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SURFICIAL DEPOSITS

QTb—Basin-fill deposits (QuaternaryNeogene?)—Dissected basin fill, or bolson, deposits along the Rio Grande in the fault-bound, southern portion of the map area consisting of pinkish-orange silty clay interbedded with gravel. Gravel layers, up to ~0.5to 1.5 (2 to 5 ft) thick, are composed
of coarse sand, pebbles, and cobbles of limestone and igneous rocks, but without chert or novaculite (St. Johns, 1966). Earlier workers designated these same deposits “Older Consolidated Gravels” or “Older Gravel” (Qog; Moustafa, 1988; QTog; Maxwell and others, 1967), and they are
likely equivalent to Tertiary Basin-fill deposits mapped by Turner and others (2011) in Big Bend National Park (BBNP).

CENOZOIC VOLCANIC AND INTRUSIVE ROCKS

Tag—Agglomerate (Miocene?)—Occurring as a single small exposure, mostly covered by Quaternary gravel deposits near Black Gap WMA headquarters. containing angular to rounded, dark gray to pale brown, vesicular and scoriaceous basalt clasts up to 1 m (~3 ft) in diameter in a
matrix of fine-grained, light olive-gray to pale-brown weathered material with scattered limestone and clay pebbles (St. Johns, 1966).

Te—EXxtrusive basalt (Miocene)—Extrusive basalt covers a significant portion of the central and northwestern parts of the map area, particularly surrounding Black Gap WMA headquarters. A water gap through these dark-toned rocks near the headquarters is the source of the “Black Gap”
name. Basalt is locally divisible into two units: a lower, dark gray unit that weathers to a smooth slope, and an upper, reddish-brown, weakly to strongly columnar jointed unit that weathers into massive angular blocks and forms near-vertical scarps. Petrographic studies indicate that these
units are similar in composition, consisting of several flows separated by vesicular zones filled with chalcedony or calcite. Both are nonporphyritic, fine-grained, exhibit flow structure and are composed of plagioclase (labradorite), titaniferous augite, olivine (partially altered to iddingsite) and
minor accessory minerals (St. Johns, 1966). Basalt samples at Black Gap give an age of 20-22.3 Ma (Henry, and others, 1986).

Basalt thickness varies due to post-basalt erosion and pre-basalt topography, reaching a maximum of ~140 m (~450 ft) on the east side of Stillwell Mountain. Basalt overlies Upper Cretaceous rocks with slight angular unconformity. Near the mouth of Maravillas Canyon, basalt rests on
Santa Elena Limestone. In the Black Gap area, it rests on a conglomerate containing chert similar to that found in the Paleozoic rocks of the Marathon Basin (Wilson, 1951).

Basaltic volcanism occurred prior to or was perhaps synchronous with folding and faulting events in the region. This is most evident where basalt flows form the upper folded surface of the Black Gap syncline, and in other areas basalts are cut by normal faults. Several small plugs and the
agglomerate in the Black Gap area may represent remnants of the volcanic sources for the basalts (St. Johns, 1966).

Te-b—Extrusive basalt, buried (Miocene)—Basalt equivalent to Te in the northwestern portion of the map area buried beneath Quaternary alluvium. Extent is inferred from large aerial magnetic anomalies (Finn and Anderson, 2008) and small surface exposures (St. Johns, 1966) but likely
includes undifferentiated upper Cretaceous rocks (Kuk, see below).

Tir—Rhyolitic and other felsic intrusive rocks, undivided (Oligocene to Eocene)—Sills, dikes, and other irregular bodies with rhyolitic and other felsic compositions mapped by Turner and others (2011) in BBNP. Earlier described as rocks with SiO, greater than 63 percent (Turner and
others, 2011), or as quartz syenite, quartz diorite, and granite bodies (Maxwell, 1967).

