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LANDSLIDES AND OTHER MASS MOVEMENTS NEAR
TECHNICAL AREA 33, LOS ALAMOS NATIONAL LABORATORY
by

Steven L. Reneau, David P. Dethier, and John S. Carney

.AJ;JSTRACT
Massive slump complexes and at least two rock avalanches flank the eastern
rim of the Pajarito Plateau along northern White Rock Canyon, north of
Technical Area 33 (TA-33). The slumps failed along mechanically weak rocks
in the Santa Fe Group, in the Puye Formation, or in Pliocene alluvial and
lacustrine units. These rock units are not exposed beneath Material Disposal
Area E (MDA-E), and therefore exposure of wastes at MDA-E due to the initiation of slumps is improbable. In contrast, rock units susceptible to slumping apparently underlie MDA-D, and the presence of relatively steep canyon
walls below MDA-D suggests a relatively high susceptibility to future failure.
Initiation of new slumps by the failure of the canyon rim is infrequent in
White Rock Canyon, and the major slumps are mainly older than 58 ka (thousands of years ago). The toe area of at least one slump complex has been
active in the late Pleistocene, damming the Rio Grande near the mouth of
Water Canyon at least four times during the period from 18 to 12 ka and producing lakes that may have extended upriver to Otowi bridge. An earlier
landslide-dammed lake, ;;:: 43 ka in age, extended past Otowi bridge and possibly upriver to Espanola. The development of the youngest landslidedammed lakes during a period of significantly wetter climate suggests that
initiation of new landslides that might affect MDA-D would require a major
climate change with greatly increased precipitation.
Rockfall and headward erosion of gullies do not represent significant
decadal hazards on canyon rims near TA-33. In addition, gully-head migration near MDA-K is restricted to erodible soils and should not affect contaminants contained within tuff, although erosion and transport of contaminated soils is possible. A system of north-to-northeast-trending faults, some
of which display Quaternary activity, bisects the TA-33 mesa. These faults
are a potential source of earthquakes that could generate local ground rupture and significant seismic shaking, although shaking at TA-33 would be
more likely from other seismic sources in the region.
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INTRODUCTION
Massive landslides dominate the morphology
of White Rock Canyon which lies along the
Rio Grande on the eastern margin of the
Pajarito Plateau. The developed part of
Technical Area 33 (TA-33) at Los Alamos
National Laboratory (LANL) borders White
Rock Canyon between Ancho and
Chaquehui Canyons. Two material disposal

areas (MDAs), MDA-D and MDA-E, occur
within 100 m of the canyon rims at TA-33
(Fig. 1, Plate 1), and an evaluation of the
potential for landslides at these sites is
required for long-term risk assessment decisions. MDA-E, at South Site, is the primary
site requiring information on the style and
frequency of landslides. This MDA, used
from 1950 to 1963, contains beryllium, uranium, and various shot debris buried within
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Fig. 1. Map showing geographic features along White Rock Canyon of the Rio Grande and MDAs at TA-33
(labeled D, E, and K).
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pits as close as 20 m to Chaquehui Canyon
cliffs (LANL, 1992). MDA-D, at East Site on
the point between lower Ancho Canyon and
White Rock Canyon, was active from 1948 to
1952 and includes beryllium and high explosives in underground concrete chambers
that lie within 70 m of the Ancho Canyon
rim and 130 m of the White Rock Canyon
rim. Other potential contamination associated with firing areas active from 1955 to
1972, including uranium, 60Co, tritium,
lead, and cadmium, is present at East Site
at similar distances from the mesa edges
(LANL, 1992). A third MDA at TA-33, MDAK, is located near the crest of the mesas
west ofWhite Rock Canyon (Fig. 1, Plate 1).
MDA-K contains a septic system and leach
fields for a high-pressure tritium facility,
which was operational from 1955 to 1990,
and contamination here includes tritium,
uranium, plutonium, beryllium, mercury,
and organic compounds (LANL, 1992).
This study evaluates the potential for slope
instability that could affect the TA-33 MDAs
and focuses on the characteristics of landslides and other mass wasting features
within White Rock Canyon and the tributary canyons at TA-33. This report builds on
earlier reports by Dethier (1993a, 1993b),
which summarized the geology of White
Rock Canyon and the initial results from the
1993 field season. The bedrock geology of
White Rock Canyon is first summarized
here because of the importance of lithologic
variations on slope stability. The characteristics of landslides are then discussed,
including spatial variations and data on the
timing of failure, which provide insight into
the factors influencing slope instability.

