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SHEET 1 OF 2

CHUAR VALLEY MAP UNITS

QUATERNARY UNITS

Colluvium—Hillslope deposits of significant thickness that generally grade to fillterrace gravels of tributary canyons and the mainstem
Colorado River, particularly Qgs, but also include undifferentiated colluvium and talus. Colluvium ranges in texture, structure, and
depositional process from proximal to distal hillslopes dominated by mass wasting and Hortonian overland flow, respectively.

Qls Landslide deposits—Translational slides, slumps, or areas of downslope creep of relatively competent material over fine-grained
sedimentary rock. In many cases this involves blocks of the Tapeats Sandstone overlying shale-rich formations of the Grand
Canyon Supergroup, especially the Chuar Group. Landslides are still active in a few places but appear to physically correlate,
like colluvium, with fillterrace gravels Qgy, Qgjs, and Qgy, suggesting a broad range of ages for landsliding.

Q Eolian sand (Recent-Holocene)-Sand of significant local eolian deposits along Colorado River corridor. Coppice or compound
€s . . .
dunes of reworked beach sand and flood deposits of mainstem Colorado River.

m Alluvium (Holocene)—Poorly to moderately sorted sandy gravel to sand of side-canyon stream channels and the channel and
flood deposits of certain reaches of the Colorado River. Active alluvium along side-canyon streams is incised as much as 2 m,
and channels locally contain eolian deposits. For readability, this map unit in certain places includes gravel of the lowest, most
recently formed (Holocene) terrace. Indications are that the same sedimentary deposit (Qal) may underlie both this terrace

and active channels.

m Gravel and sand of mainstem and tributary fill terrace 1 (Holocene)—Matrix and clastsupported, sandy pebbleto-cobble gravel
to silty sand associated with fill terrace and inset cut-andill terraces. Clasts are subangular to subrounded and locally imbricated.
Contains varying amounts of deposits interpreted as debris flow and stream flow depending upon location within catchments, and

the size and relief of catchments, with steeper, smaller, lower-order drainages having more debris flow deposits.

m Gravel of tributary fill terrace 2 (upper Pleistocene)—Matrix and clastsupported, sandy pebbleto-boulder gravel and gravelly sand
associated with fill terrace and inset degradational terraces. Clasts are subangular to subrounded and locally imbricated. Contains
varying amounts of deposits interpreted as debris flow and stream flow depending upon location within catchments, and the size
and relief of catchments, with steeper, smaller, lower-order drainages having more debris flow deposits. Terrace height varies along

the length of side drainages from 32 to 65 ft (10 to 20 m) above grade, and gravel thickness is <65 ft (<20 m).

m Gravel of mainstem and tributary fill terrace 3 (upper Pleistocene)—Matrix and clast-supported, sandy pebble-to-boulder gravel
and gravelly sand associated with fill terrace and inset degradational terraces. Clasts are subangular to subrounded and
locally imbricated. Contains varying amounts of deposits interpreted as debris flow and stream flow depending upon location
within catchments, and the size and relief of catchments, with steeper, smaller, lower-order drainages having more debris flow
deposits. Mainstem gravels have lenticular beds, crossbedding, are clast-supported, rounded, imbricated, and entirely stream
flow deposited. Terrace height varies along the length of side drainages from 100 to 200 ft (30 to 60 m) above grade, and

gravel thickness is <130 ft (<40 m).

m Gravel of mainstem and tributary fill terrace 4 (middle Pleistocene)—Matrix and clastsupported, sandy pebble-to-boulder gravel
and gravelly sand associated with fill terrace and inset degradational terraces. Clasts are subangular to subrounded and locally
imbricated. Contains varying amounts of deposits interpreted as debris flow and stream flow depending upon location within
catchments, and the size and relief of catchments, with steeper, smaller, lower-order drainages having more debris flow deposits.
Mainstem gravels have lenticular beds, crossbedding, are clastsupported, rounded, imbricated, and entirely stream flow deposited.
Terrace height varies along the length of side drainages from 230 to 278 ft (70 to 85 m) above grade, and gravel thickness is

<82 ft (<25 m).

m Gravel of mainstem fill terrace 5 (middle Pleistocene)—Clast-supported, sandy cobble gravel associated with fill terrace. Lenticular
bedding and crossbedding. Clasts are rounded and imbricated. Terrace tread is not well preserved, and gravel is interbedded
with and cemented with travertines locally.

m Gravel of high, uncorrelated mainstem and tributary deposits (middle -lower Pleistocene2)—Matrix and clast-supported, sandy
pebbleto-boulder gravel and gravelly sand. Clasts are subangular to subrounded and locally imbricated. Found in two main
locations stratigraphically high in the Nankoweap and Kwagunt drainages and along the Colorado River corridor in Furnace

Flats. Deposits generally lie >492 ft (>150 m) above grade and may represent several different episodes of deposition.

