol successions are thought to correspond with global or regional climate
changes, but also with local differences in the original soil-forming processes
and changes in the intensity or duration of soil development (e.g., Retallack,
1990). If the marked thickness changes within each interval of the Black Peaks
Formation reflect significant local variations in sedimentation rate (see above),
this would be expected to result in differing paleosol maturity. Although de-
tailed studies of the Black Peaks paleosol succession have been conducted at
a single stratigraphic section onTornillo Flat (e.g., White and Schiebout, 2003,
2008; Bataille et al., 2016), it has not been possible to discern a consistent strati-
graphic or regional pattern to their occurrence that would allow for correlation
across the Park.

Nature of the K/Pg Boundary

An attempt was made during the original mapping of the Tornillo Group
by Maxwell et al. (1967) to place the Javelina-Black Peaks formational con-
tact at the K/Pg boundary (see historical account given by Wilson and Run-
kel, 1989). Later workers, using the geologic map of Maxwell et al. (1967) for
guidance, therefore believed that strata shown as Javelina Formation were
entirely Cretaceous in age, and those shown as Black Peaks Formation were
assumed to be entirely Paleocene in age. Because the lowermost Paleocene

faunas recovered from the Black Peaks Formation by Wilson (in Maxwell et al.,
1967) and Schiebout (1974) were ascertained to represent aTorrejonian (middle
Paleocene) assemblage, it was reported at that time that the earliest Paleocene
(Puercan) interval was absent in theTornillo Group, and that the K/Pg boundary
here is unconformable. So, in the early 1970s, it was generally believed that
strata of earliest Paleocene age were either not deposited in Big Bend or were
eroded away prior to deposition of the Black Peaks Formation.

It was subsequently discovered, however, that the K/Pg boundary does
not everywhere coincide with the position of the Javelina/Black Peaks forma-
tional contact as it had been mapped by Maxwell et al. (1967). Lawson (1972)
collected a Paleocene mammalian assemblage at a site (TMM 41400, LSUMG
111; aka “Tom’s Top”) in strata mapped as the Javelina Formation on Dawson
Creek. Another Paleocene site (TMM 42327, LSUMG 108; aka “Dogie”) was
found in strata mapped as Javelina Formation on Rough Run Creek. As de-
scribed above, this was a result of inadvertently mapping much of the low-
ermost “mudstone-dominated” interval of the Black Peaks Formation as the
upper part of the Javelina Formation over broad areas of the western part of
the Park.

Standhardt (1986, 1995) conducted a screen-washing effort at the “Tom's
Top” and “Dogie” sites, as well as others, to better document the vertebrate
faunas within the K/Pg boundary interval. The “Tom’s Top” and “Dogie” sites
did not yield definitively Puercan taxa, and so have been a subject of varied
interpretation (e.g., Standhardt, 1995; Williamson, 1996; Lofgren et al., 2004;
Lehman and Busbey, 2007). Recently, Leslie et al. (2018) conducted a thorough
review of the fauna known from both sites and determined that they are mid-
dle Torrejonian (To2) in age. These sites are, however, ~20 m (“Tom's Top”) to
80 m (“Dogie”) above the highest occurrence of dinosaur bones in those ar-
eas, leaving open the possibility that early Paleocene (Puercan) sites might be
present but remain undiscovered. Despite repeated prospecting of the 20-80
m stratigraphic interval between the highest in situ dinosaur bones and lowest
Paleocene mammal sites in the “Tom’s Top” and “Dogie” site areas, no sig-
nificant additional fossiliferous sites have been identified there. Lehman and
Coulson (2002; see also Straight, 1996; Coulson, 1998) reported a Paleocene
vertebrate fossil site (TMM 43621-2, aka “Hoplochelys Ridge”) only 2 m above
an in situ Alamosaurus skeleton (TMM 43621-1) north of Grapevine Hills. How-
ever, the only diagnostic mammalian fossil recovered thus far at this site is a
single lower molar of Periptychus sp. A definitive Torrejonian fauna (with the
condylarth Periptychus carinidens) was collected 20 m above the “Hoplochelys
Ridge” site (TMM 43380).

Lehman (1990) and Lehman and Busbey (2007) reported little success in
identifying any possible physical or geochemical evidence for the K/Pg bound-
ary iridium abundance anomaly or impact horizon. Recently Cobb (2016), how-
ever, documented what may be the K/Pg boundary tsunami deposit on Rough
Run Creek (a bed informally referred to previously as the “odd conglomer-
ate” by Lehman and Busbey, 2007). Exposures in this area indicate that strata
within the K/Pg boundary interval may be preserved at least locally within the
lower Black Peaks Formation. The bioturbated interval that Wiest et al. (2018)
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and Leslie et al. (2018) hypothesized may represent the K/Pg boundary in the
Dawson Creek section is at a stratigraphic level at least 60 m below the posi-
tion of the boundary established on the basis of in situ dinosaur specimens
nearby on Rough Run Creek.The Dawson Creek section may be unlikely to pre-
serve a conformable K/Pg boundary because it lies along the south flank of the
Terlingua monocline, a Laramide structure that was active during deposition of
the Javelina and Black Peaks formations (see below).