SETIING
Northern White Rock Canyon, for purposes
of this report, begins at Otowi bridge and
extends south along the Rio Grande to the
vicinity of Chaquehui Canyon. This section
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of White Rock Canyon is bounded by the
Pajarito Plateau to the west, the Cerros del
Rio volcanic field to the east, and the broad
flood plain of the Rio Grande in the
Espanola basin to the north. Topography is
steep and rugged in the canyon and along
major tributaries that drain the Pajarito
Plateau (Fig. 1), such as Mortandad, Water,
and Ancho Canyons. Local relief ranges
from 170 to more than 300 m, and cliff areas
as high as 100m are common.
Slope stability along northern White Rock
Canyon is probably related to climate,
particularly effective moisture, groundwater discharge, the magnitude and duration
of erosive peak flows on the Rio Grande, and
periods ofrapid canyon cutting. The present
climate in White Rock Canyon is arid to
semi-arid, although it is not monitored.
Immediately west of the canyon at the town
of White Rock, 300 m higher in elevation,
annual precipitation is about 34 em, and
mean annual temperature is about 9.5°C
(Bowen, 1990); precipitation is lower and
temperatures are higher within the canyon.
In most years about one-half of the annual
precipitation occurs during intense convective stonns associated with the summer
monsoon season of July and August. During
the rest of the year precipitation is generally
associated with the passage of frontal
stonns and tends to be less intense (Bowen,
1990). Peak discharge in the Rio Grande
tends to occur in two periods (Nordin and
Beverage, 1965; Graf, 1994). The summer
stonn season is characterized by peak flows
of relatively short duration, whereas the
snowmelt season of April to June produces
sustained flows and generally higher peak
discharges. Channel scour and at least local
lowering of base level is thus most likely
during snowmelt flows. Differences in precipitation and flood discharge that may have
occurred as a result of regional climatic
changes are discussed in a later section.
Twenty springs that discharge from
Pliocene and Miocene sedimentary rocks
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have been identified along the western
slopes ofWhite Rock Canyon between Otowi
bridge and Frijoles Canyon (Purtymun et
al., 1980). Flow from these springs is
thought to represent discharge from the
main aquifer beneath the Pajarito Plateau
(Purtymun et al., 1980), and presumably the
discharge rate could vary with regional
climatic changes, in turn affecting the
stability of slopes in White Rock Canyon.
BEDROCK GEOLOGY
Cliffs and scarps of landslides along White
Rock Canyon expose as much as 250 m of
horizontal to slightly dipping Miocene,
Pliocene, and lower Quaternary rocks (Fig.
2a). Principal units, from oldest to youngest,
include sedimentary rocks of the Santa Fe
Group, volcaniclastic and quartzite-rich
gravels of the Puye Formation, older alluvial
deposits,
basaltic
flows
and
phreatomagmatic deposits of the Cerros del
Rio volcanic field, and the lower and upper
Bandelier Tuff(Griggs, 1964; Dethier, 1995).
Figure 3 shows the interfingered relationships among the bedrock units near the
northern end of White Rock Canyon, and
these units near TA-33 are mapped on Plate
1. Each of the bedrock units is incorporated,
at least locally, into the massive landslides
that flank the Rio Grande. Most failure surfaces are apparently within the Santa Fe
Group, Pliocene alluvium and lacustrine
deposits, or volcanic deposits within the
Puye Formation. The stratigraphy and
selected characteristics of these units are
summarized below.
Santa Fe Group
The Miocene Santa Fe Group exposed in
White Rock Canyon is composed primarily
of pinkish-grey to buff-colored, poorly to
moderately lithified silty sandstone and
pebbly sand with an arkosic matrix (unit
Tsfu of Plate 1) (Dethier, 1995; see also

Griggs, 1964; Galusha and Blick, 1971).
Thin beds of altered dacitic tephra are locally abundant. These rocks record mainly
fluvial deposition on the distal margins of
alluvial fans constructed when the Espanola
basin was internally drained. The sandstone, locally cemented with sparry calcite,
crops out extensively near the Buckman
townsite (Fig. 1), but is poorly exposed west
of the Rio Grande. The southernmost exposure in northern White Rock Canyon is
within Ancho Canyon (Fig. 4a, Plate 1).
These rocks are very susceptible to failure
along the Rio Grande, and landslides
obscure the Miocene rocks along most of
White Rock Canyon. However, probable
Santa Fe Group sediments are exposed
within landslides in Ancho Canyon, north of
Pajarito Canyon, and elsewhere, indicating
that they are widely distributed.
Puye Formation
The Puye Formation is principally a
Pliocene volcanogenic alluvial fan sequence
derived from the Jemez Mountains
(Waresback and Turbeville, 1990), but it
includes ancestral Rio Grande gravels and
lacustrine deposits, particularly along and
west of White Rock Canyon (Fig. 3).
Following Dethier (1995), the Puye
Formation is informally divided here into a
fanglomerate facies (Tpf of Plate 1;
Fanglomerate Member of Griggs, 1964) and
an axial Rio Grande facies (Tpt of Plate 1;
Totavi Lentil of Griggs, 1964; and Totavi
Formation of Waresback and Turbeville,
1990). Along White Rock Canyon and tributary canyons south of Otowi bridge, these
facies are interfingered laterally and in vertical sequences, although Griggs (1964)
reported the Totavi Lentil only at the base of
the Puye Formation. The fanglomerate
facies is mainly pinkish-grey to grey, locally
cemented, weakly lithified pebble-to-boulder size gravel, boulder-rich debris flows,
and sand. Highly weathered dacitic pumicerich layers also occur, and these in part
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A