Travertine (Recent to middle Pleistocene)—Fresh-water carbonate deposits of active and inactive springs. Commonly cements
Qtr . - . . . .
colluvium and may be interbedded with mainstem gravels Qg3, Qg,4, and Qgs along the Colorado River corridor between the
Kwagunt and Little Colorado side canyons. Texture ranges from dense, banded flowstone to coarse, punky carbonate; deposits
tend to be located near structures and at impervious horizons such as the top of the Bright Angel Shale.

BEDROCK UNITS
PALEOZOIC ROCKS

Kaibab Formation (Permian)—The Kaibab Formation is composed of two members, the upper Harrisburg Member and the lower
Fossil Mountain Member. The Harrisburg Member is a cliffforming unit dominated by dolomitized siliciclastic facies in eastern
Grand Canyon. The Fossil Mountain Member is dominated by interbedded cherty and sandy limestone, with subordinate siltstone,
sandstone, and gypsum beds. The Kaibab Formation thickens westward; in eastern Grand Canyon it is approximately 300-400 ft
thick (92-122 m). Further descriptions can be found in Sorauf and Billingsley (1991).

Toroweap Formation (Permian)—The Toroweap Formation is divided into three members. The uppermost Woods Ranch Member is a
slopeforming interval composed of interbedded gypsiferous siltstone, thin-bedded limestone, and sandstone. The middle Brady
Canyon Member is predominantly a thin- to medium-bedded cliffforming fossiliferous limestone. The lower Seligman Member is
composed of interbedded dolomite, sandstone, and gypsum. The lower member is locally interfingered with uppermost Coconino
Sandstone. Thicknesses of the formation vary across northern Arizona, with great lateral and vertical changes reflecting the
series of transgressions and regressions that occurred during its deposition. In eastern Grand Canyon, the Toroweap Formation is
approximately 290 ft (89 m) thick.

Coconino Sandstone (Permian)—The Coconino Sandstone is a cliffforming, well-sorted, fine-grained quartzitic sandstone. The unit
contains broad, sweeping crossbeds and invertebrate and vertebrate fossils that indicate the unit was deposited in a relatively
dry dune environment. The thickness of the Coconino Sandstone is approximately 57 ft (17 m) in eastern Grand Canyon.

Hermit Formation (Permian)—The siliciclastic sequence of the Hermit Formation is composed of red-brown siltstone, mudstone, and
very fine grained sandstone. The unit is generally an interbedded silty sandstone and sandy mudstone that is increasingly muddy
toward the upper beds. The formation was deposited in environments that may include shallow marine, estuarine, fluvial, and
eolian environments. The upper boundary of the Hermit Formation forms a distinct disconformity with the Coconino Sandstone.
The slopeforming unit ranges in thickness from approximately 100 ft (30 m) in eastern Grand Canyon to as much as 900 ft
(270 m) in western reaches.

m Esplanade Sandstone (Permian)—Cliffforming, medium- to thick-bedded, fine-grained, well-sorted quartz sandstone. Subordinate
thin-bedded siltstone is interbedded within the formation. The formation is approximately 300 ft (92 m) thick.

Supai Group

Wescogame, Manakacha, and Watahomigi Formations (Pennsylvanian-Mississippian)—Mixed siliciclastic section of siltstone,
mudstone, and medium- to thin-bedded sandstone with minor carbonate beds. The formations can be distinguished in the field by
low relief unconformities between them. The combined thickness of the lower three formations is approximately 450 ft (135 m).