Biostratigraphy

The Black Peaks Formation preserves a succession of middle Torrejonian
(TMM 42327, 41400, and 40147, To2 interval zone) through Tiffanian (TMM
40536, probably Ti3; TMM 41365, probably Ti5) vertebrate fossil sites (Sup-
plemental Material, section Il [footnote 1]). Wilson (in Maxwell et al., 1967),
Schiebout (1974), Schiebout et al. (1987), Standhardt (1986, 1995), and Leslie
et al. (2018) have documented the vertebrate fauna from these sites. Although
Schiebout (1974) reported that possible Clarkforkian or Wasatchian sites may
occur in the uppermost part of the Black Peaks Formation, the supposed Clark-
forkian site (TMM 41364) yielded the taeniodont Psittacotherium, which other-
wise has its last appearance inTiffanian (Ti5?) strata in North America (Lofgren
et al., 2004). The purported Wasatchian site (TMM 41221) yielded a mandible
fragment of Hyracotherium and an incisor of Coryphodon “both from float
on a sandstone” (Schiebout, 1995); however, the previously unrecognized Ex-
hibit Ridge fault (Fig. 9; see above) makes stratigraphic placement of the site
uncertain, and so the specimens might have been derived from the overlying
Exhibit Sandstone Member of the Hannold Hill Formation, which bears de-
finitive in situ Wasatchian vertebrates (see below). It has not been possible to
unequivocally identify the geochemical isotopic excursion associated with the
Paleocene/Eocene boundary (Paleocene/Eocene Thermal Maximum [PETM];
White and Schiebout, 2003, 2008; Bataille et al., 2016). The fluvial sandstone
interval in the uppermost part of the Black Peaks Formation (Fig. 11; unit 18
of section 12), which Schiebout (1974) reported as the site of TMM 41221, may
also record a significant change in stream regimen that Bataille et al. (2016)
interpreted to coincide with the Paleocene/Eocene boundary. Nevertheless, it
remains uncertain if the Paleocene/Eocene series boundary occurs within the
uppermost part of the Black Peaks Formation, and, if so, at what stratigraphic
level, or, if instead, it lies at the base of the overlying Hannold Hill Formation.

B HANNOLD HILL FORMATION

The Hannold Hill Formation consists predominantly of well-indurated
coarse conglomeratic sandstone beds with intervening mudstone beds; there-
fore, this formation is a prominent ridge-forming unit (Fig. 13). There are two
laterally extensive sandstone units; the lower one was formally named the Ex-
hibit Sandstone Member (Maxwell et al., 1967). Both sandstone units hold up

distinct cuestas and include thick lenses of conglomerate that are immediately
recognizable and distinct from any other conglomerate beds in the Tornillo
Group (Fig. 13). The conglomerates are composed of well-rounded pebbles
and cobbles of limestone, sandstone, and chert, along with abraded petrified
wood and reworked marine bivalve shells derived from all of the underlying
Cretaceous and Paleocene units. These conglomeratic sandstone beds allow
for ready recognition of Hannold Hill Formation outcrops. The mudstone inter-
vals have color bands like those in the Black Peaks and Javelina formations,
but color bands are thick and alternate only between wine-red and gray. Han-
nold Hill mudstones lack the distinctive black beds evident in the underlying
Black Peaks Formation.

Type Section

The type section of the Hannold Hill Formation was measured at the aban-
doned “Rock Crusher” locality on Big Yellow Arroyo (Figs. 14 and 15; Maxwell
et al., 1967; plate IX, section 26). However, the distinctive conglomeratic sand-
stone beds of the formation and all of the diagnostic early Eocene vertebrate
fossil localities exist instead to the north and west onTornillo Flat. Tracing of the
Hannold Hill strata southward from Tornillo Flat, where their relationship with
the underlying Black Peaks Formation is easily observed, reveals that the Han-
nold Hill Formation was thinned by erosion prior to deposition of the overlying
Canoe Formation and is progressively thinner to the south and east in the vi-
cinity of the original type section (Figs. 14 and 15). In the “Rock Crusher” area,
much or all of the Hannold Hill Formation is absent, and the type section was
actually measured almost entirely within the underlying Black Peaks Forma-
tion. Only the uppermost part of the section in that vicinity may be correlative
with the Hannold Hill Formation, as recognized onTornillo Flat (Fig. 14).

Fortunately, Maxwell et al. (1967) measured two complete sections of the
Hannold Hill Formation, one just east of the Park highway on the south side
of Tornillo Creek (their section 30) and one on the north side of Tornillo Creek
at Exhibit Ridge near the fossil bone exhibit (their section 31). These two sec-
tions show each of the four major subdivisions of the formation, as well as
positions of several of the key vertebrate fossil sites and are comparable in
thickness (39-44 m).The complete section on the south side of Tornillo Creek is
herein designated a principal reference section of the Hannold Hill Formation
(Fig. 16). Maxwell et al. (1967; plate IX, section 30) obtained a thickness of 42 m
for this section. This same section was measured for the present study, and a
total thickness of 50 m was determined (Fig. 16).

Lower Contact

An attempt was made during the original mapping of the Tornillo Group in
Big Bend to place the Black Peaks/Hannold Hill formational contact at the Paleo-
cene-Eocene series boundary (see above). However, a recognizable lithologic

Lehman et al. | The Tornillo Group of West Texas



http://geosphere.gsapubs.org

Research Paper

Figure 13. Outcrop features of Hannold Hill Formation: (A) base of Hannold Hill Formation on Tornillo Flat (unit 1, section 25) showing Exhibit Sandstone Member rest-
ing on thick purple mudstone interval typical of the uppermost Black Peaks Formation; (B) Hannold Hill Formation on western Tornillo Flat (section 27) showing entire
section from Exhibit Sandstone Member to lower mudstone, upper sandstone, and upper mudstone overlain by Canoe Formation; (C) Hannold Hill Formation north of
Grapevine Spring (section #28) showing typical dark yellowish-brown sandstone and weakly banded purple and gray mudstone (Ex Sandstone, lower mudstone,
and upper sandstone); (D) upper sandstone and upper mudstone intervals of Hannold Hill Formation overlain by Canoe Formation northwest of Grapevine Spring; (E)
upper sandstone interval north of Grapevine Spring showing thick basal conglomerate overlain by sandstone (unit 4, section 28); (F) detailed view of upper sandstone
outcrop visible in E showing interbedded sandstone and pebble and/or cobble conglomerate beds (divisions of scale on staff are 10 cm); (G) conglomerate in base of
Exhibit Sandstone Member on Tornillo Flat (unit 1, section 23) composed of limestone and chert pebbles.
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break may not occur at the series boundary, and fossils are scarce in the critical
part of the section regardless. For recent mapping of the Park (Turner et al.,
2011), the base of the Exhibit Sandstone Member is mapped as the base of the
formation (see above; Beatty, 1992; Lehman, 2002). This provides the only eas-
ily recognizable contact practical for mapping purposes.The Exhibit Sandstone
Member is a coarse-grained sandstone with pebble-cobble conglomerate con-
taining clasts of Lower and Upper Cretaceous limestone, chert, and sandstone,
reworked Cretaceous oyster shells, and rounded cobbles of Paleocene petri-
fied wood; conglomerates of this composition do not occur in the underlying
Black Peaks or Javelina formations. The Exhibit Sandstone Member records an
abrupt increase in channel paleoslope and/or increase in stream competence
compared to fluvial channel deposits in the underlying Black Peaks Formation,
including the sandstone interval (Fig. 11; unit 18 of section 12) that Schiebout et
al. (1987) and Bataille et al. (2016) identified with the Paleocene/Eocene bound-
ary, which does not contain such coarse extrabasinal detritus. Even so, there
is no striking physical evidence for a regional unconformity at the base of the
Exhibit Sandstone (see below).There is apparently no dramatic erosional trun-