B

Fig. 2. (A) Photograph of White Rock Canyon below TA-33, looking downriver. The lower end of Chaquehul
Canyon Is at the bend In the Rio Grande In the distance. Cliffs In middle of photo expose Tshirege Member
Bandelier Tuff overlying basaltic andesite and basalts of the Cerros del Rio volcanic field. Photo Is taken from
east edge of TA-33 slump blocks. (B) Photograph of fanglomerate facies of Puye Formation exposed In lower
Water Canyon, along Water Canyon East slump complex. White layer Is pumice that has weathered to clay
and Is deformed along landslide failure plane.
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Fig. 3. Relationships among bedrock units exposed in the vicinity of White Rock Canyon (modified from
Waresback and Turbeville, 1990).
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serve as landslide failure planes along the
north side of lower Water Canyon (Fig. 2b).
These pumice layers have weathered to clay,
causing a major decrease in strength,
although the type of clay has not been determined. The ancestral Rio Grande facies is
mainly grey, poorly to moderately lithified,
locally cemented quartzite-rich pebble-tocobble gravel, but it includes beds of silt and
silty sand. In Ancho Canyon, below MDA-D,
the Puye Formation is at least 60 m thick,
including 25 m of Rio Grande gravels
underlain by at least 35 m of fanglomerate
(Fig. 4a).
Pliocene
Deposits

Fluvial

and

Lacustrine

Unlithified and generally uncemented
Pliocene sedimentary deposits that are
interlayered with basalt flows and
phreatomagmatic deposits are exposed
within a few kilometers of the Rio Grande.
These rocks include buff to brownish-yellow
sand and pebbly sand, silt, silty sand, and
beds of cinders and debris flows. They are
the temporal equivalent, in part, of the
ancestral Rio Grande facies of the Puye
Formation, but the presence of granitic
clasts indicates that they were derived from
the southern Sangre de Cristo Range
(Dethier, 1994). They correlate with the
older alluvium of Griggs (1964) and, in part,
with the Ancha Formation of Spiegel and
Baldwin (1963). Fine-grained units are
locally rich in swelling clays that were probably produced from the alteration ofbasaltic
glass derived from Cerros del Rio volcanism.
Lacustrine deposits record a Rio Grande
dammed south of Water Canyon contemporaneous with eruptions from maars and
emplacement
of
basaltic
flows.
Subhorizontal failure planes associated
with clay-rich lacustrine sediments have
produced many of the complex landslides
near the mouth of Mortandad Canyon and
northwest and southwest of Otowi bridge,
the latter involves overlying Bandelier Tuff.
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Cerros del Rio Volcanic Field
Mafic Lavas. Lava flows of basalt, hawaiite, basaltic andesite, andesite, and related
intrusive rocks of the Pliocene Cerros del
Rio volcanic field form surface exposures
along White Rock Canyon and east of the
Rio Grande from Otowi bridge to Cochiti
Dam. These rocks are includ~d within units
Tee, Tcba, Tcbm, Tcb2, Tcb1, and Tcbu on
Plate 1 and in Fig. 4. Volcanic landforms
include maars, shields, fissure vents, cinder
cones near the Rio Grande, and a cinder
cone near MDA-K at TA-33 (Fig. 5a). Near
Otowi bridge, mesa-capping flows are about
40 m thick, whereas south of Water Canyon
the flow sequence is greater than 80 m thick
and near Chaquehui Canyon massive flows
are greater than 120m thick (Fig. 4b). East
of the Rio Grande, the sequence of basaltic
flows also thickens to the south. The thickest flows appear to fill paleovalleys or
craters greater than 60 m deep, whereas
some of the thinner flows apparently spread
out over surfaces of little relief. Flow bases
are smooth to rubble-rich; locally a few tens
of centimeters to a few meters of alluvium
separates flows.
Ages of 2.3 to 2. 7 Ma (millions of years ago)
have been obtained from rocks of the Cerros
del Rio volcanic field near northern White
Rock Canyon, including 40Arf39Ar ages of 2.4
to 2.6 Ma from basalt flows and dikes at the
TA-33 cinder cone (Table 1; Fig. 5a)
(Laughlin et al., 1993; Dethier, 1995).
Interestingly, a topographically low flow in
lower Water Canyon yielded a similar age of
about 2.47 Ma (Table 1), suggesting that
there was a relatively short period of
intense volcanism and over 200 m of local
aggradation at about 2.4 to 2.5 Ma. Basaltic
lava flows are involved in most of the massive slumps that dominate the morphology
of White Rock Canyon. The flow sequences
often remained coherent as they were backtilted along steep failure planes, and flow
areas as extensive as hundreds of square
meters held together during the >250m of
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Fig. 5. Geologic cross-sections through MDAs at TA-33, showing 5x vertical exaggeration. (A) MDA-K; NB1WSB1E orientation. Contacts between units 2 and 1v, 1v and 1g, 1g and Tee, and Tee and Tcb3 In 1993 core
holes provided by A. W. Laughlin. Contact between units 3 and 2 In core holes Inferred from geologic mapping. Sample numbers and dates are 4DArf39Ar analyses from Laughlin eta/. (1993). (B) MDA-E; N40W-S40E
orientation. Approximate boundaries between Pliocene volcanic units from Dethier (1995). (C) MDA-D; N85WS85E orientation.