Surprise Canyon Formation and Redwall Limestone (Mississippian)—The Surprise Canyon Formation, in eastern Grand Canyon,
is dominantly a red-brown, slopeforming, fossiliferous, conglomeratic sandstone and siltstone. There is no limestone in the
Surprise Canyon in eastern Grand Canyon, unlike in more western reaches of the canyon. The Surprise Canyon Formation
formed as a channel and cave fill in a dendritic fluvial system that formed on the surface of the Redwall Limestone. It ranges in
thickness from O to 75 ft (O to 23 m). The Redwall Limestone is a massive, cliff-forming, karstic limestone stained by overlying
red beds of the Hermit Formation and Supai Group. It is made up of four members: the uppermost Horseshoe Mesa, Mooney
Falls, Thunder Springs, and lowermost Whitmore Wash. The Redwall Limestone formed in a shallow epeiric sea during two
phases of transgression and regression. It ranges in thickness from 500 to 800 ft (150 to 250 m).

m Temple Butte Formation (Devonian)—In eastern Grand Canyon the Temple Butte Formation forms a discontinuous channelill
sequence representing deposition in intertidal to supratidal environments. The lens-shaped deposits are composed of reddish-purple
dolomite or sandy dolomite and are as much as 100 ft (30 m) thick and 400 ft (120 m) across. The unit thickens to more than

450 ft (135 m) in western Grand Canyon.

i Muav Limestone (Cambrian)—The subtidally and peritidally deposited Muav Limestone is dominantly siliciclastic, with decreasing
m . s . .
amounts of carbonate in eastern Grand Canyon. It is divided into seven members, but in eastern Grand Canyon, only the upper
three members are distinguished. The thickness of the unit also decreases toward the east, thinning to as much as 136 ft (42 m).
The Muav Limestone can be difficult to distinguish from the underlying Bright Angel Shale because of interlayered beds.

Bright Angel Shale (Cambrian)~The Muav Limestone intertongues with the Bright Angel Shale, which forms the broad Tonto Platform
in eastern Grand Canyon. The Bright Angel Shale is composed of interbedded, fine-grained sandstone, siltstone, and shale, as well
as conglomerates and coarse sandstone. The unit is known for the dominantly greenish color due to glauconite within the siltstone
and sandstone. The Bright Angel was deposited in a shallow, open-shelf environment, below wave base depths. The thickness of
the Bright Angel Shale is approximately 340 ft (104 m) in eastern Grand Canyon.

Tonto Group

Tapeats Sandstone (Cambrian)-The Tapeats Sandstone is a medium- to coarse-grained feldspar-rich and quartz-rich sandstone,

€t ; . . L . . . .
with basal conglomerate. The depositional setting of the Tapeats is primarily a braided stream and intertidal to shallow subtidal
environments. The thickness of the unit is locally controlled by the relief of the underlying Precambrian units. In eastern Grand
Canyon the thickness ranges from 0 to 200 ft (O to 61 m).

NEOPROTEROZOIC ROCKS (Z)

Sixtymile Formation—The Sixtymile Formation is preserved only in four small areas in the axis of the Chuar syncline east of and parallel
to the Butte fault. The original thickness of the formation is unknown due to an erosional unconformity at the top of the formation. It has
amaximum preserved thickness of approximately 196 ft (60 m). There are three informal members within the Sixtymile Formation. The
upper member (channelfill member) contains channels filled with intraformational breccia derived from the middle member, and red
fluvial sandstones. The channels are ~49 ft (~ 15 m) deep and trend north-northwest. The middle member of the Sixtymile Formation
(siltstone member) is a thick sequence of white to red, laminated and thinly bedded siltstone, with laminations of several millimeters
to several centimeters. The beds are irregularly disrupted by intraformational brecciation and disharmonic folding that probably
developed soon after deposition, yet after lithification of coarser grained siliciclastics. The lower member, exposed only in Sixtymile
Canyon is composed of slumped blocks of dolomite surrounded by black shale.

Walcott Member—The Walcott Member is approximately 838 ft (255 m) thick and is dominated by black to gray mudstone facies
with carbonate marker beds. The base of the member is marked by the “flaky dolomite,” which ranges from 12 to 31 ft thick
(3.75 to 9.6 m). Above this unit are black shale with interbedded oolite and pisolite beds (>15-30 cm thick) and three carbonate
marker beds including a lower dolomite “couplet” and upper “karsted” dolomite. The lower dolomite in the “couplet” ranges
from 11.5 to 22.9 ft (3.5 to 7 m) thick, and the upper dolomite couplet is 29.5-39.2 ft (9-12 m) thick. The “karsted” dolomite is
approximately 39.2 ft (12 m) thick and preserves complex mingling of dissolution features, brecciated dolomite, and sandstone. A
thin (1 cm) tephra deposit was collected for dating and yielded an U-Pb zircon age of 742 + 6 Ma, providing an upper age limit
for the Chuar Group (Karlstrom et al., 2000).

