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CONTRIBUTIONS TO GENERAL GEOLOGY

GEOLOGY OF TIIE ASH MEADOWS QUADRANGLE,
NEVADA-CALIFORNIA

By Cuarces S. DExsy and Harard Drewrs

ABSTRACT

The Ash Meadows quadrangie lies about 235 miles east of Death Valley and
lnciudes the southern part of the Amargosa Desert, a broad lowisnd adjacent
to the Amargosa River. The southeastern spur of the Funerat Mountains
projects a short distabce into the quadrangie from the west, and the northern
end of the Resting Spring Range lies in the southeast corner. The mountains
rise 2.000-3.000 feet above the adjoining piedmonts that are largely coalescing
alluvial fans. The Ash Meadows. located in the northeastern part of the quad-
rangle, contain several Jowing springs such as Dervils Hole, a larre sink in
Middle Cnmbrian limestone and dolomite.

Within the quadrangle, about 5.000 feet of Silurian to Missismippian limestone
and dolomite forms the backbone of the Funeral Mountains and is overiain by
3.000-5.000 feet of fluvial ana lacustrine deposits of Tertiary, pertaps Oligocene
age. The spur is an eastward-dipping fault block bounded on the south by the
Furnace Creek fauit zone. The block itself is broken by two sets of normal
fauits,

Volcazic rocks. part of thoee that form much of the Greenwater Range to
the southwest, form a small butte in the southwestern corner of the quadrangie.

On the ecast side of the Amargosa Valiey lies Shadow Mountain. which forms
the end of the Resting Spring Range, and a2 group of isolated hills near Derils
ilole. Both highlands consist of about 5,000 feet of gently dipping Cambrian
rocks, chiey quartzite, limestone, and dolomite. The rocks of Shadow Mouan-
tain form an east-dipping fault block overlain at its north end by fanglomerate
and finer grained beds of Tertiary age. The rocks of the hills near Devils Hele
are broacu by numerous steep fanlts of small displacement.

The rocks of the mountains and hilis throughout the qruadrangie are over-
lapped by alluvial-fan deposits of Quaternary age, largely undeformed beds of
gravel, sani. and breccia. Away from the highlands, the fan deposits inter-
tnngue with playa and spring deposits, largely silt and lesser amounts of sand or
ciay. No foasils bave been found in these arid-basin sediments, but Pleistocene
fomils are known frum siinilar deposits in the Amargosa Valley about 30 miles
to the south. Surficial deposits of limited extent include dune sand, scree, and
landslide breceia. Alluviumr noors the iowlands along the Amargosa River and
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L2 CONTRIBUTIONS TO GENERAL GEOLOGY

its principal tributariea. Artifacts assmiated with the allurium suggest that
most of it is at least 2000 yerars oid. Sotne nlluvium and somne of the dune
rand, however, are younger.

The piedmonts between mouniain and lowland include four geomorphic unita:
desert pavement, pediment, and washes the inxt divisible into washes floored
with unweathercd gravel and those where the ntones on the surface have a coat.
ing of desert varnish. The size of a piedmout and the proportion of pavement,
wash, or pediment on its surface depend upon (he structural history of mountain
and basin and the proceases acting upon tbhem. The condguration of the pied-
mont may represent an approach toward a steady state of balance or dynamic
cquilibricm between the rate at which detritus is brought to the piedmont from
the adjacent highland and the rate at which it is removed by erosion.

Patterned ground, reminiscent of that found in cold climaten, occurs through-
out the quadrangie. The patterns are due to the orderly arrangement of such
features as desiceation cracka. shrubs, terracettes, and linear or ovai-shaped
areas of large and small fragments of rock.

INTRODUCTION

The Ash Meadows quadrangle, in the southern part of the Amargosa
Desert, is a broad area of sloping piedmonts bordered by smail moun-
tain ranges. The Amargosa River flows southward through the desert
for more than 100 miles ( fig. 1), roughly parallel to and about 25 miles
east of Death Valley, untit it reaches the point where it turrs west-
ward into Death Valley and there flows northwestward for about 40
miles until it loses itself on the saltpan near Badwater. The Ash
Meadows are largely n w.le expanse of swamp or meadow, but in-
cludes some areas of sand dunes and bar. ground. The name con-
notes extensive areas of salt crust or white clay which give an ashen
color to the landscape. Within the Meadows are several large flowing
springs. one of which, Devils Hole, has been set aside as a part of
Death Valley National Monument.

In 1956-58, Denny, with the able assistance of H. F. Barnett, Jack
Rachlin, and J. P. D’Agostino, mapped the Quaternary aeposits of
the quadrangie and the older rocks in the northern end of the Resting
Spring Range. He was especially concerned with the forry and origin
of the alluviai fans (Denny. 1964). Drewes, in 1955. mapped the
Tertiary and Paleozoic rocks of the eastern spur of the Funeral
Mountains and of the hiils near Devils Hole. Previously he had com-
pleted a study of the Funeral Peak quadrangle which adjoins the Ash
Meadows area on the southwest ( Drewes, 1963). e are grateful for
criticism of this report by several of our colleagues in the Geological
Survey and also by Charles B. and Alice P. Hunt.
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GEOGRAPHY

The Ash Meadows quadrangle (pl. 1) lies within the Amargosa
Valley and includes Death Valley Junction, an abandoned mining
settlement on the dismantled Tonopah and Tidewater Railroad. The
junction is at the terminus of one of the principal access routes into
Death Vailey from the east (fig. 1). One of the two highways leading
southward from Tonopah and Beatty, Nev., to Baker, Calif.. transects
the quadrangle: the other follows the length of Death Valley.

The quadrangle is largely a plains area: only about 10 percent is
mountain or hill. Local relief on the plains is rarely more than 50
feet. The average gradient of the Amargosa River is about 14 feet
per mile. Shadow Mountain, the higest peak (alt 5071 ft), lies
about 3,000 feet above Alkali Flat, the lowest point. The mountain
fronts are both linear and embayed.




14 CONTRIBUTIONS TO GENERAL GEOLOGY

The highlands are bordered by sloping piedmonts, largely conlescing
fans that range from 1 to 6 miles in length. There are only small
nreas of pediment cut on rocks of late ‘Tertinry age and commonly
veneered with gravel. The fans have slopes near their apices that
range from about 300 to 800 feet per mile. Downfan, slope decrenses
to less than 100 feet per mile.

The surface cf most fans is not smouth but is cut by washes that
lie many feet below the surrounding gravel plain. Such dissection

reaches depths of as much as 60 feet near the highlands. Near the-

toes, however, the surface approaches a plain, and the floors of the
larger washes may actually lie slightly above their surroundings. The
skin of most fans is a mosaic of areas of desert pavement and of wash.

The piedmonts lead down to brond lowlinds such as the flood plains
of the Amargosa River and of Carson Slough or the playa of Alkali
Flat and of a second unnamed playn in the northeast corner of the
quadrangle. Both of these playas are no longer enclosed but drain
to the Amargosa River. Marshlands border the upper reaches of
Carson Slough.

The surface of the Amargosa Desert exhibits patterns formed by
surface features of many kinds: arrangements of salt efflorescences,
of stones and finer material, or of miniature terraces; mosaics com-
posed of braided channels and areas of desert pavement; and groups
of shrubs.

The hiils and mountain: in the quadrangle have bare slopes of
3,000-5,000 feet per mile or roughly 30°—45°. Small deposits of scree
are found in many places, but most of the mapped scree is on Shadow
Mountain. Dark-gray quartzite forms the upper slopes of Shadow
Mountain; its lower flanks are of similar but slightly paler colored
rock. Viewed from the west, the contact between these rocks of dif-
fering color is horizontal, and the mountain’s summit appears in the
late afternoon light ac if in shadow. A tongue-shaped landslide pro-
jects eastward from the base of the Funeral Mountains just south of
Bat Mountain, and on the piedmont northeast of the mountain, land-
slide masses of Tertiary limestone form low white hills (I.enny, 1961).

Sand dunes supporting a scattered growth of mesquite occur in the
northern half of the quadrangie: the largest sand-covered areas are
on the plains east of Carson Slough where the dunes reach heights of
50 feet. A small butte, capped by a spring deposit, rises about 150
feet above Fairbanks Spring near the head of Carson Slongh; other,
less conspicuous mesas of similar material lie south of Longstreet
Spring. Still other smuil unmapped bodies of spring deposits occur
in the Ash Meadows.

There are nearly 20 flowing springs in or near the Ash Mendows
(Lyle, 1878; Ball, 1907; Stearns, Stearns, and Waring, 1937; Hunt
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ASH MEADOWS QUADRANGLE, NEVADA-CALIFORNIA L5

and Robinson, 1960). Most of these springs, incinding several cireu-
lar pools 2040 feet in diameter and 5-20 feet deep, ure in Cenozoic
rocks, T'wo springs, Point of Rocks and Devils Hole, are in Paleo-
zote limestons an‘d dolomite.  Devils Hole is a rectangular opening
about 50 feet deep that contains a pool about 10 feet wide by 65 feet
long.  Many of the springs contain the 'yprinodont fish whose pres-
ence in such isolated places led Hubbs and Miller (Miller, 1946, 19485
[ubbs and Miller, 1848) to postuiate the existence of very extensive
pluvial lakes and connecting drainageways over much of western
United States during the Pleistocene.

The water table is near the surface in much of the Ash Meadows and
at Death Valley Junction. Loeltz (1960) estimates that the annual
discharge from the springs is about 18,000 acre feet of water annually.
The limestones and dolomites of the northeast part of the quadrangle
provide channelways to bring water into the area. Although similar
rocks apparently form the treeless hills between Ilevils Hole and
Johnnie (fig. 1), it is doubtful that these hills receive sufficient precipi-
tation to produce suck a discharge. The spring water probably has
its ultimate source in precipitation on the northern part of the Spring
Mountains albout 20 miles to the east. Hunt and Robinson (written
commun., 1962) suggest that the springs in the Ash Meadows have
their source in the lowlands near Pahrump, which in turn derive their
water from the Spring Mountains. The lowest part of thesa low-

lands is a playa, known as Stewart Valley, which is about 300 feet.

higher than and about 10 miles southeast of Ash Meadows.

The only mining in the quadrangle is a small bentonite prospect
north of Bat Mountain. The numerous clay pits in the Meadows and
near Clay Camp have not been worked for many years, probably at
least since the raiiroad was dismantled about 1940.

The climate is warm and dry. The average annual precipitation
probably is between 3 and + inches per vear in the lowland (Troxell
and Hofmann, 1954: 1i.S. Weather Bureau, 1932) and slightly higher
on the adjacent mountains. Snow seldom reaches the Amargosa
Desert but mantles the neighboring mountains for short periods in
winter. On the valley floor. the average maximum monthly tempera-
te:re for July is more than 100°F: minimum winter temperatures are
below freezing in December and Janunary. The highest temperature
recorded ut Clay Camp near the center of the quadrangle was 118° F
in July: the lowest was 3°F in December. A thermometer resting
on a desert pavement southwest of Grapevine Springs, the bulb cov-
ered by a laver of fine sand about one grain thick, registered a high
of 162° F during the period from May 1957 to February 1958,

TS BT O - 83 -2




L8 CONTRIBUTIONS TO GENERAL GEOLOGY

The region is virtually treeless, but desert-shrubs are senttered over
the surface of the fans. Mesquite grows on ail sand dunes and along
the Amargosa River west of Californin State Highway 127, A mes-
quite tree near Franklin Well is about 15 feet high, and some in the
Ash Meadows reach heightsof 10 feet.

STRATIGRAPHY

Rocks of Paleozoic and of Tertiary age make up the highlands: the
lowlands are mantled by Quaternary deposits. Shadow Mountain
and the hills near Devils Hole include about 5000 feet of Cambrian
strata, chiefly quartzite and massive limestone or dolomite. An equai
thickness of Silurian to Mississippian limestone and dolomite forms
the backbone of the northern part of the spur of the Funeral Moun-
tains that lies within the quadrangie. Bat Mountain and the remain-
der of the spur comprise 3,000 to 5,000 feet of fluvial and lacustrine de-
posits of Tertiary age. Similar rocks are exposed in the hills at the
north end of the Resting Spring Range. The volcanic rocks of the
Greenwater Range project into the southwest corner of the quadrangle
to form a small butte.

Arid-basin sediments of Quaternary age cover the lowlands. Gravel,
breccia, sand, and silt form alluviai fans; silt and clay underlie playas.
Quaternary deposits of limited extent include spring or swamp de-

posits, scree, sand dures, I"ndslide breccia, and alluvial deposits along
washes.
PALEOZOIC ROCKS

The areal extent of the Palesozoic rocks in the highlands is small.
These formations wers not studied in detail, and their description is
perforce brief. Dark-gray or banded medium-gray and dark-gray
dolomite, limestone, and quartzite are the most abundant rocks. In
this area, somber colors are typical of the Paleozoic rocks and brighter
yallowish-brown or reddish-brown hues zre characteristic of outcrops
of tha younger formations. The formation names as .gned to the
Paleozoic rocks on the east side of the quadrangie are baced on similar-
ity of the rocks to those described by Hazzard (1937) in the Nopah
and Resting Spring Ranges. The rock units recognized in the Funeral
Mountains on the west side are based on similarity to rocks described
by McAllister (1952) in the northern Panamint Range and elsewhere
in the Funeral Mountains (McAllister, written commun., 1261).

LIS N




ASH MEADOWS QUADRANGLE, NEVADA-CALIFORNIA L7

ROCKS OF TIIE RESTING BI'RING RANGEB

QUARTZITE O SHADOW MOUNTAIX

Shadow Mountain * is composed of quartzite and miner amounts
of micaceous shale nand quartzite-pebble congiomerate. The total
thickness of these rocks is probably severni thousand feet. Ieneath
this massive quartzite and adjacent to the block of unidentified lime-
stone and dolomite at the west base of the mountain are about 250 feet
of interbedded quartzits and phyllitic shale and a few thin beds of
light-brown dolomite. The quartzite under the lower siopes of the
mountain is light gray to grayish orange pink: under the upper slopes
which simulate the shadow, the quartzite is a more somber pale red to
pale yellowish brown. On fresh surfaces the rocks are more varied
in color, with light values of red, purpie, brown, and green in the
lower part of the section and dark values of brown and purple in the
upper part. The individuai strata are commonly 1-5 feet thick, and
crossbedding, ripple marks. and scour features are characteristic.
Most of the quartz grains are coarse to medium-coarse sand, but
granule beds and pebble beds are present also. Micaceous siity beds
areintercaiated with some of the quartzite.

This sequence of quartzite is lithologically similar to the Stirling
Quartzite as described by Hazzard (1937, p. 306-307). Noble and
Wright (1954), however, believe that both the Wood Canyon Forma-
tion and the Stirling Quartzite are present in Shadow Mountain
(Quartzite Peak). The thin-bedded rocks near the west base of th.e
mouintain may be the top of the Johnnie Formation.

UNIDEXTITIED LIMESTONE AXD DOLOXITE

A small fault block of interbedded limestone and dolomite lies at
the west base of Shadow Mountain. The limestone is medium light
gray to pale yellow brown. and the dolomite is light gray to medium
dark gray. Chert is absent except for a few siliceous nodules and
stringers. The bedding planes in these much-deformed rocks
are inconspicuous or discontinuous, and breccia zones are abundant.
The minimum thickness of rock exposed is perhaps 200 feet. These
strata are possibly of Middle Cambrian or pper Cambrian age be-
~puse the older carbonate rocks are brown or very pale orange and be-
cause most younger carbonate rocks of Paleozoic age contain abundant
chert.

ROCES OF THE DEVILS HOLE AREA

The hills near Devils Hole in the northeast part of the quadrangle
are underinin by three sequences of Cambrian limestone and dolomite.
which are separated by two thin but censpicuous clastic units contain-

i Called Quartzite Peak on ather maps. See FAarzard (1937. ig. 2). Noble (1941, pl. 1),
Noble s0d Wright (1954, pl. 7). Jeantngs (1938).
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ing abundant fossils,  The whole section is 2000-3000 feet thick. The
upper clastic unit and overiving innestone nnd dolomite nro part of the
Nopah Formation. The middle ssiquence of earbonate rocks and the
lower clastie unit 1ogether form the npper division of the Bonanza
King Formation of Palmer and [lazzard (1956).  The lower sequence
of limestone and dolomite, part of the lower division of the Bonanza
King Formation, crops out only in vne small avex ae the edyre of the
quadrangle east of Devils IHole. The adjacent hills further to the east
are composed of the rocks of the Devils Hole area and older beds of
Cambrian ago.
BONANZA KING FORXATION

Only about 100 feet of the lower division of the Bonanza King
Formation is exposed in the quadrngle. Cliff-forming medium- to
dark-gray limestone and dolomite form beds 1-3 feet thick. The
¢lastic unit at the base of the upper division is 100200 feet thick and
consists of shale and siltstone intercaiated with thin fossiliferous
limestone beds; it forms a pale veilow-brown ledge between the gray
cliffs of carbonate rock. The bulk of the upper division is banded
light-gray and medium-gray limestone and dolomite in units 100200
feet thick. About 60 percent of the rock is limestone and 40 percent
doiomite. This proportion is reversed for correlative rocks in the
Nopah Range (Hazzard, 1937, p. 277) east of Shoshone (fig. 1).

The trilohites in the lower clastic unit, identified by A. R. Palmer,
U.S. Geological Survey, are a Middle Cambrian assembiages {USGS
colin. 2456-CO) that includes -Alokixtorare sp. and “Ehmania? sp.
The same lithology and fauna occur in Hazzard's (1937) unit 7, the
base of the Cornfield Springs Formation in the Nopah Range. Palmer
and Hazzard (1956) revised this part of the section and dropped the
name Cornfield Springs Formation. Although the name is no longer
valid in the type area, the lithologic division found there is practical
in the Nopah Range and at least as far north as the Devils Hole area.
The uniform gray dolomite beneath the lower clastic unit in the latter
area is correlative with the Bonanza King Formation { Hazzard
(1937) and the lower division of the Bonanza King Formation of Pal-
raer and Hazzard (1956). The banded limestone and dolomite is
correlative with the Cornfield Spring Formation of Hazzard (1937}
and the upper division of the Bonanza King Formation of Palmer and
Hazzard (1956).

NOPAX FORMATION

In the northernmost of the hills near Devils Hole, about a mile south-
east of Longstreet Spring, the Nopah Formation rests conformably on
the Bonanza King Formation. The basai unit, the upper clastic beds
mentioned above, is a yellowish-brown shaly limestone that is
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ASH MEADOWS QUADRANGLE, NEVADA-CALIFORXIA L9

about 150 feet thick. 1t contains several highly fossiliferous bio-
clastie brown limestone units +-8 feet thick. Other Lioclastic lime-
stone beds near the top of the shaly limestone unit and in the bottom
of the overlying dolomite and limestone unit are sparsely fossiliferous.
The top of the shaly unit also contains some nodular limestone. The
dolomite and limestone above the busal unit are similar to the upper
division of the Bonanza King Formation. Thae total thickness of the
formation exposed is about 1,000 feet, the top half or more being
absent.

The basul shaly limestone unit contains a trilobite assemblage that
has been identified by A. R. Palmer as belonging to the Nopah Forma-
tion. The assemblage comes from two collections The lower one
(USGS colln. 2457-CO) from near the base of the formation
contains:

Cermuolimbus cf. C. semigranuiosss Palmer
Dunderbergie of. D. variagranuis Palmer
Homagnostus obcana ( Belt)

Minupeltis cf. 3. conacrvator I'alner

Pelagiclia sp.

Prehousia sp.

Piendagnostus of. P. communiz (Hall and Whitfield)
Chancelloria #n,

According to Palmer, this cnllection is characteristic of the Dunder-
berg Shale at Eureka, Nev.

The upper collection (USGS colln. 2458-CO), from near the top of
the shaly limestone unit and 80 feet above the lower collection,
contains:

Cheilocephalus xp.

Dellea? sp.

Elviniclla sp.

Homagnoastus sp.

Oligometopus dreviceps (Walcott)
Pscudagnostus sp.

Pterocephalia of. P. sanctisabae Roemer
Prcudosaratogia leptogranuiata Palmer
Sigmochcilus sp,

Linnarssoneila sp.

oo ditiddoc ot e riod ol

According to Palmer, these fossils are typical of the assemblage found
just above the middle of the Dunderberg Shale in central Nevada.
ROCKS OF THE FUNERAL MOUNTAINS
HIDDEX VALLEY DOLOMITE
Near the north end of the southeast spur of the Funeral Mountains,

abont 500 feet of thick-bedded medium-gray dolomite including some
darker and lighter beds underlies two small areas west and southeast
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of a knob at altitude 3377 feet.  The dolomite contains a dittle chert
but no fossils and is ussigned to the upper part of the Hidden Valley
Dolomite becruse it lies beneath a sandstone-bearing and quartzite-
bearing dolomite identitied by J. F. MeAllister { written commun.,
1961) as tho base of the Lost Burro Formation. The dark-gray Ely
Springs Dolomite is not exposed.

LOST BURRO FORMATION

A light- and medium-gray dolomite that contains a little clastic
limestone and is 2,000-3,000 feet thick is assigned to the Lost Burro
Formation. It overiies the Hidden Valley Dolomite with apparent
conformity. The basal 225 feet of the formation contains clastic rocks.
‘The lowest 150 feet of thic basal unit is gray dolomite that contains
some brown dolomitic sandstone and sandy dolomite and underlies a
bench. Above these rocks is 75 feet of medium-gray dolomite and some
light-gray, blackish-brown-weathering quartzite in beds 1-3 feet thick.
The basal clastic unit is identified as the Lippincott Member of the
Lost Burro Formation by J. F. McAllister (written commun,, 1961).

Dominantly light gray to vellowish gray, slightly cherty dolomite
about 1,000 feet thick overlies the Lippincott Member of the Lost
Burro Formation. About 250 feet above the clastic rocks there is a
50-foot-thick unit of dark-gray dolomite beds, and about 750 feet above
the clastic rocks some dark-gray limestone containing horn corals,
algse, and stromatoporids 13 interbedded with the dolomite.

Medium-gray thick-bedded dolomite and iimestone zbout 1,500 feet
thick form a cliffy unit near the top of the formation. A particularly
dark banded dolomite occurs at the base of the unit, and at the top of
the unit there is some interbedded limestone. The uppermost 50 feet
of the formation, as identified by McAlister, consists of medium-dark-
gray platy limestone that contains silty partings, light-gray sand-
stone, and purplish-gray quartzite. Some limestone beds interbedded
with or just above the quartzite are crinoidal and contain fragments
of cephalopods and gastropods.

TIN MOUNTAIN LIMZISTONE

A dark-gray cherty limestone, about 450 feet thick, that forms much
of the crest of the southeasternmost spur of the Funerai Mountains is
assigned to the Tin Mountain Limestone. It lies comformably on, and
grades up from, the underlying silty limestone and interbedded quartz-
ite. At the base of the formation some crinoidal limestone contains
fragments of cephalopods and gastropods. A little pale-yellow-brown
dolomite overlies the crinoidal limestone. The bulk of the formation
contains silty partings, though fewer than in the underlying rock;
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some of the silty partings are reddish brown. The amount of chert
increases upward.

Corals, Bryozoa, and brachiopods nre common throughout the for-
mation and were coilected in two pinces. Helen Duncan, US. Geo-
logical Survey, identified the cornls and Bryozoa; Mackenzie Gordon,
Jr., US. Geological Survey, identified the other forms, The first
collection (USGS 20579-1’C) was made near the southernmost tip of
the southeastern spur of the Funeral Mountains a quarter of a mile
3. 70° E. of a knob 2,997 feet in aititude in the Ryan quadrangie.
This location is at or near the site mentioned by Noble (1934, p. 177)
and Noble and Wright (1954, p. 155). The coilection contains:

Rylstonia? sp. indet.

Cyathazonia sp.

Cladoochonus sp. indet.

Penestella 3p. indet.

Pelmatozoan debris

Productold cf. Levitwsia sp. indet.

RMAipidomella sp.

Punctospirifer sp.

Spirifer 2 spp.

Stroparoilus ( Ewomphalus) #p.
The second collection (USGS 20580-PC) is from a site i the Ash
Meadows quadrangle at elevation 3,680 feet, half a mile S. 10° W_of
a knob (alt 4,756 ft) and contains:

Enygmophyilum sp.

Amplezus? sp. indet.

Cyathazonia sp.

Cladochonus sp.

Fenestella 3 spp. indet.

Penniretepors 2 spp. indet.

Diploporaria? sp.

Rhépidomelia sp.

Leiorhynchus? sp.

CruritAyris sp.
According to Duncan and Gordon, these faunas are dated as Early
Mississippian and are typicai of the Tin Mountain Limestone.

PERDIDO(1) TORMATION

The southeast spur of the Funeral Mountains has two peaks about
three-quarters of a mile apart; both are iess than a quarter of a mile
inside the ndjoining Ryan quadrangle. The southern peak (alt 4,962
ft) is built of a very cherty limestone tentatively assigned to the Per-
dido Formation. The east slope of the peak within the Ash Meadows
quadrangle is underiain by 400-500 feet of these cherty rocks, a me-
dium-dark-gray silty limestone that weathers pale yellow brown. The
base of the formation is taken as the lowest unit that contains abun-
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L12 CONTRIBUTIONS TO GENERAL GEOLOGY

dant. chert; the top is not present in the aren.  No fossils were col-
lected, and the reliability of the chert as a formation indicator is
nuestionable,

TERTIARY ROCKS

Rocks of Tertiary age are exposed on the east lank of the Funeral
Mountains and at the notrth end of the Resting Spring Range. The
total area of outcrop is only nbout 6 pervent of the area of the quad-
rangle, roughly 15 square miles, but T'ertiary rocks probably lie be-
neath a veneer of Quaternary depogits throughout much of the low-
lands. The rocks are largely alluvini-fan and playa deposits but
include some voleanic rocks.. Sedimentary units grade laterally over
short distances from shale to conglomerate or from limestone to fan-
glomerate. Such facies changes and an absence of index fossils make
it impossible to correiate the Tertinry rocks from place to place.
Description of these rocks is by their geographic area.

ROCKS OF THE FUNERAL MOUNTAINS

Tertiary sedimentary rocks underlie about 5 square miles of the
southeast spur of the Funeral Mounrains that lies within the Ash
Meadows quadrangle. Seven major lithologic units include, from
bottom upward: lower fanglomerate, lower shale, lower limestone,
lower conglomerate, upper limestone and shale, upper fanglomerate,
and upper conglomerate. - A major unconformity separates the lower
units from the upper snes, and minor unconformities that have only
a slight angular discordance underlie the lower conglomerate and the
upper fanglomerate. The composite maximum thickness of the units
is about 5,000 feet. The strata rest unconformably on Paleozoic rocks,
are tilted eastward about 30°, and are hroken by normal faults of at
least two ages. These Tertiary beds were mapped by Noble and
Wright (in Jennings, 1958) as of Oligocene age, a part of their se-
quence of older Tertiary sedimentary rocks, including the Titus
Canyon Formation (Stock and Bode, 1933). Similar rocks, also
mapped by Noble and Wright (in .Jennings, 1958), cre - out in the
foothills to the west in the Ryan quadrangle and to the south in the
Eagle Mountain quadrangle. At the north end of the spur in the Ash
Meadows quadrangle, the three units at the base of the Tertiary se-
quence are the.lower fanglomerate, the lower shale, and the lower
limestone. In the Ryan quadrangle, about 2 miles to the west, a simi-
lar succession of rocks form a long, north-trending ridge (Jennings.
1958) and may be correlative with the rocks of the spur.

LOWER FANGLOMERATE

The thick fanglomerate near a knob (alt 3,377 ft) at the north end
of the spur of the Funeral Mountains is the lowest stratigraphic unit
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of Tertinry nge in the spur. 1t is as much as 600 feet thick near the
* knob, but thins southeastward and prolably pinches out less than a
mile from the knob, The fanglomernte is thick bedded to massive,
grayish red to brownish gray. The boulders and cobbles within it
are chiefly gray dolomite, pale-yellow-orange dolomite, purplish
coarse-grained quartzite, and limestone. .\ few shale particles are
also present. ‘The association of these lithologies sugyrests a source in
the Stirling Quartzite and the Noonday Dolomite, neither of which
are now exposed nearby. The fragents of gray dolomite may have
come from rocks of Middle Cambrian to Devonian age, for most older
rocks contain only brown dolomite, and few younger rocks contain
any dolomite. The lower fanglomerate is similar to but not correlative
with the upper fanglomerate, which caps the south end of the spur.

LOWER SHALE

A section of reddish shale and associated rocks underlies the north-
sloping valley east of the 3,777-foot knob and is present in small fault
blocks south and southwest of the knob. The section is largely white
to light-red shale and siltstone, plus smail amounts of sandstone, fine-
grained conglomerate, limestone, tuflaceous rocks, bentonite, and one
bed of indurated rhyolite tufl. The rocks are poorly exposed. The
bedding planes are commonly a few inches apart, except for the
tuflaceous rocks which are thick bedded. The layer of indurated tuff
is 1040 feet. thick and weathers into blocks. Unweathered tuf is light
brownish black to grayish piuk; its weathered surface is brown-
ish black. More than 90 percent of the tuff consists largely of
glassshards, brown eryptocrystalline material, nd alteration material.
Imbedded in the tuff are fragimental crystals of sanidine, quartz,
plagiociase (albite or sodic oligoclase). biotite, titaniferous mugnetite,
and a few rock fragments. Sanidine forms large subhedral frag-
ments, and some of the fragments contain fresh plagioclase. Most
plagioclase is partly altered to sericite and has lost the fresh appear-
ance of sanidine. Some biotite is oxidized or replaced by sericite. The
shard structure of the groundmass has not been stretched (not welded),
but the glass of the shards has erystallized to a radial, fibrous mate-
rial. Similar devitrified material is scattered in the groundmass. The
lower shale unit can be separated from the upper limestone and shale
unit because the older unit contains bentonite and tuff.

LOWER LIMESIONE

More than 50 feet of vellowish-gray fine-grained limestone overlies
the lower shale north and west of the 3,377-foot knob. It is thick
bedded and forms prominent cliffs and knobs. The limestone con-
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1ng some fossils that resemble nlgae and plant stems. North of the
kuob, the imestone grndes internlly into n congiomerate whose cobbles,
pebbles and matrix are a similar limestone. The unit is probably cor-
relative with the thick limestone on the ridge to the west of the quad-
rangle and is distinguishable from the upper limestone only by its
stratigraphic position.

LOWER CONGLOMERATE

-\ conspicuously red pebble congiomerate and sandstone, more than
1500 feet thick, lies unconformably on the lower shale unit. The
basal unconformity truncates the lower iimestone unit, more than 100
feet of the underlying shale, und the indurated tufl. Most of the
conglomerate is uniformiy red, but in the area of outcrop west of the
Inrgre landslide masses, a tongue of yvellowish-brown conglomerate lies
between red beds. The lower conglumerate contains well-rounded
pebbles and scattered cobbles of reddish-gray felsite, quartzite, and
some granitic rocks. Beds range from 14 to 3 feet thick. The unit is
distinguishable from the upper congiomerate only by its strati-
graphic position.

UPPER LIKESTONE AND SNALL

A varicolored shale and overlying yellowish-gray limestone have
a combined thickness of 150-200 feet and unconformably overlie the
lower congiomerate (fig. 24). The basal unconformity is large, for
the unit truncates o nostl.iwer conglomerate horst and graben. The
shale is thin bedded and dominantly red, iocally green or olive gray.
Intercaiated with the shale are a few beds of siltstone, sandstone, lime-
stone, tutfaceous rocks, and gypsum. QOutcrops of the shale are badly
siumped. The thickness is generally about 75 feet, but in a few places
may be much thicker.

Above the shale is about. 60 feet of thick-bedded cliff-forming lime-
stone that thickens northward to perhaps 200 feet. Algal markings
are abundant, and, in a few places, silicified plant stems as large as
% by 3 inches are common, but diagnostic fessils are abs: at. Toward
the nortir the limestone interfingers with the overlying ianglomerate:

toward the south it is overlain by about 50 feet of tuffaceous siltstone
and limestone.

UPPER YANGLOMERATE

A poorly bedded boulder fanglomerate lies with slight angular
discordance on the upper limestone and shale. As much as 1,500 feet
of fanglomerate forms the southernmost ridge of the spur. but. thins
northward to less than 100 feet and interfingers with the overlying
conglomerate. The basal unconformity truncates the thin tuffaceous
beds capping the underiving nnit to the south and truncates a jumble
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L.16 CONTHIRUTIONS TO GENERAL GEOLOGY

of large blocks of the underlving limestone to the north. llowever,
sonth of the landslide to the south of Bat Mountain, the fangiomernte
appears to interfinger with the underiying limestone. The fanglom.
erate consists of subangular cobbles, boulders, and subordinate peb-
bles set in a limy and sandy marrix. ‘The (ragments are chiefly
purplish quartzite, gray dolomite, and very pale orange dolomite:
limestone and shale are also present. This assemblage of fragments
suggests a source in lower Paleozoie rocks, particularly the Cambrian
sequence.
UPPER CONGLOMERATE

A few hundred feet of maderate-red pebble conglomerate and sand-
stone overlie and intertongue with the upper fanglomernte along the
east base of the mountains. The pebbles are well rounded and con-
sist of quartzite, voleanic rocks, and granitic rocks, much like those
in the lower conglomerate.

AGE AND CORRELATION

The Tertiary rocks of the Funeral Mountains are perhaps as old
as the Oligocene Epoch. These largely clastic rocks resemble the
Titus Canyon Formation of Stock and Bode (1935) which occupies
similar structural trougis to the northwest along the eastern edge
of the Funeral Mountains and their northern extension, the Grape-
vine Mountains (fig. 1). Correlation between the Titus Canyon For-
mation, which is well deted as early Oligocene, seems probable but
is not as yet demonstrable. [f the bould»rs in the upper and lower
fanglomerates of the spur are. in fact, from the lower Paleozoic rocks
of the region, these fanglomerates are probably older than the Miocene
or Pliocene Furnace (reek Formation, for the source area of lower
Paleozoic rocks was to the west of the Ash Meadows quadrangle in
an area now buried beneath the Furnace Creek Formation and
vounger beds.

ORIGIN AND ENVIROXMENT

The Tertiary rocks of the spur of the Funreral Mou .taing within
the Ash Meadows quadrangle were deposited in a hasin occupied by a
fluctuating or intermittent lake. .Alluvial fans bordered the moun-
tains that formed the western side of the basin, and volcanoes that
ejected pyroclastic material of rhyolitic composition lay to the north-
east. The fanglomerates were derived from highlands whose base
was not more than 3— miles distant and probably was close by.
Within the quadrangle, the lower fanglomerate thins southward, but
in the Ryan quadrangle about 2 miles to the west it is tremendously
thickened. The upper fanglomerate thins rapidly to the northeast.
and north of the landslides intertongues with congiomerate. Both
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fanglomerates ave fargely poorly sorted, coarse-prrined detritus from
sedimentary vocks of Cambrian age and possibly also from other
Paleazoie rocks.  In the main body of the Funeral Mountains to the
west, Cambrian rocks are largely buried beneath younger Paleozoic
sediments. The fanglomerates, thevefore, were probably derived from
highlands sonthwest of the Furnace Creek fanlt zone and perhaps in
the position of the modern Greenwater Range and the Black Moun-
tains to the southwest. Part of the source aren of older Paleozoic
rocks is now buried benenth the voleanic and sedimentary rocks of
Tertiary and Quaternary ages, but in much of the source area rocks
of Precambrian age are exposed and the rocks of Paleozoic age have
leen removed ( Drewes 1963).

The two bodies of red conglomerate are probably stream deposits.
The sorting, rounding, and small size of the fragments suggest a dis-
tant source, at least distant with respect to the provenance of the fan-
glomerate. The pebbles of felsitic. granitic, and sedimentary rocks
are an assortment that may have come from the mountains north of
Lathrop Wells (fig. 1). The limestone and shale units were deposited
in and along the edge of a fluctuating luke or playa. The trace of
gypsum sugrgests at least a brief period during which the lake had no
outlet. Explosive eruptions of rhyolitic volcanoes nertheast of the
quadrangie spread tuff and ash throughout the area.

ROCKS OF THE RESTING SPRING RANGE

-\ sequence of Tertiary rocks having a total thickness of several
thousand feet crops out at the north end of the range. About 2 miles
north of Shadow Mountain a reddish-brown fanglomerate rests un-
conformably on Cambrian rocks and forms low hills. Overlying the
fanglomerate is a thick section of rocks that are chiefly sandstone and
claystone. These finer grained clastics are.in turn capped by another
fanglomerate that makes up the hills east of Grapevine Springs. No
fossils have been found in the Tertiary rocks north of Shadow Moun-
tain. The younger fanglomerate is perhaps early Pleistocene. The
older fanglomerate and the overlying fine-grained beds are similar
lithologically to some of the Tertiary rocks on Bat Mountain.

FANGLOMERATE

Low hills along the state line south of the Old Traction Road are
composed of reddish. firmly cemented boulder fanglomerate which
contains cobbles and boulders of quartzite and of Paleozoic carbonate
rocks as much as severnl feet in maximum diameter. The basal 30-50
feet of the unit is a breccia of quartzite blocks in a gray but locally
reddish matrix. The fragments are commonly 2-3 feet in diameter;
a few are as large as 6 feet. The breccia grades upward into faintly
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bedded or massive reddish fanglomerute. Toward the 1op, the Inrgest
fragments are of pebble size and the beds of fanglomerate are sep-
arated by lenses of bhrown pebbly sandstone. The fangiomerate is
about. 800 feet thick nud rests with angaiar unconformity on quartzite
that is strongly breeeinted,  The top of the unit is placed at the top
of the uppermost bed of fanglomernte.

The fanglon:erate was deposited as gravel on an alluvial fan. The
hasal breecia is probably seree derived from an adjacent steep face or
el composed of quartzite.  Wenthering broke the upper few feet of
the quartzite into blocks, and these near the surface accumulated as
talus.  The others still remain more or less in place on top of less-
weathered quartzite. Derhaps some of the breccia slid downslope, such
movement contributing to the shattering of the blocks.

The highland source was Shadow Mountain, and the areas of car-
bonate rocks were probably more extensive than at present. If the
reddish color of the fanglomerate matrix is inherited from that of the
weathered source rocks, it suggests an episode of weathering unlike
any during the later Quaternary. Throughout the Death Valley
region, Quaternary alluvial deposits composed of fragments of Pale-
ozoic carbonate rocks have not weathered to red colors.

The fanglomerate is nonfossiliferous, but it is without doubt of
Tertiary age. Lithologically it is indistinguishable from the Oligo-
cene( ?) fanglomerate of the Funeral Mountains about 10 miles distant.

3ANDSTONE AND CLAYSTONE

The lowlands north and northwest of the Resting Spring Range
are underlain by a thick sequence of fine clastic rocks largely con-
cealed beneath younger formations. Moderate-brown to very light
gray, locally yellow or green, sandstone and claystone predominate,
but. subordinate amounts of conglomerute, siltstone, tuff, and limestone
are present also. Ths rocks are loose to moderately cemented and are
well bedded. the individual luyers ranging from paper-thin to several
feet thick. The sandstone is locally pebbiy and shows - rossbedding
and ripple marks. Claystone and siltstone are gray. .nd the indi-
vidual beds are commonly not inore than an inch thick. In a few
places the claystone is gypsiferons. Scattered congiomerate beds con-
tain pebbles of guartzite, limestone, dolomite, and tufl; one such bed
contains many cigar-shaped pebbles that are fractured. Layers of
white tuff containing pumice fragmenis are common. Oneor two beds
of pale-yellow-orange, very fine grained limestone occur in the lower
part.of the formation not far from the state line.

In the north-central part of the quadrangle, clastic rucks, mapped
as part of the sandstone and claystone unit. apparently lie unconform-
ably beneath the surrounding Quaternary sediments. Near Clay
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Camp, both flat-lving and inclined Jayvers of sandstone, siltstone, con-
glomerate, and fangiomerate are poorly exposed. The conrser grained
beals contain pebbles of quanazite, limestone, dolomite, conglomerate,
amd voleanie rocks.

In the hills east of where the Old Traction Road crosses the State
line, the samdstone and claystone unit rests conformably on and is
interbedded with the uppermost pehble Inds of the underlying fan.
glomerate.  On the north tlank of these hills the unit is overlain by
and interbedded with the fanglomerate near Grapevine Springs. The
total thickness of the unit may be us much as 2,000 feet,

The sandstone and claystone unit includes both fluvial and lacus-
trine deposits. The mapping outlines a depositional basin at least
12 miles long in a northwest direction. Tie bordering highlands
were either low or far removed in comparison with those of the pre.
ceding or the following epochs of fanglomerate deposition.  Lime-
stone and evaporites are scarce; apparently during much of the time
the depositional basin did not include a playa. Now and then there
were showers of ash.

No fossils have been found in the sandstone and claystone unit.
These rocks closely resemble some of the rocks of Oligocene( 1) age in
the southeast spur of the Funeral Mountains, such as the upper lime-
stone and shale unit.

ORIGIN AND ENVIRONMENT

The Tertiary rocks at the north end of the Resting Spring Range
were deposited both as alluvial fans and as lake sediments. The dep-
csiticnal basin was occupied by a playa only for short periods. The
present-day configuration of mountain and basin has existed almost
unchanged since these rocks began to be deposited. While the sand-
stone and claystone unit was being laid down, the north end of the
Shadow Mountain block was lower and less extensive i relation to
the surrounding basin than it was during the time of accumulation
of the fanglomerate near Grapevine Springs. A more profound de-
parture from the present is suggested by the presence of deformed
fanglomerate in the central lowlands near Clay Camp.

ROCKS OF HILL SOUTHWEST OF DEATM VALLEY JUNCTION
FURNACE CREEX FORMATION

The isolated butte in the southwest corner of the quadrangle in-
cludes a few beds of tuff and siltstone assigned to the Furnace Creek
Formation of Miocene and Pliocene age (Drewes, 1963). Fine-
grained tufl and siltstone form thin beds, and voarse-grained material
malkes thick beds that contamn pumice fragments as mnch as 1 inch in
diameter.
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TERTIARY AND QUATERNARY ROCKS
FANGLOMERATE NEAR GRAPEVINE SIRINGS

Boulder-covered hills extending from Grapevine Springs south.
eastward to the Old Traction Road are underlain by brown thickbed-
ded or massive fanglomerate.  Althongh poorly exposed, the wnit
apparently includes miny hundreds of feet of fangiomerate and inter-
calated thin beds of pumice and of tutfaceous sandstone.  The pebbles
and boulders are chietly subangular fragments of quartzite and Paleo-
zoic. carbonate rocks in about cqual proportions. ‘The fangiomerate
near Grapevine Springs is well indurated, but less so than the older
underlying reddish fanglomerate, a few boulders of which are found
in the younger fangiomerate unit. Similar fanglomerate, included
with that nenr Grapevine Springs, oceurs in a small downfauited
basin just south of Shadow Mountain, in a small area west of the
mountain, and in the hills south of Last Chance Spring near the
Ash Meadows Rancho. .\t the north end of the Resting Spring Range
the fanglomerate may be as much ax 1000 feet thick. Although over
much of the aren the rocks appear to be undeformed, the hills enst
of Grapevine Springs are a cuesta of southward-dipping fangiomerate
overlying finer clastic rncks.

On the south slope of Shadow Mountain a narrow downfaulted
wedge of brown fanglomerate extends for about half a mile into the
quadrzngle from the east. and small caps of fanglomerate cover two
bedrock spurs a siort distance to the west. At least 100 feet of
southward-dipping boulder fanglomerate rests unconformably on the
quartzite of Shadow Mountain. The fanglomerate inciudes abundant
subangular fragments of quartzite and micaceous shale and aiso a
few fragments of Paleozoic carbonate rocks and of a reddish fan-
glomerate that resembles the older fanglomerate unit north of the
mountain. The fanglomerate is moderately well indurated, is massive
or well bedded. and contains conspicuous lenses of white pumice.

In a small arex west of Shadow Mountain. a welil-bedded pebble
fanglomerate rests conformably on finer grained. ' ifaceous rocks.
In tke hills south of Last Chance Spring, at least 500 feer of gray
fanglomerate and intercaluted tuffaceous sandstone rests with apparent
conformity on finer grained beds. This pebbly to bouldery fan-
glomerate forms clearly defined beds and contains fragments of
quartzite and Paleozoic carbonate recks.

In some places the fanglomerate near Grapevine Springs is clearly
unconformable on the underlving rocks: elsewhere its stratification
appears to be parailel with that of the underlying san-stone and clay-
stone unit. Near the state line the fanglomerate is not deformed.
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The fanglomernte was derived from the Resting Spring Range, and
the sourco may have been about the sume size as Shadow Mountain
nlthongh perhaps not in the sune place. The width of outerop of
the fanglomernte at the northwest. end of the range is about cqual to
the distance that bonldery gravel is carried at the present time from
the apex of the fan northwest of Shadow Mountain, The fanglom-
erate accumulated at a time of frequent showers of pumice and ash.
The abundance of fragments of reddish fanglomerate in the beds
near Girapevine Springs and their searcity in the Quaterary alluvial
fan deposits suggrest. that the area of outerop of the older fanglomerato
unit north of Shadow Mountain was more extensive during the accu-
malation of the fanglomerate near Grapevine Springs than at present.
The undeformed part of the fanglomerate, which is largely in Cali-
fornia west of the Old Traction Road, may be part of a fan that sloped
northwest ward from Shadow Mountain and had its apex in the NW1
NElsec. 24, T.25 N R.6 E. Ifthe fanglomerate in Nevada. includ-
ing the hills near Grapevine Springs and those south of Last Chance
Spring. is part of the same fan, it. was a little larger than the modern
fan northwest of Shadow Mountain.