cation of the underlying Black Peaks Formation, although the upper part of the
formation does thin to the northeast. Regardless, the Exhibit Sandstone Mem-
ber certainly marks the base of a distinct depositional sequence. The upper
sandstone unit in the Hannold Hill Formation, however, also contains coarse
conglomerate of similar composition, and the two sandstone intervals cannot
be distinguished from one another in isolated exposures.

Upper Contact

The upper boundary of the Hannold Hill Formation is consistently placed
at the base of the Big Yellow Sandstone Member of the overlying Canoe For-
mation (named for the “Canoe” Valley), as originally designated by Maxwell
etal. (1967).This contact is easily recognized.The base of the Canoe Formation
is a thick, laterally extensive, cliff-forming yellow fluvial sandstone bed (the
Big Yellow Sandstone Member) that weathers to form picturesque hoodoos
and rock monuments and rests on a marked erosional truncation surface.
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Rigsby (1982, 1986), Walton (1986), and Runkel (1988) conducted thorough
studies of the Canoe Formation and correlative units in the Devil’'s Graveyard
and Chisos formations. On Tornillo Flat, the Big Yellow Sandstone is readily
distinguished from sandstone beds in the underlying Hannold Hill Formation
due to its vivid yellow color and cliff-forming habit. In some areas, the Big
Yellow Sandstone also has large limonite-encrusted petrified logs and con-
glomerate beds with clasts that are much larger (boulder grade) than those
in the Hannold Hill Formation and composed of angular sedimentary rock
fragments derived from the underlying Aguja Formation and Tornillo Group.
Although conglomerate in the Big Yellow Sandstone also contains pebbles of
rounded Lower Cretaceous limestone and reworked petrified wood like those
observed in Hannold Hill conglomerate beds, in addition there are pebbles
of Paleozoic chert and metamorphic rocks that are not present in underlying
strata (Lehman, 1991). These features make it possible to identify isolated
remnants of the BigYellow Sandstone, such as those that rest on the Javelina
Formation (near Mailbox Tank) and on the Aguja Formation (at “the sphinx”
butte on Cottonwood Creek).

As advocated by Runkel (1988), Lehman (1988), and Wilson and Runkel
(1989), and contrary to the suggestion of Schiebout et al. (1989), the Big Yel-
low Sandstone Member is retained herein as the base of the overlying Ca-
noe Formation, rather than including the unit within the underlying Tornillo
Group. A regional angular unconformity is present at the base of the BigYellow
Sandstone, which rests on strata as old as the Aguja Formation in places (see
below). Tuffaceous strata and volcanic rocks in the overlying part of the Canoe
Formation are conformable with the Big Yellow Sandstone. Hence, the Big Yel-
low Sandstone is retained as the basal member of the Canoe Formation.These
strata were shown to be correlative with the lower part of the Devil's Graveyard
Formation in the Agua Fria region west of the Park (Runkel, 1988; Wilson and
Runkel, 1989), and beyond the limited area of Tornillo Flat, the strata rest on a
marked regional unconformity surface. In the Tornillo Flat area, the Big Yellow
Sandstone appears to be conformable with the underlying Hannold Hill For-
mation; however, in at least one place (see below), the base of the Big Yellow
Sandstone rests on a truncated fold in the Hannold Hill Formation, and the
most recent assessment of the vertebrate fauna of the Big Yellow Sandstone
(Robinson et al., 2004) suggests that it is early Uintan (Ui1) in age. If this as-
sessment is correct, the unconformity at the base of the BigYellow Sandstone,
even onTornillo Flat, may represent some part or all of Bridgerian time.

Key Beds

Maxwell et al. (1967) recognized that the Exhibit Sandstone was sufficiently
extensive to warrant designation as a formal member. Beatty (1992) also stud-
ied the internal stratigraphy of the Hannold Hill Formation and observed that
the formation consists of four laterally extensive units: the basal conglomer-
atic sandstone (Exhibit Sandstone Member), a lower mudstone interval, an
upper conglomeratic sandstone, and an upper mudstone interval. All four of

these units can be traced around the southern part of Tornillo Flat and are also
present in the Canoe syncline on north Tornillo Flat (Fig. 16).

The lower mudstone interval varies markedly in thickness, from a minimum
of 8 m on Exhibit Ridge up to a maximum of 35 m in the Canoe Valley area.The
upper mudstone interval also varies in thickness, from less than 5 m up to 27 m
in Canoe Valley. This thickness variation is likely due in part to higher sedimen-
tation rates to the northeast during deposition. However, it also reflects recipro-
cal thickness variation due to channeling in the sandstone intervals above and
below the mudstones. The Exhibit Sandstone varies from 2 m to 10 m, and the
upper sandstone varies from 5 m to 22 m in thickness. The lower mudstone ex-
hibits alternating thick gray and red color bands; the upper mudstone is more
uniformly gray, lacks marked color bands, and typically has a distinctive nodu-
lar white calcareous concretionary zone immediately below its contact with the
overlying BigYellow Sandstone Member of the Canoe Formation.