vertical movement from the canyon rim to
the edge of the Rio Grande. In other areas,
where jointing is more extensive, or perhaps
where failures occurred more rapidly, only
basaltic rubble remains.
Phreatomagmatic Deposits. Thin-bedded
to massive matrix-supported flow and fall
deposits crop out at La Mesita, along Chino
Mesa, between Chaquehui Canyon and

Water Canyon, and in several other zones
south to Cochiti Dam, mainly along the Rio
Grande (units Tern and Tcbm of Plate 1 and
Fig. 4). These deposits were produced at
maar volcanoes that formed when rising
magmas reacted with groundwater along
the Pliocene course of the Rio Grande
(Aubele, 1978; Dethier, 1995; Heiken et al.,
1995). At several of these volcanic centers,
lava flows are interlayered with the upper
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TABLE 1
40ARJ39AR AGES FROM TA-33 AREA •

Sample
Number
DN-93-5
DN-93-8
DN-93-14
DN-93-25
DN-93-26
DN-93-27
DN-93-28

Bedrock
Unit
Tcb3
Tcba
Tcb1
.Tee
Tee
Tcb3
Tcb3

lsochror'l
Age
(Ma)
2.45
2.33
2.47
2.44
2.55
2.49
2.48

± O.Q1
± 0.27
± 0.03
± 0.04
± 0.01
± 0.03
± 0.06

Location
TA-33,
TA-70,
TA-70,
TA-33,
TA-33,
TA-70,
TA-70,

White Rock Canyon Rim, SW of MDA-0
White Rock Canyon Rim, at powerlines
lower Water Canyon, near Rio Grande .
basalt flow on S. side of cinder cone
dike on W. side of cinder cone
Ancho Canyon, basalt above step
Ancho Canyon, basalt below step

Notes:
• Samples collected as part of this study. Ages and chemical data for samples presented in Laughlin et al. (1993).
40ArJ39Ar analyses performed at New Mexico Geochronology Research Laboratory in Socorro. Uncertainty is 1
standard deviation.

portions of the phreatomagmatic sequences
and some maars probably were the source of
thick flows of basaltic andesite (Dethier,
1995). For instance, 30 m of phreatomagmatic deposits along the southwest side of
Chaquehui Canyon near the Rio Grande are
overlain by a 60-m-thick volcanic section
that includes seven flows and interlayered
phreatomagmatic deposits; these rocks are
in turn capped by a package of flows 120 m
thick that may reflect a single cooling unit
(Fig.
4b).
Where
phreatomagmatic
sequences lie above Santa Fe Group
deposits or Pliocene alluvium, they are
involved in massive landslides such as those
exposed on the northwest flank of La
Mesita. Phreatomagmatic deposits appear
relatively stable where they are exposed
along White Rock Canyon to the south and
west of Chino Mesa, where the Santa Fe
Group and Pliocene alluvium are not
exposed,
although
phreatomagmatic
deposits may in part comprise failure planes
for slumps along the eastern side of TA-33
nearMDA-D.
"Pajarito Plateau" Tholeiitic Basalt.
Thin flows of tholeiitic basalt typically form
the western rim of White Rock Canyon in
the TA-33 area, extending north to Los
Alamos Canyon (Dethier, 1994; unit Tcb3 of
Plate 1 and Figs. 4 and 5). The flows were
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derived from vents to the west and northwest of White Rock, and one of these vents
is exposed south of Pajarito Canyon, southwest of the intersection of Pajarito Road and
State Route 4. In late Pliocene time, the
basalts entered a lake dammed in White
Rock Canyon at an elevation of about 6200
ft. Deltas of pillow basalt and palagonitic
breccia formed at the edge of the paleolake
and are best exposed in Los Alamos and
Mortandad Canyons. Available data indicate that these tholeiitic flows can be distinguished from other Cerros del Rio lavas by
their chemistry (Laughlin et al., 1993;
Dethier, 1995) in addition to their higher
stratigraphic position and flow direction.
Ages of 1.8 to 2.5 Ma have been obtained
from these basalts (Luedke and Smith,
1978; Laughlin et al., 1993; Dethier, 1995),
including 40Arf39Ar ages of 2.45 to 2.49 Ma
near TA-33 (Table 1; Fig. 5a).
Otowi Member Bandelier Tuff