The few small remnants of the fanglomerate near Grapevine Springs
south of Shadow Mountain suggest that an extensive fanglomerate
unit once covered that area also.

The fanglomerate near Grapevine Springs is nonfossiliferous. It
is perhaps of early Pleistocene age but may belong to the close of the
Pliocene Epoch. Decause a considerable part of it has been removed
by erosion or has been downfaulted and buried beneath later Quater-
nary deposits, the unit is probably older than the late Pleistocene.

ROCKS OF HILL SOUTHWEST OF DEATR VALLEY JUNCTION
FUNERAL FORMATIOX

-\ butte in the southwest corner of the quadrangle is an eastern out-
lier of the volcanic rocks that form much of the Greenwater Range to
the west (Drewes, 1963). About 40 feet of dark vesicular basalt,
assigned to the Funeral Formation of Pliocene and Pleistocene( ?) age,
rests conforimably on tuff of the Furnace Creek Formation. Boulders
of the basalt mantle the slopes of the butte.

QUATERNARY ROCKS

Most of the Ash Meadows quadrangle is underlain by unconsoli-
dated or, at most, weakly indurated rocks of Quaternary age, largely
alluvial-fan and playa deposits accumulated in a desert basin. Sur-
ficial deposits of limited estent include dune sand. scree. spring de-
posits, and landstide breccia. Over broad areas the rocks are not
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exposed in section: oniy in o few places have they been dissected to
dopths of ax much as 50 feor,

mndeformed and nnfossiliferous,
sand dunes, in alluvinm along the Ansrgosa River, and on low ter-
rices along the river and one or two 0f (he Ineper washes.

Thoe total thickness of the Quaternnry rocks s unknown,  The
driblers’ log of a water weil at Denth Valley Junetion lists 25 feet of
coarse gravel, in part cemented, resting on about 120 feet of ¢ Iny that
includes two thin, water-bearing gravel beds (Pacific Const Borax
Co., written commun., 1957). .\ second well nearby is sand to have
been drilled (o a depth of 500 feet, the lower 700 feet. entirely in clay
(Ben Barlow, oral commun.. 1956). Several drillers’ logs (Office of
Suate Engineer, (Garson City, Nev)) of water wells in the Amargosa
Desert near the T and T Ranch, a few miles northwest of the quad-
rangie. report “gravel and clay” to depths of as much as 700 feet.
Whether these wells penetrate Tertiary rocks is unknown.

The Quaternary rocks are v irtually
\lllflul\ are found on or i the

ARID-BASIN SEDIMENTS

Virtually undeformed strata of Quaternary age, including alluviai-
fan, spring, and playa deposits. Hloor the Amargosa Desert. White
clay and silt in the Ash Meadows, for exmmnple, intertongue to the
east with gravel and sand, part of an alluvial apron that surrounds
the hills near Devils Hole. The gravelly alluvium rests unconform-
ably on the Paleozoic rocks ¢ £ the Deviis Hole area, although the hills
themselves doubtless owe their existence (o fi.alting. Spring deposits
rest on and are intercalated in the clastic sediments.

FAX DEPO3ITS

The fan deposits include gravel. breceia, sand, silt, and a little clay
and are divided into those containing many fragments of quartzite,
limestone, and dolomite and those that include abundant pieces of
voleanic rock. The fragments are angular and subangular. Boul-
ders are most abundant near the mountain front. The pehbly gravel
13 commonly crossbedded and is interlayered with coarse, ;xbbly sand.
The lx)uiden gravel is poorly sorted and irreguiarly stratified, and
forms massive beds severnl feet thick. .\long the strike, the fan de-
posits may change from bouldery gravel 1o sand within distances of
only a few feet. The lenses of breccia, probably mudflow debris that
makes up only a small part of the depuosit, are unsorted mixtures of
all sizes and shapes: they range from 1 to about 10 feet thick. Where
exposad, the fan dopmns are cemented by caliche, but over much of
the quadrangie the deposits are dissected to depths of not 1iore than 3
feet, and only near the mountain front ara there continuons exposures
as much as 10 feet high. In general, large highlands are bordered
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by e extensive fan deposits than v smadl hills, but the spatial
reintions of mountain and basin or the ovenrrence of Recent deforma.
tion may upset. this generadization.

Much of the surface of the fan deposits is desert. pavement.  These
smouth, gentdy sloping pavements are composed of closely packed
sngraiar frynnents of rock whose exposed surfices nro eithee coated
with varmish or stched by sointion, depending upon their iithologie
composition.  Fragments of quartzite. of sandstone, and of volcanic
rocks have o conting of desert vamuish : basadt and andesite have darker
coatings than quartz-rich rocks.  Carbonate rocks on a pavemont. nre
ctehed and grooved by solution. The rest of the surface of the fun
deposits consists of braided channeis and gravel bars whose constit-
uents are also siightly wenthered.

Quartzite is the dominant constituent of the coarse fan deposits
west. of the Resting Spring Range, but quanzite congiomerate and
micaceous shale are riso present.  The deposits include a few lenses
of breceia or mudtlow debris, chaotic assemblages of slabs of quartzite
m a paie-gray silty matrix (hgs. 28 and 3.1). In the reentrant noth
of Shadow Mountain, Quaternary gravel rests unconformably on the
older rocks. .\t the north end of the area underlain by the unidenti-
fied limestone and dolomite unit, slightly deformed bouldery gravel.
mapped as of Quaternary age, iies against brecciated and discolored
carbonate rocks. the contact being either a fault plane or a buried faul
scarp.  The gravel is well indurated and may belong to the fangiom-
erate near Grapevine Springs, which crops out about three-quarters of
a mile to the southwest. \lluvial deposits southwest of Ash Meadows
Rancho are at the mouth of a iarge wash that dmins a large area to
the east of the quadrangle.

The alluvial-fan deposits surrounding the enstern prong of the Fun-
real Mountains are similar to those adjacent to Shadow Mountain (fig.
340y, The gravel. however. contains a variety of rock types inciuding
limestone, dolomite, quartzite, fanglomerate. sandstone, and tuff. Fan
deposits rest unconformably on the Paleozow rocks of the hills near
Devils Hole. The smail bedrock hill east of Longstreet. Spring, for
example, is surrounded by a narrow apron of rrravel that, within about
200 feet of the base of the bill. intertongues with white clay. Fur-
ther from the hill. the deposits are largely tine grained and contain
oniy a few lenses of limestone and dolomite pebbles. The extent
of the gravel apron around the hills near Devils Ilole is. of course.
related to their size. Mensurements, discussed in another publica-
tion (Denny, 1964). show that the area of the individual gravel fan
around these hills is about equal.to the size of its conrce aren.  Gravel
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and sand form the plains south and west of Death Valley Junetion
and ure composed fargely of voleanie debris from the Greenwater
Range which lies (o the southwest owside of the quadrangice,

Pebble grravet nnd sand, the fragments dominantly of voleanic rock.
mantle a considerable part of the plains between Amargosa River and
Carson Slough. The vivel is conrser ermuned to the nerth outside
the quadrangio and is the southern end of a bhroad alluviai plain that
rises gpradunlly noribhward inte the hills north of Lathrop Wells
(fig. 1). The deposit 15 crossbedded, and the pebbles in most out-
crops are {ess than 2 inches in diameter,

The sandy layers are weakly
indurnted.

Thronghout much of the uplands the deposit is oniy a
few feet thick: the maximum observed thickness is about 25 feet in
the bluils overlooking Carson Slough (NE14 sec. 19,0 T, 17T S R,
50 E.) where the gravel contains n few boulders of vesienlar basalt.

Estimates of the size of the materiai on the fans in the Ash Meadows
quadrangie were made as part of a generad study of fans in the Death
Valley region (Denny, 1964). These estimates are an attempt to
characterize the gravel on the surface of a fan and to compare the
material from fan to fan. The numerical estimates are based on
samples selected by means of a grid laid on the surface of the ground
(Wolman. 1954). No size estimates were made of the fan debris
exposed in cross section. nor were any bulk samples analyzed. The
estimates of size of material were made at selected points along a
traverse from apex to toe. Values obtained from four such traverses
on three {ans are shown in the semilogarithmic graph of figure 4.

‘Two traverses are on the piedmont northwest of Shadow Mountain,
on the fan that heads in the reentrant northwest of the peak and that
has its apex in the NEY,NEY N1 see. 18. T. 25 N, R. T E. The
size estimates of one traverse are based on samples of unweathered
aravel mapped as Recent alluvium. although some of the deposits
sampled are so small that on plate 1 they are included in the surround-
ing alluvial-fan deposits. Samples from the second traverse on
Shadow Mountain are of gravel on the surface of the alluvial-fan de-
posits (outside of areas of desert pavement) where the fragments are
slightly weathered. having a coating of desert varnish. Thus the
values from the first tmaverse characterize unweathered alluvium that
1> in transit down fan at present, and those from the second characterize
material that has not been moved since it was coated. The fact that
the weathered gravel is slightly coarser grained than the unweathered
ailuvium suggests that transportation and deposition of gravel was
more active in the past than at present. '

The third traverse is on the surface of Recent alluvium in a wash
on a fan in the Devils Hole area, and the fourth is on Recent alluvium
on a fan south of Bat Mountain on the west side of the quadrangle.
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ESTIMATED MEAN SIZE. IN MILLIMETERS

19 . . i i

2 2 4
DISTANCE FROM APEX OF FAN, IN MILES

EXPLANATION
FAN NORTHWEST OF SHADOW MOUNTAIN

B ——  — ——— —

Alluvisrmn Gravel on surtace of altuvsai-tan deposits
Fragments are rweathered Frogmenn hove o coonng of desert vormai

FAN WEST OF HILLS NORTH OF DEVILS MOLE
Apes near center of SWi, sec. 25. T. 17 S, R. S0 E.
——

Altuviym
in 0OrT mepoed o1 Ofvveol-for deoosss

FAN SOUTH OF BAT MOUNTAIN
Apex rust south of landside

—A
Alluvium

Fiouax 4.— Estimated mean size of samples of material oo surface of aliuvi: fans in Ash
Meadows quadrangle. Semtlogarithmic scatter dlacram showing the retation between

the estimated mean size of samples from selected sites and the distance of these sites from
“pex of fan.

Inspection of figure 4 shows that the rate of decrease in size of ma-
terial downfan varies from fan to fan. The two highlands on the
east side of the Amargosa Valley are both composed of massive sedi-
mentary rocks, and both furnish coarse detritus to the apices of their
fans. At distances of more than 1-2 miles downfan, however, the size
estimates on the smaller fan decline more rapidly than on the larger
one. The small hilis do not furnish sufficient water in flood to move
the debris very far.
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T generniize, the fan deposits adjacent 1o highlands of massive
sedimentary rocks of Paleazoie nge are coarse and bouldery. The fan
debris gradunlly decrenses in size away from the highland for perhaps
two-thirds or threc-quarters of the distanee to the 100 of the fan, where
size rpidly decreases. Most of the fan debris at the foot of the Fun-
eral Mountains is slightly finer grained than debris at. the base of the
other hills beeause the Funeml Mountains include a slightly greater
amount of fine-grained or thin-bedded rocks than the other highlands.

The alluvinl-fan deposits in the northwestern and southwestern
parts of the area are dominantly of voleanic rock and have relatively
distant sources. Within the quadrangle the material is chiefly pebble
gravel and sand, although many boulders are present in the deposits
west of Death Valley Junction, especially in the area north of the bed
of the dismantled Death Valley Railroad. This pebbly gravel con-
tains many boulders of vesicular basalt. and the matrix is tuffaceous.

The spatial relations of mountain and basin are as important as bed-
rock lithology in alluvial-fan formation. The alluvial deposits of the
small fans that spread southward from the Funeral Mountains near
the quadrangle boundary have about the same range in size at. the
mountain front as at the toe of the fan. The material travels south-
ward to the toe and is then carried eastward in the large washes of a
fan that heads in the Greenwater Range to the west. The toe of the
coalescing fans that surround the southern part of the Funeral Moun-
tains is also the lateral margin on the much larger fan from the Green-
water Range. Eastward from the west edge of the quadrangle, the
toe of the Funeral fans lies progressively further from the mountain
front and the debris near the toe decreases in size.

PLAYA DEPOSITS

Sand, silt, and clay underlie the lowlands in much of the Nevada
part of the quadrangle. The strata are white or pale shades of gray
and brown, are loose to weakly cemented, and contain a few lenses of
fine pebble gruvel. These fine-grnined sediments, locally including
tutfaceous materials and evaporites, probably accumulated in part
near the distal end of an alluvial fan and in part on a playa. Fan
gravel is gradational into playa deposits. The contact between them
15 placed where more than haif of the material is sand, silt, and clay.

The playa deposits are well exposed. Numerous excavations—the
clay pits—have been dug in the Ash Meadows and in the Amargosa
Desert near Clay Camp.  Natural exposures occur along the wash east
of Rogers Spring. near Fairbanks Spring, along the west side of Car-
son Slough from 2 to 3 miies north-northeast of Clay Camp, and near
Franklin Well. In the northeast corner of the quadrangle (14 sec.
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7. TV 17 8, R 51 K, white zilty elny underlios the rumnant of a playa,
now isolated by dissection on all sides oxcopi. to the south, and n larger
playa lies nbout 2 miles to the enst beyond the quadrangle boundary.
The following section deseribes the Quaternary deposits exposed in the
biufls about { mile east of Rogors Spring,

Section of Quaternary depoaita erpozed in bluff on aouth dank 0f wash about ¢
mile: caat of Rogers Spring (SWY, 8EY, ace. 1, T. 17 8.. R. 50 E)
Apprezimete
thickaess
(Ject)
1. Spring deposits( ?), pale-yellow (5) 8 /3ta7/3), hard, massive, and very
fine grained. Numerous tubular openings ranging from 1/1Gto ¥ In.
in diameter. Surface of outcrop Is rough and pitted. ... ————— 3
. Rand, pale-yellow (2.5) 8/4). medium- to fine-gralned, loose, friable.. 25
3. Gravel, xray, pebbly, crossbedded, friable, loose: contains some lenses
of saand and fragments of clay. Debbles are angular and slightly
rounded; rock types include quartzite, chert, sandstone, limestone.
and dolomite. Near top of ubnit, gravel is sandy and is interbedded
with sand resembling that which overiies it 4
4. Clay, white, massive: hard when dry: blocky structure; contains nod-
ular masses of evaporites(?). Includes thin beds of fine-grained
sand that are most abundant near base of unit. At east end of section,
unit 4 Ia only 3 feet thick because base nf overiying grarel (unit 3)
cuta down across the ciay ——— 6
5. Sand and gravel, loose, friable, thin-bedded. Sand. medium to very
coarse grained; many greins well rounded: contains a few pebbles.
Stratifzation locally wary and broken. Gravel composed of angular
and slightly rounded peboles ranging from granule size to 1 inch in
dizameter ; most are less than a balf an Inch in diameter. Pebbles are
of quartzite, chert, and dark-gray carbonate rock. Unit contains a
few mudballs and small white nodular masses of evaporites{?).
Upper contact sharp, wary .
6. Clay, pale-yellow, pale-olive, und white (5T 6/4 — 7/4 — 7/8), sandy:
contains numerous smail white nudules of evaporites(?). Structure

blocky and massive. Upper contact sharp, wavry: local relief of 10
inches 31

(&)

Total thickmess exposed____.__ ___________ S 20

Units 4 and 8 sre belleved to be playa sediments separated vy fne-grained
alluvial-faa debris: the position of the toe of the fan fluctuated from time to time.
The stream that deposited the grave! of unit 3 apparently eroded the top of the
underlying playa clay.

In some of the clay pits. pale-olive ciay occurs as irregular masses
and lenses in white fine sand to silty clay that is commonly massive
and weakly to firmly cemented (figs. 5.4 and 7). The olive clay ap-
parently was the material mined: blocks of the enclosing white in-
durated material were dumiped nearby. The clive clay may have filled
irregular openings in the enclosing white material, or the interfinger-
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g may e been subsevpuent Gy the depeeation of both naterials,
poerhaps velated 1o vepeated wettinge anid drvinge of the surfaen of a
phays
SPRING DEPONITE

Fiemly cemented clastwe naterial, Laegely <aned aned <t oceuns near
the flowine sprimges. Do plaeses tie materal s poarons and tinely crys.
talline, The depemits ane paie sy or pale brown and inchide many
casts and moids of plant semss Broad areas of wer, tirfy meadow
constitute o considerable part of the Ash Medows. On the bottom
of sl pemls the stems of nnds o sedies are now einge buried by
clay or st presumably neterial Blown inte the pool. The dmining
anved drying of sucha pood may canse the sediment 1o Tasome indumted ;
leaving molds of the stems< when the oreanie matter has disappeared,
Giradnal disection by Carson Stoneh is an adewpuate explanation for
these: melie spring deposits: it is unneessary to peetalate any change
i the total discharge of all the springs in the Meadows, Spring de-
posits mantle low ridges and extend down to the tioor of the interven-
g washes.  Similar deposits eap buttes as much as 10 feet high or
are intervalated in the tiner clastie sediments. . Only some of the largor
and-more conspicuous spring deposits are shown s 4 sepnrate unit
on plate 1.

Just:west of Devils Hole a sheet of spring deposits, not shown on
plate- 1. measures ronghly 500 by 1,500 feet and manties ridges and
shallow gullies.  The edpe of the sheet is lotrate, ami the lingers point

FLeRE 6.— lndusated caprock ixpring depusit i overlying a fine pehhle gTateld renting
Wth Ioeal nngular discoaninnee on clry, it nned sanel.
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Fieuas 7.—Cross section of playa deposits. Olive clay (dark areas) and enciosing
white clay that is massive and slightly indurated. Exposure is in prospect pit about
2 miles porthwest of Devil Hole (center sec. 28, T. 17 S.. R. 30 E.).
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downwash.  The deposits are nt lenst 2 feet thick, thinning 10 a few
nches near their borders: on vidges they overlie n desert pavement.
An east-trending narrow band of slightly more massive deposits sug.
gests seepage alonge n fissure. The sheet is deped over the Iandscape
and is perhaps the relic of & wet mendow which surrounded a flowing
spring.

The prominent butte northeast of Fairbanks Spring has a hard
massive cap of spring deposits that is nearly 20 feet thick. Conform-
ably below the caprock is nearly n hundred feet of brown and light-
brown sandy silt and clay containing nodular masses of evaporites(?).
The great thickness of the caprock suggests that it was deposited
around a spring and is not merely n weathered crust, though no sign
of such an opening was found. The Quaternary rocks near Fairbanks
Springs are undeformed, and the eaprock is isolated and exposed be-
cause of dissection by Carson Slough.

Three small mesas south of Longstreet Spring have indurated cap-
rocks and are mapped as spring deposits (pl. 1). The caprock is
largely a massive pale-brown, very fine grained sandstone 2-3 feet
thick; locally the material is coarse grained and faintly stratified.
Below the cap of the eastern mesa is about 2 feet of fine pebble gravel
that thins westward and rests on ciay, silt, and sand. The contact
locally shows a slight angrular discordance (fig. 6). No gravel occurs
beneath the caprock of the two mesas just to the west. The tops
of the mesas siope westwara, parallel to that of the apron of alluvial-
fan deposits tothe south. The caps of the mesas are remnants of west-
ward-sloping sheets of alluvial-fan debris. The eastern mesa lies at
about the western limit of gravel on the ancient fan; further west-
ward, perhaps near the toe of the ancient fan, the material was largely
sand. The location of these caprocks near present-day springs sug-
gests that the alluvial apron west of tha hills was once the site of a
swampy meadow which is now drained.

ORIGIN AXD ENVIRONLENT

The alluvial fan, plays, and spring deposits accumuiated in an
arid basin whose bordering highiands were almost the same as they
are today. The small clay-covered flat in the northeast corner of the
area may be a remnant of the ancestral playa. Alluvial fans spread
out from the highlands to an exiensive playa that, in the Pleistocene,
occupied much of the Nevada segment of the quadrangle. Springs in
the Ash Meadows probably supplied water to the playa and the
Meadows were areas of swamp, much as they are today. The an-
cestral playa apparently extended southward into California prob-
ably as far as Eagle Mountain (fig. 1). Dissection of the playa prob-
ably began in the late Pleistocene, and in tha Nevada part of the
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quadrangle reached to depths of at least 100 feet.  Washex from vol-
canie mountains to the north (fig. 1) spread a layer of gravel on top
of the playa deposits in the northern part of the area.  Frosion has
now remaved or redistributed part of this cover.

Alkali Flat, at the southern edge of the quadrangle, is aimost un-
dissected. In Inte Kecent time the Amargosa River was dammed
west of Eagle Mountain, and a small playa—Alkali Flat—was buiit
in the river valley just north of the mountain. The construction of
the Flat coincides with the dissection of the much more extensive
“ancestral” piaya mentioned above. The building of the Flat may
be due to the rise of Eagle Mountain or perhaps to the growth of the
adjacent fans at a time of increased flood flow from the neighboring

highlands.
AGE AND CORRELATION

The arid-basin sediments probably include deposits of both Pleisto-
cene and Recent ages.  No fossils have been found.  Similar materials
in the Amargosa Valley to the south include “dissected nlaya or lake
beds * * * [which] between Shoshone and Tecopa contain elephant
remains that, according to Curry (personal comm.), who collected
them, are Ploistocene” (Noble, 1941, p. 957-958). Along the Amar-
gosa River west of Franklin Well the alluvium that overlies the playa
and the fan deposits has been dated archeologically by Alice Hunt
(1960, p. 65) as about 2,000 vears old. Most of the arid-basin sedi-
ments are probably of Pleistocene age.

LANDSLIDE BRECCIA

Tongue-shaped masses of landslide breccia. including some brecci-
ated sheets of limestone or megnbreccia (Longwell, 1951), lie on the
piedmont east of the Funeral Mountains. Northeast of Bat Moun-
tain several masses of breccia form conspicuous low hills on the pied-
mont east of the mountains. South of Bat Mountain a mass of breccia
is largely within the range, and just east of the peak is another small
slide. Detailed maps of the severn} slides are published elsewhere
(Denny, 1961).

The landslide breccia is either a disordered mass of fanglomerate
and limestone blocks or large plates of limestone resting on breccia,
on gravel, or directly on Oligocene( 1) rocks stratigraphically above
those included in in the plates (pl. 1, section 4-4°). The southern
slide filled a narrow gully near the mountain front and spread out
over the apex of the adjacent fan. The single or forked tongues of
breccia northeast of Bat Mountain are separate landslides that moved
down gullies on the piedmont which has since been lowered 30 to 40
feet by erosion.
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All the Iandslides came from 1he steep eastward-dipping beds of
fanglomernte and limestone (npper funglomernte unit nnd upper lime-
stone and shale unit, pl. 1) that have shale and other thin-bedded rocks
beneath them. Uplift of Bat Mountain along high-angie fuults set
the stage for the erosion of clitfs on its northern nnd western sides,
Material from these cliffs descended into gullies and moved ont onto
the piedment. The individual tongues nre discrete slides that moved
down the piedmont in shallow guilies carved partly in bedrock and
partly in gravel. Sliding oceurred more than once, but the precise npe
of any one of the slides is unknown. Subsequent erosion has left the
slides standing above their surroundingsx.

SCRER

Much of the quartzite of Shadow Mountain iies beneath a discontin-
uous mantle of scree, but only the lnrger. masses of this bouldery de-
posit are shown on the map (pl. 1). A scree of basalt boulders mantles
the slopes of the smali butte in the southwest corner of the quadrangle.
Unmapped bodies of scree lic on the slopes of the Funeral Mountains
and of the hills near Devils Hole.

The typical scree on Shadow Mountain is composed of cobbles and
boulders of quartzite, and the stones on the surfsac have a dark coating
of desert varnish. Scree occurs on all sides of the peak, chieflly as
tongue-shaped masses in the heads of gullies. Only near the summit
does scrie mantle ridge ~rests (fig. 572). DBetween the tongues of
boulder scree are bands of pebble scree whe se stones are not varnished
and are imbedded in a sandy matrix. In the upper foot of the boulder
scree most of the fragments are varnished on all sides and there is no
matrix between them. From a depth of 1-114 feet the stones are not
varnished but are coated with sand. In the few pits excavated to
greater depths, the material consisted of pebbles of quartzite imbedded
in a fine sandy matrix.

The estimated mean size of the fragments on the surface of three
bodies of scree on Shadow Mountain is ziven below; the es:imates were
determined by the method noted on page 1.25.

EZstimated

meen

Xind of anurface 8:’-:‘ (:::,
YVarnished fragments and no tines 29 380
DO e 31 175
Unvarnished fragments and a little fine sand 29 10

The rounded crests of the high ridges on Shadow Mountain are
draped with dark bands of scree. Stripes of varnished boulders are
separated by areas of fine scree with abundant shrubs. Cn gentle
slopes near the summit, masses of fine scree have moved within the
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Inst few years.  Unwenthered fragments of quastzite are piled up
behind bushes to a height of severat inches, or form a tongae that has
moved down over varnished boulder seree (fig. 8.4). Tongue-shaped
massex of seree in a gully are dissected along their lower edyes by n
wash that heads in the same gully or in a neighboring one.  Seree
forms low ridges that trend downslope and are surfaced with either
varnished boulders or pebbly sand in which seattered shiubs grow.
Fine pebbly scree floors gullies cut in course boulder scree, or rests
on top of and is completely surrounded by boulder scree.

The scree on the butte southwest of Dealth Valley Junction forms
an almost continuous mantle of houlders that conceals the underlying
tutf. These basait boulders have a black coating of desert varnish.
The surface of the deposit has the form of low ridges and shailow
gullies trending downslope. Mantles of varnished boulders, lnrgely
talus, are, of course, characteristic of many areas of basaltic rocks in
the western United States.

In the hills of the Devil’s Hole area. the largely bare-rock surface
of the hills is separated from the adjacent piedmont by a narrow band
of many closely spaced gullies that are wailed by coarse and fine scree.
Such patterns of gullies and intervening spurs are characteristic of
the transition from hills to piedmont and are perhaps an expression
of a dynamic equilibrium between the rate at which scree is produced
by weathering on the bare mountain slope and the rate at which scree
is eroded and the material carried down onto the piedmont. The
gradual wearing back of the bedrock slope above the band of gullies
czuses them to deepen and thereby isolate masses of scree downslope
from further sedimentation. In this way, the amount of scree sepa-
rated from its source gradually increases. These abandoned deposits
of scree are eroded and the material transported down onto the pied-
mont. If we assume that the rate of the supply of detritus'to form
scree is constant, in time the rate at which the scree is removed will
equal the rate at which material is supplied to it. Thereafter. this
system of erosion and deposition will remain in balance until upset
by some change in process or in geometric relation of mountain slope
to piedmont.

The scree in the Ash Meadows quadrangle is detritus- from an
adjacent. bedrock slope or from older scree. Much of it has accum-
ulated as individual blocks at the base of a cliff to form talus. The
localization of some scree in gullies suggests a casual relation to run-
ning water. Such scree—boulder colluvium is perhaps a more appro-
priate term—inay accumulate to a considerable thickness before a high
flow of water moves the debris down the gully and out onto the adja-
cent fan. Scree on divides is derived by weathering from adjacent
bedrock or older scree.
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Vhe varmisived coatings on the exposed frignments of most. deposits
of serve suggrest that they are old, bt how old is a moot question.,
Present-day frost action is doubtiess responsible for the fine seree on
the summit of Shadow Mountain, and perhaps the conrse sereo dates
from a time of more etfective frost action in the past, eithor in the Inate
Pleistocene or about 2000 years ago during n moist-climate episode
when there was a shadlow lake on the floor of Death Valley (C. B.
IHunt, written comm., 1960).

The oceurrence of varnished or solution-facoted pieces of rock in
the upper few feet of scree sugprests that the stones were weathernd
prior toburial. Accumulation may have been picce by picce overa long
interval of time. .\ weathered boulder moves down off a bedrock
face from time to time, and graduaily scree nccumulates at ths base
of the steep slope. Given sufficient time, such a slow process could
form a thick deposit.

The occurrence of coarse and fine screv reflects in part. at least the
presence, under the adjacent slope, of both thin-bedded or well-jointed
rocks and thick-bedded or massive rocks. A bouldery surface, how-
ever, may be only superficial. Exposures show that the coarse ma-
teriai at the surface becomes finer grained at depth, and a similar rela-
tionship can be inferred from the occurrence of fine scree completely
surrounded by boulder scree. The presence of both coarse and fine
scree in the same gully suggests that both large and small fragments
weather out of the bedrock upsiope. The sorting may reflect difler-
ences in runoff intensity from storm to storm.

GRAVEL ALONG AMARGOSA RIVER

A low gravel terrace occurs along the Amargosa River from about
State Route 126 southward to Ash Meadows Road. In some places
the surface of the terrace is a desert pavement. .\ gray pebble gravel
contains abundant fragments of voleanic rocks and a subordinate
number of quartzite, chert, limestone, dolomite, and sandstone frag-
ments. The pebbles commonly range from 1 to 1 inch in diameter.
The deposit is crossbedded and includes layers of coarse- to medium-
grained sand and sandy silt. Locally it is ovariain by 2-3 feet of
fine, crossbedded sand. The terrace is perhaps as much as 6 feet above
the dry river bed and 2— feet above the toe of the fans from the
Funerai Mountains,

Pebbles in the gravel come both from the mountains north of La-
throp Wells and from the Funeral Mountains. The pebbles of vol-
canic rock were reworked presumably from the gravel that mantles
the uplands near Clay Camp. -The pebbles of sedimentary rock came
either directly from the Funeral Mountains or were reworked out of
the adjacent fan deposits. The gravel extends only a short distance
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upriver from the highway crossing and prolmbly did not come down
tho river from the northwest. The sand that overlies the fruvel con-
taing a few pieces of charconi and chipped flakes of rock. This sand
is probably part of the Recent alluvium that west of Franklin Well
is overlain by archeological materinl bolieved by Alice Hunt (1960)
to bo about. 2,000 vears old.

DUNE BAND

Sand dunes are on the alluvinl plnins or near the toes of fans nnd
are composed of coarse- to medium-grained sand. The Inryest areas
of dunes are on the east bank of Carson Slough and the ad jacent plains.
A few small dunes occur on the uplands north of Clay Camp. Many
dunes are underlain by playa deposits, and most of them nre not far
removed from springs or swamps. The dunes have irregular shapes:
most ars 5-10 feet high, but some are as much as 30 feet high. Some
of them are slightly elongate in plan., The dunes are bare, except for
scattered mesquite, and change shape from time to time. None of the
dunes, however, appear to be moving across the plains. Ina few places
near dunes the surface of the playa deposits has been slightly eroded
by wind-driven sand.

Archeological remains on the surface of the dunes belong to the
Death Valloy IIT and Death Valley 1V stages (A. P. Hunt, 1960, p.
65, 168-171), which span the last 2,000 years. The dune sand is ap-
parently derived from allovium. Perhaps the sand rorth of Clay
Camp came from the adjacent alluvial-fan aeposits. Gravel fans with
extensive areas of pavement are devoid of dunes, probably because the
surface of the gravel is not a good source of sand.

The largest area of dune sand, west of Crystal Pool, has a straight
and abrupt east face that lines up with that of smaller dunes to the
north. The arm of alluvium east of these dunes suggest that their
linear front is an erosional feature. It is tempting, neverthess, to
speculate that this alinement reflects n structure in the underlying
TocKs.

During times of high wind, sand can be seen moving across the sur-
face of the Amargosa Desert. There is no evidence in the quadrangle
that the duncs were ever more extensive or more actively moving than
they are at present. Whether the presence of mesquite is a contribu-
tor to dune formation or merely a result thereof is not clear. All the

dunes support mesquite, but extensive aress of mesquite are on plains
where dunes are virtually absent.

ALLUVIUM

Material that ranges in texture from boulders to silt floors narrow
washes and broad flood plains. The amount of clay in the alluvium
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appeary (o be small but was not determined by mechanieal analysis.
The lithology of the deposit reflects that of the adjacent rocks. The
contse frsgments are mostly unweathered and lack » conting of desart
varnish, Along the Amargosa River and Carson Slougrh, the alluvium
is largely sand or silt.  Large areas along Carson Slough have n salt
crust. Near Ash Meadows Road the erust disappenred during heavy
rains in the spring of 1958, but the white coloration returned within
a week or two after the rnins had ceased.  On the fans, the alluvium is
chiefly sand and grvel. Tho delineation of alluvium on the fans
(pl. 1) is a genernlized portmyal of what is actually n mosaic of small
bodies of unweathered alluvium and of weathered fan deposits, the
latter including areas of wash floored with varnished fragments and
areas of desert pavement.

The alluvium on the fans is confined in narrow chaunels of which
a few head in the mountains, but most head in an area of desert puve-
ment. Many of the elongate bodies of alluvium do not extend as far
as the toes of the fans. Near the toes, however, other small elongate
bodies of alluvium are separated by smalil areas of desert pavement.
This distribution of alluvium suggests that some of the deposits come
from catchment basins on the adjacent steep mountain slopes and
others from smooth areas of desert pavement where runoi is rapid.

The recent alluvium on the fans is finer grained than the varnished
gravel on adjacent alluvial-fan deposits (fig. 4). The weathered
gravel is more extensive than the alluvium, and the floods that mover
the latter were probably not as extensive as those that moved the older
gravel.

The thickness of the alluvium is unknown. Few exposures reach
depths of more than 10 feet. No fossils have been found.

In her study of the archeology of Death Vailey, Alice Hunt (1960,
p. 65) mentions briefly sites along the Amarpgosa River in the Ash
Meadowsquadrangle:

e o » Late Death Valley II (Amargosa) sites are numerous along and pear the
Amargosa River, which {s now dry most of the year. in the valler next east of
Death Valley. Some crudely shaped tools, & washed fireplace. and numerous
flakes were found in the aliuvial bank of the river to depths 3 feet below the
surface. Diagnostic tools were not found in the ailuriom but the artifacts
almest certainly are from the numerous Late Death Valley II sites along the
edge of the river floodplain. Sites with pottery and arrowheads are few along
the river and are largely restricted to the existing springs.

The Late Death Valley IT occupation is believed by Alice Hunt to
have ended at about the beginning of the Christian era, and to have
been contemporaneous with a Recent pluvial lake which covered the
floor of Death Valley to a depth of about 30 feet (C. B. Hunt, written
commun., 1960). In Death Valley. occupation sites of this same stage
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are found around springs that are now dry but presumably were
flowing nt the time of occupation. 1t is likely, therefore, that much of
the alluvium along the Amargosn River is at least 2,000 years old.

STRUCTURE
FUNERAL MOUNTAINS

Within the Ash Mendows quadrangle, the southeastern spur of the
Funeral Mountains is an eastward-dipping fault block, bounded on
the northwest by a fault that we have nnmed the Bat Mountain fauit.
Smaller fauits within the block strike either parallel to it or termi-
nate against it at a low angle. At least two periods of deformation
occurred.

The Funeral Mountains (fig. 1) are bounded on the southwest by

the Furance Creek fault zone, one of the master faults of the region.
The zone follows the southiwest base of the Grapevine Mountains and
the Funeral Mountains to the Amargosa Valley, where it turns south-
ward to extend perhaps as far as the point where the Amargosa River
crosses the Shoshone-Baker highway (Noble and Wright, 1954, pl. 7:
Jennings, 1958). The fault zone is concealed in the Ash Meadows
quadrangle, but probably lies close to the southern end of the spur,
where the northeasterly strike of the Tertiary rocks changes abruptly
tothe east.
" The Ba’ Mountain fault northwest of the spur extends southwest
into the Ryan quadrangle and is inferred tc terminate in the Furnace
Creek fault zone. Both faults are largely concealed beneath the
Quaternary deposits. The rocks of the spur are uplifted several
thousand feet relative to those to the west, and the displacement in-
creases toward the Furnace Creek fault zone.

Within the spur, which is bounded on the west by the Furnace
Creek fault zone and the Bat Mountain fault, the older of the two
cets of small normal faults strikes northward and joins the Bat Moun-
tain fault obliquely. On ti.e northeast slope of Bat Mour-ain a horst
of Paleozoic limestone and dolomite is separated from che adjacent
Tertiary rocks by high-angle faults (section 3-8", pl. 1). The upper
limestone and shaie unit lies unconformably on the beveled top of
the underlying horst and graben structure.

The younger set of normal faults trends northeast in the south-
ern part of the spur and swings north and northwest in the northern
part. Many of the faults dip about 65° west, or about normal to the
bedding in the upper fanglomerate unit. The western blocks gen-
erally dropped relative to those to the east. Toward the south, some
of the younger {anlts become a zone of faults and the throw increases.
but even here is not more than a fes hundred feet. Near the north-
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west side of the spur the vounger fnults join some of the older set.
Here the movement. apparently took place nlong both sets at ihe same
time.  The throw of the fanlt immediately east of the knob at altitude
3377 [eet decreases southward from abont 400 feet at a point three-
quarters of a mile from the Bat Mountain fauit to about 50 feet 114
miles from it.

The oldest movement on the faults at the southeastern spur of the
Funerai Mountains is inferred to be Oligocene. The area southwest
of the Fumace Creek fault zone was rised at least tiwice to supply
the debris for the two bodies of fanglomerate at at Mountain. Prob-
ably during this same time movement took place along subsidiary
faults in the older rocks of the spur. By Miocene or Pliocene time the
Funeral Mountains were mised relative to the area southwest of the
Furnace Creek fault zone, and the lacustrine and voleanic rocks of
the Furnace Creek Formation were deposited west of Death Valley
Junction. The rocks of the spur were broken again by many faults
during this interval. The abrupt west face of the spur, largely out-
side of the Ash Meadows guadrangle. snggests that the youngest move-
ment on the Bat Mountain fault is no older than the Quaternary
Period. Nomovement has taken place along the smail faults mantled
by landslide breccia since the breccia was deposited, perhaps in late
Plaistocene time.

DEVILS HOLE AREA

The unnamed range. largely outside the northeast edge of the Ash
Meadows quadrangle but extending into it at a point about 2 miles
northeast of Point of Rocks Springs. is in general a gently northeast
dipping block that contains one or two thrust faults of undetermined
size. Along the westernmost of these faults, gently dipping Middle
and Upper Cambrian rocks moved over steeply dipping Lower and
Middle Cambrian rocks. The rocks of the Devils Hole area appear
to be extensions of the upper plate.

Allurial deposits overlap the Paleozoic rocks of the hills near Devils
Hole in the northeast part of the quadrangle, and the faults along
which the hills are believed to have been elevated relative to the ad-
jacent plains are nowhere exposed. The rocks of the hills are broken
by sumerous north- to northwest-trending steep faults, which have
displacements rarely exceeding 200 feet. In the hill north of Devils
Hole, the eastern fauli blocks are dropped with respect to the western
ones. Three sinkholes, of which Devils Hole is the largest, lie on or
close to small faults: very likely their solution was structurally con-
trolled. The rocks in the hill north of Point of Rocks Springs are
gently arched and are also broken by north- to northeast-trending steep
faults. The blocks aiong the crest of the anticline are upthrown.
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The rocks in the spur along the enstern edge of the aren are broken
in a less systematic manner along northwest-trending streep faults,

On the grently sloping surface of the playa deposits about. & mile
southwest of Devils [Hole, smail nrens of gravel are shown bordering
the truce of an inferred fanlt.  Areas of gmvel abut agninst playa
deposits along n north-trending line.  The distribution of grmvel and
playa deposits suggests differentinl ervsion nlong some sort of struc-
tural break. The tynee of the doubt ful fault lines up with two springs
about a mile to the north.

RESTING SPRING RANGE

Shadow Mountain is a block of cast-dipping Paleozoic rocks (sec-
tion £-£7, pl. 1) that has risen relative to its surroundings. The bor-
der faults are nowhere exposed, for on all sides fanglomerates of Ceno-
zoic age rest unconformably on the older rocks. West of the peak a
small mass of disordered blocks of limestone and dolomite has appar-
ently been dropped down relative to the main body of the mountain
along a northeast-trending fault. The range diminishes in altitude
northward, presumably because the amount of displacement along its
concealed border faults also decreases. At the north end of the range,
the surface of the block passes beneath the older of the fanglomerates
that is displaced a few hundred feet by movement along high-angle
faults that strike northward and die out in the overlying finer grained
beds.

The Paleozoic rocks of the range are apparently displaced along
other north-trending faults that were not mapped. South of Shadow
Mountain, a small southward-dipping wedge of fanglomerate has
been dropped relative to the Paleozoic rocks along an east-trending
high-angle fauit.

South of Grapevine Springs, the nearly straight western limit of
the younger fanglomerate suggests faulting, but exposures on the
soutir side of the broad wash near the state line (sec. 11, T.25 N, R.
6 E.) show the fanglomernte near Grapevine Springs r+ ting uncon-
formably on the sandstonc and clay unit. At the north end of the
range the Tertiary rocks form a broad anticline whose axis lies close
fo the broad wash entering the quadrangle from the east.

GEOMORPHOLOGY
ALLUVIAL FANS

Allurial fans are accumulations of detritusat a place where a debris-
carrying wash from a highland becomes free to migrate from side to
side. The fan-building wash has a smooth profile and passes without
a break in slope from highland out onto fan. The point at which
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the wash leaves its contined channel and moves from side (o sids varies
from fan to fun.  On some 1t is at the mountain front, on others haif-
way down to the toe of the fan. Deposition will take place wiere
the channel is uncontined, if the gradient at that placa is fess than that
npstrenm, and the wasiv will thus acquire n simooth prolile from head-
watem to toe of fan.

The mountaing and hills of the Ash Meadows quadmngle are sur-
rounded hy conleseing alluviai fans that have n complex surface—a
mosaic of desert. pavements and of washes. (On the geologic map
(pl. 1) the areax where the surface of the niluvial-fan deposits is desert
pavement are shown by pattern.  The rest of the surface of the allu.
vial-fan deposits consists of abandoned washes that have not carried
water for some time. The surface form and erigin of two fans in
the quadrngle and others nearby are discussed in detail elsewhere
(Denny, 1964).

WASHES

The modern washes. the Recent aliuvium of nlate 1. ditfer from the
abandonaed washes in topographic form and in the nature of the
material at the surface. DBraided channeis and gravei bars constitute
the modern washes. Desert shrubs are absent. and the stones on the
surface are mostly unweathered. The chrnnels and bars of the
abandoned washes support a growth of Jesert shrubs and are floored
with stones that have a coating of desert varnish. The surface ma-
terial is coarser grained, and the microrelief between channel ard
baris greater than in the modern washes.

As has just been stated, the distinction between modern and aban-
doned washes is based in part on the presence or absence of desert var-
nish. Such black coatings are found on quartzite. sandstone, and vol-
canic rocks: the volcanic rocks commonly have darker contings than the
other rock types. These thin coatings are removed from a stone when
it ismoved by running wrater. Thus. if we knew when a stone had been
coated with varnish, or perhaps how long a time is required for a
stone to acquire such a coating, we would have a minimum age for the
last movement of the stone. This age would be the minimum length
of time since the last flood came down the wach in which the store lies.

Observations that have a bearing on the age of desert varnish
were made along the Old Traction Road (pl. 1), which crosses the
fans west of Shadow Mountain. Stones overturned during the build-
ing of the road about 1905 have not acquired a coating of varnish since
that time. At a locality in the Mohave Desert, however, varnish has
formed on rhyolite fragments during a 25-vear period (Engel and
Sharp, 1958). The Hunts (A. P. Hunt, 1960: C. B. Hunt, 1954,
1961) present impressive archeological and geological evidence that
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much desert varnish has considernble antiquity.  ‘They believe that in
Death Valley most varnish was formed not later than abowt the be-
ginning of the Christinn era. The weight of the evidence certainly
indieates that many deposits whose surface stones are varnished are
mtch more than 2,000 years old.

DESERT PAVEMENT

Pavements nre segments of fans that have received no additions of
detritus for a iong time and serve as an armor that protects the under-
lying material from removal by wateror by wind. The areas of desert
pavement on the funs are smooth, gently sloping surfaces composed
of closely packed angular fragments of rock that range in size from
pebbles to large boulders. Most of the stones are varnished, except
those of enrbonate rock that are etched by solution. The exposed
surface of a boulder of carbonnte rock is eroded. and material is de-
posited beneath it.  As a result, many such fragments on a pavement
have smooth and etched upper surfaces and a buried surface that is
rounded or irregular depending on the original shape of the fragment
(Bryan, 1929, p. 194). Pavements rest on and in a silt that is severn}
inches thick.

The siit beneath the stone armor is firm in.place but very friable in
hand specimen and has conspicuous circular cavities that give it a
vesicular structure. Origin of the siit is unknown; apparently it is
formed by both chemical and mechanical weathering of gravel and
sand similar to that which underliesiit.

Pavements are broken by miniature terrnces with risers less than
an inch high and lengths ranging from a foot to more than 10 feet.
After a prolonged rain, when the silt is saturated with water, the
siit at the edge of a pavement next to a gully tends to flow down into
it. This movement places the silt that is further away from the gully
under tension. Some cf the risers of the miniature terraces are be-
lieved to be tension cracks produced by the downslope movement of
a 1-2-inch layer of silt on which the armor of stones rode. ‘{ovements
of this sort on an abandoned segment of a fan carry material from
high points and fill low spots. Debris is also transported by surface
wash and by wind action. These processes combine to transform the
channels and bars of a desert. wash into a smooth pavement.