Tib—Basaltic and other mafic intrusive rocks, undivided (Oligocene to Eocene)—A suite of mafic intrusive bodies, including sills and dikes, described by Turner and others, 2011. Where chemically analyzed, they include rocks with SiO2 less than 52 percent (they were otherwise
variably classified by Maxwell and others (1967) as basalt, diabase, gabbro, syenogabbro, and trachydolerite. Ar/Ar radiometric dates of Dagger Flats sills in BBNP indicate intrusions over a 1.5 my interval at ~31-32 Ma, contemporaneous with peak intrusive and volcanic activity <10 km
(6.2 mi) to the south at the Pine Canyon caldera. Intrusive activity at Dagger Flats occurred from 32.47+0.41 Ma to 30.95+0.61 Ma (Morgan et al, 2006).

Ti—Mafic Intrusive igneous rock (Oligocene to Eocene)—Sills, dikes and plugs mapped and described by St. Johns (1966). Further analyses may indicate these rocks are correlative with the Tib unit mapped by Turner and others, 2011. Sills: Two sills are mapped and described by St.
Johns (1966). One basalt sill intrudes Glen Rose Limestone along the Rio Grande in the northeast corner of the map area and is associated with an abandoned mine shaft, exposing up to ~3.5 m (12 ft ) thickness. The sill is nonporphyritic fine-grained, and composed of plagioclase (49%),
biotite, titanaugite, amphibole, iddingsite, augite, magnetite, analcime, and trace accessory minerals. A second sill is analcime gabbro and intrudes Boquillas Formation over much of the central part of the map area. This sill is deeply weathered, fine- to medium-grained, holocrystalline,
and composed of plagioclase, analcime, aegirine-augite, and iron oxide. The sill is exposed in the low hills west and northwest of the Black Gap headquarters, where it is ~34 m (112 ft) thick.

Dikes: Olivine basalt and basalt breccia dikes (St. Johns, 1966) along a fault trace on the eastern edge of Dove Mountain Ranch anticline. Fine- to medium-grained, holocrystalline, porphyritic olivine basalt with abundant augite (St. Johns, 1966).

Igneous Plugs: St. Johns (1966) mapped and described several igneous, or volcanic plugs, in the Black Gap area. Plugs are relatively small, seldom exceeding ~15 m (50 ft) in diameter, and are concentrated west and south of Dove Mountain. The basalt plug east of Dove Mountain Ranch
anticline is holocrystalline, porphyritic, trachytic, with up to 74% plagioclase. The plug west of Cupola Mountain Peak is holocrystalline, nonporphyritic, and composed of plagioclase (63%), pyroxene, iddingsite, and magnetite. The Pinto Tank plug is associated with a collapse feature and
is in contact with Buda Limestone and Del Rio Clay. The plug is surrounded by a resistant 3 m (10 ft) wide skarn rim, and ~15 m (50 ft) wide marble rim. The skarn rim contains abundant chalcedony and hydrogrossular garnet and significant percentages of calcite, epidote, and aegirine-augite.
Pinto Tank plug is porphyritic with a cryptocrystalline matrix composed of analcime, plagioclase, pyroxene, biotite, and amphibole. Associated with this plug is basalt extruded along a fault trace. Basalt later passed through these fault zones, extruding on the surface and metamorphosing
the Santa Elena Limestone on either side of the fault trace for a distance of 1.5-3 m (5-10 ft). Southeast of Dove Mountain and northeast from Black Mountain is the circular rim of an intrusive basalt plug tens of decameters (100s of ft) ft in diameter. The surrounding Santa Elena Limestone
is metamorphosed for a distance of 3-6 m (10-20 ft).

Timh—Fayalite syenite of McKinney Hills (Oligocene)—Fine-grained syenite ranging in color from blue to blue-green with subhedral phenocrysts of alkali feldspar, quartz, fayalite, augite, plagioclase, and hornblende. A U-Pb zircon date of 32.2 £ 0.3 Ma (Turner and others, 2011) has
been determined for a sample located just south of the map area near Roy’s Peak (coordinates: 29.36076%-103.05725°). Individual syenite bodies vary in thickness from ~ 200-400 m (330-660 m). The largest body (~4 x 5 km; 2.5 x 3.1 mi) is in the southwestern portion of the map area
in the McKinney Hills, for which the unit is named (Turner and others, 2011).