The Otowi Member of the Bandelier Tuff
consists of light-grey, nonwelded pyroclastic
flows of pumiceous rhyolite and a basal
pumiceous fall unit, the Guaje Pumice Bed
(Bailey et al., 1969). The Otowi Member was
erupted from the Jemez Mountains about
1.6 Ma (lzett and Obradovich, 1994). Only
the Guaje Pumice Bed is widely preserved
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near White Rock Canyon, where it lies
unconformably on surfaces cut into Pliocene
basalt of the Cerros del Rio or on Pliocene
alluvium. Near TA-33, small exposures of
the Otowi Member are present in Ancho
Canyon near State Route 4, and the Otowi
Member is also exposed further down Ancho
Canyon within a pre-Bandelier Th.ff paleocanyon (Plate 1), possibly in an ancient cutoff meander bend.

stream gravels derived from a stream draining the Sierra de los Valles occur between
the Otowi and Tshirege Members. In lower
Water Canyon and a northeastern tributary
to lower Ancho Canyon, alluvial deposits
composed largely of quartzite-rich gravels
and river-polished basalt boulders occur
beneath the Tshirege Member and indicate
that the early Quaternary position of the
Rio Grande was at an elevation of about
5700 ·to 5800 ft (Fig. 6). The early
Quaternary paleocanyon of the Rio Grande
was much shallower and narrower than the
modern canyon (Fig. 7), was incised largely
into basalts, and was apparently unmodified by extensive slump landslides such as
those occurring along the modern canyon.
Between Water Canyon and Lummis
Canyon, the paleochannel had an apparent
gradient of about 0.0031 to 0.0036, significantly steeper than the modern Rio Grande
gradient of about 0.002, assuming that the

Early Quaternary Alluvium

Early Quaternary alluvium is locally
exposed near TA-33 below the Tshirege
Member of the Bandelier Th.ff. Volcanic fallout units of the Cerro Toledo Rhyolite,
which fill this stratigraphic interval to the
northwest (Heiken et al., 1986), are apparently sparse in the vicinity of White Rock
Canyon. In Ancho Canyon near State Route
4 (Plate 1), about 6 m of dacite-rich bouldery
106'
15'

~ Canyonrim

*

35'
45'

Earty Quaternary Rio Grande deposit

Axis of early Quaternary Rio Grande canyon
-

Exhumed

- - - Inferred, buried beneath Bandelier Tuff
•••••

Inferred within modem Whhe Rock Canyon

..1.. Quaternary fault; bar & ball on downthrown side

+

•

Otowi Member Bandelier Tuff within paleocanyon

•

T A·33 Material Disposal Area

0
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___.____ Skm
~
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Fig. 6. Map showing approximate course of early Quaternary Rio Grande {prior to eruption of Tshirege
Member Bandelier Tuff) and faults with Quaternary offset.
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Fig. 7. Plot of (A) width and (B) depth of modern White Rock Canyon and early Quaternary Rio Grande canyon
vs. distance downstream from Otowi bridge. Measurements made from canyon rims along transects perpendicular to center-line of canyon. Massive landslides dominate the wider parts of the canyon, and canyon width
decreases significantly at TA-33 associated with less extensive landsliding. Canyon width and canyon depth
are not correlated, except for downriver areas In basalt and for early Quaternary canyon.

paleocanyon had the sinuosity shown in Fig.
6. If the canyon was significantly more
sinuous, however, then the gradients could
be similar.
Tshirege Member Bandelier Tuff
The Tshirege Member of the Bandelier 'lUff
at TA-33 consists of light-grey nonwelded to
slightly welded pumiceous pyroclastic flows
and a thin basal pumiceous fall unit, the
Tsankawi Pumice Bed (Bailey et al., 1969).
These rocks were erupted from the Jemez
Mountains about 1.22 Ma (lzett and
Obradovich, 1994). The Tshirege Member is
the uppermost rock unit at TA-33 and
underlies the MDAs (Fig. 5). It is typically
about 60 to 75 m (200 to 250 ft) thick at TA33, but pinches out over paleotopographic
highs, such as the TA-33 cinder cone, and
reaches a thickness of about 230m (750ft)
where it fills the early Quatemary paleocanyon (Fig. 5b).
The Tshirege Member can be divided into
mapping units that reflect distinct flow
units or cooling units and variations in
alteration. Four mapping units modified
from the units of Baltz et al. (1963) and
Vaniman and Wohletz (1990) in other parts
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of the Pajarito Plateau are used in this
study. These units also generally correspond
with units A through D of M. A. Rogers
(unpublished maps*). Approximate correlations between units are shown on Fig. 8.
The lowest unit, unit 1g, consists of nonwelded ignimbrite with glassy pumice,
following Vaniman and Wohletz (1990). The
second lowest unit, unit 1v, consists of nonwelded vapor-phase altered ignimbrite, also
following Vaniman and Wohletz (1990). Unit
2 is the primary cliff-former at TA-33,
consisting of slightly welded ignimbrite with
discontinuous surge beds at the base. The
contact of unit 2 with the overlying nonwelded to slightly welded ignimbrites of unit
3 is poorly defined and is here considered to
be the approximate break in slope at the
base of the upper, relatively steep tuff step.
The mapping boundaries used in this report
are believed to be most similar to those of
Baltz et al. (1963) and Rogers (unpublished)
who also mapped parts of the eastem
Pajarito Plateau. Some of the unit boundaries ofVaniman and Wohletz (1990) may be
*Geologic maps of Los Alamos National Laboratory by M.A
Rogers are planned for reproduction and distribution in 1995
by the New Mexico Environment Department.
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placed at different stratigraphic positions,
reflecting east-to-west variations in the
Tshirege Member. For example, the surge
beds that mark the base of Unit 2 on the
eastern plateau are not present to the west,
and the base of the Vaniman and Wohletz
(1990) Unit 2 may be stratigraphically
lower.
Faults