Pavements are horn dissected. Although at first glance, a smooth
desert pavement may appear to be an end point in the evolution of
the surface form of a fan, all pavements are dissected irrespective of
their location or history. All the larger areas of pavement are cut
by narrow washes that head in them. These gullies have probably
been in existence at all times and do not record a specific climatic or
tectonic episode of accelerated erosion.
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PIRACY

On the piedmont. at. the north end of the Resting Spring Rango a
spectacular pirmey has tnken place. .\ wash floored with alluvium
heads in the quantzite hills along the State hine and lies along the
contact. between Quaternary and Paleozoie rocks. The wash turns
southwestward into a narrow guily (SW14NW1Y,NEY, sec. 24, T. 25
N, R. 6 E.) and passes through a large avea of desert pavement to
emerge on another broad wash. At one time. however, the wash did
not turn southwest but followed a northwesterly course, ronghly par-
allel to the State line. The point of diversion is where the present
wash leaves the ailuvium and turns southwestward to pass through a
small inlier of fanglomerate. DBetween the inlier and the hills of
fanglomerate a few hundred feet to the northeast, alluvial-fan deposits
form a 2-foot bank on the north side of the ailuvium. The exposed
fragments on top of the bank have a coating of desert varnish. The
diversion is a recent event. A large flood from the quartzite hills
might discharge both into tha gully and over the low bank to the
northwest. Southwest of the point of diversion, the floors of narrow
washes that head in the pavement are slightly below that of the broad
wash. This wash apparently cut back its south bank in the vicinity
of the fanglomerate inlier and intersected the head of a gully in the
pavement.

Piracies have taken place repeatedly on the larger fans in the Death
Valley region and are responsible for the development of many iarge
areas of desert pavement. Piracy may occur wherever washes from
a mountain have steep gradients and a coarse bedload compared with
washes that head on the adjacent piedmont. Such piedmonts con-
sist of areas of gravel deposits, derived usually from highlands of
resistant rock and separated by gullies or small valleys carved by
local washes either in gravel or in bedrock less resistant than that of
the highlands. The erosion of the guilies is due in part to piracy
of the sort just described. Great local relief is characteristic of such
piedmonts, which have been clearly described and illustrated from
the Henry Mountains region, Utah, by Hunt (in Hunt, Averitt, and
Miller, 1933, p. 191), whose analysis was based in part on an earlier
study by Rich (1935, p. 1002-1003). An example from the Shenan-
doah Valley, Virginia, is described by Hack (1960, p. 91-94). In the
Ash Meadows quadrangle, the topography of the inner part of many
piedments close to the mountain front is one of narrow ridges and
deep ravines. North and northwest of the Resting Spring Range, for
example, the outcrops of the sandstone and claystone unit are largely
on the lower sides of deep guiches where these weakly consolidated
rocks adjoin hills of firmly cemented fanglomerate.
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An example of possible future pirmcey is at the north end of the
Resting Spring Range, where n bromd wush, foored with alluvium,
parnilels the State line and emerges onto the piedmont at a point about
1 mile south of Grapevine Springs. ‘This wash has a much larger
drninage aren than a small one just south of it that, west of the hills,
is carved in the sandstone and claystone unit. At the west front of
the hills, the surface of the broad wush lies 25-30 feet above the floor
of the small wash to the south and is separated from it by & narrow
ridge of gravel. If the broad wash wers to widen its bed by cutting
Lack its south bank a few hundred feet, it would breach the gravel
ridge and flow down into the small wash. The broad wash would then

deposit its lond in the more gently sloping channel of the smail wash,
perhaps burying it completely.

RECENT HISTORY

That the fans were at one time flooded more extensively than they
are at present is shown by the greater areal extent of abandoned washes
compared with that of modern washes. Many of the modern washes,
the Recent alluvium of plate 1, do not reach the toe but.end on the
fan. The piedmont northwest of Shadow Mountain, for example, is
a complex grouping of pavement, abandoned wash, modern wash, and
pediment. The proportions of these four geomorphic units and their
equivalents on the geologic map (pl. 1) are tabulated below. The
area of deposition on the fan at present—the modern washes—is about
15 percent of the total are:. of ihe piedmont.

Estimated
propertion of tetal
ares of pied

Geomerphic uni Geologic unit (pl. 1) (percent)
Pavement. . .....--.- Alluvial-fan deposits. ... ... ... 35
Abandcned wushes_ .. Alluvial-fan deposite. ... ...__..... 40
Modern washes_ . __ .. Alluvium. .. e cneenamaee 15
Pediment. .. _........ Sandstone and claystone unit and 10

playa deposits.

On :he north side of Shadow Mountain, a uarrow wash floored with
alluvium runs westward from the mountain front for about ..alf a mile
(SW1,SW1, sec. 7, T. 25 X., R. T E.). The wash fingers out on uhe
edge of an oval-shaped area of ian deposits that is almost completely
surrounded by desert pavement (largely in N1 sec. 25, T. 25 N, R.
6 E.). The surface of the pavement lies many feet above the oval
except on its southwest side where the far deposits of the oval overlap
the desert pavement. The stones on the surface of the gravel that
floors the oval are varnished and are slightly coarser grained than
those on the surface of the slluvium in the narrow wash to the east.
Present-day floods from the mountain drop their load before reaching
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the oval. Tho now-varnished gravel in the oval was deposited by
floxds that were more extensive and carried slightly conrser materiai
than those of recent years. Thus, for some time, perhups for the last
severnl thousand years, most of the conrse detritus from the mountain
has been deposited within about a miie of its front.

On tho central part of the fan northwest of Shadow Mountain, rib-
bons of alluvium head in areas of desert pavement. Runofl on a
pavement is more rapid than on the surface of a wash (C. B. Hunt,
writien commun., 1960) and probably facilitates the erosion of guilies
in the weathered gravel beneath the pavement. This alluvium is finer
arnined than that near the mountain front or on the surface of the
adjacent alluvial-fan deposits (fig. 4). The slope of the fan decreases
in its central part. perhaps because of this decrease in size of its debris.

ORIGIXY

The larger fans in the quadrangle and elsewhere in the Death Valley
region have a complex surface of pavements and washes. Denny
(1964) has suggested that these fans approximate or are approaching
a condition of dynamic equilibrium wherein their surface form is so
adjusted that the rate at which detritus is supplied to them from the
adjacent mountains equals the rate at which material is removed from
them by erosion. Let us assume, for examnle, that material is supplied
by Shadow Mountain to the fan north of it at a constant rate and is
deposited near the apex. Elsewhere on the piedmont, large areas of
pavement and small areas of pediment are being eroded, and materiai
is being carried off the fan to the flood plain of Carson Slough. Pira-
cies take place, such as the one of Recent date described earlier. The
locus of deposition shifts downfan, and additicnal segments of the
fan are abandoned. Thus the area of the fan's surface that. is being
eroded, that is, the amount of material being removed, will increase
until it equais the amount supplied. The processes of deposition and
erosion will thereafter be in a steady state of balance and will remain
so as long as the topographic position of mountain and basin and the
geologic processes remain the same (Nikiforoff, 1942). The total vol-
ume of detrital material on the fan will not change, the volume of fine
material rezching the adjacent flood plain being balanced by the
amount of coarse detritus supplied by the highland.

If position of mountain and basin and the geologic processes change
in the future as they have in the past, a change will occur in the rates
of deposition, weathering, and erosion. The xquilibrium between
erosion and deposition will be shifted, and changcs in the form and
size of the piedmont will resuit. In the Death Valley region, the
variations in piedmonts from range to range suggest that they tand to
adjust rapidly to changzss in the equilibrium of which they are a part.
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Pavements, as already mentioned, nro born dissected.  The trans-
formation of an abandoned wash into a smooth pavement involves
the movement. of debris down into the puilies that dissect the pavement
where the materinl remains until earried down the gully and on down
the fan. If the gullies ramify and grow deeper, they may approach
a condition where the rte at which material is removed from the area
of pavement by way of the gully bainnces the rate at which material
is supplied to the guily from the adjacent pavement. Thus, a pave-
ment, once formed, may persist for some time. Pavements occur in
diverse locations, in one place partly buried by younger alluvium,
clsewhere on a ridge 50 feet above the neighboring wash. It would
be a remarkable coincidence if all pavements began to form at the
same time; rather, the ubiquitous occurrencs of dissected pavements
suggests that they formed at various times in the past and have per-
sisted to the present.

The processes of weathering, erosion, and deposition operate con-
currently on tha fans. It is only the intensity of these processes that
varies from one segment of the fan to another. Pavements and asso-
ciated gullies, as already noted, are the places where weathering and
erosion dominate over deposition. They are segments of fans that
have received no additions of detritus for a long time. The locations
of these segments of fans change with time because of piracy. The
formation of a complex mosaic of pavement and wash is conditioned
by the local geology anl is not primarily dependent on changes in the
intensity of weathering, erosion, and deposition caused by changes
in climate. Such changes doubtless have occurred, but it cannot be
demonstrated that they have radically altered the history of any fan
in the quadrangle.

To demonstrate that any of the alluvial fans in the quadrangle are
in a steady state of balance or dynamic equilibrium requires actual
measurements of the rates of erosion and deposition. None are avail-
able. Measurements of the size of many fans in the Death Valley
region, howerver, indicate that, for this region, the arer of a fan is
roughly equal to one-third to one-half of its source area. This cela-
sion holds true for fans composed of different rock types and with
diverse geologic histories, suggesting that perhaps these fans are ap-
proaching a condition of dynamic equilibrium. If so, the fans will
not grow much lurger in the future, but will maintain more or less
their present size. The location of pavement, wash, or pediment will
change from time to time, but the proportion of these three geomorphic
units will remain about the same. The configuration of these fans
may depend primarily upon some functional relation between the
bedrock and the processes acting upon it, rather than upon their stage
of development in an evolutionsry sequence. The existing highlands
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have remained nearly unchanged for n long time, perhaps since the
mid-Meistocene.  No fuult searps cut the arid-basin sediments.

The outerop pattarn (pl. 1) of the alluvial-fan and playa deposits
is the result of the dissection of the ancestmal playa (p. 1A32), whose
surface was at least 100 feet above the bed of Carson Slough or the
Amargosa River. ‘The pattern depends ultimately on the local geol-
ogy, which sets limits to mountain and piedmont and thereby deter-
mines the size of the adjacent fans. For example, alluvial-fan de-
posits cover the entire piedmont that extends westward from Shadow
Mountain to Alkali Flat. To the north, however, playa deposits
crop out in a narrow belt between the toe of the alluvial apron of
Shadow Mountain and the alluvium along Carson Slough. The fact
that these playa deposits intertongue with alluvial-fan deposits shows
that the limit to which gravel was earried from the northwest slope
of Shadow Mountain to the ancestral playa was the same as it is to-
day. The gradual lowering of the piedmont west of Shadow Moun-
tain during the dissection of the ancestral playa has nct altered the
limits of gravel transport on the piedmont.

This restricted belt, east of Carson Slough and south of Ash Mead-
ows Road, consists of narrow finger-shaped areas of playa deposits,
desert pavement, and alluvium (pl. 1). Similar beits of pavement
fingers occur near the toes of many of the fans, such as those north
and east of the Funerai Mountains. The belt west of the Resting
Spring Range does not extend south to the quadrangle boundary, but
is coextensive with the playa deposits. Perhaps where A wash has
banks of sand and silt (playa deposits) the channel tends to maintain
its position because it can easily move the fine material on its bed.
On the other hand, where the wash is flowing entirely in gravel, as
on the piedmont east of Alkali Flat, the occasional flows are more
effective in eroding the banks of a wash than in moving the material
on its bed. The wash tends to cut laterally and forms a wide, gravel-
covered plain.

PEDIMENTS

Between fans are small areas of pediment. On the piedmont sur-
rounding the Resting Spring Range the pediments are underlzin by
the sandstene and claystone unit. These weakly consolidated but
deformed rocks are exposed in shallow gullies and are overlain un-
conformably by a few feet of alluvial-fan deposits. The unconform-
ity at the base of these deposits is an erosion surface that bevels the
deformed rocks. The unconformity is a pediment mantled by a
younger gravel, which has since been dissected. These areas of pedi-
ment are places where erosion has dominated over deposition to the
extent that rocks of early Pleistocene or older nge are exposed be-
neath only a few feet of gravel.
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PATTERNED GROUND

The Amargoss Desert exhibits patterns due to the orderly arrange-
ment of various features such as desert shrubs, desiccation cracks,
st crusts, small terraces, or large and small fragments of rock. On
many abandoned washes and on some pavements, desert shrubs are
spnced uniformly, and tho resulting desigm may be noticeable on aerial
photographs. The surface forms portrayed by the stripes of boulder
scree on Shadow Mountain or the terracottes that run across many
pavements simulate ground patterns found in arctic or alpine regions.

Patterned ground in the Ash Meadows quadrangle is most conspic-
uous on alluvium or playa deposits, or on ailuvial fan deposits where
they veneer playa deposits. The optirium development of patterns in
such areas is perhaps duse to the presence of fine-grained silty material
and a high content of soluble salts (carbonates and sulfates?). As
with the patterns found in cold climates, those in arid regions can be
grouped into more or less equidimensional forms on gently sloping
land and elongate structures on steeper slopes.

Sorted polygons (Washburn, 1956) severai feet in diameter occur in
a few places on the surface of the playa deposits (fig. 9). Small
stones, commonly less that 1 inch in diameter, fill shallow cracks or
troughs a few inches deep. The adjacent material is a clayey silt.
The pattern resembles others found in Death Valley (Hunt and Wash-

Frooes 9.-—Sorted polygons oo surface of playa deposits north of Ash Meadows Rancho.
Stones Nl shallow cracks and are scattered over Intervening @ne material. Surface
of playa deposits i slmost level, and i1s probably fcoded duriog rains: nearby ground
ls awampy. Sketcbed from high-angie oblique photograph, scale not usiform. Locality
Is & {ew hundred fect northeast nf soutbwest corner sec. 13, T. 18 S, R. 50 E.
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burn, 1960, fig. 185.1A) and presumably is caused by desiceation.
These poiygons were not excavated. Many of the centers appear to
have n very slightly domed surface; the troughs widen at the top.

Areas of sait-encrusted alluvium also show ground patterns. A
pebble-covered surface of alluvium may be interrupted by areas of
salt. crust. 10 give a pattermed surface, and these areas of salt crust
may themselves show a network of small stones (fig. 83). In some
places where an armor of stones rests on silty deposits, a spotted pat-
tern is visible that is reminiscent of stone circles. large fragments,
15-3 inches a common size, form circular or oval bands surrounding
areas 2-3 feet in diameter whers the fragments are smaller. White
salt crusts appear between the stones of the circles, whose centers are
very shallow basins less than nn inch deep.

Small terrces are a common feature in the Amargosa Desert and
indicate that sliding or slumping has taken piace. Such lobate forms
are most common where the underlying materinls are fine grained.
At a point about 2% miles west of Ash Meadows Rancho (NE. cor.
sec. 28, T. 18 S., R. 50 E.), terraces occur on a south-facing, 6° slope
underlain by silty material. The individual terraces contour the
slope and can be traced for distances of 5 to 30 feet. The nisers are
from a few inches to nearly a foot high and are faced with pebbles.
The treads are of loose puffy silt containing a few small pebbles. Jeep
tracks made in 1957 across other areas of putly ground nearby were
partially obliterated a year lIater.

Somewhat larger and more lobate terraces lie on the south-fecing
10° slope of a ridge near Clay Camp (NW. cor. NE,NW1 sec. 1,
T. 18 S, R. 49 E.}). A pebble gravel composed of quartzite, sand-
stone, limestone, dolomite, conglomerute, and porphyry forms a pave-
ment that mantles the hill. Near the base of the ridge a white salt
crust caps prominent lobate terraces (figs. 10 and 114). The risers,
from a few inches to 114 feet high, are faced with pebbles and ocob-
bles. A few shrubs grow on the jower slopes of the ridge.

The material exposed in a trench dug through oune of the terraces
is illustrated in figure 12, and the accompanying photograph (fig. 11B8)
shows the right-hand terrace of the cross section prior to excavation.
The treads havo a firm but friable crust on which rest a few pebbles:
the risers are of loose sand mantled by pebbles and cobbles, some of
which lie on the face in an unstable position. Bedrock is within about
1 foot of the surface. The treads are underlain by loose sandy ma-
terial that contains particles of white caliche. ‘The risersare partially
weathered bedrock, a mixture of sand, silt, and rock fragments.

We believe that the downslope movement recorded by these terraces
was largely caused by the addition of water to the underlying material,
perhaps partly by the formation of salts in the ground. The water
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may have come from occasional ming or from a rise in the ground-
water table beeruse of reduced evaporation and transpiration.  Such
a riso has been observed in Death Valloy nt. .imes of cloudy weather
in winter (C. B. THunt, written commun., 1960).

Whether the terraces are forming tadny or are Inrgely relics from
a moister climatic episode is delstable.  Ilunt and Washburn (1960)
hold that similar terrnces in Death Valley aro the resuit of past move-
ments when the climate was more favoruble than it is today. They
observed rows of pegs across terraces in Death Valley and could find no
evidence of movement during a 4-year period.

We believe that some of the terrncettes in the Amargosa Valley
are forming at present. The relation of terracettes to vegetation sug-
Zests present-day movement. On tho east side of the hills north of
Point of Rocks Springs are many small lobate terraces near the inner
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oo of the piedmont next to the mountain front,  Some of the lobes
appenr to have moved arvound the base of adjucent shrils, Some of
the stones assoctated with the lobes lean against the .tem of 2 shrub
as if they had slid or rolled up agninst the stem.  The uneredeml or
otherwise unmodified form of some terraces made of loose materinl
suggest. that no eloudburst. hag oceurred since such torraces were
formed. Stoucs on the risers of some terraces are loosely packed; a
slight touch will send them rolling downslope. It is unlikely that a
stons would have maintained such an unstable position for a long
time. Theso stones proimbly have been pushed into their present at-
titude by movement of the terrnce front within the last few years.
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Late Cenozoic rates of erosion

in the western Espaiiola basin, New Mexico:
Evidence from geologic dating of erosion surfaces

DETHIER*

D. P
C. D. HARRINGTON ] Earth and Space Sciences Division, M.S. D462, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
M. J.

ALDRICH

ABSTRACT

Erosion surfaces in the Espaiiola basin formed before 350 ka and
between 350 and 240, 240 and 130, and 130 and 80 ka, probably in
response to climatic change and regional uplift. The surfaces are cut
on Miocene, Pliocene, and Pleistocene deposits and range from about
200 m to 15 m above the present Rio Chama/Rio Grande system.
Periods when the surfaces formed were dated using varnish-cation
ratios from exposed clasts, the mass of soil carbonate, and amino-acid
ratios in Pleistocene gastropods from underlying deposits. Thorium/
uranium ages from soil carbonate were used to calibrate a local curve
for varnish-cation ratios. The range in age determined for a given
surface, although derived from different dating techniques, implies
that parts of the surface were sites of erosion or aggradation after the
surface formed.

From 1.1 Ma to present, denudation rates averaged 10 cm/1,000
yr from weakly lithified sandstone, less than 7 cm/1,000 yr from
indurated tuff and boulder gravel, and about 4 cm/1,000 yr from tuff
and basalt. Erosion surfaces were preserved as upland benches and
terraces by stream incision during periods of pluvial climate and re-
gional uplift, but our data do not permit clear separation of the two
causes.

INTRODUCTION

Erosion surfaces in the Espafiola basin, New Mexico, that cut across
late Cenozoic bedrock and surficial deposits provide strong evidence for
climatic change and regional uplift. Prominent Quaternary surfaces are
preserved along the western margin of the basin at elevations 180~15 m
above the Rio Grande and its tributaries. This paper reports geologic data
for major surfaces of Quaternary age west of the Rio Grande and Rio
Chama. We correlate these surfaces and estimate their ages from a curve of
varnish-cation ratios (Harrington and Whitney, 1987), which has been
calibrated with 230Th/234U ages of soil carbonate. These ages are supple-
mented by those calculated from amounts of soil carbonate, amino-acid
ratios from gastropods, the distribution of Quaternary tephra, and radio-
carbon dates. Our data suggest that late Cenozoic incision rates in the
Espafiola basin are similar to those reported from several nearby areas in
the semiarid western United States.

*Present address: Department of Geology, Williams College, Williamstown,
Massachusetts 01267.

This study demonstrates that varnish-cation ratios (Dorn, 1983; Har-
rington and Whitney, 1987), when used with other dating methods, are
useful for correlating and dating surfaces in arid and semiarid areas. Ages
calculated from varnish-cation ratios also can provide indications about
when specific areas on surfaces became stable. Local erosion and aggrada-
tion occur frequently on geomorphic surfaces, and it is often difficult to
recognize evidence for such reworking. Under optimal conditions, the
lowest varnish-cation ratio from an erosion surface provides a close min-
imum age for cutting of the surface (Harrington and Whitney, 1987).
Groups of higher ratios indicate subsequent periods when other areas of
the surface became stable. Varnish-cation ratios can thus be integrated
with soil morphology, soil-carbonate accumulation, and isotopic ages to
infer episodes or areas of reworking on erosion surfaces.

Erosion surfaces are cut across Miocene, Pliocene, and Pleistocene
deposits that fill the Espaiiola basin, one in a series of structural troughs
that comprise the Rio Grande rift in northern New Mexico. The rift was
internally drained until the Rio Grande formed an integrated drainage
system between 4.5 and 3.0 Ma. Upper Pliocene and Pleistocene deposits
record alternating periods of erosion and aggradation in the basin, punctu-
ated by eruption of the upper Pleistocene Bandelier Tuff. Quaternary
surfaces consist mainly of (1) paleochannels preserved by coarse gravel
and calcrete, (2) pediments that truncate late Tertiary and Quaternary
deposits, (3) alluvial fans, and (4) terraces near present channels. The
surfaces variously record periods of lateral cutting (Bull, 1979), episodic
dissection of the basin fill, aggradation, and local warping associated with
faults (Kelley, 1979; Harrington and Aldrich, 1984). Surface ages and
elevations provide evidence for the history of river incision during the
Quaternary. Inset relations of surfaces enable us to measure denudation
rates (average rate of surface lowering, expressed in cm/1,000 yr) during
several periods of the Pleistocene. By comparing denudation rates in areas
of different lithology, we can also assess the significance of rock resistance
for erosion rates integrated over hundreds of thousands of years.

Episodic aggradation and incision are correlated with climate change
during the past 500 ka in New Mexico (Gile and others, 1981; Machette,
1985). Aggradation along the Rio Grande has occurred during transitions
from periods of higher effective moisture (pluvial) to more arid conditions
(interpluvial), such as the transition from the latest Pleistocene to Holo-
cene. For example, the width of the Rio Grande meander belt near
Espaiiola has narrowed substantially since about 15 ka, as alluvial fans
prograded over Pleistocene channel deposits, burying fluvial terraces with
5 t0 30 m of piedmont alluvium (Johnpeer and others, 1985). Gile and
others (1981) report a similar pattern of fan extension and axial-channel

Geological Society of America Bulletin, v. 100, p. 928-937, 7 figs., 4 tables, June 1988.
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Figure 1. (Continued). b. Generalized geology
of the Espaiiola basin, which extends from the La
Bajada fault to the southeast edge of the Taos Pla-
teau. Basin is bounded by Precambrian and lower
Paleozoic rocks of the Sangre de Cristo Mountains,
Mesozoic rocks of the Colorado Plateau, and Ter-
tiary and Quaternary volcanic rocks of the Jemez
Mountains. Principal rock types exposed in the
basin are Precambrian metamorphic and igneous
rocks (circle pattern), upper Tertiary sedimentary
rocks (unpatterned), and upper Miocene and Plio-
cene basaltic rocks (angle pattern).
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alluviation in the southern Rio Grande rift during latest Pleistocene and
Holocene time. Major episodes of incision are not well documented but
may have been driven by increased discharge in major rivers, such as the

Grande and Rio Chama, during pluvial periods correlated with ad-

.ces of the continental ice sheets (Richmond, 1965; Hawley and others,
976). In New Mexico, pluvial periods coincided with cooler temperatures
(Phillips and others, 1986), lowered tree line, and more extensive vegeta-
tive cover in areas now characterized by communities of mixed, semidesert
grassland and desert scrub (Spaulding and others, 1983; Spaulding, 1984).
The timing and duration of interpluvial and pluvial climates, however, is
not known. Uplift of the Colorado Plateau, Rio Grande rift, and adjacent
areas (Eaton, 1979) and increases in the drainage area of the Rio Grande
(Kelson and others, 1986) may aiso have played an important role in
incision.

Periods when late Cenozoic erosion surfaces formed along the Rio
Grande can be estimated from regional and local studies. Basalt flows
beneath and above the highest erosion surfaces in northern New Mexico
have K-Ar ages that cluster near 3 Ma (Bachman and Mehnert, 1978;
Manley, 1979). Their areal and stratigraphic relations demonstrate that
the Rio Grande was an integrated drainage by that time. Manley (1976,
1979) mapped Lower Bandelier Tuff (1.4 Ma; Doell and others, 1968) on
surfaces incised more than 80 m below the highest erosion surfaces east of
Espaiiola. The distribution of Upper Bandelier Tuff (1.1 Ma; Doell and
others, 1968) indicates that significant downcutting did not resume until
sometime after eruption of the tuff (Dethier and Demsey, 1984). Dethier
and Demsey (1984) used the mass of carbonate in soils to estimate that
surfaces mapped by Dethier and Manley (1985) along the Rio del Oso
(northwestern Espaiiola basin) formed, respectively, before about 350,
240, 130, and 80 ka. Thorium/uranium ages of soil carbonate demon-
strate that surfaces between the Rio del Oso and Santa Clara Canyon

-ed before about 145, 105, and 20 ka (Harrington and Aldrich, 1984).

. ages are minimum values, because erosion surfaces require time to

\461117:, thick carbonate rinds take tens of thousands of years to form, and
because of assumptions inherent to Th/U dating.

The degree of soil development suggests that the Holocene landscape
in southern New Mexico stabilized at about 10 ka and again at about 4 ka
(Gile and others, 1981); data from northern New Mexico are less exten-
sive. At a site near Santa Fe, radiocarbon ages of charcoal in alluvinm
indicate two periods of aggradation and three times when arroyos incised
during the past 2,300 yr (Miller and Wendorf, 1958). In the Espaiiola
area, drilling, trenching, and seismic evidence show that Holocene fans
have prograded over latest Pleistocene Rio Grande gravels. Radiocarbon
ages from buried organic matter suggest that the most recent period of
aggradation began before about 3 ka and ended in the 19th century
(Johnpeer and others, 1985).

SETTING

The western Espaiiola basin is filled with Miocene sedimentary rock
and with Pliocene to Holocene volcanic rocks and sediment derived from
the Jemez Mountains, from the Sangre de Cristo Range, and from uplands
to the north (Fig. 1). Pleistocene surfaces 15 to 180 m above present
arroyos slope gently toward the Rio Chama and Rio Grande aad are
generally flanked by boulder-mantled slopes. Holocene surfaces are within
10 m of present grade.

Annual precipitation near the Rio Grande ranges from about 220
mm at Cochiti Lake to 250 mm at Espafiola. More than 50% of the

DETHIER AND OTHERS

precipitation falls in intense local thunderstorms during July-September,
whereas frontal disturbances produce precipitation of moderate intensity
during the rest of the year. The highest erosion surfaces are covered witha
dense pinon-juniper forest near the mountain front; lower and easterly
parts of the high surfaces support grasses, sage, cholla cactus, and sparse
juniper.

METHODS

Field

Our field investigations focused on mapping and dating of some 30
surface remnants west of the Rio Grande between Chili and Cochiti Lake
(Fig. 2) and their underlying deposits. We placed particular emphasis on
using varnish-cation ratios for correlating surfaces and collected the most
strongly varnished clasts at four to ten sites on each of the remnants
(Harrington and Whitney, 1987). We described the best-preserved soils
from most surfaces, and Dethier and Demsey (1984) sampled soil carbon-
ate at ten sites on four surfaces. In addition, we collected carbonate rinds
from clasts at seven sites for Th/U dating, and we sampled gastropods
from four deposits beneath three different surfaces for amino-acid racemi-
zation analyses. Stratigraphic control in most of the area was provided by
the Lower and Upper Bandelier Tuff, and by the El Cajete tephra, which
erupted from a dome in the Valles Caldera at about 130 ka (J. N. Gardner,
Los Alamos National Laboratory, 1987, personal commun.). Two ua-
dated mid-Pleistocene tephras from unidentified sources provided local
control west of Espafiola.

Laboratory

We analyzed the chemistry of rock-varnish samples following scan-
ning electron microscope methods described by Harrington and Whitney
(1987). Varnish-cation ratios were calculated as Ca + K/Ti (Dorn, 1983),
where each element was reported in weight percent. We used the lowest
ratios determined for a geomorphic surface (+10) for correlation and age
calculations except when the varnish contained (1) more than 2.5% Ti and
more than 3.0% P or (2) more than 3% Ti-magnetite grains in the 5-u to
100-u size range. Such samples were excluded from our calculations. For
most erosion surfaces, varnish ratios measured for at least four clasts
agreed within 10% of each other.

We calculated the amount of pedogenic carbonate in a soil (cS) using
methods described by Machette (1985). As soils commonly were eroded,
ages were estimated using the maximum values of ¢S for a geomorphic
surface. We used the rate of CaCO3 accumulation at Albuquerque, 0.22
gem-2ka-! (Machette, 1985), for the western Espaiiola basin because (1)
annual precipitation and temperatures near Espaiiola are similar to those
at Albuquerque, (2) soils are developed in deposits similar to those near
Albuquerque, and (3) the Albuquerque sites used by Machette (1985) for
calibration are within 125 km of our study sites. Because carbonate proba-
bly accumulated at rates of about 0.35 gem—2ka~! during interpluvial
periods (Machette, 1985, Fig. 7), our age estimates for late Pleistocene
soils are slightly too old. Samples of dense, inner carbonate rinds from the
bottoms of clasts in the soils were collected for Th/U analysis according to
the methods of Ku and Liang (1984).

Amino-acid ratios for gastropods were determined by W. D. McCoy,
University of Massachusetts. We collected gastropods from silty sand be-
neath three of the erosion surfaces south of the Arroyo de 1a Presa (Fig. 2).
For analysis, the gastropods were cleaned ultrasonically in distilled water




Figure 2. Map showing late Ceno-
zoic geomorphic surfaces of the
western Espaiiola basin. Varnish-
cation ratios were measured at all of
the soil-carbonate sample sites along
the Rio del Oso.

38°00/]

W £ PAA G anae
,ff’-‘.w LA

X}

ALLUVIAL FAN DEPOSIT, INCLUDING CHANNEL ALLUVIUM
IN TRIBUTARY ARROYOS - UPPER PLEISTOCENE AND

Q4 SURFACE GRAVEL AND UNDERLYING ALLUVIAL
DEPOSITS-UPPER PLEISTOCENE (130 to > 80 ka)

! G3 SURFACE GRAVEL AND UNDERLYING ALLUVIAL
OEPOSITE-MIO-PLEISTOCENE (240 1o 150 ka)

] G2 SURFACE GRAVEL AND UNDERLYING ALLUVIAL
DEPOSITS-MID-PLEISTOCENE (350 to 240 ka)

& Q1 SURFACE GRAVEL AND UNDERLYING ALLUVIAL
d DEPOSITS-LOWER OR MID-PLEISTOCENE (1100 to >350 ka)

QT SURFACE - MID-PLIOCENE TO LOWER PLEISTOCENE
PEDIMENT-UNDIFFERENTIATED

Sampie locality
¢ VARNISH CATION RATIO + S0iL CARBONATE
® RADIOMETRIC DATE X AMING - ACID ANALYBIS

93|




ALTITUDE IN METRES

1600

1950
— WHITE ROCK CANYON — l
J1s00
- e g
meaeenCOCHITY SURFACESommoe X g N
- S W
s = E 1600 3
14 @ 2 k44 z
?, 3 z 23 Q,? §“‘ o 8
P8 g el
E .’§ .g -3 ® w e 11700 2
b3 i 00 o 1 o—0-<Q,?
[s]
o3 _ 0,
Q4(?) ~—Og— 11850
RIO GRANDE
3 " 1 6800
35 1 p3 % T3 6 3 (] 3 76 T3 N % % 3 Ty
DISTANCE UPSTREAM FROM OTOW! IN KM DISTANCE DOWNSTREAM FROM OTOWI IN KM
©0-0 PROFILE OF RIO GRANDE © MAXIMUM HEIGHT FOR SURFACE ELEVATION
0-0 PROFILE OF RIO CHAMA ¥ VARNISH SAMPLE
O SURFACE ELEVATION PROJECTED TO RIO GRANDE OR RIO CHAMA A LOCATION OF ARROYO (See Caption)

6 MINIMUM HEIGHT FOR SURFACE ELEVATION

Figure 3. Profiles of geomorphic surfaces projected to the Rio Chama and Rio Grande systems, western Espaiiola basin. Arroyo junctions
are designated by letters as follows: Arroyo del Palacio (A), Rio del Oso (B), Rio Ojo Caliente (C), Arroyo de la Presa (D), Arroyo de la Plaza

Larga (E), and Santa Clara Creek (F).

TABLE 1. SELECTED AGE-RELATED CHARACTERISTICS OF QUATERNARY SURFACES, WESTERN ESPANOLA BASIN

Surface Elevation above Soil-carbonate Varnisb-cation Estimated age
grade (m) atio (ka)
Stage S Range Coutrol Remarks
3 T™U Vamish AA
01 Histonc

>03(4C)

Holocene

(several 3-10 -1 od. 45-65 10 nd. nd. 0.1-15? od

surfaces) 23 Miller and Wendorf (1958)

1007 103(%0)

Q 10-20 - 17 27-32 75-135 >77 >22 75-135 60-130 Older than E! Cajere
tephra (130 ke)

Q3 25-50 1L, H+ 28 24-28 125-240 >130 >105 125-210 180-250 Older than E Cajese
tcphira (130 ka)

Q, 55-90 v 52 17-22 240-550 >235 >3 240-550 500-700

Highest 90-120 v nd. 1.7-20 300-550 ad. ad 300-550 nd Older than E Cajete

Cochiti tephra (130 ka)

surfaces

Q 150-200 v 8 1.5-18 350-1,100 >350 >144 $00-700 nd. Younger than Upper
Bandelier Tuff (1.1 m.y.)

Note: n.d. means not ined; di ic measure of cart bology in soil Gﬂeaudo(hm.l%lkdissoil-axbomuwcumuhtion‘ingcm'zswmlumn ‘method of Macheue, 1985); varnish-cation ratios are the

stage is
range for the 5 rock surfaces which gave the lowest ratios of Ca + K/Ti (Do, 1983) a1 15 Kev, byewgy-dispenivenalyﬁs;uimledmfvomcsmwduuc(h)’ ©5/(0.22 gem ~2), Machetie (1985); Th/U age from Table 3; varnish age
calculated from Figure 5; AA age calculated from amino-scid analyses in Table 2, Values are maximum-limiting ages fo¢ surfaces.
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CENOZOIC EROSION RATES, ESPANOLA BASIN, NEW MEXICO

and dissolved in HCL. The isoleucine and alloisoleucine content of this
~olution was analyzed after drying (free fraction) or pyrolization (hydrol-
ie) using a cation-exchange liquid chromatograph (McCoy, 1987).

\__~ Gradients of the Rio Grande, Rio Chama, and their western tributary

arroyos were determined from the thalweg (channel) distance measured
on 1:24,000-scale maps that have a 20-ft contour interval. We plotted
gradients and projected surface elevations using techniques described by
Hack (1957). Projections of older surfaces to the axial drainage are ap-
proximate because (1) the ancestral positions of the Rio Grande and Rio
Chama are incompletely known, (2) some older surfaces have been re-
graded or deformed, and (3) gradients cannot be drawn accurately from
isolated remnants. The maximum uncertainty in the elevation of the oldest
surface, however, is probably <30 m.

DATA AND DISCUSSION
Spatial Relations

We mapped four groups of piedmont surfaces of Pleistocene age,
undifferentiated fans of latest Pleistocene to Holocene age, and two Holo-
cene terraces in the western Espaiiola basin. The surfaces are well pre-
served near arroyos tributary to the Rio Chama, near Santa Clara Canyon,
and north of Cochiti Lake (Fig. 2). Erosion surfaces are poorly preserved
in White Rock Canyon between Cafiada Ancha and Alamo Canyon
because of steep valley walls and extensive slumping (Fig. 3). Our esti-
mates of age depend on relative and isotopic dating of erosion surfaces and
their associated deposits. The estimates are minima because erosion sur-
faces often were modified by subsequent deposition or erosion.

Most erosion surfaces between Chili and Espaiiola (here called the
‘rthwestern Espaiiola basin™) are underlain by a mantle of piedmont
sel, which rests unconformably on Miocene bedrock or on Quaternary
1al-channel alluvium. For instance, surfaces Q, through Qg along the

Rio del Oso (Fig. 4) are underlain by 3-8 m of gravel on Miocene
sandstone. The surface of intermediate elevation apparently represents a
temporary period of lateral planation during downcutting that followed
Q time. North of Arroyo de la Plaza Larga, surfaces Q,, Qs, and Qg are
underlain by piedmont gravels that truncate axial-river deposits. Each
deposit under a surface consists of basal cobble-gravel overlain by 1-5 m
of pumiceous sand and sparsely fossiliferous silty sand. Gastropods were
collected from the silty sand for amino-acid analyses. Surface Q, is pre-
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Figure 4. Profiles of Pleistocene erosion surfaces and a Holocene
terrace along the Rio del Oso (Rio Chama tributary), showing sample
sites for 14C ages and soil-carbonate accumulation.

served only locally south of Arroyo de la Plaza Larga; in most areas,
surface Q4 cannot be distinguished from fans of latest Pleistocene and
Holocene age.

Erosion surfaces near Cochiti Lake are underlain either by 2-6 m of
piedmont gravel or by axial-river deposits composed of 1040 m of
boulder gravel. Surfaces are preserved at elevations of 90 to 130 m (Q,?),
at about 50 m (Q3), and at 8 to 15 m above the pre-reservoir grade of the
Rio Grande (Q4?). El Cajete tephra overlies the highest surfaces (Q,?),
which have elevations similar to that of the intermediate surface along the
Rio del Oso. Surface Qs, best exposed 12 km north of Cochiti Dam, also
is covered with El Cajete tephra. Near the mouth of Alamo Canyon, Q3
surfaces are cut on a Quaternary flood (?) gravel 20 m thick that contains
clasts larger than 4 m. The lowest surface (Q4?) is visible on air photos and
topographic maps, but it is covered by water during most years. Its soils,
tephra, and rock vamish have been stripped or altered by fluctuating water
levels.

TABLE 2. AMINO-ACID ANALYSES, WESTERN ESPANOLA BASIN

Sample Location Altitude Overlying Genus Amino-scid ratios Estimated age
(m) surface (ka)
Free Hydrotysate

D-85-132 36°LSIN 1,247 Q Succinea 0.38 £ 0.02(3) 0.20 = 0.0K(3) 60-130
106°5.48°W

D-86-13 36°293N L7195 Q Pupilla, Zonisides nd. 035 + 0.02(2) 180-250
106°7.12°W

D-83-5 36°3.2IN 1830 Q Succinea 108 069 + 0.03(2) 500-700
106°7.93°W

D-86-11a 36°26I'N 1,830 Q Succinea 1.09 + 0.03(2) 0.65 + 0.02(1)* 500-700
106*7.30W

Nole:nd.mansuo\dﬂwnined;dﬁludeknlopduill-chnnelmvddepnﬁwdbyﬂuRbmwnﬁahrm-ndmW.D.McCoy.Urﬁvuilyomem&9Jm 1986, written commun, Number of

lyzed in p heses; ages older than 250 ka are estimated by compering the degree of

jon with that of moll

at other sites in th iarid westen United States: (1) where Lava Creek or Bishop tephra are found, (2) which

hravemodemumpemnrasimihrwlhoquspuhda(-lO“C).nnd(3)wbemhenngeo{Quumrylcmpm|mislhoqbnobzoompmbklolhno(mewm Espafiola basin. Ages younger than about 250 ks were computed from ages and
amino-scid ratios for genera (Amnicola; Lymnaea) that rscemize st rates similar t0 those for Succinea, Zonitoides, and Pupilla (W. D. McCoy, University of Massachusetts, unpub. data).
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We have correlated surfaces north and south of White Rock Canyon
using elevation despite significant differences in river gradient and channel
shape, and the proximity of surfaces in the Cochiti area to the La Bajada
fault-zone (Kelley, 1977). These correlations are consistent with varnish-

“ cation ratios, which indicate that the Q, surfaces of the Cochiti area have

been exposed for about the same time as the oldest Q; or intermediate
surface of the northwestern Espaiiola basin. Ratios also indicate that Q3
surfaces in both areas are of similar age. We tentatively correlate the
submerged Cochiti surface with Q4 north of White Rock Canyon.

Latest Pleistocene and early Holocene surfaces are younger than Q4
and consist mainly of alluvial fans graded to low terraces along the Rio
Grande. The surfaces are best developed north of White Rock Canyon,
from Otowi to Espaiiola. Alluvial terraces also are preserved along the Rio
del Oso and other channels that drain Miocene sandstone. The degree of
soil development on isolated terraces 4 to 8 m above arroyos suggests that
these surfaces became stable before late Holocene time (D. P. Dethier,
unpub. data). Terraces within 4 m of grade record a period of aggradation
that began before about 300 yr ago, followed by incision after about 1900
A.D. (Dethier and Demsey, 1984).

Surface Ages

Geologic dating (Tables 1, 2) indicates that Pleistocene erosion sur-
faces in the Espafiola basin formed at successively decreasing altitudes
during four periods: 1100 to 350 ka, 350 to 240 ka, 240 to 130 ka, and
130 to 80 ka. We calculated the approximate ages of surfaces at some 30
localities (Fig. 2), using the curve for varnish-cation ratios determined for
the Espaiiola basin (Fig. 5). Calibration was provided by four Th/U ages
(Table 3: samples 4-84-, 2-84-, 3-84-, and 1-85-MJA) from sites where we
also analyzed varnish-cation ratios. The varnish technique gave results
consistent with the geologic evidence and with other dating methods used

 in this study. The highest surfaces had the lowest varnish-cation ratios and

largest cS values (Table 1), and the erosion surfaces truncated deposits that
gave the highest (oldest) amino-acid ratios (Table 2). Surfaces Q3 and Q4
gave higher varnish-cation ratios (Table 1), lower ¢S values, and cut
younger fossiliferous deposits. Varnish-cation ratios were consiverably
higher than those listed in Table 1 near scarps in gullied areas (for instance,
3-84-MJA) and in other zones where surfaces showed evidence oi rework-
ing. Samples for Th/U analyses were collected at localities near scarps
(Harrington and Aldrich, 1984), and varnish-cation ratios at these sites
were higher than ratios from more stable areas of the surface. The line
defined by the varnish-catio ratios at the Th/U localities, however, is only
slightly different than that defined by vamish-cation ratios at the soil-
carbonate localities (Fig. 5).

DETHIER AND OTHERS
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Figure 5. Relation between ages of geomorphic surfaces and
varnish-cation ratios (determined at 15 Kev), western Espaiiola basin,
New Mexico. Line is the least-squares fit through the Th/U-dated
points (Harrington and Whitney, 1987). Varnish-cation ratios were
measured at four to ten locations (points are mean +1o values for the
five lowest varnish-cation ratios; Harrington and Whitney, 1987) on
each surface. Ages of surfaces Q;, Q2, Q3, and Q, along the Rio del
Oso were estimated from their maximum amounts of soil-carbonate
(Dethier and Demsey, 1984) and an estimated CaCO3 accumulation
rate of 0.22 gem2ka1.

Amino-acid ratios from three sequences of axial-river deposits (Table
2) help to limit maximum ages for surfaces Q;, Qs, and Qq. Gastropods
from axial deposits beneath surface Q, gave amino-acid ratios (Table 2;
samples D-86-11a and D-83-5) that suggest deposition between 700 and
500 ka. Amino-acid ratios show that surface Qs is younger than 250 ka

TABLE 3. Th/U AGE DETERMINATIONS OF CARBONATE RINDS ON CLASTS FROM THE ESPAROLA BASIN

Surface Location Activity ratios Age Field s0.
«
USGS
7% quadangle Latitude Loogitude By 238y DO/ B4y 2307,/2327n
™ W)

Q San Juss 60N 106°05°27° L19 £ 011 018 019 ad. 233 484-MIA

Pueblo
Q San Jusa 3690307 106°07°21° 131014 063 = 0.06 ad. 103 £ 17 284MIA

Puebio
Q Chil 36°03°20" 106°07°50° 1332015 025 2 003 nd 3N 4 384MIA
Q Chili 3%°01°13° 106°13°45” 114 £ 040 081 1 043 7381 046 14415 1-85-MJA
s.c:: Cundiyo 35°59°007 105°54736° 1.16 £ 044 0372014 1204 2 104 a2: 4 1385-MJA
Q Puye 85T 106°07°4S” 113 £ 004 047 £ 001 #3316 662 3 178SMJA
Q Chili 36°0203° 106°08°31° 113018 006 + 0.12 ad bt 1-834MJA

Note: n.d. means oot determined: Th/U ages were determined by Teb-Lung Ku, University of California, Los Angeles, in 1984 and I”S.Mhlﬁh2WAMMAmﬁledAﬂh(lm}aﬂmmh\!
for compictences; sampie 3-84-MJA was collected o 2 low-angie scarp separating Q3 and Qy; Saota Cruz surface is east of Espasiols; see Mazley (1979) and Kelley (1979).
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and that surface Q4 is younger than 130 ka (Table 2), ages similar to those
calculated from varnish-cation ratios (Table 1). These data suggest that
alluvial fans built across the flood plain and that surfaces Q; and Q,

'came stable within a few tens of thousands of years. Deposits truncated

“\”/,y surface Q,, however, may have accumulated as much as several

hundred thousand years earlier than the erosion surface.