Distribution

Maxwell et al. (1967) mapped a broad area of Hannold Hill Formation rest-
ing unconformably on the Javelina Formation north of Grapevine Hills in the
valley of Tornillo Creek, and east of Grapevine Hills in Avery Canyon. These
exposures actually consist of Black Peaks Formation in its normal stratigraphic
relationship with the underlying Javelina Formation, and the Hannold Hill For-
mation has a much more limited distribution than shown by Maxwell et al.
(1967). The Hannold Hill Formation is also not present in the area northwest of
Pulliam Peak mapped by Maxwell et al. (1967). Strata exposed in that area are
within the upper part of the Black Peaks Formation.

The Hannold Hill Formation may be traced in outcrop southward alongTor-
nillo Creek, where the upper mudstone and sandstone units are progressively
truncated at the base of the Canoe Formation, and the entire Hannold Hill For-
mation is absent south of Hannold Draw, where the Canoe Formation rests
directly on Black Peaks Formation (Fig. 15). No exposures of the Hannold Hill
Formation exist anywhere west of Tornillo Flat or south of the Chisos Moun-
tains. Instead, in these areas, the Canoe Formation (or equivalent strata in the
base of the Chisos Formation) rests directly on the Black Peaks Formation or
on underlying strata. An isolated exposure of Hannold Hill Formation, not rec-
ognized by Maxwell et al. (1967), exists northwest of the Black Peaks intrusions
adjacent to the Exhibit Ridge fault on the north bank of Tornillo Creek (Fig. 12).

The Hannold Hill Formation appears to be entirely restricted to Tornillo
Flat. The widespread occurrence, however, of abundant well-rounded lime-
stone pebbles, otherwise so distinctive of the Hannold Hill conglomerates,
also within the base of the Canoe Formation and base of the Devil's Grave-
yard Formation (the so-called “basal Tertiary conglomerate” of Stevens et al.,
1984), suggests that strata of the Hannold Hill Formation may once have been
more extensive but were largely removed by erosion or exhumed and incor-
porated into these younger strata prior to middle Eocene (Bridgerian to early
Uintan) time.
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Thickness Variation

On Exhibit Ridge and south of Tornillo Creek on either side of the Park
highway, the entire thickness of the formation is 39-50 m (Fig. 16). However,
beyond this area, there are significant variations in thickness over relatively
short distances. A complete section of the formation, where all four units are
present (Exhibit Sandstone, lower mudstone, upper sandstone, and upper
mudstone) is exposed northeast of Grapevine Hills but is slightly thinner (33
m); while in the valley of Tornillo Creek only 4 km east of there, the thickness
is much greater (65 m). A complete section exposed at Canoe Valley (71 m)
is also nearly twice the thickness observed in the type area.The section mea-
sured by Maxwell et al. (1967; plate IX, section 32) on the southwest side of
Canoe syncline only includes the upper sandstone and upper mudstone in-
tervals (16 m).The same section measured for the present study is 26 m (sec-
tion 25). Much or all of the greater thickness of the Hannold Hill Formation at
Canoe Valley and northeast of Grapevine Hills is accounted for by substan-
tial thickening of the lower and upper mudstone units. For example, in most
other areas, the lower mudstone is from 8 m to 10 m in thickness; however,
at Canoe Valley, it is 35 m thick. Outside of the central Tornillo Flat area, the
Hannold Hill Formation was partly or completely truncated by erosion prior
to deposition of the Canoe Formation, and it is missing one or more of its
stratigraphically highest constituent units. As a result, in these areas, the for-
mation is thinner than the typical ~50 m, or is absent entirely.

Maxwell et al. (1967, p. 104) discussed post-Hannold Hill truncation, and
they noted “angular relations are conspicuous at several places in central
Tornillo Flat” One such outcrop north of Grapevine Hills exposes the gently
dipping upper sandstone interval of the Hannold Hill Formation resting di-
rectly on an upturned and truncated section of steeply dipping Exhibit Sand-
stone Member, with the intervening lower mudstone interval removed by
erosion (Beatty, 1992; see discussion below). This particular outcrop shows
striking evidence for deformation of Hannold Hill strata during deposition
(see discussion below). Similarly, an area just west of the Park highway ex-
poses the upper sandstone and upper mudstone interval of the Hannold Hill
Formation in a monoclinal fold that is truncated and overlain by flat-lying
Canoe Formation (see below). The entire upper mudstone interval is absent
on the south side of this fold. Therefore, syndepositional deformation is at
least in part responsible for the striking thickness variations observed within
the formation.

Facies Variation

The four units that comprise the Hannold Hill Formation are present con-
sistently wherever the entire formation is exposed (Supplemental Material,
section lll [footnote 1]). However, both the Exhibit Sandstone Member and
upper sandstone interval have marked lateral variation in thickness and fa-
cies due to channeling at their base. In some areas, these units consist al-

most entirely of pebble-cobble conglomerate; in other areas, the units com-
prise sparsely conglomeratic sandstone or exclusively trough-cross bedded
sandstone (Fig. 16). For example, the base of the Exhibit Sandstone includes
very coarse cobble conglomerate at the Canoe syncline (section 24), but else-
where, the conglomerate does not exceed small pebble grade. In contrast,
the upper sandstone interval includes coarse cobble conglomerate at Grape-
vine Hills and Tornillo Creek (sections 27 and 28) but only coarse sandstone
or small pebble-grade conglomerate elsewhere.These facies variations could
record a southward shift in the axis of the main trunk stream during deposi-
tion of the Hannold Hill Formation.

Biostratigraphy

Schiebout (1974) reported that an early Eocene (Wasatchian) fauna (TMM
41221) may occur within a sandstone interval near the top of the Black Peaks
Formation, above the highest black mudstone bed in the outcrop (marker
bed “G” of Schiebout, 1970, 1974) and below the Exhibit Sandstone Mem-
ber of the Hannold Hill—which yields a definitive in situ Wasatchian fauna
(reviewed by Wilson and Runkel, 1989). However, it is possible that failure
to recognize the “Exhibit Ridge fault” (Lehman, 2004), which results in a par-
tially repeated section of the Black Peaks-Hannold Hill contact interval in that
vicinity, may have led to problems in defining the contact between the two
formations there and in determining the stratigraphic position of this site
(TMM 41221), which occurred in a float block (Schiebout, 1995).