Several previously unrecognized faults were
found at TA-33 during this study, including
a fault zone with Quaternary offset along
the rim of White Rock Canyon 0.5 to 0.65
km west of MDA-D and 1.1 to 1.25 km east
ofMDA-E (Fig. 6; Plate 1). Two near-vertical
northeast-trending faults offset surge beds
at the base of Tshirege Member unit 2 by
about 2.4 and 3.2 m down-to-the-northwest,
and vertical striae along one of these faults
indicates pure-dip slip offset (Fig. 9). An
additional northwest-trending fault with
about 1.8 m of down-to-the-southeast offset
occurs between the northeast-trending
faults, and striae again indicate dip-slip offset (Fig. 9). Cumulative down-to-the-northwest offset is about 3.8 m across this fault

zone. Offset has not been recognized in
Ancho Canyon along the inferred trend of
the fault zone, and the northern continuation of these faults is uncertain.
At least two additional north-striking,
down-to-the-west faults cut the uppermost
basalts farther west along the northwestern
rim of White Rock Canyon at TA-33 (Plate
1). At one of these sites, with an estimated
11 to 12 m of offset, a 40Arf39Ar age of 2.45
Ma was obtained on the faulted basalt (sample DN-93-5, Table 1), constraining the age
of the faulting. These faults may also have
had Quaternary activity, but reconnaissance
mapping did not indicate offset of the overlying Bandelier Tuff. An additional fault
with down-to-the-west offset of the Pliocene
basalt may occur in Ancho Canyon (Fig. 5a),
but the potential fault surface is buried
beneath colluvium and an erosional step is
also possible.
An additional, previously unmapped
Quaternary fault was recognized during
reconnaissance mapping of White Rock
Canyon southwest of TA-33. This fault,
which is exposed along the canyon rim 1.1
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km southwest of the mouth of Frijoles
Canyon (Fig. 6), trends roughly north-south
with about 20 to 25 m of apparent down-tothe-west offset of the basal contact of unit 2
of the Tshirege Member. Evidence for offset
of the Bandelier Tuff along this trend has
not been seen in Frijoles Canyon, and it is
inferred that the offset dies out 1 to 2 km
north of White Rock Canyon.
Quaternary faulting on the eastern Pajarito
Plateau is significant because it demonstrates the possibility of surface rupture
hazards within the eastern part of LANL,
including TA-33. The predominant down-tothe-west or northwest sense of movement is
consistent with faults inferred in the subsurface beneath LANL by Dransfield and
Gardner (1985). The relative offsets of
-2.45-Ma basalt and 1.22-Ma Tshirege
Member Bandelier Tuff suggest that faults
in this area may have been significantly
more active in the Pliocene than the
Quaternary, perhaps associated with
Pliocene Cerros del Rio volcanism.
However, a thorough investigation of these
faults has not been completed, and an evaluation of the potential hazard from these
faults will require more detailed paleoseismic data.
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Between TA-33 and Otowi bridge, a distance
of about 16 km, landslides cover some 20
km2, and the average distance between
canyon rims is about 1.8 km (Fig. 7a).
Landslides thus occupy roughly 70% of the
area within northern White Rock Canyon.
In the 20 km south of Chaquehui Canyon,
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Pervasive landslides are among the most
striking geologic features of White Rock
Canyon between TA-33 and Otowi bridge.
Most of these landslides initiated as slumps
(Fig. 10) in which relatively intact masses of
bedrock were transported along curved failure surfaces (e.g., Varnes, 1978), although
the lower parts of some of these landslides
may grade into earthflows or debris flows.
Other significant mass-movement features
include rock avalanches-in which large
masses of bedrock completely disaggregated
during rapid downslope movement-and
translational landslides, in which movement occurred along steep, mainly planar
surfaces. Small-scale rockfalls are also common in White Rock Canyon but were only
examined in detail at TA-33.
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A