Awatubi Member—The Awatubi Member is marked at its base by a stromatolitic carbonate unit that is overlain by very fine grained
variegated siliciclastic rocks. The member has a reported measured thickness ranging from 1,128 ft (344 m; Ford and Breed,
1973b) to 823 ft (251 m; Ford and Dehler, 2003). The variation in thicknesses may reflect actual thickness changes across the
Chuar growth syncline (Timmons et al., 2001). The basal stromatolite carbonate features biohermal domes that are similar to the
form Boxonia. Overlying mudstones contain thin-bedded sandstone and siltstone beds that preserve ripple foresets and mud-crack
casts. Near the top of the member, organic shale preserve the fossil Chuaria circularis first described by Ford and Breed (1973al).

Zka

Kwagunt Formation

Carbon Butte Member—The Carbon Butte Member is a siliciclastic unit that has at its base a thick sandstone unit that marks the
base of the Kwagunt Formation. This unit is readily identifiable in the field as a distinctive marker bed in the area. The member is
approximately 252 ft (76 m) thick at its type locality (Ford and Breed, 1973b) but has been documented to show dramatic thickness
variation across the Chuar syncline from 112 to 223 ft (34 to 68 m; Timmons et al., 2001; Ford and Dehler, 2003). The basal
sandstone is medium- to fine-grained and preserves many bedforms and sedimentary structures, including low-angle crossbeds,
symmetric and interference ripple patterns, and mud-crack casts. Soft sediment deformation features are also abundant in the lower
sandstone unit. Above the basal sandstone unit are variegated shale and interbedded siltstone and sandstone beds, one of which is
the “white” sandstone unit that expresses well-preserved symmetric ripples that parallel main structural trends (Timmons et al., 2001).

Duppa Member—The Duppa Member is a fine-grained siliciclastic unit dominated by shale with interbedded thin-bedded siltstone
units. The member has been measured in a number of locations in the area yielding different thicknesses depending on where
one marks the base of the member. Measured thickness for the member ranges from 571 ft (174 m; Ford and Breed, 1973b) to
approximately 2,050 ft (625 m; Ford and Dehler, 2003). Interbedded siltstone units tend to be calcareous and approach 3 ft
(1 m) in thickness.

Zgd

Carbon Canyon Member—The Carbon Canyon Member is a heterolithic member dominated by fine-grained siliciclastic units
with important marker beds of carbonate and sandstone. The total thickness of the member is 1,546 ft (471 m; Ford and Breed,
1973b). Carbonate marker beds are 3-6 ft (1-2 m) thick. One dolomite marker bed exhibits unusual large-scale (0.5 m) deep
mud cracks infilled with micritic material, and has been interpreted to record prolonged exposure and desiccation (Dehler et al.,
2001). Interbedded fine-grained siliciclastic rocks include variegated shale and thin-bedded <2 ft (<61 c¢m) sandstone. Sandstone
beds preserve mud-crack casts, symmetric and interference ripple marks, low-angle crossbeds, and trough crossbeds. Stromatolites
become more common toward the top of the member, and stromatolite forms appear to resemble the genus Baicalia (Dehler et al.,

2001).

Jupiter Member—The Jupiter Member is also a fine-grained siliciclastic-dominated package with abundant dolomite and sandstone
marker beds interbedded with variegated shale. The base of the member is marked by a thick (40 ft or12 m) stromatolitic
dolomite unit and has poorly defined stromatolitic columns that are similar to Inzeria (Ford and Dehler, 2003). The member has
measured thicknesses that range from 1,516 ft (462 m; Ford and Breed, 1973b) to 868 ft (264 m; Ford and Dehler, 2003),
perhaps suggesting that the thickness variations seen in upper members, due to the development of the Chuar syncline, are also
observed in lower members. Interbedded sandstone units tend to be very thin but do preserve symmetric ripple marks, mud-crack
casts, and raindrop impressions (Ford and Dehler, 2003).