LOWER CENOZOIC TO UPPER CREATACOUS SEDIMENTARY ROCKS

Tc—Canoe Formation (Eocene)—Light gray, reddish-gray, brownish-gray, and yellowish-gray sandstones (some conglomeratic) at base, overlain by purple and gray tuffaceous mudstone and claystone, gray to whitish-gray nodular tuff, and locally basaltic lava (Tcfb) (Turner and others,
2011). Minor limestone occurs at the top. Tuffaceous sediments and tuff are dominant in the upper part, whereas the base includes the 10-meter-thick (33 ft) Big Yellow Sandstone Member (Maxwell and others, 1967) of fine- to coarse-grained sandstones and conglomerates. Contains
petrified wood and vertebrate fossils (mammals, crocodiles, turtles; Maxwell and others, 1967; Runkel, 1988; Busbey and Lehman, 1989; Lehman and Busbey, 2007). ~ 350-400 m (~1150-1310 ft) thick (Turner and others, 2011; Cooper, 2011).

Tcfb—Canoe Formation Basalt, Informal (Eocene)—Small basaltic lava flow within the Canoe Formation (Cooper, 2011). in the southwestern part of the map area, within BBNP.

Thh—Hannold Hill Formation (Eocene)—Primarily gray and red mudstone and gray to reddish-brown conglomeratic sandstone with interbedded lignite and calcareous nodules (Turner and others, 2011) up to 70 m (230 ft) thick resting unconformably beneath the Canoe Formation.
Contains abundant vertebrate fossils (Maxwell and others 1967; Hartnell, 1980; Busbey and Lehman, 1989; and Lehman and Busbey, 2007). Beatty (1992) recognized four distinct stratigraphic units: an upper mudstone, upper conglomeratic sandstone, lower mudstone, and a basal Exhibit
Sandstone Member. The Exhibit Sandstone Member is conglomeratic, containing clasts of Cretaceous limestone, chert, sandstone, oyster shell fragments, and petrified wood.

TKbp—Black Peaks Formation (Paleocene to Upper Cretaceous)—Variegated gray, black, red, and white mudstone, with interbedded white, light gray, grayish-brown, and yellowish-gray sandstone (Turner and others (2011). Sandstones are medium- to coarse-grained, commonly
conglomeratic and locally contains reddish-brown “cannonball” concretions. A distinctive freshwater limestone bed, occurring ~ 65 m above the unit's base, contains fossil gastropods and pelecypods. The base is characterized by conglomeratic, cross-bedded sandstone. Contains vertebrate
fossils, including dinosaur, turtle, and crocodile bones, fish scales and bones, Paleocene mammals, and petrified logs and wood fragments (Maxwell and others, 1967; Schiebout, 1974; Schiebout and others, 1987; Busbey and Lehman, 1989; Lehman and Bushey, 2007). ~300-400 m
(980-1312 ft) thick and disconformable with the overlying Hannold Hill Formation.

UPPER CRETACOUS SEDIMENTARY ROCKS

Kj—Javelina Formation (Upper Cretaceous)—Variegated gray, brown, red and purple calcareous mudstone with interbeds of yellowish-gray, yellowish-brown, and dark brown sandstone that are variably lenticular, cross-bedded, and conglomeratic, in total ~100-200 m (330-660 ft) thick
(Turner and others, 2011). Mudstone layers contain calcareous nodules indicative of paleosols associated with periods of soil formation and subaerial weathering. Contains vertebrate fossils (Maxwell and others, 1967; Busbey and Lehman, 1989; Lehman and Busbey, 2007) and petrified
wood. A tuff bed located within the middle part of the formation has been dated at 69.0 £ 0.9 Ma (Lehman and others, 2006). The formation is conformable with the overlying Black Peaks Formation.