Varnish-cation ratios, used in conjunction with other dating tech-
niques, help to define periods when geomorphic surfaces were modified by
local aggradation or erosion. For instance, a ¢S of 78 gem~2 demonstrates
that an isolated remnant of surface Q, north of the Rio del Oso (Fig. 2)
has been accumulating CaCO3 for more than 350,000 yr. We did not
obtain a Th/U age at this site, but the varnish-cation ratio was 1.7,
equivalent to an age of about 500 ka (Fig. 5). The Th/U age of surface Q,
was 144 ka (Table 3; 85-1-MJA) at a site south of Clara Peak where the
varnish-cation ratio was about 2.7, equivalent to an age of about 150 ka.
We did not use the Th/U technique to date surface Q2, but varnish-cation
ratios show that the surface formed before about 250 ka, and possibly as
early as about 550 ka (Table 1). Soil-carbonate accumulation demon-
strates that parts of the surface have been stable for 235,000 yr. The ages of
surfaces Q3 and Qg are constrained by the data in Table 2 and by the
varnish-cation ratios and ¢S values listed in Table 1. The Th/U ages of 105
ka for Q3 and 22 ka for Qq do not date formation of the surfaces but do
record when the sample sites became stable. The last three: Th/U ages
listed in Table 3 probably reflect periods of local surface degradation or
aggradation, but we have not analyzed varnish from these sites. The lowest
varnish-cation ratios generally give close limiting ages for the time when a
surface was last modified. Ages calculated from rock varnish must be used
in conjunction with other dating techniques, however, to estimate the age
of formation of geomorphic surfaces.

~ision History

N Net incision in the Espafiola basin probably is driven by regional

uplift, but cycles of incision and aggradation caused by Quaternary cli-
matic change also have produced substantial changes in local base level.
Elevations and ages of erosion surfaces show that the net incision rate since
about 2.8 Ma has averaged about 10 cm/1,000 yr and that more rapid
incision has characterized the past 500,000 yr. Late Pliocene and early
Pleistocene changes in base level are poorly documented in the western
Espaifiola basin, but times of incision are approximately known in a few
areas. Stratigraphic relations near White Rock Canyon, for instance, sug-
gest that base level was relatively stable from 3 Ma to about 2 Ma (Wares-
back, 1986). In the northeastern Espaiiola basin, a series of pediments
were cut between about 2.8 and 1.4 Ma when local base level fell some
80 m (Manley, 1976, 1979). Catastrophic deposition of the Lower and
Upper Bandelier Tuff interrupted Pleistocene incision in the northwestern
Espaiiola basin. Canyons tens of metres deep were cut locally in Bandelier
Tuff between 1.4 and 1.1 Ma (Griggs, 1964), but rapid incision did not
begin until after 1.1 Ma in both White Rock Canyon (D. P. Dethier,
unpub. data) and the Rio del Oso area (Dethier and Demsey, 1984).
Ages and elevations of erosion surfaces in the northwestern Espafiola
basin indicate that incision rates increased dramatically after about 500 ka.
Between about 500 ka and 100 ka, base level fell about 150 m. The
average rate of incision over that period was almost four times the rate
calculated from 1.1 Ma to present. Net incision ended sometime after
100 ka, and latest Pleistocene and Holocene fans buried the Pleistocene
Rio Grande channe! near Espaiiola. Many surfaces that formed during the
climatic change at the end of the Pleistocene were buried along the Rio
'de elsewhere in New Mexico (Gile and others, 1981; Machette,
s). Late Pleistocene terraces related to the Pinedale glaciation are
rved, however, along rivers draining the northern Sangre de Cristo
Range and Brazos upland (for instance, see Scott and Marvin, 1985;

935

Wesling and McFadden, 1986; Kelson and others, 1986), and locally
along the upper Rio Grande.

Ages and elevations of surfaces in the Rio Chama/Rio Grande drain-
age (Fig. 6) are broadly comparable to those reported for the
Albuquerque-Belen basin by Machette (1985). Combined data from the
Espafiola and Albuquerque-Belen basins suggest that rapid incision began
sometime after about 600 ka and lasted until at least 100 ka. Data from
the Espaiiola basin are similar to those reported elsewhere in the region,
which implies fairly uniform regional climatic or tectonic influences
(Fig. 7). We have no direct evidence that climate controlled development
of Pleistocene erosion surfaces along the Rio Grande. Axial-channel de-
posits covered by piedmont gravel, however, suggest that surfaces near
Espaiiola and along the southern Rio Grande were active zones of trans-
port during transitional and interpluvial climates and were relatively stable
during pluvial periods (Gile and others, 1981).

Personius and Machette (1984) noted rapid downcutting along the
Rio Grande near Taos, New Mexico, beginning after about 600 ka. They
attributed the downcutting to either drainage integration or uplift. Studies
by Kelson and others (1986) in the same general area led them to favor
drainage integration or capture for the rapid downcutting. Gillam and
others (1984) suggested that elevations of surfaces along the Animas River
were a function of uplift. We believe that drainage integration may have
increased incision rates in northern New Mexico, but widespread down-
cutting between 500 and 100 ka implies a change in a regional variable
such as a shift to wetter climate.

Denudation Rates

Although incision was relatively uniform in the western Espaiiola
basin during the late Quaternary, denudation (incision integrated over
area) was strongly influenced by different rock types (Table 4). We calcu-
lated denudation rates from hypsometric measurements for test areas of
about 35 km? located 2-6 km from the axial drainage in each of three 7.5"
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Figure 6. Elevation of erosion surfaces above the Rio Grande,
western Espaiiola and Albuquerque-Belen basins, New Mexico. Line
indicates net incision history since 2.8 Ma, Other data for the western
Espaiiola basin are given in Table 1. Data for Albuquerque-Belen
basin from Machette (1985), except for the elevation of the youngest
point, which is from Lambert (1968). Age and elevation ranges are
shown as solid lines (dashed where uncertain) about the data points.
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Figure 7. Net Pliocene-Pleistocene incision along the Rio Grande
and other selected major drainages in the southwestern United States.
Sources are Machette, 1985 (southern Rio Grande: Las Cruces area);
this study (western Espaiiola basin); Scott and Marvin, 1985 (Upper
Chama River); Gillam and others, 1984 (Animas River); Machette and
others, 1986 (eastern Grand Canyon); and Harden and others, 1985
(Spanish Valley, Utah). Age and elevation ranges given in the original
studies are shown as solid lines (dashed where uncertain) about the
_lata points.

quadrangles along the western margin of the Espaiiola basin. The principal
rock types were (1) slightly lithified Miocene sandstone (Chili quadran-
gle), (2) indurated Quaternary tuff overlying Pliocene boulder gravel
(Puye quadrangle), and (3) indurated Quaternary tuff overlying Pliocene
basalt (White Rock quadrangle). Denudation rates were calculated as
(cubic metres of rock removed/size of test area, in m?2)/(time interval, in
thousands of years) for the time intervals listed in Table 4. We assumed
that when incision began, each reference surface tested in Table 4 had a
slope similar to preserved remnants, and that erosion from the remnants
has been minimal. Each of the geomorphic surfaces was well preserved in
the Chili quadrangle; in the Puye quadrangle, only the top of the Bandelier
Tuff and surface Q; were defined, and only the top of the Bandelier Tuff
served as a reference point in the White Rock quadrangle. We can best
constrain denudation rates for the Chili quadrangle, but the effect of differ-
ential rock resistance is clear in all three quadrangles for rates integrated
from 1.1 Ma to the present.

Different rates of denudation and varied rock resistance have strongly
affected the landscape exposed in the northwestern Espafiola basin. For
instance, weakly cemented sandstone along the Rio del Oso was removed
twice as rapidly as the more resistant tuff, boulder gravel, and basalt near
the Arroyo de la Presa. The weil-defined surfaces cut on soft sandstone
near Chili are a direct consequence of rapid erosion, followed by armoring
of surfaces with gravel transported in paleochannels. Erosion surfaces
younger than Q, are less sharply defined and less extensive in the areas of
-uff and boulder gravel south of Guaje Canyon (Fig. 2). South of Los

DETHIER AND OTHERS

TABLE 4. SUMMARY OF QUATERNARY DENUDATION RATES,
WESTERN ESPANOLA BASIN, NEW MEXICO

Time period Denudation rates in cm/1,000 yr

and reference

surface (in Weskly lithified Indurated tuff/ Indursted tuff/

parentheses) sandsione boulder gravel basalt

(Chili qusd.) (Puye quad.) {White Rock quad.)

1.1 Ma (preQy) to 10 <7 4
present

L1 Ma (pre-Qy) to <l¢ 10 nd
500 ks(Q))

500 ka(Q ) to present 20-35 >3 ad

500 ka{ Q) to0 250 ka(Qy) 30-100 nd. nd

250 £a(Q5) to present >10; <30 ad. nd

250 ka( Q) to 160 ka(Q3) >13; <30 ad nd

160 ks(Qy) to present > 1 <20 nd. ad

Nowe nd. means not ion rat d a3 volume of material removed in each period/test ares;
test areas in each quadrangle were as follows: Chili quadrangle (36°06.00'N, 106°15.00'W; 36°07.00'N. 106°12.50'W;
36903.50'N, 106°10.00°'W; 36°02.50'N, 106°13.00W); Puye quadrangle (36°00.00'N, 106°13.80°'W; 36°00.00N,
106°10.00°W; 35°56.00°N, 106°10.00'W; 35°56.00N, 106°13.8°W); White Rock quadrangle (35°5250'N,
106°15.00'W: 35°52.50'N, 106°10.00'W; 35°47.50N, 106°13.80'W; 35°47.50'N, 106°15.00°'W).

Alamos Canyon, narrow, steep-walled canyons eroded into tuff and basalt
preserve only a few erosion surfaces, although fans older than 130 ka are
present locally. Relatively slow rates of denudation and limited preserva-
tion of erosion surfaces are typical of the resistant rocks exposed in most of
the southwestern Espaiiola basin, the White Rock Canyon area, and near
Cochiti Dam.

Denudation rates calculated for the Chili quadrangle (Table 4) indi-
cate a long-term sediment loss of about 10 cm/1,000 yr (200 Tkm-2yr-1),
and peak rates (Q, to Q; time) of 50 cm/1,000 yr (900 Tkm-2yr-1),
assuming a sediment density of 2.0 gcm-3. Denudation rates in areas of
more resistant rocks are less well constrained but are probably less than 5
cm/1,000 yr (<100 Tkm~2yr-1). The higher rates are comparable to late
Holocene denudation rates and to contemporary sediment yield for the
Rio Grande. Miller and Wendorf (1958) used the volume of sediment
stored beneath terraces to estimate that late Holocene denudation rates
from weakly cemented Miocene sandstone ranged from 11.5 to 43
cm/1,000 yr (330 to 860 Tkm2yr-1). They suggested that present rates of
denudation and flood-plain aggradation in northern New Mexico are
comparable to those for the late Holocene period of aggradation. Sediment
yield for the Rio Grande catchment at Otowi is about 200 to 500
Tkm-2yr~! (U.S. Geol. Survey, Albuquerque, New Mexico, 1986, unpub.
records), equivalent to a denudation rate of 10 to 25 cm/ 1,000 yr. Con-
temporary rates of denudation thus are comparable to rates calculated
from 500 ka to the present.

Uplift Rate and Climate Change

Incision recorded by erosion surfaces in the western Espaiiola basin
could reflect uplift, climate change, drainage capture, or a combination of
factors. If incision was dominated by uplift, rates were slow to moderate
(5 to 35 cm/1,000 yr) in late Cenozoic time. Such rates are comparable to
those estimated for the southern Rocky Mountains in Colorado (Scott,
1975) and southern San Juan Mountains of Colorado (M. L. Gillam,
University of Colorado, unpub. data). Slow regional uplift of parts of the
western United States apparently is caused by either regional extension
and upward bulging of the lithosphere (Eaton, 1979) or subduction of a
lithospheric plate (Damon, 1983). Increased rates of incision (Figs. 6,7
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after about 500 ka could suggest a change in rates of regional uplift, but we
*ve a climatic explanation is more likely.

Increased runoff in the Rio Grande may have contributed to the
\.,,pérent increase in rates of downcutting at 500 ka. Drainage capture
could explain increases in runoff along the Rio Grande, but we are not
aware of any evidence that suggests capture in the basins of the Rio
Chama, Animas River, and eastern Grand Canyon (Colorado River),
which also record more rapid incision. Global change to a wetter climate
after about 600 ka, suggested by some terrestrial and deep-sea records
(Sarnthein and others, 1986; Jansen and others, 1986), could have in-
creased peak or average discharge in rivers. Climatic models for the
southwestern United States demonstrate that temperature and effective
moisture changed substantially in the late Pleistocene and early Holocene
(Phillips and others, 1986; Spaulding and others, 1983; Galloway, 1983;
Brakenridge, 1978). No comparable records of paleoclimate, however, are
available for the period of changed incision rates. Incision of basin-filling
alluvium (Camp Rice Formation and correlative units) along the central
and southern Rio Grande valley after about 500 ka is attributed mainly to
integration of middle and lower river segments (Gile and others, 1981;
Seager and others, 1984), rather than solely to a climatic shift. The impor-
tance of climate change to downcutting along the Rio Grande is thus not
clear.

We suggest that regional uplift produced late Cenozoic downcutting
by drainages such as the Rio Grande in the Espafiola basin and that
changes to a wetter climate increased rates of incision at about 500 ka.
Proof of wetter climate and increased discharge requires studies that em-
phasize palynologic, paleontologic, and stable-isotope techniques, coupied
with palechydraulic data. Better understanding of the erosional history of
+-= Rio Grande will come when we can predict how major rivers in

rid zones respond to climatic changes, still a poorly understood
‘\\/;ct (Schumm, 1977; Bull, 1979; Howard, 1982).
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' .quahf‘ cd undcr-currcnt YMPO QARD rcquu'cmcms ' ; A

: ’Recommcndauon

: The: Techmcal Asscssmcnt Tcam does recommcnd to DOE YMPO that thc techmcal data on
- Eros:on be foxmally acccptcd as guahi" ed undcr current YMPO! QARD. Rev. 4 gmdclmcs.

" John C.-Ddli'r@:ﬂyvc_n}d.- o

B. Robert Jgsﬁcc E | | - ';:lv)_:a:tc

cht; R. McCgcar; : — ‘ | : iﬁ)ﬁtc

August C. Matthuscn ‘ Date
iv

SS¢. mcnt'Tcam has comparcd_. currcnt and prcvnous QA and Techmcal Ptov.cdurcs.-: .

gfeedi.by all f' ive Techmcal Asscssmcnt Tcam Membcrslthat data’ ollcctxon andln -
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Qualification of Technical Data - Extreme: Erosion

. HA;On May l 1992 ‘the. Regulatory & Site Evaluanon Dmsxon (RSED) of lhc Depanmcm of
: Energy (DOE) Yicca Mountain Project Office (YMPO) initiated a Technical Assessment to

- cvalfxatc the-ability of DOE toaccept as "Qualified” the: technical data on extreme crosion.
- “This data.was ollected and evaluated prior to NRC acceptance of the YMPO Quality - - -
.* ¥~ As$urance Program. . The scope of the Technical Assessment has been to evaluate the -
<4 Quality:Assirance (QA) and Technical Procedures guiding sample collecting and analysis,
. = and field measurements against current procedures in-placeé for the U. S. Geological. -
" Survey (USGS) and Los‘Alamos National Laboratory (LANLY), under the DOE Quality

L v.,_‘»i.,v,"CommlSSIO (NRC)

e --'Assurancc_Reqmmmcms Documem (QARD) acceptablc to the: Nuclcar chulaxory

t . .",In accordancc wnh YMPO Admmlctrauvc Pnocedurs, (AP) 5. 9Q Rcv 1, Secuon 4.5, this
' Technical Assessmient has been carried.out to provide review and evaluation of the data and

| - data: analyses inline with AP-5.9Q, Rev: 1, Sections, 5.3:2.1 and 5.3.2.5.
- AP-5.9Q, Rev.:-2 has been implemented soon after this Technical Assessment was
- completed.” AP-5.9Q, Rev. 2 was in development during the Assessment period, and was

a resultof workmg with AP-5 9Q Rev. 1 and NUREG 1298 in the Assessment effort.

" ‘The Assessment method is consistent with AP:5.9Q, Rev. 2 requirements. This Technical

- .. Assessment has been done in accordance with YMPO Qualny Managemcnt Procedure
: _i(QMP) 02-08-’ Revv 110 establxsh techmcal mc.nt

IR -The 'l‘echmc Asscssmcm Nouces. Revnsnon 0 :mc! Rcvxsxon 1, are mcludcd as Attachment
- L. The Technical‘Assessment Team (TAT). 1mnally consisted of four (4) members, then
~was cxpanded on June 12, 1992, to includé one additional member. These TAT members

. are identified.in Attachmem 11, as are thenr quahf' cations to perform this Technical -

: ,‘Asscssmcnt._ e

»Commumcatxons bctwe..n the Technical Asscssment Chzixx*pﬂrson (T AC) and the Technical
Assessment Team Members, (TATM) are mcluded in Attachment 111, as are the initial
comments by TAT Members. .

- This Techmcal Assessmem has been conduvtgd in two (2) phases. Phase I consisted of
having the TATM review the Procedures described above in the first Paragraph. Asa

. result of the Phase I evaluation, a second Phase was initiated during which two members of
- the TAT visited the Principal Investigators for the Erosion studies on the Yucca Mountain
Site, Dr. Whitney (USGS), and Dr. Harrington (LANLY) at their respective offices. These
visits were for the purpose of examining field and laboratory scientific notebosoks, and
intervizwing Dr. Whitney and Dr. Harrington.
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“The Technical Assessinent Notices of May 1, 1992; and June 22, 1992 asked the TATM o

" evaluate the QA and Technical Procedures in-place in the U. S. Geological Survey: . -

-+ (USGS), and Los Alamos National Laboratory (LANLY), during the time that sample-
- . collection, analysis, and field measurements were: performed.: These were compared

 against procedures currently in place atthe USGS and LANL under the DOE QARD - o
guidelines. The purpose was to examine any differences between these procedures in order - . -

e Would datacol[emonand evaluation undercurrcmPamcnpannechn
. ;vdiffcrfromr-mose.p‘rbcgdures actually followcd” Tl

. Arc-__‘a'nyidifféfchcéslﬁzniﬁsinjﬁcnough'tbﬁ-rziﬂffcc.t: téc_h'nic:ﬁ_ results” o

o Can anccommcnd'monbcmadc to DOE YMPOthat thcproccdumsuscdtogathcr

-and evaluate samples, and guide field measurements are acceptable to allow the . -
- technical data to be quahﬁcd under current QARD'guidcl_incs?:_ i

- This Assessment has been conducted in line with the Instructions for Assessmentincluded .

- ivAnachmenm L
pr. John C. Dohr‘ch_wcnd. |
.- U.S. Geological Survey
‘ Menlo Park.}Calif_o_mia-._ _

I have examined the differences between those procedw—és-:hzz;- were in place during
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. collection and evaluation of samples for rock varnish analysis. (for the purpose of assessing

_ extreme erosion as an issite at Yucca Mountain) and current procedures under the DOE
QARD that are applicable to such collection and evaluation activities: As a'result of this.
examination, | have reached the following conclusions: Co e T

. Cierrent sample collection and evaluation procedures are nearly' the same as the
procedures actually followed during sample collection and evaluation. .

*  None of the procedural differences that do exist are significant enough to affect the
technical results of the extréme erosion study. . S

. Therefore, a recoinmendation can be made to DOE YMPO that the pr_oce&ures used
" to collect and evaluate samples are acceptable and that the technical data pertuining
to the ext-eme erosion study should be qualified under current QARD guidelines.

Dr. Peter W. Birkeland
University of Colorado
Boulder, Cclorado
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- j._ ln swnmary m ar.swer 1o the three ¢ que.mons pose

' »llunk :hc sample collecnon and cvalual

i t;ignxﬁcantly dw&re under
batﬁproccdures e R

S The dxﬂ'erences are not .ngmj' cam enough toeffect :echmcal results. PR

| tre recommend that the procedures used 1o gather and cvalua:e samples are acceptable =
10 allow the technical data to be qulfed under. ent QARD gwdelt S

hould add however that it is very dzjfculr

| c.ye judgemenzs wx_
he: report thal res

"erkcland's asscssmcnt lS contamcd

R August-C Manhuscn
SAIC
S Las chas. chada

ible mr de:ermme zf the techmcal results :

% would differ from the results that were deierm ninied. The procedures reviewed.. . -

. 7. govern mainly the docwnemanon of results and not the garlzenng and analysxs B
3 .?processes o L B S

- e From the procedures revzewed it is not pass

S 'Requxres xerzj' cauon of :echmcal data to revi 'ed procedwes)

. " There do ot appear 10 be any. valzd reasons
: -‘j;--"-qual ﬁed wzder current QARD gwdelme

any.of i these data can no: be o

| Thc rcst of Mr Matthuscn $ asscssmenl on cqmvalcm{QA is comamed in Anachmcnt lV
~ Resolution of Mr Matthusen’s commcms are. addresscd further into lhls Sunmary chort
on pagcs 6-7

Jeff McCleary .
Woodward-Clyde Federal Sarvxccs _
Moab Utah : '

. In summary based on the mformanon prowded because of the unknown criteria
Jor sample collection prior to 511187 itis possible that technical results could di iffer
if current procedures were folIoned Similarly, potential shipping damage should
-be cansidered in accepting the technical results. [ feel that if recommendations 1
and 2 are followed these issues can be resolved.

Reco:mnendations
1. The LANL notebooks developc. inder the R and D procedures should be reviewed

in order 10 dezermine how samples were selected in the field prior 10 5/1187. If it
can be shown that the same criteria for site and sample selection were followed
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" prior 10511189, as after the sample collection procedure for rock.varnish studies
. = .~ wasissued, then all samples can be considered valid. o N
e 2. All-'s}i}ﬁpfésishihf)ed Lt_lx'oidd b'ei've.tamincdfbi'f'abrd&ibn or other shi'ﬁping.'Mge, 0. ) .

the varnish surface. If all samples show an intact varnish surface theycanbe.
consideredvalid. -~ o 0

' The rest of Mr. McCleary’s assessment.on cqixi'\ralént QA is contained in Attachment IV |
Resolytion of Mr.-McCleary's comments. are addressed further into this Summary Repont -
Compages7-100 oo L e

i CRWMS Management & Operating Contractor--~ 2
.. LasVegas,Nevada .. .. .. -

“e Would'sample collection and evaluation under current p;}h}cij)bdt technical
. procedures differ from those procedures acwually followed? = =

Response - Inconclusive in that procedures for.collection did not exist until 511187
and untit 513188 did not adequately address the handling of samples.. The guidelines
 for determining collection areas were less restrictive than current requirements and
could have led 10 samples being collected from areas which may be unsuitable
under current procedures.. Additionally, there is no evidence of procedural
guidelines for conducting the rock varnish for erosion analysis.

. - Are there any dift'efences-.fggnijicanz enough to affect technical results?

- " Response - Yes, in the area of handling the samples orice they were collected.

L | There was not any specific.guidelines provided for the handling of samples until
— 513188 when change-Request #29 to procedure TWS-ESS-DP-114, Rev. 0 became
effective. Also, the lack of procedural processes for the collection and analysis of
samples raises questions with respect to what processes were actually used and the

consistency with whick those processes were repeated.

. A recommendation to-accept the data based on the procedures provided for this
assessment cannot.be made.  The obvious lack of procedural guidance in the early
stages of this activity supporis this conclusion. Other evidence may be available to
support the processes used to accomplish the collection and analysis of samples.
The notebooks, which have been used throughout this activity to document the.
work that was performed, may eontain enough information to identify the processes
used and the coisistency with which they were repeated.

The rest of Mr. Justice's assessment on equivalent QA is contained in Attachment 1V.
Resolution of Mr. Justice's comments are addressed further into this Summary Report on
pages 10-14.

After evaluating the TATM Phase T romments (excerpted above and provided in full in
Attachment 1V), it was apparent that:
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‘-ll;of thc TA’I‘ Membcrs mcogmzcd th:n the two sets of proccdures (lhosc pnor 10 -
DOE QARD guxdclmcs,and those. af te:) provtdcd to thcm for _cvaluauon are vcry

'S McClc y-and Justice re gr zcd that samples werc_collcctcd pnor [ 5/1/87' o
fore the mmal ‘sample colleition’ procedure became cffecnvc Handhng and
ppxng controls were nol wcll addrcssed bcforc 513/ oy L

;sManhuscn McClcary. Jusncc. and Dr Bu’kcland» allicommcmcd lhat it
rould be desirable to see dataand: results (i.e. field and- laboratoqr notcbooks) in.  °
rder to oompare dataentrics to.the. rcvxewod procedums CR

ng: asSngnmc'm 'gwcn toMr. McCIeary and Mr Matthuscn of the TATM S

McC céry wcnt 0 1memew Dr’ Wh:mey at the USGo off' ces in Dcnvcr on July 14 S
..°1992, and examine his.field notebooks relating to the erosion smdxcs, pamcularly those -~ -
~'sections: on samplmg for cauon rzmo danng of dcscn vamxsh , R

Mr. M: t_husen went to’ mlcmcw Dr Hnmngton at the LANL officcs in Albuqucrquc on
‘1 1992 and examine hxs ﬁeld and laboraxory notcbooks :

sults of thcsc exammat ns:'wcrc quuc posmve Mr McClcary conc.uded "LLLitis
m opinion that cation-ratio dating of desent vamish can’ bc uscd to:support the Pro;ect o
tion-on’ cro.,non mxcs ax Yucca Moumam o

MM thuscn has smtcd f (3 pmedmes (whlch mcludcs thc 'ncthodology rcﬂcctcd in
field and laboratory. notebooks). for gathering and evaluating samples, and the '

. Th full.textof Mr s McClcary s and Manhusen s obscrvanons and cvaluanons are-in
Attachment V. ;

‘ln thc followmg Sectiom, pomt by pomt rc.solunons are prowded for each TATM commcm.

'qucsuons 1dcntxficd in thc"P. ase ‘l"proccdurcs rcvu:w.- ER

T .doci:memanon ot’ the g'uhenng and evaluanon of samplcs allow thc data to be qualxt‘ ed " o
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‘D Dohrenwcnd has answered the thrce qucsuons poscd by the T-'chmcal Asscssmcm in - R
‘commending “to DOE YMPO'that the procedures used to collect and evaluate samples are.
cceptable and that the tcchmcal da!a penammg 10 (hc extreme crosion study should be

vahfied..." - . e :

lrkcland:.has also recommcnded thal thc tcchmcal dam pcnamm g to thc extreme
¢rosion study should be qualified: - Dr. Birkeland's one concern was the kind of data -

amplées) that were collected, and the results (documentation) of field work, or lab work. . DT

/ 'f-.McClcaxy and Mr. Mauthusen- have resolved Dr. Birkeland's concem by mspccung thc A .
: .scxcnuf' ic field and labomtory nutcbooks . -

-:AugustC.Mauhuscn o
i -_.F‘rst Commcm '

e - ‘ From the procedures rewewed itis not poss:bie to delemune if the techmcal results -
-7 ~'would differ from the results that were determined. The procedures reviewed

. govern mainly rhe documemanon of results and not the gathermg and anaIysts
jj proces: _

"R _csoluﬁon of Mr.'Manhusen s comment is addressed in the venﬁcauon of dala 1o

-, procedures which was carried out by Mr. Matthusen, at LANL and Mr. McClcary, at 1hc
- :‘.USGS subsequcnt to the Procedures Asscssmcm

'Proposcd Rcsoluuon Mr Malthuscn

.Addmonally, the purpose of :he Techmcal Assessment Nonce reques:ed that I assess rhree
questions. These are assessed as Jollows:

Would :ample collection and evaluation under currem‘panicipbnt technical procedures
dtjfer from:those procedures acmally jollou ed?

Na, they would not differ.

Are uny dxfferences significant enough to affect technical resulis?

No, there are not significan: differences.

Can a recommendation be made to DOE YMPO thai the procedures used to gather and

evaluate samples are acceptable to allow the iechnical data to be qualified under current
QARD guidelines?
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Yes. The procedures for gathering and evaluating samples and the documentation of the -
. gathering and evcluation of sumples atlow the data to be qualified: The documeniationof

" repeat.the investigation and achieve comparable results withous recourse 1o Dr. Harrington.:
From my review of the doctmnentation | réecommend that the-databeaccepted: -

= Thie rest of Mr.__Ménhuscn'syéﬁﬂcation report is 'c_dmaing‘,d‘;," Autschment V.
 Propoted Resolution - Mr McCleary: RS

- Based on the above observations of the procedures and niotebooks and ry discussions with .
 Joha Whithey, it is my opinion that if the early sampling were repeated undercurrent - ..

'i'-il"-_pr'oceddres, the results-would not be significanily different.: =

" .- sample and data collection would allow a knowledgeable person to reirace the investigation . .
- ."and confirm the results. The same documentation would allow a peer of Dr. Harrington to. - - - ..

- Iitis also worth noting that the early samples collected by the USGS alone have, in general,

yielded age estimates that are younger than average. Therefore, eliminating the use of these: . . s

samples would only supportolder deposits. and slower eroior: raies, a less conservative -

_ position relative to the régulations. In addition the averall argument on erosion rates does - E

not hinge on the cation-ratio dating technique. U-series, U-trend; Cl-36,and L
tephrachronology studies.were also carried out on-early samples collected by the USGS -
- and are in general agreeinent with the cation-ratio data.. - i ol

In summary, 1 have made the following observations:

o . USGS field notebooks document fo a reasonable extent that the samples collected -
early in the snuly;}s_-‘()gcld also have been selected under the 5/1187 procedure.

BN Inclusion of the early data produces a slightly more conservative erosion rate .
, relative 1o the regulations. T e R

. Other dating studies carried out to address the érosion issue generally support-the:
results of the desert varnish studies. o ‘ .

 Therefore, it is my opinion that the cation-ratio dating of desert varnish can be usedto
support the project position on erosion rates at Yucca M ountain. If other assessment team
members, or the project, still have concerns, other evaluations can be made with existing

information and examination of the samples at LANL.
Resolved: Based on the documeniation in the scientific notcbooks of the Principal
Investigators it is apparcnt that sample collection and evaluation procedures followed
during the investigation were not different from those currently in place. Therefore,
technical results would not be significantly different.
Second comment:
. Requires verification of teck=ical data to reviewed procedures.

Resolved - This comment has been resolved by the verification of data to procedures by
Mr. Matthusen and Mr. McCleary.
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Jeff McCleary
First Comment: o
e L ln:unmla:y.ba.?t’d 5';. khe information pmvideri becauseoftheunknown criteria

v " for sample collection prior to 511187 it is possible that technical results.could differ
- - ifcurrent procedures were followed. R -
~ Proposed Resolution by comparison of field notebooks to procedures provided tie.

- following: - e R T o R s

' Proposed Ré#biution_ ;»Mr;_;"fl‘vjatmpsen:,

 The documentation materials reviewed include the following:

e Field Notebooks. Tio.of Dr. Harrington’s field notebooks document samples, . ,
- sample collection., field sample identification numbers assigned, dates of collection, -
field personnel; collection rationale, hypotheses; azd descriptions of sample = ,
collection localities for rock varnish samples for the Yucca Mountain Froject. The
Jfirst notebook (NB1).covered the period from 1012/85.10.5113/87. ‘This notebook
~also included-information on rock varnish projects not related 16.Yucca Mountain. -
The second field notebook (NB2) covers the period from 1/10/87 10 1990 and
. includes only Yucca Mountain related information.” NB1 contains copies of pages
from the field notebook of J. Whitney (USGS) documenting rock varnish sample
collection activities in 6/84, 10/85, 11185, and 7/86. NBI also contains notes by
- Dr. Harrington regarding sampie collection done in conjunction with J. Whitney for
 the previously mentioned dates after 10/85. NB2 is more desailed than NBI and
- contains more detailed descriptions of samples; sample locations, ccllection.
. rationales, and hypotheses. Samples and locations recorded inNB1 and NB2 are
- further documented in a Sample Tracking Notebook and on topographic maps.

. Sample Tracking Notebook for rock varnish samples. Samples are recorded with
field sample identification number, lab disk identification number (two disks of
rock are cut from the field samples and cemented onto a glass slide for use in the
scanning electron microscope (SEM) and a new lab disk identification number is
assigned ta the slide as the field sample identification is often toa long to fit on the
slide}, geologic deposit name, description of sample, and samples are keyed 10
collection locations documented on topographic maps. L

. NNWSI Log Book. This notebook documents sample transfers and handlings for
the ESS-1 group of Los Alamos National Laboratory from the time period 5114186
10 1012191. The first cntry by Dr. Harrington was 6/3/87. The notebook has been
technically reviewed five times berween 1115188 10 1012191,

Proposed Resolution - Mr McCleary:
The following observations were made:
. The current procedure requires that samples be collected:

- from stat:lized deposits or outcrops
- that exhibit mature varnish development (durker)
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'tes‘wm callectedby:iw usas e/ ImWh:tney) alone in 1984 and by lhe S
N therefore concemrated my-::-: R

G ' escnbed bur isis noted of:en andu_u-. e e
apparem from the no:ebo" asa' vhole. that :he: ent was tg samp  darker
(more mature) varnish.. . R o
The physical condition of the:sa

etc. was ot well descnbed : Ho

(- 8 Documcmanon nvax!ablc in xh nd laborntory notc
Investigators dt the USGS uind LANL demonsirates that the same sample: collecuon
- procedures were followed: pnor to 5/ 1/87 as. aft Thcreforc. techmcal rcsulls would not
-be:signi "’amly dnﬁ‘ercm ‘ S S . s

der the R and D procedures shou.’d be revzewed -
. ere:selected in the field prior 1o 511187 If it .

con be shown that the same:criteria for site and sample collection were followed °

prior-10.5/1187 as after the-“sample collection procedure for rock vanu:h studzes

was: tssued then aII samples canbe 'conszdered valxd S :

uhus;n mvcnfymg lhat samplcs. collccted

. oposcu Rcsoluuon has: bccn donc bthr
it e[mes as were. csmbhshcd in thc

'. - priér 1o 5/1/87 were selected | usmg the sam
,subscqucm samplmg procedure :

o Pmposed Rcsolunon Mr Matthuscn - '
1 What techmques were used for sample collecnon ? '_ _

R '_Discusszons with Dr. Hamngton elzcued that the techmque used for sample colle::non was
" as‘described in Harrington and Whitney (1 987) and in the Sample Collection Procedure for
Rock ‘arnish Samples (TWS- ESS-DP-IM)

Was a procedure Jollowed?

The Sample Collection Procedure for Roclc Vi zrmsh Samples was implemented in 5/87.
Prior to that time the work was bcing done under the Quality Assurance Procedure for One-
time Research and Development Work (TWS-MSTQA -QP-14, R0) implemenied in 5/85,
and the Reseurch and Development ! Experimental) Procedure (TWS-MSTQA-QP-14, R1)
implemented in 2/136. These procedures allow development work to be done and
documented in notebooks.
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" Resolved: As noted previously, documentation is available to demonstrate that the same

N - procedures were followed pre and post the 5/1/87 issue date of the sample collection
S— " Brocedure. oo

“Third Comment: -~

Al samples shiﬁpéd-khé&ld be examined for abra.siérj of other shipping damage to
the varnish surface. If all samples show an imact-vam:_ishiswface they can be

" consideredvalid. - - -

- Propased Resolution has been done by Mr. Matthusen.

‘Proposed Resolution - Mr: Mahusers: -

The S EM samples { the:rock disks.on s'l'idés‘)..'fT}.xeSe\ are retainediin a locked cabinet
in-Dr: Harrington’s office.: The cabinet was opened and I observed the. samples.
Orie sample was checked for ID number and the 1D niunber could be:tracked to

: . .

- corresponding numbers in notebooks, maps, ec. In discussion, Dr. Harringtor: -

. indicated that the rock samples from which the disks had been cut are al~ -
- maintained in storage. Dr. Harrington stated that all rock varnish samples have _
.. “been hand carried-to.Los Alamos, so.use of the procedure for shipping samples has -

" notbeenneeded. -

- Resolved: .Obsc_rvatioxi.Of“lli_gi'saﬁuples' and the careful handli»n‘g of the samples (i.e: all hand

o valid.

Robert Justice

. FirstCommcm

I Would sample 'ébllééti_én aﬁa.'evdllm:jon under cirrent Participant technical
"o procedures differ from _thosg— procedures actually followed?

Response - Inconclusive in that procedures for collection did not exist until 5/1/87.
The procedure used for collection (TWS-ESS-DP-114, Rev. 0) from 5/1187 unil
, 513188 did not adequately address the handling of samples. The guidelines for
""" determining collection areas were less restrictive than current requirements and
" could have led 1o samples being collected from areas which m1y be unsuitable
nunder current procedures. Additionaily, there is no evidence of procedural
guidelines for conducting the rock varnish for erosion analysis.

Proposed Resolution - August Matthusen

Prior tc 1987 LANL and the USGS were evolving defined (specific locations) sample
sites, and the analysis process.

The Sample Collection Procedure for Rock Varnish Samples was implemented in 4/87.
Prior to that time the work was being done under the Quality Assurance Procedure for One-
1ime Research and Development Work (1'WS-MSTQA-QA-14, R0) implemented in 5183,
und the Research and Development (Experimental) Procedure (TWS -MSTQA-QP-14,R1)

amcd)demonstratcsmauhcvarmshsurfaccls intact and the samples can-be considered . L
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implememed in 2/186. These procedures allow development work to be done and
documented in notebooks. ' , o -

I.-.4

F iéldid:cbbaks.- Two of Dr. Harrington's field 'n»b'tvebéolcs docwnehi "s'ample's,v _
- sample collection, field sample identification numbers assigned, dates of collection,
. field personnel, collection rationale, hypotheses, and descriptions of sample .-

collection localities for rock varnish samples for the Yiicca Mountain Project. The

~ first notebook (NB1) covered the period from 1012185 1o 5113/87. This notebook

also.included information on rock varnish projects not related to Yiucca Mountain.

includes only Yucca Mountain related information. NB1 contains copies of pages .

- The second field notebook (NB2) covers the period from 1110187 to 1990 and . -

.~ from the field notcbook of J. Whitney. (USGS) documenting rock varnish sample-
. collection activities in 6/84, 10/85, 11185, and 7/86. NB1 also contains notes by.
.. Dr.Harrington regarding sample collection done in conjunction with J. Whitney for
. the previously mentioned dctes after 10/85. NB2 is more detailed than NBl'and -

- contains more detailed descriptions of samples, sample locations; collection:- .
- rationales, and hypotheses. Samples and locations are recorded in NBl and NB2
- and further documented in a Sample Tracking N-tebook and on topographic. maps.

Semple Tracking Notebook for rock varnish samples. Samples are recorded with
field sample identification munber, lab disk identification number (two disks.of =~
rock are cut from the field samples and cemented onto a glass slide forusein the
scanning electron microscope [SEM ] and a new-lab disk identification nunberis' -
assigned to the slide as the field sample identification is often too long to fit on the

. slide); geologic deposit.name, description of sample, and samples are keyed to
- collection locations doctunented on topographic maps. S

NNWSI Log Book. This notebook documents sample transfers and handlings jor
the ESS-1 group of Los Alamos National Laboratory from the time period 5/14/86
to 1012191. The first entry by Dr. Harrington was 6/3/87. The notebook has been
technically reviewed five times between 1115188 to 1012/91. o -

- SEM No:ébook Rock Varnish. Begun in 6/86 to document the SEM and energy

dispersive X-ray analyzer (EDAX) work performed on the rock varnish samples. It
begins referencing the initial analytic procedure (Harrington and Whitney, in .
review; later published as Harrington and Whitney, 1987, "S canning electron
microscope method for rock-varnish dairg”, Geology, Vol 15, pp. 967-970) and
briefly describing the initial analytic procedure in the notebook. It described
specifics of analyses and analytic reswts. The notebook aiso documents much
additional pertinent irformation (e.g., on 9122186 the SEM machine was moved to a
new location, a new run was done with a previously analyzed sample 10
verifylcompare nev results to previous analytic results). Therefore, for a new
series of runs, an ol:d sample would be re-run to ensure similarity of results. Over
the course of the experiment, the experimental methodelogy was refined. All
changes in SEM scitings in response to methodological refinements are documented
(e.8., 6n 9122186 - the procedure was modified to ascertain penetration for the
varnish coating without inclusion of the rock substrate, that is, to ensure thet only
the varnish is being sampied) and previous samples retested. The. notebook has
undergone freqient technical review by technical staff from Los Alamos (Carlos,
Vaniman, Brexton, Maassen). Thirteen reviews are documented benveen 711186 to
1118/91. The last technical entry in this notebook is 11 114190, it was reviewed
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" 11891, and was closed out 2110/92. Additionally; the notebook documenis -~ "
..~ changes in the SEM program used to deconvolute the data, hypotheses, changes in -
. - hypotheses, problems encountered, investigations pursued 1o resolve problems; -

Proposed Resolution - Jeff McCleary ~~~ Lo che e

 The current procedure requires that samples be collected: ~

.. from stabilized deposits. or owcrops. - -~ .
¥ ¢ thatexhibit mature varnish development (darker)
©*  thatavoid cracks, lichens, efc. ..

- Thatare not u'indab(aded'ot'sp(i_l(éd; o B _ I
. Samples were collected by the USGS (John Whitney) alone i 1984 and by the USGS and -
- LANL jointly in 1985 and later. I therefore concentrated my examination on the 1984 .. - -

- The stabilized deposits aré. i&e[l:dé&éiibgd:(s?bke; angle; zh:c]cness,e:r) m o
o eachcase. . oot T T R
* Varnishmaturity is.not alivays described but it'is noted oftenanditis -

apparent from the notebook.as a whole that the intent was to sample darker
- (more mature) varnish. - RIS : R
. - The physicul condition of the sample-relative to cracks, lichens, abrasion,
- etc. was not well described. However, if necessary the samples (ar LANL) .
- could be examined to determine their physical condition. TR
Based on the above observations of the procedures and notebooks and my discussions with-
John Whitney, it is my opinion that if the early sampling were repeated under current )
procedures, the results would not be significantly different. =~ - EETRR IS

It is also worth noting that the early samples collected by the USGS alone have, ingeneral, - -
yielded age estimates that are younger than average. Therefore, eliminating the.use of these
samples would only support older deposits and slower erosion rates, a less conservdtive
position relative to the regulations. In-addition the overall argument on erosion rates does

not hinge on the cation-ration dating technique. U-series, U-trend, CI-36, and
tephrachronology studies were also carried out and are in general agreement with cation-

ratio data. : ' - '

Resolved: That the sampling process, and sample analysis process (via the documentation
in the Notebooks) is the same as would be done under current procedures (which were
dzveloped from the processes denionstrated in the Notebooks).

Therefore, there would be only minimal differences, if any, for sample collection and’
cvaluation under current LANL and USGS procedures. ‘

Second Comment:
z. Are there any differences sienificant enough to affect technical results?

Response - Yes, in the area of handling the samples once they were collected.

There were not any specific guidelines provided Jor the handting of samples until
513/88 when Change Request #29 to procedure TWS-ESS-DP-114 . Rev. 0 became
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 Proposed Resolution - August Mathusen

 Sunple hndling wseda
 byDr Harrngon. -~ T R
B Thedata,docwnenzanon anduorkcomply to ﬁrocexﬁ)réfﬁﬂefrziﬁé}&czen ifi
(Quality Assurance Procedure for One-time Research and Development Work
MSTQA:QA-14, RO} implemented in 5/85; Research and Development Wor,
- {Experimental}. Procedire [TWS-MSTQA-QP-14, R1] implemented in2/86:;and

- Procedure for Documenting Scientific Investigations [TWS -QAS:AP-035, Ru}:

‘documented in notebooks.. .

Proposed Resolution - Jeff McCleary

n swnmary, ! have made the fa{loiw}_'hé 'o‘bls_'ér'vatior_z.sj;t
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effecti vé. Also, the lack OIprbcéduraI brocessés for the collebli'oh andanalym of ) -

- . Samples.raises questions with respect to what processes were actually tised and the L
.+ consistency with-whicl :ho;cprqcc;ses,were repeated. . . .- R

The field notebooks, the sample tracking notebook, the NNWSF Log Book, the maps and -~

« . the samples themselves (all discussed prior) exist to document the sample collectionand.. . - | ;
- _handling. Dr. Harrington stated that all rock varnish samples have been hand.carriedto: ~~ - -
_ Lo.f_zﬂ_lahios, .so=u:¢of zhg- prqte_q’rzf"g for‘shipping sqmpies_—ha;~r_xq: been needec LS s

”»

}béisfbfbt{lg’é{és* dpproach taprorectsamples being "hdnd arried"
lebooks

implemented 3110189). These procedures allow development-work to be-done and . .