Localities within the Exhibit Sandstone (e.g., TMM 40143, aka “Exhibit”
site or T4 of Maxwell et al., 1967) include Coryphodon, Hyracotherium,
Phenacodus, and Phenacolemur, which likely place the base of the Hannold
Hill in the late Wasatchian (Wa7; Robinson et al., 2004). Several localities in
the upper mudstone interval of the Hannold Hill (e.g., TMM 40144, aka “TT
Jack’s” or T5 of Maxwell et al., 1967) yield a similar fauna but also include
Hyopsodus and Paramys (Hartnell, 1980). A specimen initially identified by
J. Wilson (in Maxwell et al., 1967) as Lambdotherium (TMM 40181-1) from
a site believed to be in the base of the Hannold Hill, instead pertains to
Phenacodus cf. primaevus (J. Wilson, note dated 1975 with specimen), an
identification that accords with the lower stratigraphic position of the site
within the middle of the Black Peaks Formation as determined in the present
study (Fig. 14).

If the late Wasatchian (Wa7; Robinson et al., 2004) age assessment for the
Hannold Hill vertebrate fauna is correct, then the base of the Exhibit Sand-
stone Member may mark a significant disconformity. Faunas of Clarkforkian
and possibly earliest Wasatchian age have not been recovered anywhere in
the underlying Black Peaks section on Tornillo Flat or elsewhere in the Park.
This part of the section is, however, poorly fossiliferous, and it remains pos-
sible that sites of this age are yet to be discovered, and that the base of the
Hannold Hill Formation is conformable with the underlying Black Peaks For-
mation (e.g., Bataille et al., 2016).
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H DEPOSITIONAL HISTORY OF THE TORNILLO GROUP

During deposition of the Tornillo Group, stream flow was generally toward
the southeast. Paleocurrent data for the Javelina Formation (Lawson, 1972;
Lehman, 1985), the Black Peaks Formation (Schiebout, 1970), and the Hannold
Hill Formation (Hartnell, 1980; Beatty, 1992) consistently indicate a southeast-
ward sediment transport direction.This, along with the general similarity in flu-
vial sedimentary facies among the three formations indicates that the Tornillo
Group comprises a compatible sequence of strata, resulting from a common
depositional system (Fig. 17).

Several observations suggest that the Aguja/Javelina formational contact,
which marks the base of the Tornillo Group, resulted from a significant tec-
tonic event—most likely the regional onset of Laramide tectonism during early
Maastrichtian time. The transition from northeastward sediment transport and
shoreline progradation during deposition of the underlying Aguja Formation to
southeastward sediment transport in the Javelina Formation records a shift in
paleoslope at that time (Lehman, 1986).The occurrence of coarse chert gravel in
the base of the Javelina Formation (probably derived from erosion of nodular
chertin Lower Cretaceous strata) indicates that nearby sedimentary source rock
terrains outside theTornillo Basin were exposed for the first time. Sandstone in
the Javelina Formation also contains abundant carbonate rock fragments and
reworked marine foraminifera derived from erosion of Upper Cretaceous ma-
rine strata (Lehman, 1991).The progressively lower stratigraphic position of the
Aguja/Javelina contact from west to east may indicate pre-Javelina truncation
of the upper part of the underlying Aguja Formation, although this could be
due at least in part to original depositional thinning of the upper shale member
of the Aguja to the east (Lehman, 2009, Lehman'’s figure 45). The Aguja/Javelina
contact does not appear to reflect a simple stratigraphic sequence boundary
(for example, one resulting from a change in base level alone), but instead
results from a regional tectonic event that changed the paleoslope, exposed
underlying strata to erosion, and began to confine sedimentation within the
margins of the Tornillo Basin (Wilson, 1970; Lehman, 1991).

The present preserved limits of theTornillo Group lie between Mesa de An-
guila to the southwest and Sierra del Carmen to the northeast (Figs. 17 and 18).
Both of these ranges are thought to have formed initially as monoclinal folds
during the Laramide orogeny (Cobb and Poth, 1980; DeCamp, 1985). It seems
likely therefore that these two structures, facing each other, may have formed
the original margins of the Tornillo Basin; however, there is only slight evi-
dence for intraformational thinning of units within the Tornillo Group toward
their preserved limits.

Western Basin Margin
The westernmost exposures of theTornillo Group indicate abrupt thinning,

primarily due to erosional truncation along the western margin of the basin.
A section exposed in the valley of Alamo Creek southeast of Pena Mountain,

although largely covered, is over 300 m thick and includes the entire Javelina
Formation and lower part of the Black Peaks Formation up to the “log jam
sandstone” and at least 100 m above that (Fig. 17). The Tornillo Group section
here is comparable in thickness to that measured nearby on Rough Run Creek
at Dogie Mountain (230 m), and much thicker than that present on Dawson
Creek (190 m), where the Black Peaks Formation is truncated at the base of the
Canoe Formation at a level ~60 m below the “log jam sandstone” (Fig. 17).
The interval between the top of the Javelina Formation and the K/Pg boundary
is also much thinner at Dawson Creek (~20 m) than it is at Rough Run Creek
(~80 m). The intraformational thinning and more deeply truncated section on
Dawson Creek may indicate that uplift of the Terlingua monocline occurred at
least in part there prior to Paleocene time, and certainly before deposition of
the Canoe Formation. A small reverse fault that cuts the Canoe Formation (Fig.
5), and the southerly dip of the strata here, indicate that deformation continued
along theTerlingua monocline at least into middle Eocene (early Uintan) time.

Only a short distance (8 km) west of the Pena Mountain exposure is the
westernmost remnant of the Tornillo Group at Sierra Aguja, where less than
30 m of Javelina Formation remain beneath the Chisos Formation (Figs. 17
and 18). So, over a distance of about eight kilometers, at least 270 m of Tornillo
Group strata were removed by erosion from the westernmost edge of the ba-
sin prior to deposition of the Chisos Formation (Alamo Creek Basalt Member).