B

Fig. 10. Photographs of slumps along western side of White Rock Canyon. (A) Oblique aerial photo of Pajarlto
Canyon slump complex below White Rock. (B) Water Canyon West slump complex. Light colored rocks on
block to left are Tshirege Member Bandelier Tuff, dipping 5()o to west (right). East Site at TA-33 on right skyline.
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the distance between rims averages · less
than 1 km and landslides cover less than
20% of this area (D.P. Dethier, unpublished
mapping, 1985-86). Landslide zones
between Chaquehui Canyon and Otowi
bridge have been examined in reconnaissance west of the Rio Grande and can be
divided into 11 general groups (Fig. 11;
Table 2). Average landslide width, defined
as landslide area divided by rim length,
ranges from about 50 m near Chaquehui
Canyon to more than 1.5 km between Ancho
Canyon and Water Canyon. Landslides and
other deposits in the vicinity of TA-33 and
TA-70 are shown on Plate 1.
The age of individual landslides, obtained
by several methods, is useful for evaluating
the timing and frequency of landslide movement in White Rock Canyon. The El Cajete
pumice, produced by the most recent volcanic eruptions from the Jemez Mountains,
constitutes an important stratigraphic
marker in the White Rock Canyon area.

N

i

0'":'_.___.___._...._.....;;.Skm
0

3 miles

Fig. 11. Map showing location of landslide zones and
rock avalanche deposits west of the Rio Grande In
northern White Rock Canyon.
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Conflicting ages have been obtained for the
pumice and related units. Fission-track and
40Arf39Ar analyses have indicated ages of
130 to 180 ka (thousands of years ago) and
>200 ka, respectively (Self et al., 1988,
1991). Recent electron spin resonance (ESR)
analyses suggest significantly younger ages
of 45 to 73 ka (Toyoda et al., 1995). The ESR
estimates are generally consistent with a
thermoluminescence (TL) estimate of 51± 4
ka for the A horizon of a soil buried beneath
the pumice on the Pajarito Plateau (sample
OTL464, S. L. Forman, written communication, 1994)*, and radiocarbon age estimates
of >58 ka from charcoal entrained within
the pumice beds in the Jemez Mountains (8.
L. Reneau and J. N. Gardner, unpublished
data). For the purposes of this report, we
will consider the age of the El Cajete pumice
to be >58 ka.
Other age control used in White Rock
Canyon includes radiocarbon analyses of
charcoal associated with landslide-dammed
lakes, soil development, and rock varnish.
Radiocarbon analyses discussed in the text
(obtained in this study and from other studies) are expressed in "radiocarbon years
before present" (BP), which differ from
calendar years as a result of temporal fluctuations in the atmospheric 14Cf12C ratio.
Corrections to calendar years (cal BP) can
be made using computer software, such as
that of Stuiver and Reimer (1993).
Constraints on landslide age using soils in
part relies on progressive variations in
carbonate morphology with time (e.g.,
Birkeland, 1984; Machette, 1985). Rock
varnish age estimates in White Rock
Canyon (Dethier et al., 1988) rely on the
cation ratio technique, although there are
significant uncertainties concerning the
cation ratio dating method, and potential
sources of error are poorly understood (e.g.,
Reneau and Raymond, 1991; Watchman,
1992, 1994; Bierman and Gillespie, 1994).
*s.L. Fonnan, written communication. Byrd Polar Research
Center, The Ohio State University, Columbus, Ohio, 432101002
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TABLE 2
E ZONES ALONG NORTHERN WHITE ROCK CANYON
LANDSLID
OF
ERISTICS
CHARACT
SELECTED

Landslide
Zone

Landslide
Type

Landslide
Width
(km) •

Dip of
slump
blocks

Failure
Surface

Notes

Chaquehui Canyon

Rock slides (3);
small slumps

0.05

--

Bandelier Tuff

TA-33

Slump complex

0.51

3o•-so·

Phreatomagmatic
deposits (?) or Puye Fm

Ancho Canyon

Rock avalanche

1.69

--

Santa Fe Group (?)

Volume> 18 x 106m3

Water Canyon West

Slump complex

1.87

-so·

Puye Fm or Santa
Fe Group

Blocks > 300 m wide. SE slump blocks
active in late Pleistocene. Dam and
spillway area for late Pleistocene lakes