& USGS field notebooks document to a reasonable extent that the samples: collected

early in the study would also have been selected under the 511187 proceduire.
+ . Inclusion of the early data produces a slighily more consérvative erosion ra
' ' relative.iotixe'reg'ul_'atio'm.a S ] : SRR

. ‘Other dating stuies carried out to address the erosion issue generally:support the
~results of the desert varnish studies. R P

Therefore, it.is my opinion that the cation-ratio dating of desert varnish can be. used to

support the project position on erosion rates at Yucca Mouniain. If other assessment team -

members, or the project, still kave concerns, other evaluations can be made with existing
information and examination of the samples at LANL. L d

The question of what processes were actually used (1o collect samples and evaluate
samples), and the consistency with which these processes were repeated, is answered in
resolution of Comment #1. o

Resolved: That the sampling and evaluation processes actually used, and the consistency
of repeating these processes is documented, and demorstrated in the Scientific Notebooks
available from Dr. Harrington. Therefore, in that current procedures have been developed
from the processes demonstrated within these Scientific Notebooks, there would not be
significantly diffcrent data obtained if tests were perforined today.
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Third Comment:

.y available to support the processes used to accomplish

"¢ Resolved: That the Scieniific. Notebooks verify thit the processes isec e
current procedures.. Therefore; a recommendations can be made 10DOE'YMPO to accept. -

S WBS: 12524
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- 3. Canarecommendation be made 10 DOE YMPO that the procediires used 1o gather

and evaluate samples are acceptable to allow the technicat daia to'be qualified under =

 curment QARD guidelines? " IS G e el under

' Re.\'pom ‘A r cammendauon to accept the da:a ba.rea on'the procedures pravxded S
for this assessmens: cannot be made. The obvious lack of procedural guidance in . - .
the early stage of shis activity supports this conclusion, Other evidence may be -

samples. The notebooks, which have been used throughsut this activity to-- -

-documens the work that was performed, may ,cont_aihe’ho’ltgjl;j‘iifoi?ma;idrﬁo.ide'h't‘xjﬁ:f,_f T

I the processes. used and the consistency. with-whick they wer epeated.. These
- notebooks were not provided as part of the.review packa

used'would conformta.

the erosion technicalfda;:_zj;_@_s;quali_ﬁed. under current DOL QARD guidelines. .~ . .

he collection and analysisof ~ . ..
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- The Technical Assessment Tcam has cvaluated current and prcwous QA and ‘Technical-

g - Procedures that relate to sample collection and analysis, and field measurements for cation

ratio.datng. . In additon; field and laboratory notebooks of the Pnncxpal Invcsngators were
examined and compared to the proccdurcs ‘
Three questions have been answersd: -

1. . Would data collection and cvaluauon undcr current: Pamcxpant techmca! proccdurcs
- differ ftom those procedures actually followed" ' _ _

2 -Are any dxffcrcnccs s:gmﬁcant cnough to affcct technical rcsults"

3 | Can a recommendation be made to DOE YMPO that the proccdurcs uscd to gat.hcr
- . .and evaiuate samples; and guide field measurements are acceptable to allow the
tcchmcal data to be quahﬁcd undcr current: QARD gmdchncs" e

It has bccn unammously agrccd by all fivc chhmcal Asscssmcm Team Mc'.zbcrs (T ATVI)

that data cotlection and evaluation would not dxffcr under current QA and Techmcal
Pmccdurcs for LANL and thc USGS. e A

- 'D)e TATM unammously agrees thaz no s;gmﬁcam dlffmnces would rcsult from data
a collecnon and evaluanon unda' Current QA and chhmcal Proccdurcs

. Thc Techmcal Assessmcm Tcam Mcmbcrs dn_mmxmnd to Dg.E YMPO to allow the
technical data on Extreme Erosxon be fonnauy accepted as Qua.hﬁszi undcr current YMPO
QARD guidelines. _

In June 1989 LANL orgamzzd a peer review: group of leading gwmorphologxsts to
examine the VCR (vamish cation-ratio) age dating technique and “critically reviewed rock-
varnish swudies within the LANL Yiucca Mountain Project”. This Peer Review Panel
concluded " .. that the VCR agc determinations by Dr. Harrington and collaborators are
the best prcsendy being done.” This Panel also stated: “"We are impressed with the
excellent work being dene on VCR age determination by the LANL research and technical
staff and their associates at the USGS -and the University of New Mexico. The members of
this high-quality team, primarily in the ESS-1 Group (LANL), are extremely careful in all
phases of th= work, fmm the initial field sampling, through the laboratory work, to the
final age estimation.” This peer review supports the results of this Technical Assessment.
The report by this Panel 1s included as Attachment VI
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GEOLOGY OF TIIE ASH MEADOWS QUADRANGLE,
NEVADA-CALIFORNIA

By Cuarurs S. Dexxy and Hararp Drewrs

ABSTRACT

The Ash Mesdows quadrangie lies abnut 25 miles east of Death Valley and
luciuden the southern part of the Amargoxa Desert. 3 brosd lowiand adjacent
to the Amargoea IHirer. The southeastern spur of the Fupersl Moustalns
projects & shoft distance (nto the quadrangie from Lhe west, and the norikern
rod of the Rosling Spring Kange lies in the southeast torper. The Doantains
rise 2.000-3.000 feet above thd adioinlog pisdmontr that are laryely comiescing
aliuvial fana. The Ash Mesdows, located in the nortbeastern part of the quad-
rangie, contain seversi Jowing spriogs such as Deviis Hole, a larwe siok in
Middle Onrubnan limesinne and dolomite.

\Within the quadrangle, about 5.000 feet of Silurian to Missismippran liznestone
and delomite forma the backbone of the Funerat Mountaios and (s overiain by
3.000-5.000 fret of Surial ana lacastrise deposits of Tertiary. pertapa Oligncene
Age. The spur is Ao eastward-dipping fault block bounded on the south by the
Furnace Creek fanit zoge. The block ilself {s broken by two sets of notwal
faulta

Voleanic rucks. part of those that form wmuch of Lthe Greenwater Raoge to
the routhwen. form & small butte in the southwestern corner of the quadrangle.

On the cast side of the Amargoss Valiey lien Shadow Mooarain, wiich forms
the end of the Rewting Spring Range. and & xroup of isolated bllls neasr Derils
Ilole, Roth highlands consist of about 5.000 feer of gently dipypdng Cambrian
rocks, chiefly quartnite, limestove, and dolomite. The rocks of Shadow Moun.
taln furm an cast-dipping faull block overluin at its nork end be fanglomerate
and Aner rrained beds of Tertiary age. The rocks of the hills near Devils Hole
are brooen by numerous steen faalta of smail dispiacement.

The rocks of the mountains and bilis througbout the quadranglie are over
lapped by alluvial-ftan deposits of Quaternary age, largely undeformed beds of
gravel. aaml. and breccin. AWey from the hightands the {an deposits inter.
tongue with plara and spring deposits, largely silt and lesser amounts of sand or
clay. No foasils bare been found In these arid-basin esediments, boz Pleistocens
fusails are known oo siinilar deposits in the Amargosa Velley aboat 30 miles
o the south. Surficiat deposits of timited extent tncinds dune sand. scree, and
landstide brecein.  Alluviom noors the owlands along the Amargosa River and

Lt
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it principal trituisnes  Artifactn amswsatend with the alluvium suggemt that
most of 1t [a al {east 2000 Yrmrs otd. N ailuvium soad mane of the dune
Aaml. BOWRTSr, RNe yOUNger.

The piedmonta bretween mountain snd lowiand inclulde four gromorphic unita:
depery pavement, podiment. atd warhen the lant divisible into washes fHoored
with anwesthered gravel and thame where the ntonen on Lhe aurface bave a coal-
ing of desert rarnish. The size of a pledmont and the proportion of pavemens.
wnsh, or pediment on its surface detwnd upon Lhe structural history of mountain
and hasins and the procesms acting upen theus. The contiguratioo of the pled-
mont may reprement 80 approach lowans & sieade atste of balance or dynamue
muitibrives detween the rate at which detrilus (s brougit 10 the piedmount from
the adjscent highland and the rate at wbich it is removed by ercsion.

Tatteroed ground, reminincent of that found in coid climsien. occurs through-
nut the quadrangle. The patterns sre due Lo the orderly arrangement of such
{eatures as desicesation cracks. shrubs. tervaceties. and linear or oval-shaped
wreas of large and smail fragmenta of rock.

INTRODUCTION

The Ash Meadows quadrangle, in the southern part of the Amargosa
Desert, is 2 broad area of sloping piedmonts bordered by smaill moun-
tain ranges. The Amargosa River lows southward through the desert
for more than 100 miles (fig. 1), roughly parailel to and about 25 miles
east of Death Valley, untn it reaches the point xhere it turns west.
ward into Death Valley and there flows northwestward for about 40
miles until it loses itself on the saltpan near Badwater. Ths Ash
Meadows are largely a w.ie expanse of swamp or meadow, but in-
cludes some areas of sand dunes and bar. ground. The name con-
notes extensive areas of salt crust or white clay which give an ashen
color to the landscape. Within the Meadorws are several large flowing
springs. one of which, Devils Hole, has been set aside as & part of
Death Valley National Monument,

In 1956-58, Denny, with the able assistance of H. F. Barnett, Jack
Rachlin, and J. P. I'Agostino, mapped the Quaternary deposits of
the quadrangie and the oider rocks in the northern end of the Resting
Spring Range. He was especinily concerned with the for! 1 and origin
of the alluvizi fans (Denny. 1964}. Drewes. in 1955. mapped the
Tertiary and Paleozoic rocks of the eastern spur of the Funeral
Mountains «nd of the hills near Devils Hole. Previously he had com-
pieted a study of the Funeral Peak quadrangle which adjoins the Ash
Meadows ares on the southwest ( Drewes, 1963).  Wa are arateful for
criticism of this report by several of our colleagues in the Geological
Surver and also by Charles B. and Alice P. Hunt,

.|
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quadrssgie.

GEOGRAPHY

The Ash Meadows quadrangie {pl. 1) lies within the
Valliey and includes Death Valley Junction

settlement on the dismantled Tonopah and Tidewater Railroad. The

junetion is at the terminus of one of the principal access routes o
Death Valley from the east tfig. 1). One of the two highways ieading
southward from Tonopah and Beatty, Nev.. to Baker. Calif.. transects
the quadrangie: the other follows the izngth of Death Valles.
The quadrangle is inrgeiy a plains area: only
mountain or hill. Local relief on the piains is
feet. The average gradient of the Amargosa R
per mile. Shadow Mountain, the Rigest peak (alt 5071 ft), lies

about 3,000 feet above Alksli Flat, the lowest point. The mountain
fronts are both linear and embaved.

Amargosa
. an abandoned mining

about 10 percent is
rarely smore than 50
iver is about 14 feet
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‘The highlands nre bordered by sloping presdmonts, Inrgely conloseing
fans that mnge from 1 1o 6 miles in Jength. There are only smali
nreas of pediment cut on rocks of lale Tertinry nge aml commonly
veneered with gravel. The fans have slopes nenr their apices that
range from about 300 to 500 feet per nule.  Downfun, slope decrenses
1o less than 100 feet per mile

The surfnce cf most fans is not smooth but is em by washes that
lis many feet below the surrounding gravel phin.  Such dissection
reaches depths of as much as 60 feet near the highlands, Near the
toes, however, the surface apprasclies a plain, and the floors of the
larger washes may actually lie sliphtly above their surroundings. The
skin of most fans is a mosaic of areas of desert pavement and of wash.

The piedmonts Jead down 10 broad lowinnds such as the flood plains
of the Amargosa River and of Carson Slough or the playa of Alkali
Flat and of a second unnamed pluyn in the northeast corner of the
quadrangle. Doth of these playns nre no lonzer enciosed but drain
to the Amargosa River. Marshinnds border the uppsr reaches of
Carson Slough.

The surface of the Amarposa Desert exhibits patterns formed by
surfacs features of many kinds: arrangements of sait efflorescences,
of stones and finer materiai, or of ministure lerraces: mosaics com-
posed of braided channels and areas of desert pavement; and groups
of shrubs

The hiils xnd mountain- in the quadrangle have hare slopes of
3,000-5.000 feet per mile or roughly 30°45°. Smal} deposits of scree
are found in many places, but most of the mapped seree is on Shadow
Mountain, Dark-gray quarizite forms the upper siopes of Shadow
Mountain; its lower flanks are of similar but slightly paler colored
rock. Viewed from the west, the contact between these rocks of dif-
fering color is horizontal, and the mountain's summit appears in the
late afterncon light as if in shadow. A tongue-shaped landslide pro-
jects eastward from the base of the Funeral Mountains just south of
Baw Mountain, and on the piedmont nostheast of the mou~tain, land-
slide masses of Tertiary limestone form low white hills (1.cnny, 1961).

Sand dunes supporting a scattered growth of mesquite occur 1n the
northern half nf the quadranpie: the lnrgest sand-covered areas are
on the plains east of Carson Slough where the duncs teach heights of
50 feet. A small butte, capped by a spring deposit, rises about 150
feet above Fairbanks Spring near the head of Carson Slough; other,
less conspicuous mesas of similar materinl lie south of Longstreet
Spring.  Still other smai} unmapped badies of spring deposits occur
in the Ash Mendows.

There are nearly 20 Howing SDFINEs in or near the Ash Meadows
(Lyle. 1378: Ball, 1907: Stearns. Stearns, and Waring, 1937; Hum
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amd Robinaon, 1H0). Most of these springs, weluding severa) ciren-
lag pools 2040 foet i dizmeter and 520 feot deepr, are m Cenozoie
rocks. U'wo springs, Point of lRocks and Devils Hole, are in 1’nleo-
zne bnwstons aned dolomite,  Devils Elole i3 a rectangular opening
about 5 feet devy that contains a paol abot 10 feet wide by 65 feel
long.  Many of the springs contain the Cyprinodont fish whoss pres-
enew in such isolated places lod ITubbs and Miller ( Miller, 1940, 1948:
1{ubbs amd Miller, 198} to postulate the existence of very exteusive
plurisl Jukes and connecting drainageways over much of western
{ nited States during the Pleistocene.

The water tabls is near the surface in suuch of the Ash Meadows snd
at Peath Vailey Junction. Loeltz (1960} estimates that the annusl
discharge from the springs is about 18000 acre feet of water annually.
The limestones and dolomites of the northeast part of (he quadrangle
provide channelways to bring water into the aren.  Although similar
rocks apparently form the treeless hills betweeny Devils fHole and
Johnnie (fig. 1), it isdoubtful that these hills receive sufficient precipi-
iation o produce such a discharge. The spring water probably has
its ullimate source in precipitation on the northern part of the Spring
Mountains aiout 20 miles to the east. Hunt and Robinson (written
* commun., 1962) supgpest that the springs in the Asii Meadows have
their source in the lowlands near Pahrump, which in turn derive their
water from the Spring Monniains. The lowest part of thess low-
lands is a playa, known as Stewart Valley, which is about 300 feet
higher than ane about ‘1) miles southeast of .\sh Meadows.

Tlie only mining in the quadrangle is a small bentonite prospect
north of Hat Mountain. The numerous clay pits in the Meadows and
near Clny Cnmp have not been worked for many vears, probabiy at
leasr since the railroad wwas dismantled about 1930,

The climate is warm and dry. The average annual precipitation
probably is between 3 and 4 inches per vear in the lowland (Troxell
and Hofmann, 1954: U".S. Weather Bureau, 1932) and slightly higher
on the adjacent mountains. Snow seldom reaches the Amargosa
Desert but mantles the neighboring mountains for short periods in
winter. (n the vailey floar, the average maximum monthly tempera-
rure for duly is more than 100°F: minimum winter temperatures sre
below freezinge i December and January. The highest temperature
recorded at Clay Camp near the center of the quadrangle was 118° F
m July: the lowest was 3°F in December. A thermometer resting
an a desert pavement snuthwest of Grapevine Springe, the bulb cov-
ered by a Inyer of fine sand abont one grain thick, registered a high
of 162° F during the perind from May 1937 1o Februsry 1958,
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The remon is virtunlly trreless, bus desest shrubs are seattered over
the surince of the fans.  Mesquite grows on ail sand dunes and alone
the Amnrgosa River west of Caliform Siate ilighway 127, A mes-
quito tree near Franklin Wall is about 15 fee bageh, and some i the
Ash Meadows reach hieightsof 10 feet.

STRATIGRATHY

Rocks of Paleozoic and of Tertiary age make up tlie highlands: tho
lowlands are mantled by Quaternary deposits. Shadew Mountain
and the hills near Devils Hole incinde about 5000 feet of Cambrian
strata, chiefly quartzite and massive limestone or dolomite. An equai
thickness of Silurian to Mississippian limestone and dolomite forms
the backbone of the northern part of the spur of the Funeral Moun-
tains that lies within the quadrangle. Bat Mountain and the remain-
der of the spur comprise 3,000 to 5,000 feet of fluvial and lacustrine do-
posits of Tertiary age. Similar rocks are exposed in the hiils at the
north end of the Resting Spring Range. The volcanic rocks of the
Greenwater Range project into the southwest corner of the quadrangle
to form a smalil butte.

Arid-basin sediments of Quaternary age cover the lowlands. Gravel,
breccis, sand, and siit form ailuvial fans: siit and ciay underlie piayss.
Quaternary deposits of limited extent include spring or swamp de-

posits, scree, sand dunes, I-ndslide breceia, and alluvial deposits along
washes,

PALEQOZOIC ROCKS

The areal oxtent of the Palesozoic rocks in the highlands is smail.
Thess formations wers not studied in detail, and their description is
perforce brief. Dark-gray or banded medium-gray and dark-gmy
dolomite, limestone, and quarizite are the most abundant rocks In
this area, somber colors are typicsi of the Paleozoic rocks and brighter
yallowish-brown or reddish-brown hues zre characteristic of outerops
of tha younger formations. The formation names ns .gned to the
Paleozoic rocks on the east side of the quadrangle are based on similar-
ity of the rocks to those detsribed by Hazzard (1937) in the Nopah
and Resting Spring Renges. The rock units recogmized in the Funerai
Mountains on the west side are based on similarity to rocks deseribed
by McAllister (1952} in the northern Panamint Range and elsewhere
in the Funeral Mountains (McAllister, written commun., 1261).
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NOCKS OF TILR RESTING SPRING LANGR
IADARTELITE O0F SRADOW MOUNTAIM

Shadow Mountain © 12 conposed of quartzits and minor amounts
of micaceous shale and quarnzite-peoble consiomerate. The total
thickness of these rocks is probably severni thousand feet.  [leneawn
this masiive quartzite and adjacent to the block of unidenulied lime-
stones and dolomite at the west base of the mountain are about 250 feet
of interbedded quartzits and phyllitic shale and s few thin beds of
light-brown dolomite. The quartzite under the lower siopea of the
mountan is iight gray to grayish orunge pink: under the upper siopes
which simuiate the shadow, thie quartzite is a more somber paie red to
pale vellowish brown. On {resh surfaces the rocks are more varied
in color, with light vaiues of red. purpie, brown, and green in the
lower part of the section and dark values of brown and purpie in the
upper part. The individual strata are commoniy 1-5 feet thick. and
crossbedding, ripple marks. and scour features are characteristic.
Most of the quartz grains are cuarse to medium-coarse sand. but
granule beds and pebble beds are present also. Micaceous siity beds
ars intercalsted with some of the quartzite.

This sequence of quartzite is lithologicaily similar to the Stirling
Quartzite as descrnived by Hazzard (1937, p. 308-307). Noble and
Wright (1951), however, believe that both the Wood Canyon Forma.
tion and the Stirling Quartzite are present in Shadow Mountain
tQuartzite Peak). The thin-bedded rocks near the west base of the
mouintain may be the top of the Johanie Formation.

UNIDEINTITIED (IMESTONT AND DOLONITE

A smail faule block of interbedded limestone and dolomute lies at
the west base of Shadow Mountain. The limestone 1s medium light
gray to prie vellow brown. and the dolomite 1s Jight gray to medium
dark gray. Chert is absent except for a few siliceous nodules and
stringers. The bedding planes in these much-deformed rocks
are inconspicuous or discontinuous, and breccia zones are abundant.
The minimum thickness of rock exposed is perhaps 200 feet. These
strata are possibly of Middle Cambrian or iipper Uambrian age be-
~ause the older caroonate rocks are brown or very pale orange and be-

cause most younger carbonate rocks of Paleozoic age contain abundant
chert.

ROCKS OF T DETILS HOLE AREA

The hills near Devils Hole in the northeast part of the quadrangle
are underinin by three sequences of Cambrian iimestons and delomite.
which are separated by two thin but censpicuous clastic unite contain-

s Catled Quartatie Peak on ather maps. See fasiard <1937, Ox. T). Noble (1941, pl. 3),
Nobls ana Wright {1934, pl 7)), Jeanioge +1938).
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strge abnndant fossids,  The wisole sevdian i 2 00-L000 feet shuck, The
apper clastic v and overiving lestinwe and slolmse avv par of the
Nopah Formation, The muidle svptieme of carlnnnto rocks und the
lower clastte utul together form tin apper divikion of the Bonanza
Ring Formmuon of Palmer and Hazzand 11936).  The lowor sequence
of limestone ani daolatite, part of 1he Juser division of the lonanza
King Forniation. crops out only i one small area a1 the edge of the
aquadrangie east of Devils Hole.  “I'he s pcent Julls further to the east
are cnmpised of the rocks of the Devils Hole ares and older beda of
Cambrian ago.
ROFANEA KING FORMATION

Only sbout 100 feet of the lower division of Lhe Bonanza King
Formation 15 exposed in the guadmngle. Cliff-forming medium- to
dark-gry limestone and dolomite fnrm beds 1-3 feet thick. The
clastic unis ar the base of the upper ddtvision is 100-300 feet thick and
consists of shale and silistone mtervalated with thin fossiliferous
limestone beds: it forms o pale yellow-hrown ledge between the gray
cliffs of carbonate rock. The bulk of the upper division is banded
light-gray and medium-gray iimestone and dolomits in units 100-200
feet thick. About 80 percent of the rock is limestone and 40 percent
doiomite. This proportion is reversed for correlative rocks in the
Nopsh Range ( Hazzard, 1937, p. 277) east of Shoshone (fig. 1).

Thae trilohites in the lower clastic unit. identified by A. R. Paimer,
U.S. Geological Surves, ars a Middie (:unbrian assembiags (USGS
colin. 2436-C0O) that includes Alokistieure sp. and “Ehmania® sp.
The same lithology and fauna occur in Hazzard's { 1937) unit TA, the
base of the Corntield Springs Formtson in the Nopah Range.  Palmer
and Hazzard (1956) revised 1his pan nf the section and dropped the
name Corntield Springs Formation. Although the name is no longer
valid in the type area, the lithaloyne division found thers is nractical
in the Nopah Range and a1 least as far north as the Devils Hole area.
The uniform gray dolomite beneath the lower clastic unit in the latter
area is correlative with the Bonanza King Formation ¢ IHazzard
(1937} and the lawer diviston of the Bonanza King Formation of Pal-
wer and Hazzawi (1958). Tha buanded limestone and dolomita is
correiative with the Coratield Spring Formation of Hazzard (1937}
and the upper division of the Bonanza King Formation of Palmer and
Hazzard (1956).

NOPAX FORMATION

In the northernmost of the hills near Devils Hole, abaut a mile south-
east of Longstreet Spring, the Nopah Formation rests eonfarmably on
the Bonanza King Formation. The basal unit, the upper clastic beds
mentioned above, is a yellowish-brown shaly limestone that is

feee meamc o
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abonl 15 feet thick. it contains severnl highly {fossiliferous bio-
clastic brown limestone unia 48 feet thick.  Other bioclastio fima-
stone bevis near the top of the shaly lmestone unit arsd in the bottom
of theoverlying dolomite amd limestons onit ars sparsely fossiliforous
The top of the shaly unis also contains some noduler limestone. The
dolomile and limestone above the busal usit are similar to the upper
division of the Bonanza King Formution. Tha total thickness of the
formation exposesi is about 1000 feet, the top half or more being
abeent.

The Lasal shaly limestone unit contains a trilobite astsemblage that
has been identified by A. R. Palmer as belonging to the Nopah Forma.
tion. ‘The assomblage comes from two collections The lower one
(USGS colln. 2457-CO) from near the base of the formation
contains;

Cermuolimbus ot C. semigronuiosss Palmer
Nunderdergia o, N, varisgranuis Palmer
iHomegnoutus chcams §lielt)

Minwpettss of. M. cunservetnr talier
FPelagicila ap.
Prekovara ap.

Prendagnosrus of. £. commwnia ( Hall and Whitfield)
Chancelioria ap.

According to Palmer, this enilection is characteristic of the Dunder-
berg Shale at Eureka, Nev.

The upper collection (USGS colln. 2458-CO), from near the top of
the shaly limestone unit and 50 feet abore the lower collection,
contains:

Cheflocephalne sy,

Delleat ap.

Elciniclla sp

Homagnostus sp,

Oligometcpus breviceps (\Waleotss
Pacudagnoatus xp,

Pteroccphalie of. P, sanctisadae Roemer
Perudosaratogia lepingronslata Palmer
Sigmochcilus ap,

Linnarasoneilg sp.

According to Palmer, these fossils are typical of the assemblage found
just above the midile of the Dunderberg Shale in central Nevada.
ROCKS OF THE PUNERAL MOUNTAINS
HIDDEN VALLEY DOLOMITE
Nenar the north end of the southeast spur of the Funerst Mountains,

about 500 feet of thick-bedded medium-gray dolomite including some
dnrker and lighter beds undet lies two small areas west and southeast
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of & knob at aititude 42377 foot. Tha dolomiie contains a little chernt
but no fosiils and 15 assignee 10 the upper purt of the Hidden Valley
Dolomite beesuse 1t livs beneath a sndsione-bearing and quartzite-
hwaring dolomite wdentited by J. K. MeAllister {(writtan commun.,
1961} as the imse of the Lost Burre Formmuon, The dark-gray Ely
Springs Dolomite is not exposed.

LOSTY JUARC FORNATION

A light- and medium-gray dolomite that contains a little clastic
limestone and is 2,000-3,000 feet thick is assigned to the Lost Burro
Formation. It overlies the i{idden Valley Dolomite with apparent
conformity. Tlie basal 225 feet of the formation contains clastic rocks.
‘The lowest 150 feer of tha basal unit is gray delomite that contsins
some brown dolomitic sandstons and sandy dolomite and underlies s
bench. .\bovethese rocks is 75 feet of medium-gray dolomite and some
light-gray, blackish-brown.weathering quartzite in beds 1-3 feet thick,
The basal clastie unit is identifini as the Lippincott Member of the
lost Burro Formation by J. F. McAllister ( written commun., 1961).

Dominantly light gray to vellowish gray, slightly cherty dolomite
about 1,000 feet thick overlies the Lippincott Member of the iost
Burro Formation. .About 250 feet abave the clastic rocks there is
50-foot-thick unn of dark-gray dolomite beds, and about 750 feet above
the clastic rocks some dark-gmay limestone containing horn corals,
tlgae, and stromatoporids .s interbedded with the dolomite.

Medium-gray thick-bedded dolomite and iimestone ebout 1.500 feet
thick form a cliffy unit near the top of the formation. A particularly
dark banded dolomite occurs at the base of the unit, and at the top of
the unit there is some interbedded limestone. The uppermost 50 feet
of the formation, as identified by McAllister, consists of medium-dark-
gray pinty limestone that contains silty partings, light-gray sand-
stone, and purplish-gray quartzite. Some limestons beds interbedded
with or just above the quartzite are crinoidal and contain fragmens
of cephalopods nnd pastropods.

TIN MUUNTAIN LIMISTONE

A dark-gray cherty limestone, about 350 feet thick, that forms much
of the crest of the southeasternmost spur of the Funeral Mountains is
assigned to the Tin Mountain Limestone. It lies comformably on.and
grades up from, the underlying silty limestons snd interbedded quarnz-
ite. At the base of the formation some crinoidal limestone contains
fragments of cephalopods and gastropods. .\ little pale-yellow-brown
doiomite overlies the crinoidal limestone. The bulk of the fermation
contains silty partings, though fewer than in the underlying rock:

¢
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some of the sity partings are reddish brown. Tho amount of chen
izcrenses upward.

Coralx, Bryozoa, and brachiopods are common throughout the for-
mition and were coilected in two piaces. Iirlen Duncan, U.S. Geo-
logical Survey, identifisd the cornis and Brvozoa : Muckenzie Gordon,
Jr, U.S. Geologicai Survey, identified the othor forms. The first
collection (USGS 20579-1°C) was made near tha southernmost tip of
the southeastern spur of the Funeral Mountains a quarter of & mile
5. 70° E. of a knob 2,997 feet in altitude 1n the Ryaa quadrangle.
This location is at or near the site mentioned by Noble (1934, p. 177)
and Noble and Wright (1934, p. 155). The collection contains:

Rylstonial sp. indet.

Cyethazomse sp.

Cladochonue sp. indet.

Penestelle sp. indet.

Pelmatoscan debris

Productold cf. Levussia sp. judet.
Rhipidomeila sp.

Penctospinifer op

Spirifer 2 spp.

Streparolles (Euompheiss)

The second collection (USGS 20580-PC) is from a site i the Ash
Meadows quadrangle at elevation 3,680 feet, haif & mils S. 10° W.of
a knob (alt 4,756 ft) and centains:

Enypmophygiium sp,

Amplezus? s foder

Cyathazonse ep.

Cladochonue »p.

Fenestetia 3 opp. 1ndec.

Penaireteporn 2 app. tndet.

Diploporania? ep.

Rhipidomelis sp.

LuiorhyncAusl sp.

Crurithyris op.

According to Duncan and Gordon, these faunas nre dated as Enarly
Mississippian and are rypicsi of the Tin Mountan Limestone.,

PXRDIDO(1) FORRATION

The southeast spur of the Funeral Mountains has two peaks abont
three-quarters of a mile apart; both are less than a quarter of a mile
inside the ndjoining Ryan quadrangie. The southern peak (alt 4,962
ft) is built of a very cherty limestone tentatively assigned to the Per-
dido Formation. The east siope of the peak within the Ash Meadows
quadrangle is underlain by 400-300 feet of these cherty rocks, a me-
dium-dack-gray siity limestone that weathers prie yellow brown. The
base of the formation is taken as the lowest unit that contains abun-
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dant chert; the top is not present in the aren.  No Towsils were col-
lected, and the reliability of the cliert as 1 formation indieator is
questivnable,

TERTIARY ROCKS

ltocks of Tertinsy npe are expossd on the cast flank of the Funeral
Mountauins and at the norths endd of 1he Resting Spring Range. The
toial aren of outcrop is only about 6 pervent of the area of the quad-
rangle, roughly 15 square miles, but ‘Fertinry rocks probably lie be.
neath a voncer of Quaternary deposits throughont much of the low-
lands. The rocks are largely nlluvial-tun and playa deposits but
include some voleanic rocks. Sedimentary units grade lateraily over
short distances from shale to conglomerate or from limestone to {an-
glomerate. Such fncies changes anid sn absence of index fossils make
i impossible to correiate the ‘Tortinry rocks from place to place.
Description of these rocks is by their peographic nrea.

ROCKS OF THE FUNERAL MOUNTAINS

Tertiary sedimentary rocks underlic nbout 5 square miles of the
southeast spur of the Funeral Mauntains that lies within the Ash
Meadows quadringle. Seven major lithologrie units include, from
Lottom upward: lower fanglomerate, lower shale, lower limestone.
lower conglomerate, upper limestone and shale, upper fanglomerate.
and upper conglomerate. .\ major uncon formity separates ths lower
units from the upper anes, and minar unconformities that have only
# slight angular discordance underlia the lower conglomerate snd the
upper fanglomerate. The composite maximum thickness of the units
is about 5,000 feet. The strata rest unconformably on Palcozoic rocks.
are tilted enstward about 30°, and are hroken by normal faults of at
least two ages These Tertiary beds were mapped by Noble and
Wright (in Jennings, 1938) as of Oligovene age. a part of their se-
quence of older Tertiary sedimentary rocks, including the Titus
Canyon Formation (Stock and Bode, '935). Similar rocks, also
mapped by Noble and Wright (in Jennings, 1958), crr - out in the
{oothills to the west in the Ryan quadrangie and to the south in the
Eagle Mountain quadrangle. At the north end of the spur in the Ash
Meadows quadrangle, the three units at the base of the Tertiary ce-
quence are the jower fanglomerate, the lower shale, and the lower
limestone. In the Ryan quadrangle, nbont 2 miles to the west, a simi-
lar succession of rocks form a long. north-trending ridge (Jennings.
1938) and may be correlative with the rocks of the spur.

LOWEIR FANGLOXERATE

The thick fanglomerate near a knob (alt 3377 ft} at the north end
of the spur of the Funeral Mountains is the lowest stratigraphic unit
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of Tertiary gue w the spur. 1t s as mvch as GO0 feet thick near the
" knob, bt thins seathenstward amd probably pinches oun less than a
mile from the knobn  The fanglomemte i3 thick bedded to massive,
grayish rod to browmsh zray.  The boulders and cobbles within it
are chielly gray dofomite, pale-yellow-omnge doloaute, purplish
roape-pramed quantzite, and linestone. A few shale particles are
also present. The asociation of these lithelngies suggrests a source in
the Stitling Quartzite and the Noowlay Dofoniite, neither of which
are now exposed nearby. 1lie frapuents of gray dolomite may have
comne from rocks of Middle (Cambrian to Devonian age, for most older
rocks contnin only brown dolomite, and few younper rocks contain
any dolomite, The lower fanglomernte is similar to but not correlative
with the upper fanglomerse, which caps the south end of the spur.

LOWER 3XALE
A section of reddish shale and associated rocks underlies the north-

sloping valley east of the 3,777-fool kuob and is presant in small fauit
blocke south und southwess of the knob. The section is largely white
to Jight-red shale and siltstone, plus small amounts of sandstone, fine-
grained conglomerate, limestone, tnflaceous rocks, bentonite, and one
bed of indurated rhyolite tufl. The rocks are poorly expoced. The
bedding planes are commmoniy a few inches npart, except for the
tuffaceous rocks which ate thick bedded. The layer of indursted tuf
is 1040 feet thick and weathers into blocks. UUnweathered tud is light
brownish black 10 prayish piak: its weathered surfnce is brown-
ish black. More than 90 percent of the tufl consists largely of
glass shards, brown eryptocrystaliine material, and alteration material.
Imbedded in the tufl are fraginental crystals of sanidine, quartz,
plagiociase (albite or sodic oligociase). biotite, titaniferous mugnetite,
and a few rock fragments. Sanidine forms large sub.edral frag-
menig, and some of the fragments contain fresh plagioclase. 3ost
plagioclase is partiy aitered to sericite and has Jost the fresh appear-
ance of sanidine. Some biotite is oxidized or replaced by sericite. The
shard structure of rhe groundmass has not been stretched (not welded),
but the giass of the shards has crystallized to a radial, fibrous mate-
rial. Similar devitrified material is scattered in the groundmass. The
lower shale unit can be separated from the upper limestone and shale
unit becauze the ulder unit contains bentonite and tuf.

LOWER LINLSTONE

More than 30 feet of yellowish-gray fine-grained limestone overlies
the lower shale north and west of the 3.377-foot knob. It is thick
beddedd and forms prominent cliffs and knobs. The limestone con-
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tans somm fossiis 1hat pesemble aliae and plamt sems,  North of 1he
knols, the hmestoue gendos biteeadl it conglmsiernie whumsa cobbles,
pebbles und mnteix are n siondar hmesone,  The wmt s probably cor.
relative with 1he thick limestons on the ridpe (o the west of the eumi-

rangie and is distuygrmishable from (he wpper Limestone only by s
strtsgraplie position.

LOWER CONOLOMERATE

-\ conspicucusiy red pebble congioinerate ami sandstone, more than
1500 feet thick, lies unconformnily on the lower shale unit. The
Lasal unconfurmity truncates the lower limestone unit, more than 100
feet of the underlying shale, and the mdurated tud. Most of the
conglomernte is uniformly red. but in the area of outcrop west of the
Inryre landslice masses, a tangue of veilowish-brown conglomerate lies
Istween red beds. The lower canglomerate contains well-rounded
pehbles nnd senrtered cobbles of reddish-gray folsite, quartzite, and
some granitic rocks.  Reds range from 14 10 3 feet thick. The unit is
distinguishabie from the upper conglomerate only by it strati-
graphic position,

UPPER LIXISTOMI AND SXALL

A varicolored shale and overlying yellowish-gray limestone have
a combined thickness of 150-200 feet and unconformably overlie the
lower conglomerats (fig. 24). The basal unconformity is large, for
the unit truncates a nostl.wer conglomerste horst and graben, The
shale is thin bedded and dominancly red, weally green or olive gray.
Intercalated with the shale nre a fes beds of siltstone, sandstone, lime-
stone, tutfaceous rocks, and gypsum. Outerops of the shale are badly
siumped. The thickness is weneraily about 735 feet,
may be much thicker.

Above the shale is about 60 feet of thick-bedded cliff-forming lime-
stone that thickens northward to perhaps 200 feet. Algal markings
ams abundant, and. in a few places, silicified plant stems as large as
%% by 3 inches are common, but dingnostic fessils are abs. it. Toward
the north the iimestone intertingers with the overiving innglomerste:

toward the south it is overiain by about 50 feet of tutfaceous siltstone
and limestone.

but in a few places

UPPER FANGLOMIRATE

A poorly bedded boulder fanglomerate lies with slight anpuiar
discordance on the upper limestone and shale. As much as 1,500 feet
of fanglomerate forms the southernmos ridge of the spur, but thins
northward to less than 100 feer nud tnterfingers with the overlying
conglomerate. The basa} uncanfornue ¥ truncates the thin tufflaceous

beds capping the underiying nnir to the =nuth and truncates a jumble
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of Inrge blocks of the wndrrlving Limestone o the north,  owever,
smmth of (he Inndslide 10 the southe of at Mounstam, tle fangiomernte
appears to ptertinger wich the underivue twstone,  The fanglom-
ernte conmisis of subanguinr cobbles, boulders, nl ssbordinnte peb-
blea set o limy and sandy vateix. The feomments are ekhiefly
porphish guartzite, crny dolonute, and very pade orange dolosite:
limesone and shale are also present. This assemblage of Trngments

suggests a source in lower Palenzow rocks, parcticadnrly tie Cambrian
sequence.
TPPER CONOLOMERATE

A few hundred foet of momderate-red pebible conglomernte and sand-
stone overlie s intertongnie with the upper fanglomerate along the
east base of the mountains. The pebbles are well rounded and con-

sist of quartzite. voleanie rocks, and grntic rocks, much like those
in the lower conelomerate.

AGE AND CORRXLATION

The Tertiary rocks of the Funeral Mountains are perhaps as oid
as the Oligocene Epoch. Tlese larpeiy clastic rocks resemble the
Titus Canyon Formatson of Stock and Hode (1938) which occupies
similar structural trougi:s to the northwest along the enstern edge
of the Funeral Mountains and their northern extension, the Grape-
vine Mountains (fig. 1). Correlntion between the Titus Canyon For-
mation, which is well dzred as early Oligocene, scems probable but
is not ss yet demonstrable. If the bould rs in the upper and lower
fanglomerates of the spur are. m fact, from the lower Paleozoic rocks
of the region. these fanglomerntes are probubly older than the Miocene
nt Pliocene Furnace Creek Formation, for the source ares of lnwer
Paleozoic rocks was to tie west of the A<h Meadows quadrangie in

an ares now buried beneath the Furnace Creek Formation and
vounger beds.
ORIGIN AND ENVIAONMENT

The Tertiary rocks of the spur af the Fureral Mov .taine within
the Ash Meadorrs quadmngle were deposired in a basin occupied by a
fluctuating or intermittent lake. Alluvial fans bordered the moun-
tains that formed the western side of the basin, and voleances tha:
ejected pyroclastic material of rhyolitic composition lay to the north-
east. The funglomerates were derived from hishlands whose base
was not more than #— miles distant aad probably was close by.
Within the quadrangie, the lower fanglomerate thins southward, but
in the Ryan quadrangie about 2 miles 1o the west it is tremendously
thickened. The upper fanglomerate thins rapidly to the northeast.
and north of the landslides intertangnes with congiomerate. Both

’
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Innelmnerares nre Jarpely poorly sarted, vonme-gim e del Fitos from
sdiunentaey rocks of Cambrian ape and pestbly also from other
Palewzme roeks. i the maim bisdy of e Funersd Mountans 1o the
west, Canbrian ks are Inegely buried beneach younger aleozoic
ssbnents, The funglomeraies, therefore, wore probabiy derived from
Bighlands southwest of (the Furnnce Coeek fault zone il perhaps in
the psanion of the msdern Gresnwaler lange and the Black Moun-
tring (o the southwest,  I'art of the source aren of older Paleozoic
rocks ix now buried benesthr the voleanic and sedimentary rocks of
Tertiary and Quaternary ages, but in much of the source area rocks
of P'recambrian ape are exposed and she rocks of Paleozoic ags have
been removed ( Drewes 1961).

The two bodies of rwd conplomerate nre probably streamn deposits,
‘The sorting, ronnding, and smail size of the f ragments supgest & dis-
tant source, at least distant with respect to the provenance of the fan.
glomerate. The pebbles of felsitic, granitic, and sedimentary rocks
are nn assortment that may have come from the mountains north of
Lathrop Wells (fig. 1). The limestone and shale units were deposited
in and along the edge of a fluctuating lake or playa. The trace of
FYPSum supgests at least a brief period during which the iake had no
outlet. Explosive eruptions of rhyolitic voleances nertheast of the
quadrangle spread tud and ash throughout the area.

ROCKS OF TRE RESTING SPRING RANGE

A sequence of Ternary rocks having a rotal thickness of several
thousand fret craps out at the north end of the range. About 2 miles
nosth of Shadow Mountain & reddish-brown fanglomernte rests un.
conformably on Cambrian rocks and forms low hills. Overlying the
fanglomerate is a thick section of rocks that are chiefly sandstone and
claystone. These finer gruined clastics are in turn capped by another
fanglomernte that makes up the hills east of Grapevine Springs. No
fossils huve been found in the Tertiary rocks north of Shadow Moun-
tain. The vounger fanglomerate is perkops early Pleistocene. The
older fanglomerate and the overlying fine-wrained beds are similar
Lithologically to some of the Tertiary rocks on Hat Mountain.

FTANOLOMEIRAYE

Low Inlls along te state line south of the Old Traction Road are
composed of reddish. firmly cemented boulder fanglomerate which
conlains eobbles and houlders of quartzite and of Paleozoic carbonate
rocks as much as severni feet in maximum dinmeter. The basal 30-50
feet of the unit is n breccia of quartzite blocks in a gray but locadly
reddish marrix.  The fragments nre commonly 2-3 feet in diameter;
a few xre as large as 6 feet. The breccia grades upward into faintly
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beslded or massive revddish fanglumerite.  “Towand the top, the larpest
fragments nre of pebhile size il 1he beds of fanglomerate are sep-
arted by lenses of brown pebbly samdstons, The fanglomerate is
about 800 feet thick and rests wirh asgniar woronfornn ¥ on quanzite
that is strongly broeemted, The top of the une s plnced at the top
of the uppermost bed of fauglomernie,

The fangionzerate was depositen] as prravel on an alluvial fan,  The
hagal breeciw is probably seres derived from an adjacent steep face or
Il compased of quartzite.  Weathering Inuke the upper few foet of
the quartzite into blocks, and those nenr the surface nccumulated as
talus. The others still remain more or less in place on top of less-
weathered quanizite.  Perhaps some of the breceia slid downslope, such
movement cont ributing tothe shattoring of the blocks.

The highland source was Shadow Mountain, and the areas of car-
bonate rocks were probably more extensive than at present, If the
reddish color of the fanglomernte matrix is inherited from that of the
weathered source rocks, it sugpvests an episode of westhering unlike
any during the Inter Quaternarv. Throughout the Death Valley
region, Quaternary alluvial deposits composed of fragments of Pale-
nzoic carbonate rocks have not weathered to red colors.

The fanglomerate is nonfossiliferous, but it is without doubt of
Tertiary age. Lithologically it is indistinguishable from the Oligo-
cene( 1} fanglomernte of the Funeral Mountains about 10 miles distant.

JANDETONE AND CLAYSTORE

The lowiands north and northwest of the Resting Spring Range
are underlain by a thick sequence of fine clastic rocks largely con-
vealed bencath younger formautons. Moderate-brown to very light
gray, locally yellow or green, sandstone and claystone predominats,
but subordinate amounts of conglomerate, siltstone, tufl, and limestone
are present also. Ths rocks are loose to moderately cemented and are
well bedded. the individual layers ranging from paper-thin to several
fect thick. The sandstone is loenlly pebbiy and shows rossbedding
and ripple marks. (laystone and silistone are gray. nd the indi-
vidual beds are commonly not more than an inch thick. In a few
places the claystone is gypsiferons.  Scattered conglomernte beds con-
tain pebbles of quartzite, limestone, dolomite, and tuf ; one such bed
contains many cigar-shaped pebbles that are fractured. Layers of
rhits tutl containing pumice fragments nre common.  One or two beds
of pale-yellow.orange, very fine grained limestone occur in the lower
partof the formation not far from the state line.

In the north-centrui part of the quadrangle, clastic rucks, mapped
as part of the sandstone and claysione unit. apparently lie unconform-
ably beneath the surrounding Quaternary sediments. Near Clay
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Camgp, beehy tha-lyving and inclined lavem of sundstone, siitstone, con-
slomwerate, mnd fangiamerate are poorly exposedd. The conser gramed
besls vontasn pebldes of quantzue, lunestone, dolonae, conglomeorate,
and voleanie rocks,

I the Inlls et of where the Ol Traction Bond croeses the State
line, the sindstone nnd claysione unit rests conformubly on and is
interbedded with tie uppermont pebible Insks of the umivrlving fan.
plomernate.  On the north fank of these labls e wngg is overlain by
aml interbedded with the fanglomernte near Lieapevine Springs.  The
sl thickness of the unit may be as much as 2,000 feet,

The sandstone nnd claystene nnit includes both Buvial and lacus.
trine deposits.  The mnpping outlines a deprsitional basin at least
12 mudes long in 3 northwest direction. Tae bondering highlands
were oither low or far removed in comparison with those of the pre-
veding or the following epochs of Tanglomerate deposition.  Lime-
stone and evaporites are searce; apparently during murch of the time
the depositionai basin did not inchude u playa.  Now and then thers
wereshowersof ash.