Zg

Galeros Formation

Tanner Member—The Tanner Member has a thick (20-80 ft or 6-24 m) dark-brown dolomite at its base. The dolomite
unconformably overlies sandstone of the Nankoweap Formation. The entire member is approximately 640 ft (195 m) thick and
is dominated by very fine grained siliciclastic rocks (Ford and Breed, 1973a). Interbedded with the shale of the upper Tanner
Member are thin-bedded siltstone and sandstone beds and a few thin dolomite beds. The microfossil Chuaria circularis has

been found in the uppermost shale beds of the member (Ford and Dehler, 2003).

Nankoweap Formation—The unconformity-bounded Nankoweap Formation separates rocks of the Neoproterozoic-age Chuar
n . . .

Group above and Late Mesoproterozoic Unkar Group rocks below. The Nankoweap type section in Basalt Canyon measures
approximately 330 ft (100 m) thick (Gebel, 1978). The upper member is composed of siltstone and thin-bedded fine-grained
red bed sandstones toward the base and more massive meter-thick sandstone beds toward the top of the section. The capping
white sandstone is composed of a fine-grained quartz-cemented quartz arenite. Abundant sedimentary features are identified
in the section and include planar tabular and trough crossbedding, ripple marks, mud cracks, soft-sediment deformation, and
rare salt casts. The lower member is dominated by hematite-cemented quartzitic sandstone and siltstone with important lenses
of lithic sandstone derived from the underlying Cardenas Basalt.

MESOPROTEROZOIC ROCKS (Y)
Cardenas Basalt-The Cardenas Basalt is approximately 981 ft (300 m) thick and consists of >30-t (>9-m) flow units (Hendricks,

1972). Three marker units have been identified and are described as informal members: the bottle-green member, fan-jointed
member, and lapillite member (Lucchitta and Hendricks, 1983). Rocks of the bottle-green member are approximately 294 ft (90 m)
thick, are highly altered, and contain secondary chlorite, epidote, talc, and zeolites. The fan-jointed member is dominated by
basaltic andesite (~163.5 ft or ~50 m thick) and has a range of textures from porphyritic to aphanitic and vesicular (Hendricks
and Lucchitta, 1974). The lapillite member ranges in thickness from a few meters to several tens of meters thick and is composed
of scoriaceous fragments (~10 c¢m) and volcanic bombs (<1 m) in ash matrix, suggesting a proximal vent to volcanic material
(Lucchitta and Hendricks, 1983). The lapillite member is interbedded in massive flows of basalt that comprise the remaining
thickness of the Cardenas Basalt. Diabase intrusions: Intrusive rocks that intrude both the Unkar Group and crystalline basement
are similar in texture, mineralogy, and chemistry to the Cardenas Basalt suggesting that intrusive and extrusive rocks were coeval
and shared a common source. Intrusive rocks occur as dikes and sills within the Unkar Group with sills ranging in thickness from a
few tens of meters to 981 ft (300 m); dikes typically are much thinner and locally utilize fault planes. Unkar Group igneous rocks
have been correlated to similar mafic intrusions of similar age in the southwest U.S. (Howard, 1991).

Ochoa Point Member—The Ochoa Point Member is dominantly a fine-grained siliciclastic unit and is approximately 250-300 ft
(76-91 m) thick (Stevenson and Beus, 1982). The member is dominated by micaceous mudstones and grades into silty sandstone
toward the conformable contact with the Cardenas Basalt. Sedimentary features include thin-bedded sandstone with abundant
symmetric ripple marks that is intimately interbedded with extensively mud cracked shale.

Ydo

Comanche Point Member—The Comanche Point Member is approximately 508 ft (155 m) thick and is composed of interbedded
sandstone, siltstone, and mudstone (Stevenson and Beus, 1982). Marker beds within this member are rare; however, a thin
(20-30 cm) stromatolitic dolomite occurs approximately 100 ft (30 m) from the base of the member. This unit can be traced over
the entire mapped area; however, the lithology can vary from argillaceous dolomite to calcareous siltstone. Another marker bed
has been identified approximately 33 ft (10 m) below the stromatolitic bed and is a thin (20-30 cm thick) contorted sandstone
exhibiting softsediment deformation (Timmons, 2004). Sedimentary features are common in sandstone beds including symmetric
and asymmetric ripple marks and occasional mud-crack casts.