The section preserved at Sierra Aguja appears to represent only the lower
part of the Javelina Formation, not a condensed section resulting from intra-
formational thinning of the unit. This remnant of Javelina Formation lies along
the base of Mesa de Anguila and exhibits no facies contrast with typical Jave-
lina fluvial channel and overbank deposits. If Mesa de Anguila was the site of a
major Laramide monoclinal fold (e.g., DeCamp, 1985) that defined the western
margin of theTornillo Basin, then this structure must have formed after depo-
sition of the Javelina Formation, or initially produced little topographic relief,
and it was not a source terrain for sediment in either the Javelina or Black
Peaks formations. Locally at many of these western exposures are channel-fill
deposits of Canoe Formation (Big Yellow Sandstone or equivalent basal units
of the Devil’s Graveyard Formation) conformable with the overlying Chisos
Formation and resting on the truncated Tornillo Group.These channel deposits
indicate that uplift and truncation of the Tornillo Group occurred over much of
the western Park area prior to middle Eocene time.

Eastern Basin Margin

The Javelina Formation appears to thicken to the east, from ~120 m on
Dawson Creek to 180 m on eastern Tornillo Flat (Fig. 17). There is also a subtle
facies change, with the distinctive lacustrine facies within the Javelina largely
restricted to the eastern exposures. These observations could indicate that
subsidence rates were higher along the eastern side of the Tornillo Basin or
that uplift within the central part of the basin itself restricted sedimentation in
some way between western and eastern sides of the basin. Evidence for the
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latter of these is the thin section of the Javelina Formation (122 m) measured
along the eastern limb of a fold, herein referred to as the “Grapevine anticline”
northwest of Grapevine Hills (Fig. 19; section 8). This unusually thin section
might be attributable to obscure faulting (e.g., Straight, 1996) or “tectonic”
thinning of one or more of the mudstone intervals within the formation along
the eastern limb of the fold during deformation (see above); however, on the
Rosillos Mountain Ranch ~3 km northwest of the Grapevine anticline (Fig. 19),
Adams (2014) also found a markedly thinned (114 m) section for the Javelina
Formation in an exposure lacking structural complexity (Fig. 20). Adams (2014)
also observed that the lower interval of the Black Peaks Formation (to the base
of the “log jam sandstone”) is also unusually thin (45 m) in the same area.
Elsewhere in the Park, the same interval is nearly three times thicker (see be-

low). Collectively, these observations suggest that sedimentation rates in that
vicinity were either lower than elsewhere in the Tornillo Basin, or that inter-
mittent uplift in that area—perhaps development of the Grapevine anticline
itself—led to erosion and thinning of the Javelina and lower Black Peaks forma-
tions over the area where the anticline would later form (Fig. 20). Regardless,
net sediment accumulation in the vicinity of Grapevine anticline was less than
in nearby areas to the east and west.

The Black Peaks Formation also thickens to the east; however, this is largely
a result of the complete absence of the upper half of the formation in all areas
west and south of Tornillo Flat (Fig. 17). The lower half of the formation (from
the Javelina contact to the base of the “log jam sandstone”) is relatively uni-
form in thickness (120-180 m) and present over most of the region. Much of
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Figure 19. Geologic map of the region northwest of Grapevine Hills showing distribution of formations in the Tornillo Group and location of stratigraphic sections; part of map on Sombrero Peak

quadrangle (vicinity of section 31) adapted from Adams (2014).

the 60 m variation in thickness of this interval could reflect inconsistency in
placement of the gradational contact with the underlying Javelina Formation.
However, in the northernmost section of the Black Peaks Formation (north of
Canoe Valley), this lower interval is only 60 m thick; whereas in sections of the
formation at Grapevine Hills and McKinney Hills, the lower interval is 110-120
m thick. The interval between the top of the Javelina Formation and the ap-
proximate K/Pg boundary also thins from ~60 m down to ~20 m over the same
area.The reduced thickness probably reflects actual intraformational thinning
within the lower part of the Black Peaks Formation toward the northeastern
margin of the Tornillo Basin.

The upper Black Peaks Formation is preserved in depositional contact with
the Hannold Hill Formation only onTornillo Flat (Fig. 17). Elsewhere, the upper
half of the formation was either not deposited or removed by erosion prior to
deposition of the Canoe Formation (or equivalent parts of the Devil's Grave-
yard and Chisos formations). There are no obvious facies changes to indicate
that the 200-300 m thickness reduction in the upper part of the Black Peaks
Formation over the western part of the basin was a result of intraformational
thinning, and so this is instead most likely attributable to erosional truncation.

Where preserved in depositional contact with the Hannold Hill Formation, the
upper half of the Black Peaks varies in thickness from a minimum of ~170-
200 m on northern Tornillo Flat (type section and north of Canoe Valley) to a
maximum of 240-340 m on eastern and southernTornillo Flat (Grapevine Hills
to McKinney Hills). This may also reflect original depositional thinning of the
Black Peaks toward the northern margin of the basin; however, it could in part
reflect truncation of the upper Black Peaks at the base of the overlying Hannold
Hill Formation or inaccurate thickness estimates for extensive local covered
intervals in the upper part of the formation (Fig. 17).

The Hannold Hill Formation is restricted to the Tornillo Flat area, and there
is little evidence that its original depositional limits were extensive much or
at all beyond that area (Fig. 17). However, the distinctive, well-rounded lime-
stone pebbles observed in Hannold Hill conglomerates are also present in
the base of the younger Devil's Graveyard Formation to the west and may
indicate that the formation was originally more extensive to the west but was
removed by erosion prior to middle Eocene time. The Hannold Hill Formation
varies in thickness from ~30 m to 70 m. All four units recognized within the
formation are present at most exposures, and so the thickness differences are
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stone; cg—conglomerate.

for the most part due to original depositional variations. The thickest section
observed is at Canoe Valley, suggesting that the Canoe syncline was either ac-
tively folded at that time or otherwise an area of more rapid subsidence during
deposition of the Hannold Hill. In contrast, a very thin section of the formation
exists immediately southwest of Canoe Valley on Exhibit Ridge. Reduced sedi-
mentation in that area may also be compatible with syndepositional folding of
underlying strata that produced the Canoe syncline to the northeast. The upper
half of the formation appears to be absent on the northeast flank of the syn-
cline, where the Canoe Formation (Big Yellow Sandstone) rests on the lower
mudstone interval of the Hannold Hill. Although it is clear that the present ge-

ometry of the Canoe syncline may reflect drag along the fault that bounds
its southwestern limb, thickness variation within the Hannold Hill Formation
across the structure suggests that the syncline was initiated as a Laramide fold
in early Eocene time.