No fossils have been found in the sandstone and claystone unit
These rocks rlosely resemirie some of the rocks of Oligocenet 1} agen

the southeast spur of the Funeral Mountains, such as the upper lime-
stone and shale unit.

ORIGIN AND ENTVIRONNENT

The Tertinry rocks al the north end of the Resting Spring Raneo
were deporited Doth us alluvial fans and as lake sedimems. The dep-
ositienal basin was occupied by a playa only for short periods. The
present-day configumnon of mountam and basin ins existed almost
unchanged since these rocks began 1o by depositedl.  While the sand-
stone and claystone anit was being laid down, the north end of the
Shadow Mountain block was lower nnd less extensive u: relation to
the surrounding basin than it was during the time of accumulation
of the fangiomernte near Grapevine Springs. .\ more profound de-
parture from the present is suggested by the presence of deformed
fanglomerate in the centrai lowlands near Clay Camp.

ROCKS OF IHILL SOUTHEWEST OF DEATH YALLEY JUNCTION
FURNACE CREEK TORMATION

The isolated butte in the soutiiwest corner of the quadrangle in-
cludes a few beds of tutf and siltstone wssigned to the Furnace Creek
Formation of Miocene and Pliocene nge | Drewes, 1963}, Fine-
grained tufl and siltstone form thin beds, and vonrse-grained material

makes thick beds that contaun pumice fingments as much as 1 ineh in
diameter.
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TERTIARY AND QUATERNARY ROCKS
FANGLOMYRATY. NEAIL GUATEVING RDPRINGS

Boulder-covered hulls extending from ¢ rapevine Springs south.
eastward (o the Old Triction Roud ave anderlain by brown tickbed-
ded or massive fanglomerate.  Althouph pooriv vxpossl, the unn
apparently includes neany lnmdnads of et of fagomente snd inter-
calated thin beds of pumice anil uf tutlaceous sandstone.  “Fhe pebbles
and boulders are chietly subangular fragments of quartzite and Paleo.
zoie carbontate rocks in about cqual proportions.  The fanglomerste
near (irapevine Springs is well indurnied, but less o than the older
underlying reddish fanglomerate, a few boubders of which are found
in the younger fanglomerate unit.  Similar fanplomerate, included
with that nenr Grapevine Springs, oecurs in o small downfaoited
basin just south of Shadow Momntain. in a small area west of the
mountain, and in the hills smth of Last Chanee Spring near the
Ash Meadows Rancho. At the north end of the Resting Spring Range
the fangliomernte may be as murh as 100 feet 1hick. Althongh over
much of the area the rocks appear to be undeformed, the hills east
of Grapevine Springs are a cuesta of southward-dipping fangiomerate
overiying finer clastic rmeks,

On the south slope of Shadow Mountain a narrow downfaulted
wedge of brown fanglomerate extends for abont half o mile into the
quadrzngle from the east. and small caps of fanglomerste cover two
bedrock spurs a short distance 1o the west. At least 100 feet of
southward-dipping boulder fanglomernte rests unconformably on the
quartzite of Shadow Mountain. The fanglomerate includes abundant
subangular fragments of quartzite and micaceous shale and also a
few fragments of Paleozoic carbonate rocks nnd of a reddish fan-
glomerate that resembles the older fangiomerate unit north of the
mountain. The fangiomerate is moderately weil induratad. is massive
or well bedded. and contains conspicnons lenses of white pumice,

In a small area west of Shadow Moantain. a well.bedded pebble
fanglomerate rests conformably on finer grained. - .ifaceous rocks.
In the hills south of Last Chance Spring, at feast 300 feev of gray
fanglomernte nad intercalnted tuffaceous sandstone rests with apparent
conformity on finer grained beds. This pebhbly 10 bouldery fan-
plomerate forms clearly defined beds and comtnins fragments of
quartzite and Paleozoic carbonate recks.

In some piaces the fangiomernte near Grapevine Springs is clearly
unconformable on the underiying rocks: elsewhere its strtification
appears to be parallel with that of the underlring sandstone and clay-
stone unit. Near the state line the fonglomerate is not deformed.
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The Inngiomemte was derived from the Resting Springe Bange, ancd
the smree niay Lnve bees aloout the cune size as Shadow Mauniam
slihonels perbaps net in the ame place. ho width of myterop of
the fnugrdomernte 3t the nenhiwest eml of U rangne 15 abont vqual (o
the distrenee ¢1 it Jombidery gravel is enrmed i the present tune from
the apes of the fan sorthees of Shadow Monngam, The fanglom-
emto seomuninteed a0 o time of froquent showers of punure and ash.
The abundanen of frammems of redsbish fangiomernie i the leds
near (irpevine Springs and their searviry in the Quaternary alluvia
fan deposiia migrest that the aren of outerop of the older fanglomnerate
unit north of Shadow Mountain was more extensive sinring the acey-
mulation of the fanglomerate near Grapeyme Springs than at present.
The undeformed part of the fanglomerare. which is largely in Cali-
{ornia west of the Ol Traction Road, nay be part of a fan that sloped
northwest wanl from Shadow Mouninin and had its apex n the NWi;
NEV see. 20, 1. 25 NLR.G E. ifthe fanglomerate in Nevada, includ-
ing the hills near Grapevine Springs anid those south of Last Chance
Spring. is part of the same fun, it was 2 hitle Inrmer than the modern
fan northwest of Shadow Mountain.

The few small remnants of 1he fangiomerate near Grapevine Springs
south of Shadow Mountain sugpest thar an extensive fanglomerats
unit once covered that area aiso.

The fangiomerate near Grapevine Springs 1s nonfosiliferous. It
is perhaps of early Pleistocene age lue may belong to the closs of the
Pliocene Epoch. [Because it considersble part of it has been removed
by erosion or has been downfaulted and buned beneard; later Quater-
nary deposits, the nmit is probubly older tian the ate Pleistocene.

ROCKS OF HILL SOUTHWEST OF DELTR FALLEY JUNCTION
FUNERAL FOAMATION

-\ butte in the southwest corner of the quadrangie is an eastern out-
lier of the voleanic meks that form much of the Greenwater Range to
the west (Drewes, 1963), About 40 feer of dark vesrcular basalt,
assigned 1o the Funerai Formation of Pliocene and Pleistocenr #) npre,
vests conformably on tuff of the Furnace Creek Formatton, Boulders
n¥ the basnit mantlethe slopes of the butte,

QUATERNARY ROCKS

Most of the Ash Meadows quadrangle is underlain by unconsoli-
dated ar. a1 most, weakly induerated rocks of Quaternary age, largely
alluvinl-fan and playa deposits accamuiated m a tesert basin. Sur.
ficinl deposuts of limited extent mclunde dune sand. scree. spring de-
posits, andt landslide hreccin. Over broad areas the rocks are not
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exposedd in setion: only iy fow pl
apths of as mnel ns 20 fur,
undoforamd and unfoisstbfoross,

sees hve they Inen dissieted 1
Y l"ll:tlvrlml'_\‘ rocks e vir iy

Avnifrets are foutnd on or 1 the
sl dunes, malhsviem mlome the Maargosa River, and on fow
races aiong the fver and one or 1 we of the lnrger washos,

The tnal thwkuess of the Wuaternary ricks s unknown,  The
drillery” log of 2 water well a1 Ponth Vadley dunction lists 20 foet of
vorsa grravel. i pant cemented, rest g on nlwant 120 feot of clay than
includes vwo thin, water-bereing pravel beds (Seafie Const Borax
Con, written commun., 193Y. .\ secomd well nrby is xatd ta have
boen dizilled to a depth of SO0 oo, (e lower 700 foot enbirely i clay
(Ben Barlow, omi commun.. 19563, Several drillers’ Jogs (Office of
State Enwinecr, Casson City, Nov.) of water wells in the Amaryrosa
Desert near the T and T Ranch. 1 fow mtles northwest of the quad-
rangle, report “gravel and clay™ 1o slepths of as moch as 700 feet.
Whether these wells penctrate Tertiary rocks is unknown.

tep.

ARID-BASIN SEDIMENTS

Virtuaily undeformed strata of Quaternary age, including alluviai.
fan, spring, and playa deposits, ficor 1he Amnrpost Desert, White
clay an< siit in the Ash Meadows, for exnuple, intertongue to the
east with gravel and sand, part of an alluvial apron that surrounds
the lulls near Devils tHole. The pravelly alluviom rests unconform-
ably on the Maleozowe tneks € the Devils Hole arva. although the hills
themselves donbtiess owe their existence 1o f.. 4k ing. Spring deposits
rest on and are intercatated in the clastie sdiments.

FAN DITOIITS

The fan deposits include gravel. hreeeia. sand. silt, and a little clay
and are divided into those containing many fragments of quartzite.
limestone, anmii dolomite and 1hose that include abundant picces of
voleanie rock. The frgments are angnlar and subanguiar. Roul.
Aers are most abundant near the mountain front. The perbiy gravel
15 cammonly erasshedded and is interkivered with conrse, , vlsbly sanii.
Tho bouldery gravel is poorly sorted and irregularly straritied, ana
forms massive beds severnl feet thnck. Along the sreske. the fan de-
posits may clunge from bonlilery gravei to sand within distances of
only a few feer. The lenses of brecein. probably mudfiow debris that
makes up only a small part of the deposit, are unsorted mixiures of
all sizes and shapes: they range from 1 to about 10 feet thick. Where
Fxposdd, the fun depnsits are cemented by caliche, but over much of
the quadrangle the depesits nre dissecied 1o depths of not 1more than 3
feet, and only near the mowntam front ara there continuons exposures
a8 much as 10 feet high. In seneral. large highlands are bordered
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aid sned form (e pins sl mnd west of Denth Valley Junenon
ad ma compeosed argely of voleanie debris from the Greenwater
Rungze which lies 14 the sontnnest ouisuie of the quadisangie,

Pebble grraved mimi sanci. the Gmgments donmant by of voleanse rock.
mantiv n consiivrable part of the plans Ietween Amargosa itiver and
Carson Slouen.  The gruvet is counser wrmmsd 10 the north ouiside
the quatirangic and s the semthern end of @ browsi alinviai plain tha
rime grndunlly sordiwvani inte (he halls nonb of Lathrop Wells
(fig. 1), The depusit 15 coosslwddded, ami the pebbies 1 most ont-
crops are fess than 2 mehes i dianwter. The samdy layvers are weakly
imlurated,  Throwghout mueh of the uplands the degessic 15 only 8
few feet thick: the masimum observed thickness 1x about 25 leet in
the blutls averlooking Carsen Slougiv (NEV see. 190, T, 17 SL R
50 E.} where tho gravel contams n fow boulders of vesieniar basait,

Fstimates uf the size of the muerial on the fans in the Ash Meadows
quadmngie were made ax past of a peneral study of fans i the Death
Valley regton ( Denny, 1964). These estimates are an attempt to
characterize the rravel on the suriace of a fan and to compare the
maternal from {an to fan. The numerical vstimates are based on
samipies seiected by means of a prid laid on the surface of the ground
(Wolman. 1954). No size estumates were made of the fan debris
exposed in cross section, nor were any bulk samples anaivzed. The
estimates of size of material were made at selected pomnts along a
traverse from upex to toe.  Values obtained from four such traverses
on three fans nre showa in the semilogarithmic graph of figure 4.

‘Two traverses are on the piedmont northwest of Shadow Mountain,
on the fan thar heads in the reentrant northwest of the peak and that
has its apex in the NEYNEVNWY, soe, 1S, T. 25 NL. R.T E. The
siza estimates of one traverse are hased on samples of unwenthered
zeavei mapped as Recent alluvium. slthough some of the deposus
sampled are so sinnll that on place | they are included in 1he surround-
ing alluvial-fan deposits. Samples {rom the second traverze on
Shadow Mountain are of eravel on the surfare of the alluviai-fan de-
posits toutside of areas of desert pavement ) where the fragments are
slightly weathered. having a coating of Jesert suruish. Thus the
values from the first traverse characterize unweathered alluvium that
i~ w transit downfan at presen:. and those from the second characterize
material that has not been moved since it was conted, The fact that
the weathered gravel is slightly coarser grained than the unweathered
alluvinm sugmests that transportation and deposition of aravel was
more active in the past than at present.

The third traverse is on the suriace of Recent alluvium in a rasih
on a fan n the Devils Hole area. and the fourth is on Recent alluvium
on a fan south of Bat Mountain on the west side of the quadrangie.
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Inspection of figure 4 shows that the tate of decrease in size of ma-
terial downfan varies from fan to fan. The two highlands on the
east side of the Amargosa Valley are both composed of nassive sedi-
mentars rocks, and both furnish coarse detritus to the apices of their
fans. Ar distances of more than 1-2 miles downifan, however, the size
estimates on the smalier fan decline more mapidly than on the larger

one. The smail hilis do not furnish sufficient water in flood to move
the debris very far.
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T weneralize, the fan depesars adjacent 1o highiands of massive
~silimentary vocks of Paleazaie e are e e ami hauldery. The fan
debirix gradunlly deerenas in «ize aun ax from the lghland for perhaps
two-thinds or threeamarters of the distnnee 1o the 1w of the fan, where
size rupully decrenses. Mast of the fan debiris a1 the foot of 1he Fun.
eml Mountams is slighily finer arained than debris at the base of the
uther hills because the Funerad Mountams inciude a slighily rroater
amount of fine-grained or thin-bedided rorks than the other highlands.

Tho alluvial-fan deposits in the northwestern and sonshwestern
paris of the ares are dominantly of voleanic rock and have relatively
distant sources. Within the quatirangle the material is chiefly pebble
gravel and sand, although many boulders nre present in the deposits
west of Death Valley Junction. especially in the area north of the bed
of the dismantled Death Valley Railroad. This pebbly gravel con-
tains many boulders of vesicular basait. and the matrix is tuffaceous.

The spatial relntions of mountain and basin ace as important as bed-
rock lithology in alluvial-fan formation. The ailurial deposits of the
smail fans that spread southward from the Funeral Mountains near
ths quadrangle boundary have about the same range in size at the
mountain front as at the toe of the fan. The materia} traveis south-.
ward to the toe and is then carried eastward in the large washes of o
fan that heads in the Greenwater Range to the west. The tos of the
coalescing fans that surround the southern part of the Funera] Moun-
tains is also the lateral margin on the much larger fan from the Green-
water Range. Eastward from the west edge of the quadrangle, the
toe of the Funerai fans hes progressively further from the mountain
front and the debris near the toe decreases in size.

FLATA DEFOKITS

Sand. sil, and clay underlie the lowlands in much of the Nevada
part of the quadrangle. The strata are white or pale shades of goay
and brown, are loose to weakly cemented, and contain a few lenses of
fine pebble gruvel. These fine-grained sedimenis, locally including
witfaceous materials amd evaporites, probably aceumulated in part
near the distal end of an alluvial fan and in part on a playa. Fan
gravel is gradational into playa deposits.  The contact between them
15 placed where more than haif of the material is sand, silt, and clay.

The playa deposits are weii exposed. Numerous excavations—the
clay pits—have been dug in the Ash Meadows and in the Amargosa
Dresert near Clay Camp.  Natural exposures ocenr along the wash east
nf Rogers Spring, near Fairbanks Spring, along the west side of Car.
son Slough from 2 10 3 miles nory h-northeast of Clay Camp, and near
Franklin Well. In the northeast corner of the quadrangle (14 sec,

B L L e )



L S SRR

. h—— v

18 CONTRIBUTIONS TN GENERNAL GEOLOGY

TOAT S, 1 B, white sily ¥ #lny umlerlion the romnant of a Mlays,
now isolnted by dissection on all sides saeops 1o the south, and a larger
plnya lies almut 22 milea to the eng beyond the qundrangie boundiary.
‘The following section duseribes 1o {Quatornary deposita exposed in the
biuflsabout | mile rast of Ropers Spring.

Sevtion of Oualernary depnrits copnscd s binfl on south denk of wesk shaut §
rile cast of Rogrrs Spring (8WW KEY, ace, 11, T. 1T 8. 1. 30 | A

Appresimate
thichnens
ety
1. Spring deposits( 1), pale-yeilow (5Y 8/3 ta7/3), hard, masuive, and very

ane gralned. Numerous tubulsr spenings ranging from 1/10 te % In.
!n diameter. Nurface of outcrop in rough and pitted. o.ooooeeoooo. 3
2. Rand, pele-gellow (257 5/4), medium- (o foe-arained, loose, {riadle.. 2%
L Gravel, gray. pebbly, crossbedded. friable, loose; contains aome lensen
of sand nnd fragments of clay. DPedbles are angolay and alightly
roanded: rock types inclode gnaresite, chert, sandstone, limestone,
snd dolomite. Near top of gpit. gravel ta sandy and is interdedded
with sand rescmabling that which oterllon It. 4
4. Clay. white. massive: hard when dry: bincky structnre: contslng nod-
blar masses of evaporites?). Inclodes thin beds of fine-grained
sand that are mont sbondant near base nf gnit. Ak erst end of section,
ualt 4 I1s oniy 3 feer thice becsuse base nf axerlylag gravel {unit 3)
cutz down acroes the clay.... - 5
35 Sand and gravel. locee. friable. thin-bedded. Sand. medium to very
coarse grained : many greins well rounded: containa & few pebbles.
Stratifizstinn locally wavy and brokea. GCravel composed of angular
and slightly rounded peboles ranging {rom granule size 1o 1 inch in
dlameter: most are lesu than a Al an inch in diameter. Pebdlies are
ot quartzite. chert, and dark-xray carbonale rock. Unit containg a
few mudbails and small while sodulne masses of evaporites! ).
Upper contact sharp, wary ..
S. Clay, paleyellow, paleottve, und white (5T 8/4 — T/4 — 7/68). smady:
contains sunierons small white pudaies of evaporites{?). Structore
blocky aud massive. TUpper contact sherp, wavy: locat reMef of 10

”

inches..onoo .. wemessvenn - 3%
Total thicknesa exposed. ... PRSI - 20

Units 4 sad 6 cre belteved to be Playa sedimenta separsted oy fipe-grained
alurial-fia debris: the position ot the toe of the fan fluctusted from tmae to time.
The stream that denosited the grave’ of unit 3 apparentiy eroded the top of the

anderiying plays ciay.

In some of the clay pirs. pale-olive clay oceurs as irregular masses
and lensea in whits fine sand to silt ¥ clay that is commonly massive
and weakly to firmly cemented { figs. 5.1 and 7). The olive clay sp-
parently was the material mined: blocks of the enclosing white in-
durated materiai were dumped nearby. The clive clay may have filled
irregular openings in the enclosing white material, or the interfinger-
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ey Joave luseas suibraspuent pe thy depreatoa, of bl matermls
Perhape peisted o vepennnd wettir g devinge of the surface of g
playa.

NAPRING Il roxiT

v.m.‘:._.‘ sementesd chiste noerial, Licgely <aimi sne ~tHowr N neap

In _._: v i nateriad a. Pretesis aind -w:..ﬁ.o. cryYN-
tndline. 1 e digumar s g pabe ey e pabe brown nd iehule many
wAAS Atk il ol plane stems, Brvmd anes sof aet, rly meadow
ronsttite a vonsilerable gt of tie Al Momebon~ ¢ the tnttom
ef sl guasds the stems of meds or widmes ame pew fengg birded by
clay or sk, piveomably natersd Llows sites e yewrd. The draining
stnd dlryingg of <uel o yuwed sy

the thwwinge sprapes,

v thesedinent (o levomne snlumted ;
leavise mnbds of 1he stems when the oreatie mstter has distppeared,
tieasiual disection by Caran Slougely is an ashwyuate explanation for
these e ~pringe ._.-_..I:Ln s Bihesen ry 1o (eeiubite any ern:ﬂd
 the tewad sdischarge of all the S i the Mendows,  Spring de-
posits mamie low il s extemd down to the Boor of the interven.
ing wishes, >mibup depomin eapr bnttes ae mch as fo fieq high or
are mtenalared in the liner vlstie usliments. | ind v ~ome of the Inrgor
e more conspicnoms sprmg trpumits ane shown - a separate unit
«an plate 1.

Just west of Dovils Ilude 1 shoot of spring depeisits, nol shown on
plate 1. measures roughly 500 by LS00 feer aml muniles ridges and
shailow gmilies.  The edge of the sheet is loleate, st the Bnpgers paint

FRURt 6~ indorared CRPEACR IRDEINE adrpuelt i T ave
@l b ) BAKUIE slpes ccpin nvw o

Hylng & mw- =this graveils remiing
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.32 CONTRINUTIONS TO GENERAL GEOLOGY

downwash.,  The deposits v at fenst

irhes near their bordvees: an ridges they averlie n desert pnvement.
An enst-srending nurrow band of slight Iy mnre mnssive deposits sig.
Rests seepuge alome n fissure, The shest 3x deped over the Irsisenpo
A is perhapy the relic of 8 wet meslow which surronndsd a flowing
spring.

The prominent butte northeast of Faisbanks Spring has & hard
masive enp of spring deposits that ix nenrly 20 feet thick. Conform-
ally befow the caprock is nenrly n humired foot of brown and light.
brown sandy silt. and clay contnining nodulsr masses of evaporites(?},
The great thickuess of the caprock supgests that it was deposited
around a spring and is not merely a weathered crust, though no sign
of such an opening was found, The Quaternary rocks near Fairbanks
Springs are undeformed, and the eaprock is isolnted and exposed be-
cause of dissection by Curson Slougi.

Three smail mesas south of Longstreet Spring have indurated cap-
rocks and are mapped ns spring deposita {pl. 1}). The caprock is
largely a massive pale-brown, very fine grained sandstone 2-3 feet
thick; locally the material is conrse grained and Inintly stratified.
Below the cap of the eastern mesa is about 2 feet of fine pebble gravel
that thins westward and rests on clny, silt, and sand. The contact
locally shows a slight angular discordance (fig. 6). No gravel occurs
beneath the caprock of the two mesas just to the west. The tops
of the mesas slope west'warc, paraliel 1o that of the apron of slluviai.
fan deposits tothe south. The caps of the mesas are remnants of west.
ward-sloping sheets of alluvisl-fan debris. The esstern mesa liss at
about the western limit of gravel on the ancient fan; further west-
ward, perhaps near the toe of the ancient fan, the material was largely
sand. The location of these caprocks near present-day springs sug-

gests that the alluvial apron west of the hills was once the site of &
swampy meadow which is now drained.

2 feet thivk, thinning 10 2 few

ORIOIN AND ZNYIRANALCKY

The allurial fan, playa, and spring deposits accumuiated in an
arid basin whose bordering highiands were almost the same as they
are today. The small clay-covered flat in the northeast corner of the
ares may be & remnant of the ancestral playa. Alluvial fans spread
out from the highlands to an exiensive playa that, in the Pleistocene,
occupied much of the Nevada segment of the quzdrangle. Springs in
the Ash Meadows probably supplied water to the plays and the
Meadows were areas of swamp, much as they are today. The an-
cestral playa apparently extended southward into California prob-
ably as far as Eagle Mountain (fig. 1}. Dissection of the piaya prob.
ably began in the late Pleistocene, and in the Nevnda part of the

-ann g

i R T X Y e SO,



bo

ASH MEADOWS QUADRANGLE, NEVADA-CALIFONNTA L33

quadirangle reached to sepths of at least 1% feet.  Washes from vol-
CANIE maunixing 1o the north (fig, §) spread o layer of gravel on top
of the playa deposits in the norihern part of the aren.  Frosion has
now removed or redistributed part of thiscoves.

Alkali Fiat, al (hs southern edge of the qundmngle, is nimost un.
dissecied. In late Recent time the Amargoss River wan dammed
weat of Engle Moumain, and a small playa—Alkali Flat—was built
in the river vailey just north of the mouniain. The construction of
the Flat coincides with the dissection of the much more extensive
“ancestral” piaya mentioned above. ‘The building of the Fiat may
be diie to the rise of Engle Mountain or perhaps 10 the growth of the
adjacont fans at a time of incressed flood How from the neighboring
highlands.

AGE AXD CORRELATION

The arid-basin sediments probably inctude deposits of both Pleisto-
cene and Recent ages.  No fossils have been found.  Similar materisis
in the Amargosa Valley to the south include “dissected nlaya or lake
beds * * * [which] between Shoshone and Tecopa contain elephant
remains that, sccording to Curry (personal comm.). who collected
them, are Ploistocens” (Noble, 1941, p. 957-958). Along the Amar-
gosa River west of Franklin Well the ailuvium that overlies the plays
and the {an deposits has been dated archeologically by Alice Hunt
{1960, p. 65) as about 2,000 vears old. Most of the arid-basin sedi-
ments kre probably of Pleistocene age.

LANDSLIDE BRECCIA

Tongue-shaped miasses of Inndslide breccia. including some brecci-
sted sheets of limestone or megnbreccia (Longwell, 1951), lie on the
piedmont east of the Funeral Mountains. Northeast of Bat Moun-
tain severnl masses of breccia form conspicuous low hills on the pied-
mont east of the mountains.  South of Bat Mountain a mass of breccia
8 largely within the range, and just east of the peak is another small
slide. Detailed maps of the several slides are published elsewhere
{Denny, 1961).

The-landslide breccin is either a disordered mass of fenglomerate
ard limestone blocks or large plates of limestone resting on breccia,
on gravel, or directly on Oligocens( 1) rocks stratigraphically above
those included in in the plates (pl. 1, section 4-4°). The southern
slide filled & narrow guily near the mountain front and spread out
over the. apex of the adjacent fan. The single or forked tongues of
breccia northeast of Bat Mountain are separste landslides that moved
down gullies on the piedmont which hus since been lowered 30 to 40
feet by erosion.
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MU ghe Inndslides camne fram the steep enst ward-dipping beds of
fanglomerate niut limestone (upper fanglomernte unit ancd npper lime-
stous mink shinle unit, pl. 1} that live shnle wind other thin-bedded rocks
beneath them.  Uplifs of HBat Mountain along high-angle faults mt
the stage for 1he ernsian of clitfs on s northern and western sides.
Materinl from these cliffs descended into gullies xnd moved ont onto
the piedmont. The individual tongues nre discrets slides that moved
down the piedmont in shallow guilies earved pastly in bedrock and
partly in geravel.  Sliding oceurred more than once, hut the precise sge
of any one of the slides is unknown. Subsequent erasion has ieft the
sliden stanling above their surronndings,

CRER

Much of the quartzite of Shadow Mountamn lies beneath a discontin.
uous mantle of scree, but only the Inrger masses of this bouldery de-
posit are shown on the map (1l 1). A scree of basale boulders manties
the slopes of the small butte in the southwest corner of the quadrangle.
Uninapped bodies of scree lir on 1he slopes of the Funeral Mountains
and of the hilis near Devils Hole.

The typical scree on Shadow Mountain is composed of cobbles and
boulders of quartzite, and the stones on the surfacas have a dark coating
of desert varnish, Scree occurs on ali sides of the peak, chiefily as
tongue-shaped masses in the heads of gullies. Only near the summit
does scrie mantle ridge ~rests {fg. 53). DBetween the tongues of
boulder scree are baads of pebble scree whese stones are not yarnished
ami are imbedded in & sandy matrix. In the upper foot of the boulder
scree most of the fragments are varnished on all sides and there is 2o
matrix between them. From a depth of 1-1% feet the stones ame not
varnished but are conted with sand. In the few pits excavated to
greater depths, the material consisted of pebbles of quartzite imbedded
in a fine sandy matrix.

The estimated mean size of the fragments on the surface of three
bodies of scree on Shadnw Mountnin is given befow : the e« imates were
determined by the metiod noted on page 1.25.

Eriimaled

L.

Kind 37 surfoce .l'!,l. (::2 ]
Varnished {ragments snd no Soes_.... . _ I | S0
et screpaunnes y cana 3 178
Unvainished fraguents soik 2 little Boe sand.._______ —~—wn 29 10

The rounded crests of the high ridges on Shadow Mountain. are
draped with dark bands of scree.  Stripes of varnished boulders are
separated by areas of fine seree with abundant shrubs. Cn gentle
slopes near the summit, masses of fine scree have moved within the
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Innd few yenrs. Unweathersd fragments of funstate are piel np
Deltisad buxhes 1o a height of severnd inchies, or form » tonpue that has
moved down over vamished boulder sorve tige. 84 Tongue-shnped
mames of serve in 8 gully are disswcted slong their lower odges by a
wash that heads in the xame gully or in a neighboring one.  Seree
forms low riddgres that trend downslope amd nre suefaced with either
varnished boulders or pebbly sind in which seattered shoubs grow,
Fine pebbly scree floors gullies cut in coarse houlder acree, Or resta
on ton of and is completely surmunded by boulder scree.

The scree on the butte southwest of Dealth Valley Junction forms
an aimost continuous mantle of boulders that conceals the underlving
tuf, Thess basait boulders have s black coating of desert varnish.
The surface of the deposit has the form of low ridges nnd shallow
gullies trending downslope. Mantles of varnished boulders, largely
talus, are, of course, charscteristic of many areas of basaltic rocks in
the western United States.

In the hills of the Devil's Hole area. the largely bare-rock surface
of the hills is separated from the adjacent piedmont by a narrow band
of many closely spaced guilies that are walled by coarse and fine scree.

.Such patterns of gullies and intervening spurs are characteristic of
the transition from hills to piedmont and are perhaps an expression
of & dynamic equilibrium between the rate at which scree is produced
by weathering on the bare mountain slope and the rate at which scree
is eroded end the materinl carried down onto the piedmont. The
gradual wearing back of the bedrock slope above the band of guliies
ceuses them to deepen and thereby isolate masses of seree downslope
from further sedimentation. In this way, the amount of scree sepa-
rated from its source gradunily increases These abandoned deposits
of seree are eroded and the macerial transported down anto the pred-
mont, If we assume that the rate of the supply of detritus 10 form
scree is constant, in time the rate at which the scree is removed will
equal the taie at which materiai is supplied to it. Thereafter, this
system of erosion and deposition will remain in balance until upset
hy some change in process or in geometric relation of mountsin slopa
10 piedmont.

The scree in the Ash Meadows quadmngie is detritus from an
adjncent bedrack siope or from older scree.  Much of it has accum-
ulated as individual blocks at the base of a cliff to form talus. The
localization of some scree in guilies suggests a casual relation to run-
ning water.  Such scree—boulder coiluvium is perhaps & more appro-
[rinte term—may accumulate 1o n considernble thickness before a high
flow of water moves the debris down the gully and aut onto the adja-
cent fan, Scree an divides is derived by wenthering from adjacent
bedruck or older scree.
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Vhe varuishod contings ot espeeed frngginents of mos tleposiis
of serve suzgnest that they are obl, bt how obd is a oot uestion.
Presnt-day frost action is donbthes reaponsible for the fine seres on
thee sunonit of Shadow Mountam, and peviaps the conrse servo dates
front a time of more etfective frose actson in the (st eilthor in the Iate
Pleistocene or abow 2000 venrs ago durmge n moist-climate opisodn
when there was a shinllow Inke on the floor of 1eatly Vallew (C. B.
Hunt, written comm., 1960).

The occurrence of varmished or solution-fuented picces of rock in
the upper few feet of scree sumrests that the stones were wenthored
prior to burisi. .\ccumulation may have heen pioce by picce overa long
intervai of time. .\ weathered boulder moves down off n bedrock
face from time to time, and gradually scree accumulntes at ihe base
of the steep slope. Given suficient time. such a siow procvess could
form a thick deposir.

The occurrence of conrss ani line sereo reflects in pan at Jeast the
presence, under the adjacent slope, of both thin-bedded or well-jointed
rocks and thick-bedded or massive rocks. .\ bouldery surface, how-
ever, may be only superticial. Exposures show that the coarse ma-
terial at the surface hecomes finer gramned at depth, and a similar reia-
tionship can be inferred from the occurrence of fine scree compietely
surrounded by boulder scree, The presencs of both coarss and fine
scree in the same guily suggests 1hat both large and smaii fragments
weather out of the bedrock upstope, The sorting may reflect differ-
ences in tunoff intensity from storm to storm.

GRAVEL ALONG AMARGOSA RIVER

A low gravel terrace occurs nlong the Amargosa River from about
State Route 126 southward to Ash Meadows Roud. In some places
the surface of the terrace is a desert pavemenz. .\ gray pebble gravel
contains abundant fragments of voleanic rocks and a subordinate
number of quartzite, chert, limestone. dolomite, and sandstone frag-
ments. The pebbles commonly range from %4 to 1 inch in diametor.
The deposit is crossbedded and inciudes layers of coarse- t¢ medium-
grained sand and sandy sift. Locaily it is overiain by 2-3 feet of
fine. crossbedded sand. The termce is pechaps as much 1 6 feet above
the dry river bed and 2—4 feet above the toe of the fans from the
Funerai Mountains, : ‘

Pobbles in the gravel come both from the mountains horth of La-
throp Wells and from the Funerai Mountains. The pebblex of vol-
canic rock were reworked presumably from the gravel that mantles
the upiands near Clay Caimp. “The pebbles of sedimentary rock came
ewher directly from the Funeral Mountains or were reworked out of
the adiacent fan deposus. The pravel extends only a short distance
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upriver from the highway croming amd prodnbly did st come down
the river from the northiwest. ‘The snd that overties the gravel ron-
taing & few pieves of chinreoal and chipped flukes of rock. This sand
iz probably part of the Reeent alluvisn that west of Franklin Well
is averinin by archeologicnl mntorinl helieved by Aliee Hunt (3960)
10 bo ahout. 2,000 vears ohl.

DUNR BAND

Sand dunes are on the alluvial plains or near the toes of fans nimd
are composed of coarse- to medinm-prained sand. The lnrprest areax
of dunies are on the enst, bank of Carson Slongh and the adjacent. plains.
A few small dunes occur on 1he uplands north of Clay Camp. Many
dunes are underlain by playn deposits, and most of them are not far
removed from springs or swamps. The dunes have irreguiar shapes:
most are 5-10 feet high, but xmne are as much as 30 feet high. Some
of them are slightly elongaie in plan. The dunes are bare, except for
scattered mesquite, and change shape (rom time to time. None of the
dunes, however, appearto be moving across the plains. In a few places
near dunes the surface of the playa deposits has been slightly eroded
by wind-driven sand.

Archeological remains on the surface of the dunes belong to the
Death Valloy 111 and Death Valley IV stages (A. P. Hunt, 1960, p.
63, 168-171), which span the last 2.000 vears. The dune sand is ap-
parently derived from all.:vium. Perhaps the sand rorth of Clay
Camp came from the ndjacent alluvial-fan aeposits. Gravel fans with
extensive rreas of pavement are devoid of dunes, probably because the
surface of the gravel isnot a pood sonrre of sand.

The Inrgest area of dune sund, west of Crystal Pool, has s straight
and abrupt east face that lines up with thai of smailer dunes to the
north. The arm of allusium east of these dunes suggest that their
linear front is an erosional feature. It is tempting, neverthess, to
speculate that this alinement reflects n structure in the underlying
L Sz rocks.

During times of high wind. sand ean be seen mMoving 5cross the sur-
face of the Amargosm Desert. There is no evidence in the quadrsngle
that the duncs were ever mare extensive or more actively moving than
they are at present. TWhether the presence of mesquite is a contribu-
tor to dune formation or merely a result thereof is not clear. All the

; dunes support mesquite, but extensive arecs of mesquite are on plains
where dunes are virtually absent, '

ALLUVIUM

Material that ranges in texture from boulders 10 silt floors narrow
washes and broad flood plains. The amount of clay in the alluvium
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appesrs (o be sl bt wax not determined by mechnnienl snnivsis,
The litholugey of the deponit veflecte 1t of the adjneemt rocks. The
vomese fragments are ot )y unwoathered amd lack n coating of desert
varnish, Along ibe Amarpusa River and Carson Slougey, the aliuyinm
is lurpeely sind or it Large arens along Carson Slough have a b
erust.  Near Ash Meadows ond the crust disappearsd during heavy
mins in the spring of 1958, but the white coloration relumed within
a week or 1wo sfter the rains had ceased.  On the fans, the allusium s
chiefly sand amnd grvel. Tho delineation of alluvium on the fans
(pl. 1} is n generndized portenyal of what is uctually 2 moseic of snni)
hodion of unwenthered alluviom and of weathered fan deposits, 1he
latter inchiding areas of wash foored with vamished fragments and
areas of desert pavement.

The alluvium un the fans is confined in narrow channels of which
n few head in the mountains, but most head in an aren of desert pave-
ment. Many of the elongnte bodies of alluvium do not extend as far
a3 the toes of the fans. Near the 10es, however. other small elongate
bodies of allurium are separated by small areas of desert pavement.
This distribution of siluvium suggests that some of the deposits come
from catchment basing on the adjacent steep mountain slopes and
others from smooth areas of desert pavement where runod is rapid.

The recent slluvinm on the fans is finer grained than the varnished
pravel on adjscent slluvial-fan deposits (fig. 4). The weathered
gravel is more extensive than the alluvium, and the floods that moves
the latter were probably not us extensive as those that moved the alder

vel.
gt.g'l'he thickness of the alluvium is unknown. Few exposures reach
depthsof morethan 10 feet.  No fossils have been found.

In her study of the archeology of Death Vailey, Alice Hunt (1960,
p. 63) mentions briefly sites along the Amargosa River in the Ash
Meadows quadrangle :

* ¢ * Late Death Valley IT {Amargosa) sites are numewus slong and near the
Amargoea River, which (s now dry most of the year. in the valley next east of
Death Valley. Sowe crudely shaped tools. & washed Sreplace, and uumerons
flakea were found in the alluvial bank of the river to depths 3 feet helow the
surface. Disguostic fools were not found In the stlurium but the mrfsfacts
alimoet crctainly sre from the ouwerous Late Death Valley I sitcs along the
edge of the river Aoodplaln.  Siies with poitery ana arrowhends are few along
the river and sre larxeiy restricted lo the existing springs.

The Late Death Valley 1 accupation is believed by Alice Hunt 1o
have ended a2 about the beginning of the Christian e, and to have
been contemporaneous with a Recent pluviai lake which covered the
floor of Death Valley to a depth of about 30 feet (C. B. Hunt, written
commun., 1360). I Death Valley. occupation sites of this same stage
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are found around springs that nre now dry but presonably ware
flowing nt the time of occupition. 1t is likely, therefore, that much of
the alluvium along the Amarposa River ix at Jeast 2000 years old.

STRUCTHIRE
FUNERAL MOUNTAINS

Within the Ash Meadows quadrangle, the southeastern spur of the
Funeral Mountains is an mstward-dipping fault block, bounded on
the northwest by & fault that we have named the Iat Mountain fault.
Smaller faulta within the block strike cither parailel to it or termi.
nate aguinst it st a jow angle. At least two periods of deformation
occurred.

The Funersl Mountsins (figg. 1) are bounded on the sonthwest by
the Furance Creek fault zone, one of the master faulis of the region.
The zone follows the southwest base of the Grapevine Mountains and
the Funeral Mountains to the Amarposa Valley, where it turns south-
ward to extend perhaps as far as the point where the Amargoss River
crosses Lhe Shoshone-Baker highway (Noble and Wright, 1954, pl. ¥:
Jennings, 1958). The fault zone is concealed in the Ash Meadows
quadrangle, but probably lies close to the southen end of tho spur,
where the northeasterly strike of the Tertiary rocks chanpes abruptly
tothe east.

The Bas Mountain fault northwest of the spur extends southwest
into the Ryan quadrangie and is inferred tc terminate in the Furnace
Creek fault zone. Both faults sre largely concenled beneath the
Quaternsry deposits. The rocks of the spur are wplifted several
thousand feet relative to those to the west, and the displacement in-
creasestoward the Furnace Creek fault zone.

Within the gpm', which is bounded on the west by the Furnace
Creek fault Zahkand the Bat Mountain fault. the older ot the two
sets of small n@ﬂ faults strikes northward and joins the Bat Moun-
tain {ault obliquelr. On ti.e northeast siope of Bat Mour-ain a horst
of Paleozoic limestone and dolomite is separated from cne adjacent
Tertiary rocks by high-angle fauits (section 8-8". pl. 1}. The upper
iimestone and shale vnit lies unconformably on the beveled top of
the underiying horst and graben structure.

The younger set of normal faulis trends northeast in the south-
ern part of the spur and swings north and northwest n the northem
part. Many of the fauits dip about 65" west, or about normni to the
bedding in the upper fanglomerate unit. The western blocks gen-
erally dropped relative to those to the easi. Towarl the south, some
of the younper {aults become a zone of faults and the throw increnses.
but even here is not more than a few hundred feet. Near the north-
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west sule of the spur the vounger fults join «me of the akler st
flern the movement apparently taok place nlong both sets at the sine
time, o throw of the fault innedintely enst of the knob at ahtitude
ST {eet doerenses southward from abaut $0 fort ot n point three-
quarters of a mib- fram the Hnt Mountam fxull 1o abowt 50 feet 14
miles from it.

Tha oldet movement an the faulis at the southeastern spur of the
Funersl Mouniains is inferred to be Oligocene.  The aren sonthiwest
of the Furnnee Creek fault zone was raised at least tavies 10 supply
the debrix for the two bodies of fanglomerate nt Hat Mountain. Prob-
nbly during this same time movement 100k place nloy.g subsidinry
faults in the older racks of 1the spur. Iy Miocene or Pliocene tims the
Funeral Mountains were mised relntive (o the area southwest of the
Furnace Creek fault zone, nad 1he lacustrine and volcanic rocks of
the Furnnco Creek Formation were deposited west of Death Valley
Junction. The rocks of the spur were hroken again by many faults
during this interval. The abrapt west face of the spur, largely out-
side of the Ash Meadows quadrangle. sngpests that the youngest move-
ment on the Bat Mountain fault is no older than the Quaternary
Period. Nomorement has taken place along the small fauits mantled
by landslide breccia since the breccia was deposited, perhaps in late
Plaistocene time.

DEVILS HOLE AREA

The unnamed range, largel» outside the northeast cdge of the Ash
Meadows quadranple but extending into it ar a point. about 2 miles
northeast of Point of Rocks Springs. is in generat a gently northeast
dipping block that contains one or twe thrust fauits of undetermined
size. Along the westernmost of these faults, gently dipping Middle
and Upper Cambrian rocks moved over steeply dipping Lower and
Middle Cambrian rocks. The rocks of the Devils Hole ares appesr
to be extensions of the npper plaze.

__\llusial deposits overlap the Paleczaic rocks of the hills near Devils
Hole in the northeast part of the quadrangie, and the fauits aiong
which the hills are believed 1o have been elevated relntive to the ad-
jacent plains are nowhere exposed. The rocks of the hills are broken
by sumerous north- to uorthwest-trending steep fauits, which have
displacements rarely exceeding 20 feet. In the hill north of Devils
Hole, the eastern fault blocks are dropped with respect to the western
ones. Three sinkholes, of which Devils Hole is the Inrgest, lie on or
cluse to small faults: very likely their solution was structurslly con-
trolled. The rocks in the hill north of Point of Rocks Springs are
gently arched and nre also broken by north- to northeast-trending seop
fauits. The blocks aiong the crest of the anticline are upthrown.
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‘The rocks in the spue njong the vastern e of the area nre broken
0w less systomatie mnnner afong sort hwess-1 rending steep faults,

On the gentdy sloping sarface of the Maya depeomits about & mije
somhwest of Devils Hole, simail nrvas of rmvel ars shown bomdering
the truve of an inferred faull,  Areas of gravel nbut agnins. plays
depasits nlong 2 north-trending line,  The dis tibution of gravel and
playa deposits sugpresis dilferentint esoeion along some sort of struc-
turnl break. The tyace of the doubt ful fault lines up with two springs
about 2 imile Lo the north,

RESTING SPAING RANOR

Shadow Mountain is a block of eaxt-dipping Paleozoie rocks (sec-
tion £-£7, pl. 1} that has risen relative 1o jts surroundings. The bor.
der faults are nowhere exponed, for oh all sides fanglomarates of Ceno-
20ic apge rest unconformably on the alder rocks. West of the peak a
small mass of disorderod blocks of limestone and dolomita has appar-
ently beea diropped down refative to the main body of the mountain
along a northeasi-trending fauli. The rangw diminishes in sltitude
northward, presumably because the amount of displacement slong its
concealed border faulta also decreases. At the north end of the range,
the surface of the block passes beneath the older of the fangiomerates
that is displaced a few hundred feet by movement along high-angle
faults that strike northward and die out in the overlying finer grained
beds, : :

The Paleozoic rocks of the rangoe are apparently dispisced along
other north-trending fanlts that wers not mapped. South of Shadow
Mountain, a small southward-dipping wedge of fanglomersts has
been dropped relative to the Paleozoic rocks along an east-trending
high-angle fault.

South of Grapevine Springs, the nearly straight western limit of
the younger fanglomernte suggests faulting, but exposares on the
south side of the broad wash near the siate line (sec. 11, T. 25 N, R.
6 E.} show the fanglomernte near Graperine Springs r ting uncoa-
formably on the sandstonc and clay unit. At the nortn end of the
-ange the Tertiary rocks form a broad anticline whose axis lies close
to the broad wash entering the quadrangle from the east.