Ka—Aguja Formation (Upper Cretaceous)—Sandstone and shale divisible into six informal members (Lehman, 1985). In descending order, they are: 1) Upper Shale Member: predominantly light to dark gray and reddish shale and mudstone, with interbedded sandstone near the top,
containing carbonaceous material, lignite, and petrified tree stumps. 2) Terlingua Creek Sandstone: light gray, fine- to medium-grained calcareous sandstone with light gray shale and lignite interbeds. 3) Middle Shale Member: light gray to dark gray shale with calcareous, carbonaceous,
and lignitic characteristics. 4) Rattlesnake Mountain Sandstone Member: mostly light gray, fine-grained, calcareous sandstone with ripple marks, trough crossbedding, fossil oysters and Ophiomorpha burrows. 5) Lower Shale Member: light gray to dark gray, laminated, silty, carbonaceous
shale with some brown and gray sandstone and siltstone, coal, lignite, reddish-brown concretions, and oysters. 6) Basal Sandstone Member: yellowish-gray to dark reddish-brown, fine-grained, calcareous sandstone with conglomeratic beds near base containing light gray claystone clasts
derived from the underlying Pen Formation. The Aguja Formation contains vertebrate fossils and petrified tree stumps (Maxwell and others, 1967; Busbey and Lehman, 1989; Lehman and Busbey, 2007). Mafic pyroclastic deposits in the uppermost part of the formation have been dated at
76.9 £ 1.2 Ma (Breyer and others, 2007; Befus and others, 2008). The upper contact with the Javelina Formation is gradational and is placed at the top of the sandstone beds within the Aguja, which are overlain by predominantly variegated mudstone of the Javelina. The formation has a
maximum thickness ~100-280 m (330-918 ft) (Turner and others, 2011).

Kuk—Upper Cretaceous rock, undivided (Upper Cretaceous)—Areas of bedrock that are covered by Quaternary alluvium but are inferred to consist of Upper Cretaceous rocks of the Del Rio, Buda, Boquillas, and/or Pen formations.

Kp—Pen Formation (Upper Cretaceous)}—Light gray, yellowish-gray, and yellowish-brown sandy and calcareous claystone with interlayered sandstone and chalk. Yellowish-gray to dark brown, sandy, fossiliferous concretions, which are up to a meter in a diameter and are a distinctive
feature of this unit, occur in layers or isolated bodies. Sandstone bed increase in number and thickness upward, reach a maximum thickness of 1.5 m (5 ft), and contain fossil gastropods and bivalves. Elsewhere the Formation contains fossil ammonites, pelecypods (Inoceramids), and
gastropods. The upper contact with the Aguja Formation is gradational intertonguing. The unit forms gentle slopes and has a thickness of 100—230 m (330-755 ft) (Turner and others, 2011). Large surficial landslides of basalt above Pen Formation mapped by St. Johns (1966) appear related
to the occurrence of the Pen Formation in the Black Gap area.

Kbo—Bogquillas Formation, undivided (Upper Cretaceous)—Thinly bedded, heterolithic unit including medium gray, light gray, yellowish-gray, and brownish-gray flaggy limestone, shale, platy claystone, marl, chalk, and very minor siltstone and sandstone. The contact with the overlying
Pen Formation is gradational (Lehman, 1985), and placed at the uppermost limestone bed. The Boquillas forms a distinct slope break owing to more resistant limestone below and the overlying clay-rich, slope-forming Pen above. The contact with the underlying Buda Limestone is sharp
and disconformable and marked by a distinct color change from the thick-bedded, resistant, gray to white tones of the Buda Limestone to the thin-bedded, more recessive, light brown tones of the lowermost Boquillas Formation. This contrast between the Boquillas and underlying Buda
provides a characteristic mapping horizon on Lidar and aerial imagery. Contains abundant marine fossils, particularly inoceramids, as well as ammonites, echinoids, cephalopods, foraminifera, and fish bones. In areas along the western flank of the Sierra del Carmen, the Boquillas Formation
is subdivided into the upper San Vicente (Kbs) and lower Ernst (Kbe) members (Cooper, 2011; Cooper and Cooper, 2014). However, east of the Sierra del Carmen, only the Boquillas Formation is mapped (St. Johns, 1966). The thickness of the Boquillas Formation within the study area
ranges from ~ 220-245 m (~720-804 ft) (Turner and others, 2011).