Local Small-Scale Deformation

Apart from the regional intraformational thinning of stratigraphic units in
the vicinity of Laramide structures described above, there is also clear evi-
dence for small-scale contractional deformation (within theTornillo Basin) that
must have occurred during or shortly after deposition of the Tornillo Group.
For example, on the south side of Tornillo Creek, the upper half of the Hannold
Hill Formation (upper sandstone and mudstone interval) is deformed within a
northeastward-dipping monoclinal fold; a reverse fault slightly displaces the
limb of the fold (Figs. 21 and 22). The fold is truncated and overlain by un-
deformed Canoe Formation (Big Yellow Sandstone), indicating that this struc-
ture must have formed between early and middle Eocene time. At a second
site, along the northeastern flank of Grapevine Hills, instead the lower half
of the formation (Exhibit Sandstone and lower mudstone) is truncated, dips
steeply to the northeast, and is overlain by the upper half of the formation
(upper sandstone and mudstone units) that remains nearly horizontal (Fig. 23).
The deformation observed at this outcrop is also compatible with a northeast-
ward-dipping monoclinal fold that affects the lower Hannold Hill and underly-
ing strata.The structure here must have formed, however, during early Eocene
time (prior to deposition of the upper part of the Hannold Hill Formation). Due
to extensive alluvial cover, it is not possible to trace the deformation observed
at either of these outcrops much beyond the limited exposures.

Continuing southeastward from these exposures, the Hannold Hill Forma-
tion thins and is progressively truncated at the base of the Canoe Formation
(Big Yellow Sandstone) near the mouth of Hannold Draw. South of Big Yellow
Arroyo, the Canoe Formation rests directly on the Black Peaks Formation (Fig.
15). Similarly, in Avery Canyon, the upper half of the Hannold Hill Formation is
missing; the Canoe Formation rests on the lower mudstone and Exhibit Sand-
stone, and farther to the south, rests directly on the Black Peaks Formation.
Collectively, these observations indicate that deformation along the southern
margin of Tornillo Flat occurred both during and shortly after deposition of the
Hannold Hill Formation, prior to deposition of the Canoe Formation.

On the northern side of Tornillo Flat, there are small remnants of Canoe
Formation conglomerate resting on a truncated asymmetric anticline that in-
volves the underlying Aguja and Javelina formations (Figs. 24 and 25). This
fold (referred to here as the “Mailbox anticline”) is bounded by a steeply dip-
ping reverse fault along its northeastern limb (Fig. 24). There are no apparent
facies changes in either the Javelina or Black Peaks formations adjacent to
this structure, suggesting that deformation here postdates both units. There
are no nearby exposures of Hannold Hill Formation. The remnants of Canoe
Formation are nearly horizontal and rest both atop the truncated fold and on
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Figure 21. Field sketch and photographs of unnamed monocline on south side of Tornillo Flat,
west of the Park Highway (see Fig. 15) with adjacent Tornillo Group strata (Hannold Hill Forma-
tion). (A) Field sketch showing monocline in upper part of Hannold Hill Formation, relationship
to reverse fault along north limb of fold, and overlying undeformed Canoe Formation resting

nably on tr d fold; (B) view to west of same structure showing trace of reverse
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Figure 22. Field sketch and photograph showing unnamed monocline on south side of Tornillo
Flat west of the Park Highway (see Figs. 15 and 21) in Hannold Hill Formation. (A) Field sketch

fault and overlying Canoe Formation; (C) detailed view to east of same structure showing in-
clined stratification in upper Hannold Hill Formation on hanging wall of fault truncated at base
of overlying Canoe Formation. VE—vertical exaggeration; rmsl—relative to mean sea level; U
and D refer to up and down sides of fault.

line in upper sandstone and mudstone intervals of Hannold Hill Formation, and
overlylng undeformed Canoe Formation resting unconformably on truncated fold; (B) photo-
graph taken from same vantage point.

Lehman et al. | The Tornillo Group of West Texas


http://geosphere.gsapubs.org

GEOSPHERE | Volume 14 | Number 5

SOUTH Canoe Formation NORTH
Hannold Hill Fm (Big Yellow Sandstone Mbr)
upper mudstone
upper sandstone |
lower mudstone 2 3020 =
Exhibit Sandstone Mbr - - E
5
s
< °
w
2920’
T | § 1
A VE =2.25X 500 Horizontal distance (feet) 100 0

Figure 23. Field sketch and photograph showing fold within Hannold Hill Formation north of
Grapevine Hills. (A) Field sketch showing relationship of folded units within the Hannold Hill
Formation and underlying Black Peaks Formation with overlying undeformed strata in the upper
Hannold Hill and Canoe formations; (B) photograph of area (box outlined in A showing inclined
strata within the Exhibit Sandstone Member overlain by undeformed strata in the upper sand-
stone interval of the Hannold Hill Formation. VE—vertical exaggeration; rmsl—relative to mean
sea level.

surrounding undeformed strata. This exposure indicates that folding and ero-
sional truncation of the Tornillo Group along the northern margin of Tornillo
Flat must also have occurred prior to deposition of the Big Yellow Sandstone
Member in middle Eocene time.