GEOMORPHOLOGY
ALLUVIAL FPANS

Alluvial fans are accumulations of det ritus at & place where & debris-
carrying wash from a highland becomes free 1o migrate from side to
side. The fan-building wash has a smooth profile and passes without
A break in slope from highland out onto fan. The point at which
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the wasdy leaves 18 contined channei and moves from skie to sude vars
from fun to fan.  On s o s at the mountmn frone, vn athers bnif.
wiuy down 1o the toe of the fin. Deposition widl take place wheee
the chintimed is uncontined, 1f the wisdient at 1hat placa s foss than shat
npseena, and thie wasis will thus wegetire nosnusetls proile from -
wiions 1o toe of fan,

The meuncsing nnd hills of the Ash Mesiisws quadmngie nre sur-
rounded by conieserng ailuviai fans that have a romplex surface—n
mosate: of cdesert pavements i of washea, (u the grologie map
(ph. 1} the arenx where (he surface of the niluvial- fan deposis is desert
pavsment are shown by puttern.  The rese of the surface of the ailu-
vial-fan depnsits consists nf abandoned wasiws that have not carried
water for same time.  The surface form and origin of twa fans in

the quadmngio nnd orher nearby are disenssedd in dietast elsewhere
(Denny, 1964).

WASHES

The mocdiern washes, tiie Recent alluvium of nlate 1. ditfer from the
abandoned washes in topogmpiic form and in the niature of the
materiai a¢ the suriace. DBraided channeis and gravel bars constitute
the modern washes. Desert shrubs are absent. and the stones on the
surface sre mostly unwenthered. The channels and bars of the
abandoned washes support a growth of Jesert shrubs and are Hoored
with stones that have a coating of desert varnish. The surfac2 ma-
terial is coarser grained, and the microrelief between channel asd
baris greater than in the modern washes.

As has just Leen stated, the distinction betwween modern and aban-
doned washes is based in part on the presence or absence of desert var-
nish. Such black coatings are found on quartzite. sandstone. and vol.
canic rocks: the volcanic rocks commonly have darker contings than the
other rock types. These thin coatings are removad from a stone when
it ismoved by rinning vater. Thus, if we knew “~hen a stone had been
comted with vamish, or perhaps how long a time 15 required for a
slone to acquire such a ceating, we wanki have a minimum age for the
last movement of the stone.  This age wouid be tite punimum length
of time since the last Hooxl came down the wach in which the store lies.

Observations that have a bearing on the age of desert varmish
were made along the Old Traction Road (pl. 1), which crosses the
fans west of Shaduw Mountain.  Stones overturned during the build-
ing of the road about 1905 have not acquired a coating of varnish since
that time. AL & locality in the Mohave Deserr. however. vamnish has
formed on rhyolite fragments during 25.vear period (Engel snd
Sharp, 1938). The Hunmts {A. P. Hunt, 1960: C. B. I{unt, 1934,
1961} present impressive archeological and geological evidence that
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much desert varnish hax considerabile angnit ¥. They believe that in
Death Valley most varnish was formed st bater than nbhom the e
ginning of the Chiestion ers. The werelyt of the evidenes certainly
indieates that many deposits whose surface stones nre virnished are
much more than 2590 yearsoll,

EAERT PAVEMENT

Pavementy nre segments of fans that have received nn mleditions of
detritus for a iong time aml serve 28 an srmor That proteces tin under-
lying material from removai by wateror by wind. The arens of desert
parement on the fans are smonth, gently sloping surfaces comprosed
of closely packed angular frnpments of rock that range in size from
pebbles 10 lnrge bouliders. Modt of the stanes are varnished, except
those of cnrbannie rock that are viched by solution. The exposed
surface of a boulder of carbonnte rack is eroded, and material is de-
posited beneath it, \sa resalt, many such fragments on & pavement
have smooth and etched upper suefaces and a buried surface that is
rounded or irregular depending on the originai shape of the fragment
{Bryan, 1929, p. 194). Pavements rest on and in a silt that is severzi
inches thick.

The silt beneath the stone armor is firm in place but very frisble in
hand specimen and has conspicuous circular cavities that give it &
vesicular structure.  Origin of the silt is unknown: apparently it is
formed by both chemical and mechaniceal weathering of gravel and
sand similartothat which undertica it.

Pavements are broken by miniature termmces with risers iess than
an inch high and lengths ranging from a foot to more than 10 feet.
After a prolonged rain, when the silt is saturated with water, the
silt at the edge of n parement next 1o a gully tends to flow down into
it. This movement places the silt that is further away from the gudly
under tension. Some of the risers of the miniature terraces are be-
lieved to be tension cracks produced by the downslope movement of
a 1-2-inch layer of silt on which the armor of stones rode. Viovements
of this sort on an abandoned segment of  fan earty niderial from
high points and fill low spots. Debris is also transported by surface
wash and by wind action. These processes combine to transform the
channels and bars of » desert wash into & smooth ‘parement.

Pavements are hom dissected. Aithongh at first glance, s smooth
desart pavement may appear to be an end point in the evolution of
the surface form of & fan. all pavements are dissected irrespective of
their location or histary. All the Inrger areas of pavement are cut
by narrow washes that head in them. Thess gullies have probably
been in existence at all times and do not record a specific climatic or
tectonic episode of accelerated ernsion.
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PIRACY

On the predmont at the north end of the et e Spring Range o
Mwetneaine pieney has taken place. A wash floonsd with sllnvium
leads i the quarzue bills alome the State fme ami lics along the
voninel between Quiternary aud Paleozoie roeks, o wash turns
s hwestward into a narrow gully (SWIANWIYNEWY, see. 24, T, 25
N R 6 E.) and passes through a larpe avea of desert pavement to
emerge on another broad wash. A2 ono time, howaever, the wash did
not turn southwest but followed a northwesteriy course. roughly par.
allel to the State line. The point of diversion is where the present
wash leaves the ailuvium and tums southwestward to pass through a
small inlier of fanglomeraie. DBetween the inlier and the hills of
{anglomerata n few hundred feet to 1he northeast. aliuvinl-fan deposits
form a 2.foot bank on the north side of the alluvium. The exposed
fragments on top of the bank have a roating of desert varnish, The
diversion is » recent event. .\ large flood from the quartzite hills
might discharge both into thn guily and over the fow bank to the
northwest. Southwest of the point of diversion. the floors of narrow
washes that head in the pavement are stightly below that of the broad
wash. This wash apparently cut back its south bank in the vicinity
of the fanglomerste inlier and intersected the head of gully in the
pavement.

Piracies have taken place repeatedly on the Iarger fans in the Death
Valley region and are responsible for the development of many largs
areas of desert pavement. Piraey may occur wherever washes from
a mountain have steep gradients and n coarse bertload compared with
washes that head on the adjacent ptedmont.  Such piedmonts con-
sist of areas of gravel deposits, derived usuaily from highlands of
resistant rock and separated by gullies or smail valleys carved by
local washes either in gravel or in bedrock less resistant than that of
the highlands. The erosion of the gullies i due in part to piracy
of the sort just described. Great local relief is charaeteristic of such
piedmonts, which have been clearly described and illustrated from
the Henry Mountains region, Gtah, by Hunt (in Hunt. Averity, and
Miller, 1933, p. 191), whose anaiysis was based in part on an earlier
study by Rich (1935, p. 1002-1003). An example from the Shenan-
doah Valley, Virginia, is described by Hack 11960, p. 91-94). {n the
Ash Meadows quadrangle, the topography
piedments close to the mountsin front 1s one of narrow ridges and
deep ravines. North and northwest of the Resting Spring Runge, for
example, the outcrops of the sandstone and claystone unit are largely

on the lower sides of deep guiches ichere these wenkly consalidated
rocks adjoin hills of firmly cemented fanglomerate.

of the inner pan of many
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An example of possibile fulure pimey is ut the north end of the
Resting Spring Range, whers a brond wash, Joored with alluvium,
parijela the State Jine nnd vinerges onto the piedmont at a poim about
1 mile south of {irmapevine Springe.  This wash has a much larger
drainage area than & small one just south of it that, west of the hills,
is earved in the sandstone and claystone unit. AL the west front of
the hills, the surface of the broad wash lies 25-30 feet above the floor
of the smali wash 1o the south and iz sepurated from it by a narcow
ridge of gravel. If the broad wash were to widen its bed by cutting
back its south bank a few hundred feet, it would breach the gravel
ridge and flow down into the small wash. The broad wash would then

deposit iLs lond in the more gently sloping channel of the small wash,
perhaps burying it completely.

RECENT HISTORY

That the fans were at one time flooded more extensively than they
arsat present is shown by the greater areal extent of abandoned washes
compared with that of modern washes. Many of the modern washes,
the Recent alluvium of plate I, do not reach the toa but end on the
fan. The piedmont northwest of Shadow Mountain, for example, is
a complex grouping of pavement, abandoned wash, modern wash, and
pediment. The proportions of thesa four geomorphic units and their
equivalents on the geologic map (pl. 1} are tabulated below. The

area of deposition on the fan at present—the modern wushes—is about
15 percent of the total arvs. of ihe piedmont.

Eetimated
of tatal
- o
Crengrpiw west Crisgic une (pl. 1)
Pavemenl, . oove-un-. Alluvial-fan deposits. ... ... coe.. .. 33
Absndoned waates. .. AHuvialdan doposite. ... . ...... 40
Modern washes. ... . Aluvium. ... .. L. eeirrrriuann 1$
Pediment........-.... Sandstone and claysione unit and 10
playe depoeits.

On 1he north side of Shadow Mountain, a sarrow wash ficored with
allurium runs westward from the mountain front for about «lf a mile
(SWSW,; sec. T, T. 25 N R. 7 E.). The wash fingers out on uhe
edge of an oval-shrped area of ian deposits that is slmost completely
surrounded by desert pavement (largely in N34 sec. 25, T. 25 N, R.
§ E.}. The surface of the pavement lies many feet above the ovel
except on its southiest side whers the far deposits of the oval overlap
the desert pavement. The stones on the surfuce of the gravel that
floors the oval are varnished and are slightly coarser grained than
those on the surface of the slluvium in the narrow wash to the east.
Present-day floods from the mountain drop their load before reaching
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the ovat. The now.vaenished gravel i the oval was deposited by
Nomdy that. werw more extensive and carried slightly conrser material
than those of rreent yesrs.  Thus, for some tune, perimps for the jast
severni thousaind years, most of the conrse detritus from che mountain
has dwen deposued within about a mile of its front.

On the centenl part of the fan northwest of Shadow Mountain, rib-
bons of aliuvium head in areas of dewsert pavement. Runod on a
pavement is more rapid than on the surface of & wash (C. B. Hunt,
written commun., 1960) and probably fucilitates the erceion of guillies
in the weathered gravel beneath the pavement. This alluvium is finer
grained than that nesr the mountain front or on the surface of the
adjncent alluvial-fan deposits (fig. 4). The siope of the fan decresses
in its centrai part. perhaps because of this decrease in size of its debris.

ORIGIN

The larger {ans in the quadrangie and clsewhere in the Death Valley
region have a complex surface of pavements and washes. Denny
(1064} has suggested that thess fans approximate or are approaching
a condition of dynamic equilibrium wherein their surface form is so
adjusted that the rate st which detritus is supplied to them from the
adjacent mountains equals the rate at which material is removed from
them by evosion.  Let us assume, for exampie, that material is supplied
by Shadow Mountain to the fan rtorth of it at a constant rats and is
deposited near the apex. Elsewhere on the piedrmont, Jarge areas of
prvement and small areas of pediment are being ervded, and materiai
is being carried off the fan to the flood plain of Carson Slough. Pira.
cies take place, such as the one of Recent date described earlier. The
locus of deposition shifts downfan, and additicnal segments of the
fan are abandoned. Thus tha area of the fan's surface that. is being
eroded, that is, the amount of materisl being removed, will increase
until it equals the amount supplied. The processes of deposition and
erosion will thereafter be in a steady state of balance and will remain
so as long as the topographic position of mountain and basin and the
geologic processes remain the same (Nikiforoff, 1942). The total vol-
ume of detritai material on the fan will not change. the volume of fine
material reaching the adjacent flood plain being balanced by the
amount of coarse detritus supplied by the highland.

If position of mountain and basin and the geologic processes change
1n the future as they have in the past. a change will occur in the rates
of deposition, weathering, and erosion. The xuilibrium between
erosion and deposition will be shifted. and changes in the form and
size of the piedmont will result. In the Death Valley region, the
variations in piedmonts from range to range supgest that they tand to
adjust rapidly to chang=s in the equilibrium of which they are a part.
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I"avementa, as already mentioned, nre borm disserted.  The trany-
forsuation of an abandoned wnxh into n sinooth pavement involves
ths movement of debrisdown into Lhe pullics 1t dissect the pavement
where 1he materini remaina until earried down the guily and on down
the fan. 1f the guilies mmify and grow deeper, they may approach
2 conddition where the mie at which masnrial is removed from the area
nf pavement by way of the gully bniances the rats at which material
is supplied to the gully from the adjacent navement. Thus, » pave-
ment, onca formed, may persist for some tims. Pavements occur in
diverse locations, in one place partly buried by younger alluvium,
elsewchere on a ridge 50 feet above the neighboring wash. It would
be a remarkabls coincidence if all pavements beran to form at the
same time; rather, the ubiquitous occurrence of dissected pavements
suggesis that they formed at various times in the past and have per-
sisted to the present.

‘The proceases of weathering, arosion, and deposition operste con-
currently on the fans. It is only the intensity of these processes that
varies from one segment of the fan to another, Pavements and asso-
cinted gullies, as slready noted, are the places where weathering and
erosion dominste over deposition. They are segments of fans that
have received no additions of deiritus for a long time. The locations
of these segments of fans change with time because of pirscy. The
tormation of a complex mossic of pavement and wash is conditioned
by the local geology an.l is not primarily dependent on changes in the
intensity of weathering, erosion, and deposition caused by changes
in climate. Such changes doubtless have occurred, but it cannot be
demonstrated that they have radically sitered the history of sny fan
in the quedcangle.

To demonstrate that any of the alluvial fans in the quadrangle ave
in & steady state of balance or dynamic equilibrium requires actual
measutements of the rates of erosion and denosition. None are avail-
T —as sbla. Measurements of the size of many fans in the Death Valley

region, however, indicate that, for this region, the arer of & fan is
roughly equal to one-third to one-half of its source area. This cela-
tion holds true for fans compoced of different rock types and with
diverss geologic histories, sugpesting that perhaps these fans are ap-
proaching a condition of dynamic equilibrium. 1f so, the fans will
not grow much larger in the future, bat will maintain more or less
their present size. Tha location of pavement, wash, or pediinent will
change from time to time, but the proportion of these three geomorphic
units will remain about the same. The configuration of these fans
may depend primariiy upon some functional relation between the
bedrock and the processes acting upon it, rather than upon their stage
of development in an evolutionary sequence. The existing highlands
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have remisined nearly unchanged for & jong tima, porhaps since the
mid-Pleistocene.  No fuult scarps cut the arid-basin sedimenta.

‘The outcrop pastern (pl. 1} of the ailuvial-fan and playa depositn
18 the result of 1he dissection nf the ancestent playa (p. 132), whose
surfave wa- at leust 100 feet above the bed of Carson Slough or the
Amargoss iliver. The pattern depends ultimately on the local gool-
ogy, which sets limits to mountain and piedmone und thereby deter-
mines the size of the adjacent fans.  For example, alluvial-fan de-
pasits cover the entice piedmont that extends westward from Shadow
Mountan to Alkali Fiat. To the north, however, pinya deposits
crop out in & narrow belt between the tos of the alluvial spron of
Shadow Mountain and the alluvium niong Carson Slough. The fact
that these plays deposits intertongue with aliuvini-fan deposits shows
that the limit to which gravel was carried from the northwest alope
of Shadow Mountain to the ancestral playa was the same as it is to-
day. The gradual lowering of the piedmont west of Shadow Moun-
tain during the dissection of the ancestral plays has nct altered the
limits of gravel transport on Lthe piedmont.

* This restricted belt, east of Carson Slough and south of Ash Mead-
ows Ruad, enasists of narrow finger-shaped areas of playa deposits,
decert pavement, and alluvium {pl 1). Similar belts of pavement
fingers occur near the toes of many of the fans, such as thoss north
and east of the Funersl Mountains. The belt wert of ths Resting
Spring Range does not extend south to the quadrangle boundary, but
-is coextensive with the playa deposite Perhaps where & wash has
banka of sand wnd silt (playa deprsits) the channel tends to maintain
its position becauss it can easily move the fine material on its bed.
On tha other hand, where the wash is flowing entirely in gravel, as
on the piedmont east of Alkali Flat, the oteasions) flows are more
efective in eroding the banks of a wash than in moving the material
on its bed. The wzeh tends to cut laterally and forms » wide, gravel-
covered plain.

PEDIMENTS

Between fans are small areas of pediment. On the piedmont sur-
rounding the Resling Spring Range the pediments ar= underlein by
the sandstene and ciaystone unit. These weakly consolidated but
deformed rocks are exposed in shallow gullies and are overlain un-
conformably by a few feet of alluvial-fan deposits. The unconform-
uy at the base of these deposits is an erosion surface that bevels the
deformed rocks. Tha unconformity is a pediment mantled by a
younger gravel, which has since been dissected. These aress of pedi-
ment are places where erosion has dominated over deposition to the
extent that rocks of early Pleistocene or older age are exposed be-
neatk: only a few feet of gravel.
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PATTERNED GROUND

The Amarposa Desert exhibita padterna due to the orderly Arrange-
ment af various lentures such ns desert shrubs, desiceation cracks.
st crusta, small terrnces, or Inrge and smail fragmonts of rock. On
many abandoned washes and on some pavements, desert shrubs are
spaced uniformly, and the resuiting design may be noticeable on aerial
photographe. The surface forms portrayed hy the stripes of houlder
scree on Shadow Mountain or the terracottes that run across many
pavements simuiste ground patterns found in arctic or alpine regions.

Patterned ground in the Ash Meadows quadrangle is most conspic-
uous on sluvium or piaya deposits, or on ailuvial fan deposits where
they veneer playa deposits. The optinium development of patterns in
such areas is perhaps dus 1o the presence of fine-grained silty materini
and & high content of soluble aaits (carbonates and sulfateai). As
with the patterns found in cold climates, those in arid regions can be
grouped into mare or less equidimensions) forms on gently sloping
Innd and elongate structures on steeper slopes,

Sorted polygons (Washburn, 1036) severa) feet in diameter occur in
a few places on the surface of the Plays deposits (fig. 9). Smali
stones, commonly less that 1 inch in dismetar, 5l shellow cracks or
troughs & few inches deep. The sdjacent material is a clayey silt.
The pattern resembles others found in Death Valley (Hunt and Wash-
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burn, 1900, fig. 185.0.0) and presumably is cansed by desicention.
Theas polypons were nol axeavaied.  Many of the conters appear to
have n very slightly domeid sueface; the tromghs widen at the op.

Arony of salt-oncrusted alluvium also show pround patterns. A
pebble-coversd surfuce of stluvium may be interruipted by sreas of
sl crus 10 give n patternni surface, and these atms of salt crust
way themseives show s network of small stones (fig. 88). 1a some
places where an nrmor of sianes rests on silty deposits, a spotted pat-
tern is visible that 18 reminiscent of stone circlen.  large fragments,
14-3 inches a common size, form circular or oval bands surrounding
areas 2-3 feet in dinmeler where the fragments are smallor. White
salt crusts appesr between the wones of the circles, whoss centers are
very shallow basins less than an inch deep.

Small terraces are a common featurs in the Amargoss Desert and
indicate that sliding or slumping has taken place. Such lobate forms
are most common whers the underlying materials are fine grained.
At & point about 214 miles west of Ash Meadows Rancho {NE. cor.
sec. 28, T. 18 8., R. 50 E.), terraces occur on a south-facing, 6° slope
underisin by silty material. The individual terraces contour the
slope and can be traced for distances of 5 to 30 feet. The risers are
from s few inches to nearly a foot high and are faced with pebbles.
The treads are of loose puffy silt containing s few smull pebbles. Jeep
tracks made in 1057 across other arvas of putfy ground nearby were
partially obliterated a your Iater.

Somewhat larger and more lobate terraces lis on the south-facing
10° slope of a ridge near Clay Camp (NW. cor. NEY,NW, see. 1,
T. 18 8, R. 49 E.). A pebble gravel composed of quarizite, sand-
stons, limestone, dolomiie, conglomerute, and porphyry forms a pare-
ment that mantles the hill. Near the base of the ridge a white salt
crust caps prominent lobate terraces (figs. 10 and 114). The risers.
from a few inches to 1% feet high, are faced with pebbles and cob-
bles. A few shrubs grow on the lower siopes of the ridge.

The material exposed in s trench dug through one of the terraces
is illustrated in figure 12, and the accompanying photograph (6g. 118)
shows the right-hand termce of tha cross section prior to excavation.
Tle treads havo & firm but frisble crust on which rest a fow pebbles:
the risers are of loose sind mantled by pebbles and cobbles, some of
which lie on the face in an unstable position. Bedrock is within about
1 foot of the surface. The treads are underlain by loose sandy ma-
terial that contains particles of white caliche. The rissrsare partislly
weathered bedrock, a mixture of sand, silt, and rock fragments.,

Wae believe that the downsiope movement recorded by theee torraces
was largely cnused Ly the nddition of water to the underlying material,
perhaps partly by the formation of salts in the ground. The water
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iy have come from oceasional mins or from a rise i the groumnd-
water table because of reluced evaporation amd transpirtion.  Such
i Fiso fias been obeerved in Death Valloy ut .imes of clondy weather
in winter (C. 8. Hum, written commnsun., 1260).

Whothor the terraces are (ormiing texday or ars largely relics from
n moister chimatic episaile 1 delmiable,  1unt and Washbum {1060)
hold that similar termees in Death Vallay aro the tesult of past move-
ments when the climate was more favorable than it is tadsy. They
observed rows of pegs acroms terrnces in Death Valley and could find no
evidence of movement during s 4-year period.

We beliove that some of the termcettes in the Amurgosa Valley
are forming at present.  The relation of torracettes to vegetation sugp-
Zests present-duy movement. On the east side of the hills north of
Point of Rocks Springs are many small Jobate terroces near the inner
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-

wdgrs of e previmone west to the monntam front. Some of the Jobes
appenr i have movel avonnd the base of adjacent shiubs,. Soma of
the stanes associated with the lobes lean ngamst the .tem of a shrub
19f ey baed slid or rolled up agninst the stem.  The unoroded or
atherwise wiunmbified farm of some termees made of lovss material
sugggeest that no clomibiest has ovenrnwd sinee such tormaces wore
formed. Stones on the risers of sonie terraces are loosely packed;
slight touch wili send then rolling downslope. 1t is unlikely that a
stons wonld have mmntained such an unstable position for a long
time.  “Thees stones prolmbly have boen pushed into their present at-
titude by movement of the termce front within 1he Jast few years.
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Late Cenozoic rates of erosion

in the western Espaifiola basin, New Mexico:
Evidence from geologic dating of erosion surfaces

—

DETHIER®
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C. D. HARRINGTON } Earth and Space Sciences Division, M.S. D462, Los Alamos National Laboraiory, Los Alamas, New Mexico 87545
M. J

ABSTRACT

Erosion surfaces in the Espaiiols basin formed before 350 ka and
between 350 and 240, 240 and 130, and 130 and B0 ka, probably in
response to climatic change and regionsl uplifi. The surfaces are cut
on Miocene, Pliocene, and Pleistocene deposits and range from about
200 m v 15 m sbove the present Rio Chama/Rio Grande system.
Periods when the surfaces formed were dated using vamisi-cstion
nﬁu&omupmdcmmemofﬂm.mdw
mhmmmmww
uranium ages from soil cichonate were used to calibrate a local curve
lwvmmmmhmwrwnﬁm
suriace, although derived from different dating technigues, implies
that parts of the surface were sites of erosion or aggradation after the
surince formed.

From 1.1 Ma to present, deaudation rates averaged 10 cm/1,000
yr from weakly lithified sandstone, less than 7 cm/1,000 yr from
indurated tuff and boulder gravel, and about 4 cm/1,000 yr from tuff
Mmmmwmmeduuphndbmm
terraces by stream incision during periods of pluvial climate and re-
gional uplift, but our duta do not permii clear separation of the two
canses.

INTRODUCTION

Erosion surfaces in the Espadiola basin, New Mexico, that cut across
late Cenozoic bedrock and surficial depasits provide strong evidence for
climatic change and regional uplift Prominent Quaternary surfaces are
preserved along the westera margin of the basin at elevations 180-15 m
above the Rio Grande and its tributaries, This paper reports geologic data
for major surfaces of Quaternary age west of the Rio Grande and Rio
Chama We correlate these surfaces and estimate their ages from a curve of
varpish-cation ratios (Harrington and Whitney, 1987), which has been
mh'buwdwith%l”‘ﬂngesofsoﬂmbonml‘hsemmsum
mented by those calculsted from amounts of soil carbonate, amino-acid
ratios from gastropods, the distribution of Quateroary tephra, and radio-
carbon dates. Our data suggest that Iate Cenoaoic incision rates in the
Bpaﬂohbuinmsimﬂnm!hosempom&omnmwrbymin
the semiand westera United States.

*Present address: Department of Geology, Williams College, Williamstown,
Massachusents 03267,

This study demonstrates that varish-cation ratios (Dorn, 1983; Har-
rington and Whitney, 1987), when used with other dating methods, are
useful for correlating and dating surfaces in arid and semiarid aress. Ages
calculated from vacnish-cation ratios also can provide indications about
whea specific areas on surfaces became stabie. Local erosion and aggrads-
tion occur frequently on geomorphic surfaces, and it is often difficult 10
recognize evidence for such reworking. Under optimal conditions, the
lowest varnish-cation ratio from an erosion surface provides a close min-
imum age for cutting of the surface (Harrington and Whitney, 1987),
Groups of higher ratios indicate subsequent periods when other areas of
the surfsce became stable. Vamish-cation ratios can thus be integrared
withsoﬂmomhology,soil—wbonmmmuhﬁm.md'ao&opicaguw
infer episodes or areas of reworking oa erosion surfaces.

Erosion surfaces are cut across Miocene, Pliocene, and Pleistocenc
depodumnﬁﬂthcﬁvpaﬂohblsin.qminlseﬁudmdm
that comprisc the Rio Grande rift in sorthern New Mexico. The rift was
intetnaﬂydninedunﬁltheRioGranckformedaninmmddnimge
system between 4.5 and 3.0 Ma. Upper Pliocene and Pleistocene deposits
record aliernating periods of erosion and aggradation in the basin, puncty-
aMbycmptiouofthcumﬂme&MTﬁQmmry
surfaces cousist mainly of {1) paleochannels preserved by coarse gravel
andcnlaue.(Z)pedimemsthumm:cherﬁaryandem
deposits, (3) alluvial fans, and (4) terraces near present channels. The
mmmmwmm(amlmxm
Mdmmmmwmmwﬁm
fauits (Kelley, 1979; Hamington and Aldrich, 1984). Surface ages and
elevations provide evidence for the history of rivér ipcision during the
Quumy.hmmhﬁwdmmbkmmvm‘m
nm(;vmgemofsur&uloweﬁng.expmdiumﬂ.moyr)dum

several petiods of the Pleistocene. By comparing dentsdation rates in areas

of different lithology, we can also assess the significance of rock resistance
for erosion rates integrated over bundreds of thoustnds of years.
Epmdnuwadmonmdmmnmmelmdmthd:mchnge
during the past S00 ka in New Mexico (Gile and others, 1981; Machette,
l%SLAg:aﬁaﬁmalongtheRionudebasmmddmin;umsiﬁom
from periods of higher effective moisture (pluvial) to more arid conditions
{interpluvial), such as the transition from the latest Pleistocene 1o Holo
cene. For example, the width of the Rio Grande meander belt near
Espaiiola has narrowed substantially since about 15 ka, as alluvial fans
prograded over Pleistocene chanacl deposits, burying fluviai terraces with
5 10 30 m of picdmont alluvium (Jobnpeer and others, 1985). Gile and
others (1981) report & similar pattern of fan extension and axial-<channel

Geological Sociery of America Bulletin, v. 100, p. 928937, 7 figs., 4 tables. June 1988.
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Figure 1. Maps showing
the location of the
basin and the area of this report
(after Maniey, 1979). 2. Map of
basing along the Rio Grande in
northern New Mexico and
southern Colorsde (stippled
areas), and surrounding moun-
tains.

Figure 1. (Continued). b. Generslized

of the Espaiiola basin, which extends from the La
Bajada fault to the southeast edge of the Taos Pla-
teau. Basin is bounded by Precambrian and lower
Paleozoic rocks of the Sangre de Cristo Mountains,
Mesozoic rocks of the Colorada Platesu, and Ter-
tiary and Quaternary vokanic rucks of the Jemez
Mountains. Principal rock types exposed in the
basin are Precambrian metamorphic and igneous
rocks (circle pattern), upper Tertiary sedimentary
rocks (unpatterned), and upper Miocene and Plio-
cene basaltic rocks (angle pattern),
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alluvianon in the southern Rio Grande rift during latest Pleistocene and
Holocene ume. Major episodes of incision are not well documented but
may have been driven by increased discharge in major avers, such as the
Rio Grande and Rio Chama, during pluvial penods correlated with ad-
vances of the continental ice sheets (Richmond, 1965; Hawley and others,
1976). In New Mexico, pluvial penods coincided with cooler temperatures
(Phillips and others, 1986), lowered tree line, 2nd more extensive vegela-
uve cover in areas now characterized by communaties of mixed. sendesert
grassland and desert scrub (Spaulding and others, 1983; Spaulding, 1984).
The timing and duration of interpluvial and pluvial climates, however, s
not known. Uplift of the Colorado Plateau, Rio Grande nft, and adjacent
areas (Eaton, 1979) and increases in the drainage area of the Rio Grande
{Kelson and others, 1986) may also have played an impornant role in
incision.

Periods when late Cenozoic erosion surfaces formed along the Rio
Grande can be estimated from regional and local studies. Basalt flows
benieath and above the highest etosion surfaces in northern New Mexico
have K-Ar ages that cluster near 3 Ma (Bachman and Mehnert, 1978;
Manley, 1979). Their areal and stratigraphic relations demonstrate that
the Rio Grande was an integrated drainage by that time. Manley (1976,
1979) mapped Lower Bandelier Tuff (1.4 Ma; Doell and athers, 1968) on
surfaces incised more than 80 m below the highest erosion surfaces east of
Espaiiola. The distribution of Upper Bandelier Tuff (1.1 Ma; Doell and
others, 1968) indicates that significant downcutting did not resume until
sometime after ¢nipiion of the tuff (Dethier and Demisey, 1984). Dethier
and Demsey (1984) used the mass of carbonate i soils to estimate that
surfaces mapped by Dethier and Manley (1985) along the Rio del Oso
(northwestern Espafiola basin) formed, respectively, before about 350,
240, 130, and 80 ka. Thorium/uranium ages of soil carbonate demoan-
strate that surfaces between the Rio del Oso and Santa Clara Canyon
formed before about 145, 105, and 20 ka (Harrington and Aldrich, 1984).
These ages are minimum values, because erosion surfaces require time 10
stabilize, thick carbonate rinds take tens of thousands of years to form, and
because of assumptions inherent to Th/U dating,

The degree of soil development suggests that the Holocene landscape
in southern New Mexico stabilized at about 10 ka and again at about 4 ka
(Gile and others, 1981); data from northern New Mexico are less exten-
Sive. At a site near Santa Fe, radiocarbon ages of charcoal in alluvium
indicate two periods of aggradation and three times when arroyos incised
during the past 2,300 yr (Miller and Wendorf, 1958). In the Espaiiola
area, drilling, trenching, and seismic evidence show that Holocene fans
bave prograded over latest Pleistocene Rio Grande gravels. Radiocarbon
ages from buried organic matter suggest that the most recent penod of
aggradation began before about 3 ks and ended in the I9th century
{Jobnpeer and others, 1985).

SETTING

The western Espaftola basia is filled with Miocene sedimentary rock
and with Pliocene to Holocene volcanic rocks and sediment derived from
the Jemez Mountains, from the Sangre de Cristo Range, and from uplands
to the north (Fig. 1). Pleistocene surfaces 15 to 180 m above present
arroyos slope gently toward the Rio Chama and Rio Grande and are
geoenaily flanked by boulder-mantied slopes. Holocene surfaces are within
10 tn of presen: grade.

Annual precipitation near the Rio Grande ranges from about 220
mm #t Cochiti Lake to 250 mm at Espadiola. More than S0% of the

DETHIER AND OTHERS

precipitation falls in intense locat thunderstorms during July-September,
whereas frontal disturbances produce precipuation of moderate intensity
dunng the rest of the year. The highest erosion surfaces are covered with 3
dense pinon-juniper forest near the mountan front; lower 2nd easterty
parts of the high surfaces support grasses, sage, cholla cactus, and sparse
juniper.

METHODS
Field

Qur ficld investigations focused on mapping and dating of some 30
surface remnants west of the Rio Grande between Chili and Cochiti Lake
(Fig. 2) and their underlying deposits. We placed particular emphasis on
using varnish-cation ratios for correlating surfaces and collected the most
strongly varnished clasts at four to ten sites on each of the remnants
(Harrington and Whitney, 1987). We described the best-preserved soils
from most surfaces, and Dethier and Demsey (1984) sampled soil carbon-
ale at ten sites on four surfaces. In addition, we collected carbonate rings
from clasts at seven sites for Th/U dating, and we sampled gastropods
from four deposits beneath three different surfaces f6r amino-acid racemi-
zation analyses. Siratigraphic control in most of the area was provided by
the Lower and Upper Bandetier Tuff, and by the £l Cajete tephra, which
erupted from a dome in the Valles Caldera at about 130 ka (J. N. Gardner,
Los Alamos National Laboratory, 1987, personat commun.). Two un-
dated mid-Pleistocene tephras from unidentified sources provided iocal
control west of Espadola.

Laboratory

We analyzed the chemistry of rock-vamish samples following scan-
ning electron microscope methods described by Harrington and Whitney
(1987). Vamish-cation ratios were calculated as Ca + K/Ti {Dorn, 1983,
where cach element was reported in weight percent We used the lowest
ratios determined for a geomorphic surface {+10) for correlation asd age
calculations except when the vamish contained (1) more than 2.5% Ti and
more than 3.0% P or (2) more than 3% Ti-maguetite grains in the $-4 0
100-4 size range. Such samples were excluded from our calculations. For
most crosion surfaces, vamish ratios measured for at least four clases
agreed within 10% of cach other. .

We calculated the amount of pedogenic carbonate in 1 soil {cS) using
methods described by Machette (1985). As soils commonly were eroded,
ages were estimated using the maximum values of ¢S for a geomorphic .
surfece. We used the rate of CaCO; accumulation at Albuquerqoe, 022
gom “2ka-! (Macherte, 1985), for the western Espaiiola basin because (1)
annual precipitation and temperatures near Espaiiola are simitas to those
at Albuquerque, (2) soils are developed in depasits similay 1o those near
Albuguerque, and (3) the Albugquerque sites used by Machene (1985) for
calibration are within 125 km of our study sites. Becsuse carbonate proba-
bly accumulated at rates of about 0.35 gem~%ka-! during interpluvial
periods (Machette, 1985, Fig. 7), our age estimates for late Pleistoceoe
soils are slightly too old. Samples of dense, inner carbonate rinds from the
bottoms of clasts in the soils were collected for Th/Ul analysis acoording to
the methods of Ku and Liang (1984).

Amino-acid ratios for gastropods were determined by W.D. McCoy,
University of Massachuselts. We collectad gastropods from silty sand be-
oeath three of \he erosion surfaces south of the Arrayo de la Presa (Fig. 2).
For analysis, the gastropods were cleaned ultrasonically in distlled water
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CENOZOIC EROSION RATES. ESPANOLA BASIN, NEW MEXICO

and dissolved in HCI The isoleucine and slloisoleucine content of this
solution was analyzed after drying (free fraction) or pyrolization { Aydrol-
ysate) using & cation-exchange liquid chromatograph (McCoy, 1987).

Gradients of the Rio Grande, Rio Chama, and their western tributary
8ir0yos were determined from the thalweg (channel) distance measured
on 1:24,000-scale maps that have a 20-ft contour interval. We plotied
gradients and projected surface elevations using techniques described by
Hack (1957). Projections of older surfaces 1o the axial drainage are ap-
proximate because (1) the ancestral positions of the Rio Grande and Rio
Chama are incompletely known, (2) some older susfaces have been re-
graded or deformed, and (3) gradients cannot be drawn accurately from
isolated remnants. The maximum uncertainty in the elevation of the oldest
surface, however, is probably <30 m.

DATA AND DISCUSSION
Spatial Relations

We mapped four groups of piedmont surfaces of Pleistocens age,
undifferentiated fans of lawest Pleistocene to Holocene age, and two Holo-
cene terraces in the western Espafiola basin. The surfaces are well pre-
served near arroyos tributiry 1o the Rio Chama, near Sants Clara Canyon,
and north of Cochili Laxe {Fig. 2). Erosion surfaces are poorly preserved
in White Rock Canyon between Cafada Anchs and Alamo Canyon
becausc of steep valley walls and extensive slumping (Fig. 3). Our esu-
mates of age depend on relative and isotopic dating of erosion surfaces and
their associsted deposits. The estimates are minima because erosion sur-
faces often were modified by subsequent deposition or erosion.

Mot erosion surfaces between Chili and Espafioln {here catled the
“northwestern Espaiiola basin™) sre underiain by a2 mantle of piedmom
gravel, which rests unconformably on Miocene bedrock or on Quaternary
axisl-channe! alluvium. For instance, surfaces Qi through Q, along the
Rio del Oso {Fig. 4) are underlain by 3-8 m of gravel on Miocene
sandsione. The surface of intermediate elevation apparently represents s
temporary period of lateral planation during downcutting that followed
Q) time. North of Arroyo de Ia Plaza Larga, surfaces Q2. Q3. and Q4 are
underlain by piedmont gravels that truncate axial-river depasits. Each
deposit under a surface consists of basal cobble-gravel overtain by 1-5 m
of pumiceous sand and sparsely fossiliferous silty sand. Gastropods were
collected from Lhe silty sand for amino-acid analyses. Surface Qs is pre-
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Figure 4. Profiles of Pleistocene erosion surfaces and a Holocene

terrice along the Rio del Oso (Rio Chama tributary), showing sampie
sites for 14C ages and soil-carbonate sccumalstion.

wnedoulyhuﬂymmofﬁmyodehﬂauurp;inmm
surface Qq cannot be distinguished from fans of latest Pleistocene and
Holocene age.

EmsionsmfacauurCochiﬁhkemnndahineitherbyZ-émof
piedmont gravel or by axial-river deposits composed of 1040 m of
boulder gravel. Surfaces are preserved at elevations of 90 to {30 m Q.
at about 50 m (Q3), and a1 8 to 15 m above the pre-reservoir grade of the
Rio Grande (Q¢?). El Cajete tephra overlics the highest surfaces Q.M.
which have elevations similas to that of the intermediate surface aiong the
Rio del Oso. Surface Qs, best exposed 12 km north of Cochiti Dam, also
is covered with El Cajete tephra. Near the mouth of Alamo Canyon, Q;
surfaces are cut on a Quaternary flood (7} gravel 20 m thick that contains
clasts larger than 4 m. The lowest surface (Q¢?) is visible on air photos and
topographic maps, but it is covered by water during most years. fts soits,
tephra, and rock vamish have been stripped or altered by fluctuating water
levels.
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We have correlated surfaces north and south of White Rock Canyon
using clevation despite significant differences in river gradient and chanael
shape, and the proximity of surfaces in the Cochiti area 1o the La Bajada
fault-zone (Kelley, 1977). These correiations are consistent with varnish-
cation ratios, which indicate that the Q, surfaces of the Cochiti area have
been exposed for about the same time as the oldest Q3 or intermediate
surface of the northwestern Espailola basin. Ratios aiso indicate that Q4
surfaces in both areas are of similar age. We tentatively correlate the
submerged Cochiti surface with Qq north of White Rock Canyon.

Latest Pleistocene and early Holoceoe susfaces are younger than Q,
and consist mainly of alluvial fans graded to low terraces along the Rio
Grande. The surfaces are best developed north of White Rock Canyon,
from Otowi to Espafiola. Alluvial lerraces alsa are preserved along the Rio
del Oso and other chaanels that drain Miocene sandstone. The degree of
soil development on isolated terraces 4 to 8 m above arroyos suggests that
these surfaces became stable befare late Holocene time (D. P. Dethier,
unpub. data). Terraces within 4 m of grade record a period of aggradation
that began before about 300 yr ago, followed by incision after about 1900
A.D. (Dethier and Demsey, 1984),

Surface Ages

Geologic dating (Tables 1, 2) indicates that Pleistocene erosion sur-
faces in the Espafiola basin formed at successively decreasiag altitudes
during four periods: 1100 to0 350 ka, 350 to 240 ka, 240 t0 130 ka, and
130 to 80 ka. We calculated the approximate ages of surfaces =t some 30
localities (Fig. 2), using the curve for varnish-cation ratios determined for
the Espaiiols basin {Fig. 5). Calibration was provided by four Th/U ages
(Table 3: samples 4-84-, 2-84-, 3-84-, and 1-85-MJA) from sites where we
also analyzed varnish-cation ratios. The vamish technique gave resuits
comsistent with the genlogic evidence and with other dating methods used
in this study. The highest surfaces had the lowest varnish-cation ratios and
{argest ¢S values (Table 1), and the erosion surfaces cruncated deposits that
gave th highest (cldest) amino-acid ratios (Table 2). Surfaces Q3 and (4
gave higher vamish-cation ratios {Table 1), lower cS values, and cut
younger fossiliferous deposils. Varnish-cation ratios were considerably
higher than those listad in Table 1 near scarps in gullied areas (for instance,
3-84-MJA) and in other zones where surfaces showed evidence o« rework-

ing. Samples for Th/U analyses were collected at localities near scarps

{(Harington and Aldrich, 1984), and varnish-cation tatios at these sites
were higher than ratios from more siable areas of the surface. The line
defined by the varnish-catio ratios at the Th/U localities, however, is only
slightly different than that defined by vamish-cation ratios at the soil-
carbonate localities (Fig. 5).

DETHIER AND OTHERS
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Figure 5. Relatlon between sges of geomorphic surfaces and
vamish-cation ratios (determined st 15 Kev), western Espailots basin,
New Mexico. Line is the least-squares fit through the Th/U-dated
points (Hurrington and Whiteey, 1987). Vamish-cation ratios were
measured st four to ten locstions (points wre memn =10 valaes for the
five lowest varnish-cation ratios; Harrington and Whitney, 1987) on
ench surface. Ages of surfaces Q;, Q;, Qs, and Q, slong the Rio del
Ono were estimated from their maxisnum amounts of soil-carbonste
{Dethier and Demsey, 1984) and an estintated C2C0; sccumisiation
rate of 0.22 gem-2ka -3,

Amino-acid ratios from thyee sequences of axial-river deposits (Tabie
2) help to limit maximum ages for surfaces Q;, Qs, and Q. Gastropods
from axial deposits beneath surface Q, gave amino-acid ratios (Table 2
samples D-86-11a and D-83-5) that suggest deposition between 700 and
S00 ka. Amino-acid ratios show that surface Q5 is younger than 250 ka
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and that surface Q, is younger than 130 ka (Table 2). ages similar 10 those
calculsted from varish-cation ratios (Table 1). These data suggest that
siluvial fmbuﬂlaameﬂoodpkinlndthatsurfzoso_;wdQ.
became stable within a few tens of thousands of years, Deposits truncated
by surface Q,, however, may have accumulated as much as several
hundred thousand years ealier than the erosion surface.

Varnish-cation ratios, used in conjunction with other dating tech-
nigues, help to define periods when geomorphic surfaces were modified by
local aggradation or erosion. For instance, a ¢S of 78 gem 2 demonstrates
that an isolated remnant of surface Q) north of the Rio dei Oso ( Fig. 2)
has been accumulating CaCO; for more than 350,000 yr. We did not
obtain a Th/U age at this site, but the varnish-cation ratio was 1.7,
equivalent (o an age of sbout 500 ka (Fig. 5). The Th/U age of surface Qi
was 144 ka (Table 3; 85-1-MJA) a1 s site south of Clara Peak where the
vamish-cation ratio was sbout 2.7, equivalent 10 an age of about 150 ka.
We did not use the Th/U technique to date surface Q,, but varnish-cation
ratios show that the surface formed before about 250 ka, and possibly as
carly as about 550 ka (Table 1). Soil-carbonaie accumulatton demon-
strates that parts of the surface have been stable for 235.000 vr. The ages of
surfaces Q3 and Q, are constramed by the data in Table 2 and by the
varnish-cation ratios and ¢S values listed in Tabie |. The Th/U ages of 105
ka for Q; and 22 ka for Qq do not date formation of the surfaces but do
record when the sample sites became stable. The last three Th/U ages
listed in Table 3 probably reflect periods of local surface degradation or
aggradation, but we have not analyzed varmsh from these sites. The lowest
vamish-cation ratios generally give close limiting ages for the time when g
surface was Jast modified. Ages calculated from rack vamish must be used
in conjunction with other dating techniques, however, to esumate the age
of formation of geomorphic surfaces.