Kbs—Boquillas Formation, San Vicente Member (Upper Cretaceous)—Medium gray, finely crystalline limestone, claystone, shale, marl, and chalk. The limestone exhibits argillaceous and chalky characteristics, while the claystone contains calcareous components and the clay minerals
kaolinite, montmorillonite, and illite. Cooper (2011) defined three informal units within this member based on the presence of white to buff massive limestone layers, each of which is overlain by intervals of dark-colored carbonate mud/shale that weather to shades of yellow. These three
limestone and overlying carbonate shale/mud units are numbered from oldest (1) to youngest (3). Characteristically, the San Vicente is distinguished from the underlying Ernst by its thicker beds and yellow gray weathering. The top of the underlying Ernst Members is defined by the top of
a distinctive iron-bearing (pyrite and limonite) lithostratigraphic interval ~ 1.3 m (4 ft) thick. The thickness of the San Vincente Member is 110-145 m (360-476 ft) (Cooper, 2011; Turner and others, 2011).

Kbe—Boquillas Formation, Ernst Member (Upper Cretaceous)—Medium-gray, finely crystalline, thin-bedded silty limestone interbedded with brownish-gray to light brown calcareous shale, siltstone, claystone, and marl. Fragments of inoceramids are common in the upper part of the
member, with other fossils present, but not as abundant as in the overlying San Vicente Mbr (St. Johns, 1966). The top of the Ernst Member is the top of a distinctive iron-bearing (pyrite and limonite) lithostratigraphic interval ~ 1.3 m (4 ft) thick. This interval contains four hard layers and
three intervening softer shales. A unique biostratigraphic unit, the Allocrioceras hazzardi Zone, is within this distinctive interval (Cooper, 2011; Cooper and Cooper, 2014). The interval can be mapped by its distinct appearance on aerial photos as a reddish band within a yellowish to gray
limestone. The member is ~ 75-100 m (246-328 ft) thick (Cooper, 2011; Turner and others, 2011).

Kbu—Buda Limestone (Upper Cretaceous)—The Buda Limestone consists of three distinctive lithologic units: an upper cliff-forming limestone, a middle slope-forming marly limestone, and a lower cliff-forming basal limestone, together ~ 20—-30 m (65-98 ft) thick (Turner and others, 2011).
The upper limestone is thicker than the lower limestone and is characterized by its white to light gray color, fine-grained texture, partial burrowing, massive bedding, and distinctive conchoidal fractures. The middle marly limestone is light gray, nodular, dense, and often more barren of
vegetation. The basal limestone has characteristics similar to the upper limestone. Together, these units create a distinctive, banded topographic profile and aerial photographic pattern, with the upper and lower unit forming resistant ledges useful for geologic mapping. The upper unit
commonly forms dip slopes. The Buda Formation is locally fossiliferous, containing gastropods, pelecypods, and Budaceras sp. (ammonite). The contact with the overlying Boquillas Formation is unconformable. The base of the Buda forms a prominent ledge above the more easily eroded
Del Rio Formation.

Kdr—Del Rio Clay (Upper Cretaceous)—Pale-red, yellowish-gray, and light gray claystone interbedded with dark yellowish-orange to moderate yellowish-brown, thin-bedded to laminated limestone, and some yellowish-brown, friable sandstone. Limonitic, with abundant and distinct benthic
foraminifera (Haplostiche texana most common) and ammonite fragments. The contact with the overlying Buda Limestone is sharp. It is ~ 36 m (118 ft) thick in the Dog Canyon area (Maxwell and others, 1967; Turner and others, 2011) but pinches out ~10 km (6.2 mi) north of the Rio Grande
River (St. Johns, 1966). The top of the Del Rio is immediately beneath the lowest prominent ledge of the Buda Limestone. The lower contact is coincident with the base of the slope-forming Del Rio Clay and the resistant Santa Elena Limestone.