Solomon Temple Member—This member is composed of dominately fine grained sandstone with subordinate siltstone and
mudstone. It is approximately 920 ft (280 m) thick with the lower two-thirds of the member consisting of thin (< 1m) sandstone
beds interbedded with siltstone and subordinate mudstone rock (Stevenson, 1973). Abundant load features and mud cracks are
found over this interval, although ripple marks are uncommon. The upper one-third of the member is sandstone dominated, and
siltstone and mudstone units are less abundant. This part of the member is more resistant to weathering and forms prominent cliffs
near Unkar Rapids. Sandstone exhibits broad channel forms that are commonly less than 10 ft (3 m) thick. Low-angle tabular
crossbeds are common, and parting lineations in the tops of sandstone beds are abundant. Paleocurrent analyses suggest a
northerly transport direction for defritus (Timmons, 2004).

Yds

Dox Formation

Escalante Creek Member—The Escalante Creek Member is the lowest member of the Dox Formation, and it is in conformable contact
with the underlying Shinumo Sandstone. The member is approximately 1,278 ft (390 m) thick and is a sandstone-dominated
siliciclastic package (Beus et al., 1974). The upper part of the member contains very few channel forms, sandstone beds tend to be
more laterally continuous and thinner (<1 m), and siltstone and massive very fine grained sandstone dominate. The middle 654 ft
(200 m) of the member exhibit more widely spaced and smaller channel sandstone interbedded with siltstone and mudstone
interfluvial deposits. The lower 130 ft (40 m) is composed of large-scale (3 m) channel arkosic sandstone with subordinate
interfluvial mudstone and siltstone. Channel forms are impressive, commonly exceeding 100 ft (30 m) in width and 2 m deep. Tool
marks, channel axes, and other paleocurrent indicators suggest a southern source for detritus.

Shinumo Sandstone—The Shinumo Sandstone is informally subdivided into five members: the upper Seventyfive Mile Rapid
Member, Cottonwood Camp Member, Papago Creek Member, Ribbon Falls Member, and basal Surprise Valley Member.
The predominant lithology in the Shinumo Sandstone is quartz arenite; however, subarkose sandstone is more common in
the Surprise Valley Member. Sedimentary structures in sandstone beds are dominated by cm-scale to m-scale planartabular
cross stratification and trough crossbeds that record bi-directional paleocurrent directions commonly as herringbone crossbed
sets (Timmons, 2004). Trough crossbeds suggest a more northerly transport direction and are more common near the top of
the section and its contact with the Dox Formation. Upper massive sandstone beds of the Shinumo show dramatic convolute
bedding and hence do not preserve abundant sedimentary structure. The presence, abundance, and repetition of very
thick (meters to 10's of meters) contorted beds in upper beds have been cited as evidence for earthquake activity and fluid
evulsion during Shinumo deposition (Sears, 1973; Daneker, 1975; Middleton and Blakey, 1998; Timmons et al., 2001). The
depositional environment proposed for the Shinumo is near-shore, marginal marine, fluvial/deltaic (Daneker, 1975).

Hakatai Shale—The Hakatai Shale (448-981 ft or 137-300 m) is a mudstone- to coarse sandstone-dominated package that
appears to be in gradational contact with the Bass Formation (Reed, 1976). The Hakatai Shale has been informally subdivided
info three members. The uppermost Stone Creek Member is dominated by arkosic coarse sandstone. The middle member
(Cheops Pyramid) is mudstone dominated. The Hance Rapids Member is dominated by thin-bedded subarkose to quartz
arenite sandstone. The Hakatai Shale is more heterolithic than the name implies as it contains many sandstone beds. Marker
beds are generally absent in the section; however, two prominent sandstone markers (~0.5 m thick) are present approximately
98 ft (30 m) above the base. Sedimentary features, including mud cracks, ripple marks, tabular-planar crossbedding, salt casts,
and tool marks, indicate shallow-water deposition probably in a marginal marine/tidal flat environment (Reed, 1976).