Incision History

Net incision in the Espafiols basin probably is driven by regional
uplift, but cycles of incision and sgzradation caused by Quatemary cli-
matic change aiso have produced substanual changes in focat base level,
Elevations and ages of erosion surfaces show that the net incision rate since
about 2.8 Ma has averaged about 10 cm/1.000 vyr and thst more rapid
incision has characterized the past 500,000 yr. Late Pliocene and early
Pieistocene changes in base fevel are poorly documiented in the -vestern
Espafola basin, bul imes of incision are approximately knows in a few
areas. Stratigraphic relations near White Rock Canyon, for instance, sug-
Best that base level was relatively stable from 3 Mz to about 2 Ma (Wares-
back, 1986). In the northeastern Espafiola basin, a series of pedimenis
were cut between about 2.8 and 1.4 Ma when local base level fell some
80 m (Manley. 1976, 1979). Cauwstrophic deposition of the Lower and
Upper Bandelier Tufl interrupted Pleistocene incision in the northwestern
Espaiiola basin. Canyons tens of metres deep were cut locally in Bandelier
Tuff between 1.4 and 1.} Ma (Griggs, 1964), but rapid incision did not
begin until after 1.1 Ma in both White Rock Canyon (D. P. Dethier,
unpub. data) and the Rio del Oso area (Dethier and Demsey, 1984),

Ages and elevauons of erosion surfaces i the northwestern Espaitola
basin indicate that incision rates increased dramatically afier about S00 kg.
Between about 500 ka and 100 ka. base level fell about 150 m. The
average rate of incision over that pentod was almost four times the rate
caiculated from 1.1 Ma 10 present. Net incision ended someume after
100 ks, and latest Pleistocene and Holocene {ans buned the Pleistocene
Rio Grande channel near Espadola. Many surfaces that formed dunng the
climatic change st the end of the Pleisiocene were buned along the Rio
Grande clsewhere :n New Mexico (Gile and others, 198); Machetie,
1985). Late Pleistocene terraces related (o the Pinedale glaciation are
preserved, bowever. along nvers draining the northern Sangre de Cnisto
Range and Brazos upland (for insisnce. see Scott and Marwvin, 198S:
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Wesling and McFadden, 1986: Kelsop and others, 1986), and locally
afong the upper Rio Grande.

Ages and elevations of surfaces i the Rio Chama/Rio Grande drain-
age (Fig. 6) are broadly comparable to those seported for the
Albuquerque-Belen basin by Machette (1985). Combined data from the
Espafiola and Albuquerque-Belea basins suggest that rapid incision began
sometime afier about 600 ka and lasted until at ieast 100 ks, Data from
the Espaiiola Mnmsimﬂutothoserepomddscwlmeinthewgion.
which implies fairdy uniform regional climatic or lectonic influences
(Fig. 7). We have no direct evidence that climate controlled development
of Pleistocene erosion surfaces along the Rio Grande. Axial-chanpel de-
posits covered by piedmont gravel, bowever, suggest that surfsces near
Espaiiola and along the southera Rio Grande were active zones of trans-
port during transitional and interpluvial climates sad were relatively stable
during piuvial petiods {(Gile and others, 1981).

Personius and Macheite (1984) noted rapid downcuting along the
Rio Grande near Taos, New Mexico. beginning after about 600 ka. They
aitributed the downcutting to either drainage integration or uplift. Studies
by Kelson and others (1986) in the same geacral ares led them 10 favor
drainage integration or capture for the rapid downcutting. Gillam and
others ( 1984) suggested thai elevations of surfaces along the Animas River
were a function of uplift. We believe that drainage integration may have
mcreased incision rates i northern New Mexico, but widespread down-
cutung between 500 and 100 ka implies a change in a regional varixble
such ss & shift 10 wetter climate.

Demudation Rates

Altbough incision was relatively uniform in the western Espaitola
basin during the late Quatemnary, denudation (incision integrated over
drea) was strongly influenced by different rock types (Table 4). We calcu-
lated denudation rates from hypsometric measurements for test aress of
about 35 km? located 2-6 km from the axiaf drainage in each of three 7.5'
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Figure 6. Elevation of erosion surfices above the Rio Grande,
western Espaiola and Albuquerque-Belen basins, New Mezxico. Line
indicates net incision history since 2.8 Ma. Other d»a for the western
Espaitola basin are given in Table 1. Data for Albuquerque-Belen
basin from Machette (1985), except for the elevation of the youngest
point. which is from Lambert (1968). Age and elevation ranges are
shown as solid kines (dashed where uncertain) about the data points.



ND
W
L=,

T T Y A T

- 1984
(Y7} --D¢
§ 100+ . o 4
z S
§ il + "%ﬁ '
4
G - 4=
- "+" 4 8. Rio Grande Area
0 ; O W. Espaicia oasin
;_+___ 3 Upger Chama River
§ 5 & Animas River .
& €. Grand Sanyon
é ® Spanih Valley, Utsh
p ]
]
kg T BT 0

AGE (YEARS)

Figure 7. Net Pliocene-Pleisiocene incision along the Rio Grande
and other selected major drainsges in the southwestern United States.
Sources are Machette, 1988 (southern Rio Grande: Las Cruces areaj;
this study (westem Espafiols basin); Scott and Marvin, 1985 (Upper
Chama River); Gillam and others, 1984 (Animas River); Machette and
othery, 1985 (easternt Grand Canyon); and Harden and othess, 1985
{Spanish Valley, Utah). Age and elevation eanges given in the original
studies are shown a3 s0lid lines (dashed where uncertxin) sboot the
data points.

quadrangies along the western masyin of the Espadola basin. The principal
rock types were (1) slightly lithified Miocene sandstone (Chili quadran-
gle), (2) indurated Quaterary tuff overiying Pliocene boulder gravel
(Puye quadrangie), and (3) indurated Quaternary tuff overlying Pliocene
basalt (White Rock quadrangle). Denudation rates were calculated as
(cubic metres of rock removed/size of test area, in m?)/(time interval, in
thousands of years) for the time intervals listad in Table 4. We assumed
that whea incision began, each reference surface tested in Table 4 had a
siope similar to preserved remoams, and that €rosiop from the remnants
has been minimal. Each of Lhe geomorphic surfaces was well preserved in
the Chili quadrangle; in the Puye quadrangie, only the top of the Bandelier
Tulf and surface Q) were defined, and only the top of the Bandelier Tuff
served as & reference point in the White Rock gquadrangle. We can best
constrain denudation rates for the Chili quadrangle, but the effect of differ-
eotial rock resistance is clear in all three quadrangles for rates integrated
from 1.1 Ma to the present.

Differeat rates of denudation and varied rock resistance bave strongly
affected the landscape exposed in the northwestern Espafiola basin. For
instance, weakly cementad sandsione slong the Ric def Oso was removed
twice as rapidly as the more resistant tuff, boulder gravel, and basait nesr
the Arroyo de 1s Presa. The well-defined surfaces cut on soft sandstone
near Chili are a direct consequence of rapid erosion, followed by armoring
of surfaces with gravel traasported in paleochannels. Erosion surfaces
younger than Q are {eas sharply defined and less extensive in the areas of
tuff and boulder gravel south of Guaje Canyon (Fig. 2). South of Los
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Alamos Canyon, narrow, steep-walled canyons eroded into tuff and basalt
preserve only a few erosion surfaces, although fans older than 130 ka ace
present {ocally. Relatively slow rates of denudation and fimited preserva-
tion of erosion surfaces are typical of the resistant rocks exposed in most of
the southwestern Espaiiols basin, the White Rock Canyon area, and near
Cochiti Dam.

Denudation rates calcuiated for the Chili quadrangie (Table 4) indi-
cate & long-term sedimeat loss of sbout 10 cm/1,000 yr (200 Tkm2yr-1),
mdpaknm(Q,tonﬁme)ofSOcmfl.owyr(M‘Rnn' ~b,
assuming a sediment density of 2.0 gem -3, Denudation rates in areas of
mmumdsmhweﬂmtumdbmmm&blyhms
/1,000 yr (<100 Tkm2yr-1). The bigher rates are comparable w iate
Holocene denudation rates and to contemporary sediment vield for the
Rio Grande. Miller and Wendorf (1958) used the volume of sadimes
stored beneath terraces w cstimate that late Hojocene deaudstion rates
from weskly cemented Miocene sandstone ranged from 11.5 to 43
€m/1,000 ye (330 to 860 Tiam %")Mwm:ummunf
denudation and aggradation in nortbern New Mexico are
comparable to those for the laie Holocene period of aggradation. Sediment
yield for the Rio Grande catchment a1 Otowi is about 200 to S00

Tkm2yr~$ (US. Geol. Survey, Albuquerque, New Mexico, 1985, anpeab.
records), equivalent 1o & denudation rate of 10 to 25 cm/1,000 yi. Coa-
wmponrymmofdmu&nonthmmcnmmblem rates caleulated
from 500 ka to the present.,

Uplift Rute and Climade Change -

Incision recorded by erosion surfaces in the western Espafiola basio
could reflect uplift, climate change, drxinage capture, or s combination of
factars. If incisic<, was dominated by uplift, rates were slow to moderate
{5 to 35 cm/1,000 yr) in late Cenozoic time. Such rates are comparable to
those estimated for the southera Rocky Mountains in Colorado (Scott,
1975) and southern San Juan Mountains of Colorado (M. L. Gillam,
University of Colorado, unpub. dats). Slow regional uplift of parts of the
western United States apparenily is caused by either regional extension
and upward bulging of the lithosphere {Eaton, 1979) or subduction of s
lithospheric plate (Damon, 1983). lncieased rates of incision {Figs. 6, 7)
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sfter about 500 ka could suggest a change 1 rates of regional uplifi. but we
believe & climatic explanauon 1s more bkely.

Increased runoff in the Rio Grande may have contsibuted to the
apparent increase in rates of downcutung at 500 k. Drainage caplure
could explain increases 1n runoff along the Rio Grande, but we are not
aware of any evidence that suggests capture i the basins of the Rio
Chama, Animas River, and eastern Grand Canyon (Colorado River),
which also record more rapid inoision. Global change (0 8 wetter climate
after about 600 ka, suggested by some terrestnal and deep-sea records
(Samnthein and others, 1986; Jansen and others. 1986), could have 1o-
creased peak or average discharge in rivers. Climatic models for the
southwestern United States demonstrate that temperature and effective
mousture changed substantialiy in the late Pleistocene and early Holocene
{Phillips and others. 1986; Spaulding and others, 1983; Galloway. 1983,
Brakenridge, 1978). No comparable records of paleociimate, however, are
available for the period of changed incision rates. Incision of basin-filling
alluvium (Camp Rice Formation and corvelative units) along the ceniral
and southern Rio Grande valley after about 500 ka is attributed mainly to
integration of middle and lower nver segments (Gile and others, 1981;
Seager and others. 1984), rather than solely to a climatic shift. The impor-
tance of cimate change to downcutting along the Rio Grande 1s thus not
clear.

We suggest thal regional uplift produced late Cenozoic downcutting
by drainages such as the Rio Grande in the Espadola basin and that
changes 1o a welter climate increased rates of incision at about 500 ka.
Proof of wetter climate and increased discharge requires studies that em-
phasize palynologic, palcontologic, and stable-isotope techmques, coupled
with paleohydraulic data. Better understanding of the erosional history of
the Rio Grande will come when we can predict bow major nvers m
semiarid zones respond 1o climatic changes, still a poorly undersiood
subject (Schumm, 1977; Bull, 1979; Howard, 1982).
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EXECUTIVE SUMMARY

Daa Qualification of Existing Data for Erosion

The Erosion Data has been subjected to technical assessment o establish that: Equivalent QA
existed dufing data gathering and evaluation. that corroborative data exists 10 substantiate the
Erosion Data, and that an independent Peer Review of leading geomorphologisis has examined the
varnish cation-ratio age dating process used by the Principal Investigators on erosion 3t Yucca.
Mountain and find it the best technique currently avaitable.

The Nuclear Regulatory Cornmission (NRC) published NUREG-1298 (Generic Technical Position
on Qualification of Existing Data for High-Level Waste Repositories) 10 provide guidance to the
DOE regarding the process by which existing data should be qualified 10 meet th. requirements of
10 CFR 60, Subpart G. DOE has implemcnted Administrative Procedure 3.9Q (Quatification of
Data or Data Analyses Not Developed Under the Yucca Mountain Project Quality Assurance Plan) -
to allow a qualification process for Project data gathered prior to the NRC's aceeptance of Yucca
Mountain Project Office’s (YM PO) Quality Assurance Reyuirements Document (QARD) guidelines.

A Technical Exchange was held on May 27, 1992 between DOE. and the NRC io present the
technical basis for a DOE Topical Repont (TR) on Erosion. In line with DOE issuing a TR, this
Technical Asscssment has been conducted to demonstrate the QA acceptability of Erosion Duta,

This Technical Assessment was completed in accordance with Yucca Mountain Project Office
(YMPO) Quality Management Procedure (QMP) 02-08, Rev. | and with YMPO Administrative
Procedure (AP) 5.9Q, Rev. 1, Sections 4.5, 5.3.2.1, and 5.3.2.5. Just prior 10 summarizaticn of this
Technical Assessment, AP 5.9Q, Rev. 2 has been implemented. AP 5.9Q, Rev. 2 was being
developed during the Assessment period. and was actually a result of working with Rev. | and
NUREG-1298 in the Assessment effort. The Technical Assessment method is consistent with Rev.
2 requirements, as well as the requirements of Rev. §.

This Technical Asscssment, and alt directly related Technical and QA Procedures, TATM
qualifications, carrespondence, Assessment results, the | ANL Independent Pecr Panel Review, and
the Technical Assessment Notice, Rev. 0 and Rev. 1 have been entered in the YMPO Records
Information System.

i
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TECHNICAL, ASSESSMENT RESULTS

This Technical Assessment was conducted in two (2) phases. Phase one consisted of having the
Technical Assessment Team Members (TATM) review Technical and QA Procedures in-place for
the U. 5. Geological Survey (USGS), and Los Alamos Nationat Laboratory (LANL) guiding sample
collecting and analysis, and field measurements against cusrent Technical and QA Procedures for
the USGS and LANL which control field and laboratory processes today. The second Phase of this
Technical Assessment verified that the Scientific Notebooks showing field work and laboratory

work conformed to, and followed those refevant Procedures in-place during the time.the Notebooks
were developed. .

The Technical Assessment Team consisted of:

Dr. John C. Dohrenwend
U. §. Geglogical Survey
Menlo Park, California

Dr. Peter W. Birkeland
University of Colorado
Boulder, Colorado

Avgust C. Matthusen
SAIC
Las Vegas, Nevada

Jeff McCleary
Woodward-Clyde Federal Services
Moab, Utah

B. Robert Justice

Duke Engineering & Services, Inc.
CRWMS/Managemeni and Operating Contractor
l.as vegas, Nevada

These Team Members were chosen based on their proiessional standing in the geomorphological
ficld and/or their expertise in High Level Waste Site Chasacierization work. None of these people

have worked within the Erosion Study Program on Yucea Mountain cxcept as independent
reviewers of specific portions of the Study,

i
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Conclusions and Recommendaticns

The Technical Assessment Team has compared current and previous QA and Technical Procedures
that control erosion samples collection and analyses, and ficld measurements for ero ion. In
addition, field and laboratory notebooks of the Principal Investigators (Dr.’s Whitney and

Hanrington) were examined and Coinpared (o these Procedures.

Conclusion

Itis unanimously'ag.xeed by all five Technical Assessment Team Members that data collection and
evaluation completed prior to NRC acceptance of the YMPO Quality Assurance Program can be
qualified under current YMPO QARD requirements.

Recommendation

The Technical Assessment Team does recommend to DOE YMPO that the technical data on

Erosion be formally accepted as qualified under current YMPO QARD, Rev. 4 guidelines.

Peter W. Birkeland Date
John C. Dohrenwend Date
B. Robert Justice Date
Jeff R. McCicary Date

August C. Matthusen Date
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TECHNICAL ASSESSMENT

Qualification of Technical Data - Extreme Erosion

INTRODUCTION

On May 1, 1992, the Regulatory & Site Evaluation Division (RSED) of the Department of
Energy (DOE) Yucca Mountain Project Office (YMPO} initiated a Technical Assessment to
cvaliiate the ability of DOE o accept as "Qualified” the technical data on extreme erosion.
This data. was collected and evaluated prior 1o NRC acceptance of the YMPO Quality
Assurance Program, The scope of the Technical Assessment has been to evaluate the
Quality Assurance (QA) and Technical Procedures guiding sample collecting and analysis,
and field measurements against current procedures in-place fur the U. S. Geological
Survey (USGS) and Los Alamos National Laboratory (LANLY), under the DOE Quality
Assurance Requirements Document (QARD) accepable to the Nuclear Regulatory
Commission (NRC).

In accordance with YMPO Administrative Procedure (AP) 5.9Q, Rev. 1, Section 4.5, this
Technical Assessment has been carried out to provide review and evaluation of the data and
data analyses in line with AP-5.9Q, Rev. 1, Sections, 5.3.2.1 and 5.3.2.5.

AP-5.9Q, Rev. 2 has been implemented soon after this Technical Assessment was
completed. AP-5.9Q, Rev. 2 was in development during the Assessment period, and was
a result of working with AP-5.9Q, Rev. 1 and MUREG 1298 in the Assessment effort.
The Assessment method is consistent with AP-5.9Q, Rev. 2 requirements. This Technical
Assessment has been done in accordance with YMPO Quality Management Procedure
(QMP) 02-08, Rev. 1, to establish iechnical merit.

The Technical Assessment Notices, Revision 0 and Revision 1, are included as Attachment
1. The Technical Assessment Team (TAT) initially consisted of four (4) members, shen
was expanded on June 12, 1992, 10 include one additional member. These TAT members
are identified in Attachment I1, as are their qualifications to perform this Technical
Assessment.

Communications between the Technical Assessment Chairpzrson (TAC) and the Technical
Asscssment Team Members, (TATM) are included in Arachment B, as are the initial
comments by TAT Members.

This Technical Assessment has beea conducted in two (2) phases. Phase I consisted of
having the TATM review the Procedures described above in the first Paragraph. Asa
result of the Phase [ evaluation, a second Phase was initiated during which two members of
the TAT visited the Principal Investigators for the Erosion studies or the Yucca Mountain
Site, Dr. Whitney (USGS), and Dr. Harrington {LANLD) at their respective offices. These

visits were for the purpose ol examining ficld and laboratory scientific notebooks, and
interviewing Dr. Whitney and Dr. Harnington.
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SUMMARY - PHASE |

The Technical Assessment Notices of May §, 1992, and June 22, 1992 asked the TATM 1o
cvaluate the QA and Technical Procedures in-place in the U. S. Geologicat Survey
(USGS), and Los Alamos National Laboratory (LANL), during the time that sample
collection, analysis, and ficld measurements were performed. These were compared
against procedures currently in place at the USGS and LANL under the DOE QARD

guidelines. The furposc was to examine any differences between these procedures in order
to answer the following questions:

. Would data coliection and evaluation under current Panticipant technical procedures
differ from those procedures aciually followed?

. Are any differences significant enough to affect technical results?

. Can a recommendation be made to DOE YMPO that the procedures used to gather
and evaluate samples, and guide field mcasurements are acceptable to allow the
technical data 1o be qualified under current QARD guidelines?

This Assessment has been conducted in line with the Instructions for Assessment included
in Attachment 1. ‘

ASSESSMENTS

Dr. John C, Dohrenwend
U. 8. Geological Survey
Menlo Park, California

! have examined the differences besween those procedures that we:e in place during
collection and evaluation of samples for rock varnish analysis (for the purpose of assessing
exireme erosion as an issue at Yucca Mountain} and currens procedures under the DOE

QARD that are applicable to such collection and evaluation activities. As a result of this
examination, ! have reached the following conclusions:

. Current sample collection and evaluarion procedures are nearly the same as the
procedwes actually followed during sumple collection and evaluation.

. None of the procedural differences that do exist are significant envugh to affect the
technical results of the extreme erosion Study.

. Therefore, a reco:nmendation can be made to DOE YMPO that the proce. " res used
to collect und evaluate samples are accepiable and that the technical data per:uining
{0 the exteme evnsion studv should be qualified under current QARD guidelines.

Dr, Peter W. Birkelund
University of Colorado
Boulder, Colorado
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In sunumary, in arswer i the three questions posed:

. ! think the sample collection and evaluation was not significantly different under
both procedures. " . ‘

. The differences are not significant enough to effect sechnical resulls.

. L recommend that the procedures used io gather and evaluate samples are acceptable
| to allow the technical data to be qualified under currens QARD guidelines,

! should add, however, that it is very difficulr to make these Jjudgemenis withowt knowchg
the kind of data that were coilected. It would help to see the report that resulted from the
Jield work, or lab work. _ .

The rest of Dr. Birkeland's assessment is contained in Attachment 1V.

August C. Matthusen
SAIC
Las Vegas, Nevada

. From the procedures reviewed, it is not possible o determine if the technical resulis
would differ from the results that were determined, The procedures reviewed
govern mainly the documentation of results and not the gathering and analysis

processes.
*  (Requires verification of technical data 10 reviewed procedures).
. There do not appear 10 be any valid reasons why any of these data can not be

qualified under currens QARD guidelines. ,

The rest of Mr. Matthusen's assessment on equivalent QA is contained in Attachment IV.
Resolutiog‘ gt‘ Mr. Manthusen's comments arc addressed further into this Summary Report
on pages 6-7.

Jeff McCleary

Woodward-Clyde Federal Services

Moab, Utah

. In summary, based on the information provided, hecause of the unknown criteria

Jur sample cotlection prior 10 511187 it is possible that technical results could differ
if current procedires were followed. Similarly, potential shipping damage should
be considered in accepting the technical results. | Jeel that if recommendations }
and 2 are followed! these issues can be resolved.

Recommendations
I Fhe LANL notebooks developu. under the R and D procedures should be reviewed

in order to deiermine how sumples were selected in the field prior 10 511187, If it
can be shown thar the same criteria for site and sample selection were followed
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prior 10 511189, as after the sample collection procedure for rock varnish studies
was issied, then ol samples can be considered valid.

All samples shipped should be examined for abrasion or other shipping damage to

the varnish swface. If all samples show an imact varnish surface they can be
considered valid.

The rest of Mr. McCleary's assessment on cquivalent QA is contained in Attachment IV
Resolution of Mr. McCleary’s comments are addressed further into this Summary Repon
on pages 7-10.

B, Robert Justice
CRWMS Management & Operating Contractor
Las Vegas, Nevada

Would sample collection and evaluation under current participant techuical
procedures differ from those procedures actually followed?

Response - Inconclusive in that procedures for collection did not exist uatil 511187
and until 513188 did not adeguately address the handling of samples. The guidelines
Jor determining collection areas were less restrictive than current requirements and
could have led to samples being collected from areas which may be unsuitable
under current procedwes. Additionally, there is no evidence of procedural
guidelines for conducting the rock varnish for erosion analysis.

Are there any differences significant enough to affect technical results?

Response - Yes, in the area of handling the samples once they were colfected.
There was not any specific guidelines provided for the handling of samples uniil
513188 when change Reguest #29 to procedure TWS-ESS-DP-114, Rev. O became
effective. Also, the lack of procedural processes for the collection and analysis of
samples raises questions with respect to what processes were actually used and the
consistency with which those processes were repeated.

A recommendation to accept the datu based on the procedures provided for this
assessment cannot be made. The obvious lack of procedural guidance in the early
stages of this activity supporis this conciusion. Other evidence may be available 10
support the processes used to accomplish the collecrion and analysis of semples.
The notebooks, which have been used throughout this activity to document the

work that was performed, may contain enough aformation o identify the processes
used and the coisistency with which they were re-eated.

The rest of Mr. Justice's assessment on equivalent QA is contained! in Atachment 1V,
Resolution of Mr. Justice’s conunents are addressed further into this Summary Report on
pages 10-14.

Afler evaluating the TATM Phaze 1 -ummwems (excerpied above and provided in full in
Attachment 1V), it was apnarent that:
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a. All of the TAT Members recognized that the two sets of procedures (those prior to
DOE QARD guidelines, and those after) provided to them for evaluation are very
similar.

b.  Mr’s McCleary and Justice recognized that samples were collected prior to 5/1/87
.- before the inidal sample collection procedure became effective. Handling and
“ * shipping controls were not well addressed before 5/3/88.

e, ., ~ Mr.'s Matthusen, McCleary, Justice, and Dr. Birkeland, all commented that it
} . .would be desirable to see data and resulis (i.c. field and laboratory notebooks) in
~. . order 10 compare data entries to the reviewed procedures.

SUMMARY. - PHASE |1

In'order to resolve the concems and questions identified in the Phase I procedures review,
the following assignments were given to Mr. McCleary and Mr. Matthusen of the TATM-

Mr, McCleary went to interview Dr. Whitney at the USGS offices in Denver on July 14,
1992, and examine his field notebooks relating to the erosion siudies, particularly those
sections on sampling for cation ratio dating of desent vamish.

Mr. Matthusen went to intceview Dr. Harrington at the LANL offices in Albuquerque on
July 14,1992, and examine his field and laboratory notebooks.

The results of these examinations were quite positive. Mr. McCleary concluded ™. . . itis
my opinion that cation-ratio dating of desert vamish can be used to support the Project
- position on erosion rates at Yucca Mountain.”

Mr. Matthusen has siated “The procedures {which includes the methodology reflected in
field and laboratory notebooks) for gathering and evaluating samples, and the
documentation of the gathering and evaluation of samples, allow the daia to be qualified.”

The full 1ext of Mr.'s McCleary's and Manthusen's observations and evaluations are in
Anachment V.

In the following Section, point by point resolutions are provided for each TATM comment.
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RESOLUTION OF ASSESSMENT COMMENTS

Drz. John C. Dohrenwend

Dr. Dohrenwend has answered the three questions poscd by the Technical Assessment in
recommending "to0 DOE YMPO that the procedures used 10 collect and evaluate samples are
acceptable and that the technical data pertaining 1o the extreme erosion study should be
qualified . . .".

Dr. Peter W. Birkeland

Dr. Birkeland has also recommiended that the technical data penaining 1o the extreme
crosion study should be qualified. Dr. Birkeland's one concern was the kind of data
(samples) that were collected, and the results (documentation) of field work, or lab work.
Mr. McCleary and Mr. Matthusen have resolved Dr. Birkeland's concemn by inspecting the
scientific field and laboratory nulebooks.

August C. Matthusen

First Comment:

. From the procedures reviewed, it is not possible to determine if the technical resulss
would differ from the results that were determined. The procedures reviewed
govern mainly the documentation of results and not the gathering and analysis
process.

Resolution of Mr. Matthusen's comment is addressed in the verification of data o

{o]mccdurcs which was camried out by Mr. Matthusen, at LANL and M. McCleary, at the

SGS, subsequent 1o the Procedures Asscssment.

Proposed Resolution - Mr. Matthusen:

Additionally, the purpose of the Techniccl Assessment Notice requested that I assess three
questions. These are assessed as follows:

Would sample collection and evaluation under current participani technical procedures
differ from those procedures actually followed?

No, they wouid not differ.

Are uny differences significant enotugh to affect techmical resulis?

No, there are not significant differences.

Can a recommendation be made 1o DOE YMPO ihai the procedures used to guther and

evaluate samples are acceplable to attow the iechnical data 1o be qualified under current
QARD guidelines?
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Yes. The procedures for gathering and evaluating samples and the documemnation of the
gathering and evcluation of sumples allow the duta 10 be qualified. The documentation of
sample and data collection would aliow a knowledgeable person 1o reirace the invesiigation
and confirm the resulis. The same documentasion would allow a peer of Dr. Harrington 10
repea the investigation and achieve comparable resulis without recowrse to Dr. Harrington.
From my review of the docwnentation | recommend shat the data be accepied.

The rest of Mr. Matthusen's verification report is contained in Attachment V.
Pmpoied Resolution - Mr McCleary:

Based on the above observations of the procedures and notebooks and my discussions with
John Whitney, it is my opinlon that if the early sampling were repeated under current
procedures, the results would not be significanily differen.

1t is also worth noting that the early samples collected by the USGS alone have, in general,
yielded age estimates that are youngcr than average. Therefore, eliminating the use of these
samples would only support older deposits and slower erozion raies, a less conservative
position relative 10 the regilations. In addition the overali argument on erosion raies does
not hinge on the cation-ratio dating technique. U-series, U-trend, Cl-36, and
tephrachronology studies were also carried out on early samples collected by the USGS
and are in general agreement with the cation-ratio data.

In summary, | have made the following observations:

. USGS field notebooks dociunent to a reasonable extent that the samples collected
early in the study wouldd also have been selected under the 511187 procedure.

. Inclusion of the eurly data produces a slightly more conservative erosion rate
relative 1o the regulutions.

. Other dating suuldies carried out to address the erosion issue generally support the
results of the desert varnish siudies.

Therefore, it is my opinion thas the cation-ratio dating of desert varnish can be used
support the project position on erosion rates at Yucca Mountain. If other assessmeni team
members, vr the project, siill have concerns, other evaluations can be made with existing
information and examination of the samples at LANL.

Resolved: Based on the documeniation in the scientific notcbooks of the Principal
Investigators it is apparcnt that sarple collection and evaluation procedures followed
during the investigation were not different from those currently in place. Therefore,
technical results would not be significantly different.

Second comment:

. Requires verification of icck-~ical daia o reviewed procedures.

Resolved - This comment has been resolved by the verification of data 10 procedures by
Mr. Mathusen and Mr, M Cleary.
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Jeff McCleary
First Comment;

. In summary, based on the information provided, because of the unknown criteria
Jor sample collection prior to 511187 it is possible that technical results could differ
if current procedures were followed.

Proposed Resolution by comparison of field notebooks 1o procedures provided the
following:

Proposed Resoiution - Mr. Matthusen:
The documentation maicrials reviewed include the following:

. Field Notebooks. Two of Dr. Harrington’s field notebooks docwment samples,
sample collection , field sample identification numbers assigned, dates of collection,
field personnel, collection rationale, hypotheses, a:d descriptions of sample
collection localiiies for rock varnish samples for the Yucca Mountain Froject. The
first notebook (NB1) covered the period from 1012185 10 51 13/87. This notebook
alse included informarion on rock varnish Pprojects not related 0 Yucca Mountain.
The second field notcbook (NB2) covers the period from 1110187 to 1990 and
includes only Yucca Mountain relased informarion. NBI contains copies of pages
Jrom the field notebook of 1. Whitney (USGS) documenting rock varnish sample
collection aciivities in 6184, 10185, 11185, and 7186. NB] also contains notes by
Dr. Harrington regarding sample collection done in conjunction with J. Whitney for
the previously mentioned dates after 10/85. NB2 is more detailed than NB! and
consains more detailed descriptions of samples, sample locations, ccllection
rationales, and hypotheses. Samples and locations recorded in NB! and NB2 are
further documented in a Sample Tracking Notebook and on lopographic maps.

. Sample Tracking Notebook for rack varnish samples. Samples are recorded with
Sield sample identification number, lab disk identification number {iwo disks of
rock are cut from the field samples and cemented onto g glass slide for use in the
scanning electron microscope (SEM) and a new lab disk identification number is
assigned to vhe slide as the field samnple identificotion is often ina long 1o fit on the
slide}, geologic deposit name, description of samgle, and samples are keyed to
collection locations documented on topographic maps.

. NNWSI Log Book. This notebook documents sample transfers and handlings for
the ESS-1 group of Los Alamos National Laboratory from the time period 5114186

1o 10/2191. The first cniry by Dr. Hurringian was 6/3187. The notebook has been
technically reviewed five times between 1115188 10 1 012191

Proposed Resolution - Mr McCleary:
The following obscrvations were made:
. The cwrent procedure requires that samples be collected:

Jrom stal:'ized deposits or ontcrops
thass exhibit mutiere varnis i teveloprient (tarker)
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- that avoids cracks, lichens, ete,
. that are not wind abraded or spalied.

. Samples were collected by the USGS {John Whitney) alone in 1984 and by the
USGS and LANL jointly in 1983 and later. ! therefore concentrated my
examination on the 1984 notebooks.

- The stabilized deposits are well described (slope angle, thickness, etc.) in
each case.

- Varnish maturity is not always described but i; is noted often and it is

} appareni from the notebook as a whole that the intent was ta sample darker

{more mature} varnish. ’

- The physical condition of the sample relative to cracks, lichens; abrasion,

' etc. was not well described. However, if necessary, the rock samples

actually collected could be examined at LANL ro desermine their physical
candition.

Resolved: Documentation available in the field and Jaboratory notebooks of the Principal
Investigators at the USGS and LANL demonsirates that the same sample collection -

rocedures were followed prior to 5/1/87 as after. Therefore, technical results would not
ge significantly different.

Second Comment:

* _ The LANL notebooks developed under the R and D procedures should be reviewed
" in ordér to desermine how samples were selected in the field prior to 511187. If it
can be shown that the same criteria for site and sample collection were followed
- prior 10 511187 as after the “sample collection procedure for rock varnish studies”
was issued, then all samples can be considered valid.

Proposed Resolution has been done by Me. Matthusen in verifying that samples collected
prior to 5/1/87 were sclected using the same guidelines as were established in the
subsequent sampling procedure,

Proposed Resolution - Mr. Matthusen:
What techniques were used for sample collection?

Discussions with Dr. Harrington elicited that the = hinique used for sample collection was
as described in Harrington and Whitney (1987) and in the Sample Collection Procedure for
Rock Varnish Sampies (TWS-ESS-DP-114),

Was a procedure followed?

The Sample Co.lection Procedure for Rock Varnish Samples was implemented in 5187,
Prior to that time the work was heing done under the Quality Assurance Procedire for One-
time Research and Development Work (TWS-MSTQA QP-14, RO) implemented in 5185,
and the Reseurch and Developmen: {Experimental) Procedure (TWS-MSTQA-QP-14. R1)
implemented in 2136, These procedures allow developmens work to be done and
documented in notebooks,
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Resolved: As noted previousty, documentation is availabie to demonstrate that the same

precedures were followed pre and post the 5/1/87 issue date of the sample collection
procedure,

Third Comment:

. All samples shipped should be examined for abrasion or other shipping damage to
the varnish surface. If all samples show an intact varnish surface they can be
considered valid.

'

Proposed Resolution has been done by Mr. Matthusen.
Proposed Resolution - Mr. Mauthusen:

. The SEM samples (the rock disks on slides). These are retained in a locked cabinet
. inDr. Harrington’s office. The cabinet was opened and 1 observed the samples.

One sample was checked for ID nmumber and the 1D number could be tracked to
corresponding riunbers in notebooks, maps, etc. In discussion, Dr. Harrington
indicated that the rack samples from which the disks had been cut are al2
maintained in storage. Dr. Harrington siated that all rock varnish samples have
been hand carried to Los Alamos, so use of tke procedure for shipping samples has
not been needed.

Resolved: Observation of the samples and the careful handling of the samples (i.¢. 21l hand
chnziad) demonstrates that the vamish surface is iniact and the samples can be considered
valid.

B. Robert Justice
First Comment;

! Would sample collection and evaluation under current Pariicipant technical
procedures differ from those procedires actually followed?

Response - Inconclusive in thas procedures for collection did not exist uniil 511187,
The procedure used for collection (TWS-ESS-DP-114. Rev. 0) from 511187 uniil
313158 did not adequately adiress she handling of samples. The guidelines for
determining coilection areas were less resirictive than cwrent requirements and
could have led to samples being collected from areas which may be unsuirable
under current procedures. Additionaily, there is no evidence of pracedurat
guidelines for conducting the rocx varnish for erosinn analysis.

Proposed Resolution - August Matthusen

Prior tc 1987 LANL and the USGS were evolving defined (specific locations) sample
sites, and the analysis process.

The Sample Collection Procedure for Rock Vurnish Samples was implemeni=d in 4137.
Prior 10 that time the wora was being done under the Quality Assurance Proce-lure for One-
iime Research and Desvrlopment Work { 1WS-MSTQA-QA- 14, RO) implemenied in 5185,

and the Research and Develupment {(Experimental) Proced re (TWS-MSTOA-QP-14, R1)
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implemented in 2186, These procedures allow development work 10 be done and
umented in notebooks.

i. Field Notebooks. Two of Dr. Harrington's field notebooks doctumens samples,
sample collection, field sample identification numbers assigned, dates of collection,
field personnel, collection rationale, kypotheses, and descriptions of sample
collection localities for rock varnish samples for the Yiccca Mounsain Projeci. The
first notebook (NB ) covered the period from 10/2185 10 5113187, This notebook
also included information on rock varnish Projects not related o Yucca Mountain,
The second field notebook (NB2) covers the period from 1110187 10 1990 and
includes only Yucca Mountain related information. NB1 contains copies of pages
Jrom the field notcbook of J. Whimey (USGS) documenting rock varnish sample
collection activities in 6/84, 10185, ] 118§ . and 7/186. NB1 also containg notes by

Dr. Harringson regarding sompie collection done in conjunction with J, Whitney for

the previously mentioned detes after 10185, NB2 is more detailed than N8 and

contains more detwiled descriptions of samples, sample locations, collection
rarionales, and hypotheses. S amples and locations are recorded in NB} and NB2
and further documented in a Sample Tracking Notebook and on lopographic meps. -

2. Sample Tracking Notebook for rack varnish samples. Samples are recorded with
[field sample identification nwunber, lab disk identification number (two disks of
rock are cut from the field samples and cemented onto a gluass slide for use in the
scanning electron microscope |§ EM] and a new lab disk identification number is
assigned to the slide us the field sample ideniification is often ioo long to fit on the
slide), geologic deposit name, description of sanple, and samples are keyed tc
collection locations docimented on lopographic maps. -

3. NNWSI Log Book. This notebook documents sample transfers and kandlings ;or
the ESS-1 growp of Los Alamos National Laborarory Jrom the time period 5114186
to 1012191, The first emry by Dr. Harrington was 6i3/87. The notebook has been

technically reviewed five times between 1115188 to 1012/91.

4, SEM Notebook Rack Varnish, Begun in 6186 10 document the SEM and energy
dispersive X-ray analyzer (EDAX } work performed on the rock varnish samples. It
begins referencing the initial an ytic procedure (Harrington and Whitney, in
review; tarer publisied as Harrington and Whitney, 1987, “Scanning electron
microscope method for rock-varnish daiirg”, Geology, Vol 15, Pp. 967-970) and
briefly describing the initial analytic procedure in the notebook. It described
specifics of analyses and analyiic resudts. The notebook aiso documents much
additional pertinent information (e.2., on 9122186 the SEM machine was moved to q
new location, @ new rin was dine with a previously cnalyzed sample 1o
verifylcompare nevs resulis 1o previous anulytic resuits), Therefore, for a new
series of runs, an ol:f sample would be re-run g0 ensure similarity of results, Over
the course of the experimens, the experimental methodology was refined, All
changes in SEM 5¢ iings in response 1o methuxinlogical refinements are docwnented
{e.8., on 9122186 - the procedire wits modified to asceriain penetration Jfor the
varnish coating without inclusion of ilie rock subsirate, that is. lo ensure thet only
the varnish is being sampted) and previows samples retested. The notebook has
tundergone frequent technical review by techuical staff from Los Alamos {Carlos,
Vaniman, Brevion, Maassen). Thirteen reviews gre documented benveen 711186 1o
113191, The last technival entry in this notebook is 1114190, ir wils reviewed
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1118198, and wus closed out 2110792, Additionally, the notebook documents
changes in the SEM program used ta decanvolute the daia, hypotheses, changes in
hypotheses, problemns encountered, investigations pursued to resolve problems,
daia, and assumptions in methods.

Proposed Resolution - Jeff McCleary

The current procedure requires that samples be collected:
Jrom siabilized deposits or outcrops
P that exhibit mature varnish developmens {darker)
. that avoid cracks, lichens, eic.
. That are not wind abraded or spalled.

Samples were collected by the USGS (John Whitney) alone in 1984 and by the USGS and
LANL jointly in 1985 and later. ! therefore concentrated my examination on the 1984
notebooks,

The swbilized depesits are well described (slope, angle, thickness, e1c.) in

each case.
. Varnish maturity is not always described but it is noted often and it is
* apparent from the notebook as a whole that the intent was 1o sample darker
{more mature) varnish.
. The physicul condition of the sample relative to cracks, lichens, abrasion,

etc. was not wefl described. However, if necessary the samples {at LANL)
could be examined to determine their physical condition.

Based on the abave observations of the procedures and notebooks and my discussions wish

John Whitney, it is my opinion that if the eurly sampling were repeated under current
procedures, the results would not be significantly different.

It is also worth noting that the carly samples collected by the USGS alone have, in general,
yielded age estimates that are younger than average. Therefore, eliminating the use of these
samples would only support older deposits and slower erosion rates, a less conservative
position relative to the regulations. in addition the overall argwmnent on erosion rates does
7ok hinge on the cation-ration dating technique. U-series, U-trend, C1-36, and
tephrachronology snudies were also carried out and are in general agreement wisth cation-
ratio dasa,

Resolved: That the sampling process, and sample analysis process (via the documentation
in the Notebooks} is the same as would be done under current procedures (which were
d:velaped from the processes desmonstrated in the Notebooks).

Therefore, there would be oaly minimal differences, if any, for sample coilection and
cvaluation under current LANL and USGS procedures., :

Second Comment:
Z. Are there any differences sienificant cnough to affect technical Fesulis?
Response - Yes, in the areu of handli ng the samples once they were collected.

There were not ary specific guidel:nes provided for the handling of samples until
513/88 when Change Request 429 o procedure TWS-ESS.-DP-114, Rev. 0 became
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effeciive. Also, the luck of procedural processes Jor the collection and analysis of
samples raises questions with respect to what processes were actually used and the
consistency with which those processes were repeated,

Proposed Resolution - August Matthusen

The field notebooks, the sample tracking notebook, the NNWS] Log Book, the maps, and
the samples themseives (ali discussed Prior) exist to document the sample collection and

ing. Dr. Harrington stated that alt rock varnish samples have been hand carried 10
Los Alamos, 50 use of the procedwre for shipping samples has not been needed.

Sample handling used a "best practices” approach to protect samples being “hand carried”
by Dr. Harrington, :

The data, docwnentation, und work comply 1o procedures Boverning scientific notebooks
(Quality Assurance Procedure Jor One-time Research and Development Work JTWS.
MSTQA-QA-14, RO} implemented in 5/85 ; Research and Development Work
{Experimental) Procedure {TWS-MSTQA-QP-14, R implemented in 2/86; and
Procedure for Documenii ng Scientific Investigations {TWS.QAS-AP.035, Ru}
implemented 3/10/189). These procedures allow development work to be done and
documented in notebooks,

Proposed Resolution - Jeff McCleary
In summary, | have made the Jollowing observations:

. USGS field notebooks document to q reasonable extent that the samples collected
early in the sty would also have been selected under the 311187 procedure.

. Inclusion of the early data produces a slighily more conservative erosion rate
relative to the regulations.
. Other dating stulies carried out 1o address the erosion issye generally support the

results of the desert varnish studies.

Therefore, it is my opinion that the cation-rasio duting of desert varnish can pe used to
Support the project position on erosion rates at Yuce: Mountain, If other assessment team
members, or the project, still have concerns, other evaluations can be made with existing
informasion and examination of the samples ar L ANL.,

The question of what processes were actually used (1o collect samples and evaluate
samples), and the consisiency with which these pracesses were repeated, is answered in
resolution of Comnent #).

Resolved: That the sampling and evaluation processes actually used, and the consiste.

of repenting these processes s documented, and demonstrated in the Scientific Notebooks
available from Dr. Hairington, Therefore, in that current procedures have been developed
from the processes demonstrated within these Sciensific Notebooks, there would not be
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Third Comment;
3. Can a recommendation be made 1o DOE YMPO 1hat the procedures used w gather

and evaluaie samples are accepiable to allow the technical daa to be qualified under
current QARD guidelines? o

Response - A recomunendazion to accept the data based on the procedures provided
Jor this assessment cannot be made. The obvious lack of groccduml guidance in
the early stage of this activity supports this conclusion. Other evidence may be
available 1o support the processes used 1o accomplish the collecrion and analysis of
samples, The notebooks, which have been used throughout this activisy to
dociument the work thas was performed, may contain enough informasion to idensify
the processes used and the consistency with which they were repeasted. These
notebooks wvere not provided as part of the review package.

Resolved: That the Scientific Notebooks verify that the processes used would conform to
current procedures. Therefore, a recommenrations ¢an be made o DOE YMPQ 1o aocept
the erosion technical data as qualificd under current DOT QARD guidelines.
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Conclusions and Recommengdations

The Technical Assessment Team has evaluated current and previous QA and Technical
Procedures that relate to sample collection and analysis, and ficld measurements for caton
ratio dating. In additon, ficld and laboratory notebooks of the Principal Investigators were
examined and compared to the procedures.

Three questons have been answerzsd:

1. Would data collection and evaluation under current Participant technical procedures
differ from those procedures actually followed?

2. Are any differences significant enough to affect technical resuits?

3.©  Can arecommendation be made to DOE YMPO that the procedures used to gather
and evaiuate samples, and guide ficld measurements are le to allow the
technical data to be qualified under current QARD guidelines?

Eist queston

It has been unanimously agresd by all five Technical Assessment Team Mezabers (TATM)
that data collection and evaluation would not differ under current QA and Technical
Procedures for LANL and the USGS.

Second question

The TATM unanimousty agrees that no significant differences would result from data
coilection and evaluation under current QA and Technical Procedures.

Thtied Quessi

The Technical Assessment Team Members do recommend to DOE YMPO 1o allow the
technical data on Extreme Erosion be formaily accepted as gualified under curvrent YMPO
QARD guidelines.

In June 1989 LANL organized a peer review group of leading géomorphologists to
exarnine the VCR (vamish cation-ratio) age dating technique and "critically reviewed rock-
vamnish saudies within the LANL Yucca Mountain Project”. This Peer Review Panel
concluded " . . . that the VCR age determinations by Dr. Harrington and collaborators are
the best presently being done.” This Panei also stated: "We arc impressed with the
excz!lent work being dene on VCR age determinarion by the LANL research and technical
staff and their associates at the USGS and the University of New Mexico. The members of
this high-quality eam, primazily in the ES5-1 Group (LANL), are extremely careful inall

hases of th: work, from the initial field sampiing, through the laboratory work, 10 the.

age estimation.” This peer review supports the results of this Technical Assessment.

The report by this Panel is included as Attachment VI