LOWER CRETACEOUS SEDIMENTARY ROCKS

Kse—Santa Elena Limestone (Lower Cretaceous)—Light gray, thin- to thick-bedded, erosion-resistant, finely crystalline limestone with yellowish-gray marly limestone and brown rounded chert nodules. Abundant silicified rudistids and some gastropods are present. Limestone beds are
generally 1 to 3 m thick except for a few thin, marly limestone beds at the base. Large rudistid bicherms with abundant Toucasa sp. are common. The Santa Elena is the most widespread formation in the study area, capping units within the Black Gap and Sierra del Carmen regions. The
bottom contact is distinguished by basal massive cliffs above the slope-forming Sue Peaks Formation. The upper contact is defined by the base of the slope-forming Del Rio Clay (when present), or the base of the distinctively banded Buda Limestone. The Santa Elena Formation can be
up to 300 m (984 ft) thick (Moustafa, 1988; Turner and others, 2011), and is distinguished from the underlying Del Carmen Limestone by several criteria summarized in Moustafa (1988): (1) The weathered surface of the Santa Elena is always lighter than that of the Del Carmen. (2) The
fresh surface of the Santa Elena has a petroliferous odor. (3) Small irregularities and shallow dissolution holes (~10-30 cm (~4-12 in) in diameter) appear on the surface of the Santa Elena beds. (4) Chert in the Santa Elena forms roughly rounded nodules, whereas in the Del Carmen it
forms elongate lenses parallel to bedding.

Ksp—Sue Peaks Formation (Lower Cretaceous)—Occupies a prominent slope between the more resistant overlying Santa Elena Limestone and the underlying Del Carmen Limestone. It is a light colored, slope-forming limestone with three subdivisions (Maxwell and others, 1967)
recognizable in aerial photographs and lidar digital terrain models. The upper part is light gray, nodular, thin-bedded limestone interbedded with yellowish-gray shale. The middle is a 6-meter (20 ft)-thick massive gray limestone ledge. The lower part is yellowish-gray to white, thin-bedded,
fossiliferous calcarous shale to nodular limestone with gastropods, echinoids, and ammonites. The lower calcareous shaly limestone comprises a barren, light-colored slope at the base of the formation readily apparent on aerial photographs. The Sue Peaks Formation is ~ 80 m (~260 ft)
thick in the Del Carmen area (Moustafa, 1988; Turner and others, 2011). St. Johns (1966) mapped only the lower portion, ~25 m (82 ft) thick; we instead map a thickness consistent with the three subdivisions described above.

Kdc—Del Carmen Limestone (Lower Cretaceous)—Light gray to yellowish-gray, finely crystalline 1-3 m (~3-10 ft) thick limestone beds with discontinuous brown chert layers and nodules. Contains rudistids, including bioherms, and ammonites. Forms a steep scarp bounded by softer
formations above (Sue Peaks) and below (Telephone Canyon), making it easily recognizable on aerial photographs. Up to 130 m (426 ft) thick in the Sierra del Carmen (Moustafa, 1988; Turner and others, 2011).

Ktc—Telephone Canyon Formation (Lower Cretaceous)—Alternating yellowish- to brownish-gray nodular limestone and yellowish-gray marl. The contact with the overlying Del Carmen Limestone is sharp and disconformable. Common fossils include Exogyra texana, Protocardia texana,
the echinoid Enallaster sp., and the snail Turritella sp. (St. Johns, 1966; Maxwell and others, 1967). Forms a slope between the more resistant Glen Rose Limestone below and the cliff-forming Del Carmen Limestone above. Bedding is not apparent on aerial photographs. The formation is
~ 20-45 m (~66-144 ft) thick (Turner and others, 2011).

Kgr—Glen Rose Limestone (Lower Cretaceous)—Alternating resistant limestone and less resistant marl beds. The limestone is medium to light gray, fine to medium crystalline, with beds 1-2 m thick that alternate with light brown marl interbeds. The unit is fossiliferous with pelecypods,

gastropods, foraminifera (Orbitolina texana), and echinoids. Local rudistid (caprinid) bicherm are developed (St. Johns, 1966). The Glen Rose is distinguished in aerial photos and Lidar by its stair-stepped weathering profile and relatively thin-bedded character. The base of the formation
is not exposed. It thickens southward from 180 m to 300 m (591 ft to 984 ft) across the map area (Moustafa, 1988).

PALEOZOIC ROCKS

Pz—Paleozoic rocks, undivided (Lower Pennsylvanian through Ordovician)—Small thrust-bound outcrops of limestone, chert, novaculite, and shale that may be part of the Maravillas, Caballos, Tesnus, and Marathon formations (Maxwell and others, 1967). Poorly exposed and generally
covered, located southeast of Dog Canyon (Poth, 1979; Turner and others, 2011).
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