Bass Formation—The Hotauta Conglomerate and Bass Limestone were described by Dalton (1972). He recognized the heterolithic
composition of the Bass Limestone, and suggested that it should have formation status including the Hotauta Conglomerate as a
member. The Bass Formation (196-327 ft or 60-100 m) is dominated by dolomite facies, with subordinate conglomerate, breccia,
sandstone, and mudstone. These intercalations and primary structures such as wave-rippled sandstone and mud-cracked surfaces
indicate that the Bass Formation underwent repeated subaerial exposure and flooding, and is interpreted to record relatively low
energy interfidal to supratidal depositional environments in a general transgressive sequence (Dalton, 1972; Beus et al., 1974;
Hendricks and Stevenson, 2003). Also interbedded with dolomite and mudstone rocks, toward the base of the section, are beds of
white, very fine grained tephra deposits. One of these ashfall beds had zircons for U-Pb geochronology that yielded an age of

1254 + 2 Ma (Timmons et al., 2005).

PALEOPROTEROZOIC ROCKS (X)
Granite—Unfoliated to weakly foliated medium- to fine-grained muscovite -biotite granite, granitic pegmatite, and aplite dikes, sills,
9 and small plutons. U-Pb zircon ages range from 1685 =1 to 1680 = 1 Ma (Hawkins et al., 1996).

ol Granodiorite -gabbro-diorite-granodiorite complexes—Weakly to well-foliated medium- to coarse-grained quartz-plagioclase and
—\|  diorite-hornblende bearing granitoids of probable volcanic arc origin (1.74-1.71 Ga).

Vishnu Schist of Granite Gorge Metamorphic Suite—Quartz-mica schist, pelitic schist, and meta-arenites of probable volcanic arc
basin origin. Locally contains graded bedding and turbidite layering. Strongly foliated with multiple generations of folds and
foliations (llg et al., 1996).

Rama Schist and Gneiss of Granite Gorge Metamorphic Suite—Quartzofeldspathic schist and gneiss of probable felsic to
intermediate metavolcanic origin; strongly foliated; yields a U-Pb zircon age of 1741 + 1 Ma (Hawkins et al., 1996).

Brahma Schist of Granite Gorge Metamorphic Suite—Amphibolites, biotite-hornblende schist, and biotite schist of probable mafic
Xbr L Lo . . ;
volcanic origin. Local metafelsite interbeds contain phenocrysts of quartz and feldspar; these beds yield a U-Pb zircon age of

1750 = 2 Ma (Hawkins et al., 1996).
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This cross section illustrates our interpretation of Neoproterozoic structures related to the Butte fault system and Chuar
syncline. Deposits of the Chuar Group are folded into an asymmetric syncline with a moderately dipping east limb and a gently
dipping west limb. Paleozoic rocks that overlie the Chuar Group are not folded by the Chuar syncline indicating the syncline is
Precambrian in age. Older rocks of the Unkar Group are also not folded by the Chuar syncline, suggesting that the style of
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folding and faulting in Chuar time was unique to the Chuar Group and formed during deposition. Measured sections within
the Chuar Group support this hypothesis as suggested by thinning of sedimentary units toward the Butte fault. East of the Butte
fault, no known deposits of the Chuar Group have been observed, suggesting that post Chuar Group faulting along the Butte
fault stripped the Chuar Group from the east before deposition of the Tapeats Sandstone.

andstone,

¢ £, ‘,(’ P s, =3

View to the north of the Chuar syncline from Lava Chuar Creek (confluence at river mile 65.5). The Chuar syncline is

well defined by red beds of the middle Chuar Group (Duppa and Carbon Butte Members) and is parallel to the trace of
the Precambrian Butte fault (west side down). The Cambrian-age Tapeats Sandstone overlies the Chuar syncline and is
not folded into a syncline, rather sandstone beds are folded into a monocline that steps down to the east. This indicates

that the Chuar syncline predates the Tapeats Sandstone and is Precambrian in age. The monocline developed during