Chronology of Deformation

The observations above provide a general chronology for deformation
within the Tornillo Basin (Fig. 26). Initially, during deposition of the Javelina
Formation, uplift in the vicinity of Grapevine anticline and/or a greater rate of

subsidence in the region east of that, led to restricted lacustrine sedimentation
in the northeastern part of the basin. Early during deposition of the Black Peaks
Formation, the Grapevine anticline, and both southwestern and northeastern
sides of the basin also experienced lower sedimentation rates (Fig. 26). This
suggests that uplift of the Mesa de Anguila and Sierra del Carmen monoclines
began to define the basin margins at that time. A similar pattern of intrafor-
mational thinning in the Javelina and lower Black Peaks formations along the
south flank of Terlingua monocline indicates that this structure was also active
at the same time. This pattern continued during deposition of the upper Black
Peaks Formation, at least along the northeastern margin of the basin, where
lower sediment accumulation rates continued. During deposition of the Han-
nold Hill Formation and shortly thereafter (prior to deposition of the Canoe For-
mation), folds (e.g., Canoe syncline and Mailbox anticline) began to develop
within the basin along both the southwestern and northeastern margins of
Tornillo Flat, sedimentation became mostly or entirely restricted to the limited
area of Tornillo Flat, and much of the olderTornillo Group strata was removed
by erosion over the western part of the basin (Fig. 26).

Although some other major structures within the Tornillo Basin (Cow
Heaven anticline, Mariscal Mountain anticline, and Sierra San Vicente anti-
cline) are believed to have formed during the Laramide orogeny (e.g., Muehl-
berger, 1980), these areas have been eroded to deeper structural levels such
that only the lower part of the Tornillo Group is preserved along the limbs of
the folds, or in close proximity, and so it is not possible to establish the timing
of their development on the basis of stratigraphic or sedimentological criteria
(Fig. 18). For example, the Javelina Formation and lower part of the Black Peaks
Formation (up to the “log-jam sandstone”) are preserved along the plunging
nose of Mariscal Mountain anticline (Glenn Spring sections 4 and 16, Supple-
mental Material, section | [footnote 1]), but these strata have a thickness and
character here comparable to that typically observed elsewhere in the Tornillo
Basin. This indicates only that Mariscal Mountain anticline must have formed
sometime after deposition of the middle part of the Black Peaks Formation.

B SUMMARY

The threefold stratigraphic division of the Tornillo Group into Javelina,
Black Peaks, and Hannold Hill formations originally proposed by Maxwell et
al. (1967) continues to serve well for mapping purposes in Big Bend National
Park and the surrounding vicinity. Although the boundaries between the three
units were initially placed so as to coincide with the Cretaceous/Paleocene and
Paleocene/Eocene series boundaries, fossils are so scarce in these strata that it
subsequently proved impractical, if not impossible, to identify the contacts on
this basis in most areas. Minor adjustments in the stratigraphic positions of the
formational contacts, however, allow each of the units to be recognized more
readily on the basis of lithologic and physiographic criteria and to be depicted
more consistently in recent mapping efforts (Collins et al., 2006; Cooper, 2011;
Turner et al., 2011).
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Figure 25. Field sketch and photographs of the “Mailbox anticline” south of Dagger Flat (see Fig.
24) and adjacent Tornillo Group strata (Javelina Formation). (A) Field sketch showing anticline
in Aguja and Javelina Formations, relationship to reverse fault along northeast limb of fold, and
overlying undeformed Canoe Formation resting unconformably on truncated fold; (B) view to
northwest along axis of “Mailbox anticline” showing truncated surface overlain by Quaternary
alluvium; (C) view to northwest of “Mailbox anticline” showing trace of reverse fault in valley
northeast of the fold and position of remnant Canoe Formation outcrops on the fold (to left) and
on footwall strata (to right). VE—vertical exaggeration; rmsl—relative to mean sea level; U and
D refer to up and down sides of fault.

Several emendations in the formation contacts used in recent mapping
are justified and documented in the present report. Although no changes in
stratigraphic nomenclature are required, principal reference sections are des-
ignated for each of the formations, because the original type sections for each
formation inadvertently included parts of the other units as they were mapped
at that time. The revised stratigraphy, and recognition of key beds within each
unit, allow for more confident correlation of isolated exposures and strati-
graphic placement of significant vertebrate fossil sites throughout the Tornillo
Group. As the units are currently mapped, the Cretaceous/Paleocene boundary
lies within the lowermost part of the Black Peaks Formation. The Paleocene/
Eocene boundary has not been confidently identified but must lie within the

uppermost part of the Black Peaks Formation or at the base of the Hannold Hill
Formation.

The more consistent identification of formation contacts provides a means
to assess intraformational thickness variations and the chronology of deforma-
tion within the Tornillo Basin. The Javelina Formation is thinner in the south-
western part of the basin, but the Black Peaks Formation thins toward both
the southwestern and northeastern sides of the basin, suggesting that the Ter-
lingua, Mesa de Anguila, and Sierra del Carmen monoclines bounding those
sides of the basin began to develop in latest Cretaceous through Paleocene
time (Fig. 26).

Several observations indicate that structures within the Tornillo Basin af-
fected sedimentation during deposition of these strata. One or more structures
extending from the vicinity of Grapevine anticline southeastward to San Vi-
cente anticline roughly mark a division between northeastern and southwest-
ern parts of the basin.The Javelina Formation is thinner southwest of this line
and lacks the distinctive lacustrine facies present to the northeast; and, the
upper half of the Black Peaks Formation (above the “log-jam sandstone”) is
nearly or completely absent southwest of this line due to erosional truncation
prior to deposition of the Canoe Formation (Fig. 26). The Hannold Hill Forma-
tion is also completely absent southwest of this line. Small northeast-facing
monoclinal folds that affect parts of the Hannold Hill Formation in that same
vicinity are truncated at the base of the overlying Canoe Formation, suggest-
ing that the structure in this area restricted sedimentation and that the orig-
inal depositional limits of the Hannold Hill Formation probably did not ex-
tend much beyond the northeastern part of the basin. The Canoe Formation
is largely unaffected by any deformation that resulted in erosional thinning
and truncation of the Tornillo Group. Collectively, these observations indicate
that, while incipient deformation along Laramide-age structures broadly de-
fined the Tornillo Basin during latest Cretaceous through Paleocene time and
influenced sediment accumulation rates in the vicinity of these structures, the
conspicuous Laramide-age deformation here occurred almost entirely during
early to middle Eocene time.
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