Laramide reactivation of the Butte fault (west side up) at about 65 million years ago.
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Vase-shaped microfossil (VSM) from the Walcott Member of the Chuar
Group, collected from dolomite nodules that formed in situ in shales at the
top of Nankoweap Butte, Grand Canyon. VSMs are interpreted to be the
remains of testate amoebae that were widespread and locally abundant in
shallow marine environments ~200 million years before animals appeared
(Porter and Knoll, 2000). Today, testate amoebae are common in terrestrial
environments, living in soils, leaf litter, or in water films on moss.
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A view of the upper Dox Formation and Cardenas Basalt (see geologist in lower right). The Dox Formation is characterized
by a gradual change in depositional environments from channel sandstones by massive rivers to restricted marine tidal
deposits. Detritus within the Dox Formation yield a treasure of information about the age of the deposits and its source
area. Over the course of 10-20 million years, sand-choked rivers with headwaters in an ancient mountain range in what

is now west Texas and southern New Mexico dumped their deposits in marine basins forming during rifting of the
continental interior. Over that relatively short time span, over a mile of sediment was deposited. At the end of Dox time,
about 1100 million years ago, massive fissure eruptions of basalt blanketed the area and buried the still-wet deposits
creating the Cardenas Basalt (upper right of photo).

This cross section illustrates our interpretation of multiple extensional events in the Precambrian that largely correspond with
deposition of the Unkar and Chuar Groups. During Unkar Group time, the Palisades fault and other northwest-striking minor
faults dominated the structural regime during deposition of the Unkar and Cardenas Basalt. Movement along the Palisades
fault juxtaposed lower beds of the Unkar Group with upper units and a slight angular unconformity developed as Unkar rocks
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were tilted and subsequently beveled. After nearly 300 million years of relative quiet, suggested by the lack of rock record,
sediment of the Chuar Group was deposited on an already tilted and eroded Unkar Group. The deposition of the Chuar Group
and development of the Chuar syncline and Butte fault system are superimposed on Unkar deposits and Unkar-age faults, and
the Butte fault is interpreted to truncate the Palisades fault system.

View upstream from hilltop ruin of southern map area and the Palisades of the Desert along the skyline. Along the
lower canyon flanks, dark-gray gravels of small tributary alluvial fans and hillslope deposits grade to and locally
bury a sequence of tan gravels of Colorado River terraces of Pleistocene age. These are good examples of the surficial
deposits recorded within the map area.
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At the contact between flat-lying sedimentary rocks of Paleozoic age (above) and basement
metamorphic rocks (below) is the “Great Unconformity.” This geologic feature was first
recognized by John Wesley Powell as a major break in the rock record. Today we know that
this contact represents approximately 1.2 billion years of missing time, nearly a quarter of
Earth’s history!
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View to the west of the Tanner graben showing Cardenas Basalt juxtaposed with upper beds of the Dox Formation.
The black rocks of the Cardenas Basalt are unconformably overlain by red mudstone and sandstone of the Nankoweap
Formation. The Nankoweap Formation is capped by lower brown beds of dolomite and shale of the Chuar Group
(Tanner Member). Within the graben block, smaller faults are observed that displace flow units within the basalt and
lower beds of the Nankoweap Formation; however, the upper Nankoweap and Chuar Group have not been faulted by
these small faults. This suggests that graben formation was active during early Nankoweap time and likely continued
after a hiatus and during deposition of the Chuar Group.
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This cross section illustrates our interpretation of Unkar domino-style faulting and intrusion of diabase into Unkar deposits. The Unkar Group
is tilted toward the northeast along northwest-striking normal faults. The style of deformation differs from Chuar-age faulting. Unkar Group
rocks are tilted as coherent blocks much like a row of domino chips that have been laid over. Besides the difference in style, Unkar- age
faulting predates the Chuar Group as suggested by an angular unconformity between Unkar and Chuar Group rocks and intraformational

faults observed in the upper Unkar that are truncated by the Chuar Group. Diabase sills and dikes intrude the Unkar Group and likely
represent the plumbing system for the Cardenas Basalt. Sills are observed in the lower Unkar Group, usually in the more incompetent beds of
the Bass and Hakatai Formations. Dikes are inferred to propagate through sedimentary layers along bedding-perpendicular tension fractures;
however, locally dikes are observed along northwest-striking normal faults suggesting faulting predated intrusion of dikes.
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Physiographic map of the eastern Grand Canyon area showing distribution of major rock groups. Basement
metamorphic and igneous rocks of Granite Gorge are about 1.7 billion years old and are shown in red. Rocks of the

Unkar Group (1.25 - 1.1 billion years old) are shown in green. The Chuar Group is shown in purple and is dated at

about 800-742 million years in age. Paleozoic rocks are shown in blue and unconformably overlie older rocks.
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