Water Canyon East

Slump complex

0.57

3o•-7o•

Puye Fm. or Santa
Fe Group

Slump blocks along Rio Grande may have
been active in late Pleistocene

Slump complex;
small rock avalanche

0.87

3o•-7o•

Puye Fm. or Santa
Fe Group

Largest slump block >300 x 500 m

Overlook

Slump complex

0.61

Mortandad Canyon

Slump complex

Pajarito Canyon

Sandia Canyon
N. Sandia Canyon
SW Otowi Bridge

Slump complex
Slump complex
Slump complex

Small failures, probably late Pleistocene
Slumps >300 m from rim

I

Slump blocks <150m wide; locally 50 m

10• (near rim)
to 70° near river

Puye Fm or Pliocene
alluvium

0.22

1o•-3o•

Pliocene alluvium

0.51

30•-so•

Pliocene alluvium
and Santa Fe Group

0.45

3o•-7o•

Pliocene alluvium
and Santa Fe Group

3 or 4 tiers of coherent slumps

Pliocene alluvium
and Santa Fe Group

3 or 4 tiers of coherent slumps locally
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zone measured perpendicular to the canyon rim.
*Landslide width defined as landslide area divided by rim leng1h, and represents average width of landslide
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Causes of Landslides
Landslides are triggered when the shear
stress (driving force) in slope-forming materials exceeds their shear strength (resisting
force) (e.g., Varnes, 1978; Selby, 1982).
Important variables that influence shear
stress and shear strength in a slope include
slope gradient, soil or rock strength properties (angle ofinternal friction and cohesion),
and water pressures related to water table
height and groundwater flow. Decreases in
slope stability leading to failure can be
caused by either gradual or rapid changes in
these variables.
Variations in the shear strength of rock
have a major influence on the location of
slope instability, and mechanically weak
rocks in White Rock Canyon such as the
Pliocene lacustrine sediments and layers of
clay-rich altered volcanic rock may be particularly susceptible· to failure. Progressive
exposure of these sedimentary rocks over
time, caused by the long-term incision of the
Rio Grande, has resulted in gradual
decreases in the stability of the canyon
walls and has been a main contributing factor in the generation of landslides in White
Rock Canyon. On shorter time scales, an
important triggering mechanism has probably been the removal of lateral support at
the base of slopes, such as by stream
erosion or landslides. Shear stresses in a
slope can also be increased by increasing
seepage pressures, such as by increasing
groundwater discharge rates. Climate
changes that have affected groundwater
flow may thus have contributed to landslides near TA-33. In addition, rises in
regional and perched water tables act to
reduce shear strength in slope forming
materials, further contributing to instability. Sudden, transitory increases in shear
stress also accompany earthquakes, and the
triggering of landslides by earthquakes is
well documented in many areas (e.g.,
Keefer, 1984; Keefer and Wilson, 1989;
Jibson and Keefer, 1993); late Quaternary
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earthquakes along the Pajarito fault system
(e.g., Gardner and House, 1987; Gardner et
al., 1990; Wong et al., 1993) or on other
faults in the region may have been responsible for some of the failures observed within
White Rock Canyon. Finally, formation and
sudden draining of lakes may also have
acted as short-term triggers for some landslide activity in White Rock Canyon, as
discussed in a later section.
Slump Complexes
Most landslides along northern White Rock
Canyon are part of extensive slump complexes that are covered with basaltic boulders and flanked by colluvium and talus.
These landslides are best exposed between
Ancho and Pajarito Canyons and typically
consist of large slump blocks with coherent
internal stratigraphy near canyon rims and
progressively more deformed slumps that
grade into debris flows closer to the Rio
Grande (Figs. 12a and 12c; Table 2). Slump
complexes become smaller south of Ancho
Canyo and are limited features of the landscape south of Chaquehui Canyon. Dips in
slump blocks range from 8 to 70°. Many of
the slump complexes consist of individual
blocks separated by scarps that may have
formed at different times, recording successive failures of the landslides. The eastern
edge of the Water Canyon West slump complex (Figs. 11 and 12c; Plate 1), for instance,
includes several individual slumps that
were active in late Pleistocene time (<20
ka), as discussed in a later section, whereas
the larger slumps immediately west were
emplaced before deposition of the El Cajete
pumice (>58 ka). Closed depressions and
back-tilted surfaces of slump blocks in many
slide complexes are sites of fluvial, colluvial,
and eolian deposition and are separately
mapped by Dethier (1995) and on Plate 1.
The largest slump complexes on the northwest side of White Rock Canyon, corresponding to areas with the largest distances
from the canyon rim to the Rio Grande
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a\._..., floodplain
•

on Fig. 13a, are the Pajarito
Canyon, Water Canyon West, Sandia
Canyon North, and Southwest Otowi Bridge
areas (Fig. 11). The largest slump complexes on the southeast side of the canyon are
below Sagebrush Flats and south of Otowi
bridge (Fig. 13b). In these areas, retreat of
the canyon rims associated with landsliding
has reduced the average canyon slope gradiA
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ent to about 0.2 to 0.3, contrasting with
intervening areas with gradients of as much
as 0.5 to 0.6 (Fig. 14). Such reductions in
slope gradient, by reducing the local shear
stress, should tend to reduce the potential
for additional massive slumping of the
canyon rim. In addition, displaced slump
masses tend to buttress lower slopes, further increasing stability until the landslide
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toes are eventually removed by erosion. The
intervenin g areas with significant ly higher
slope gradient, such as the Overlook area
(Fig. 14a), may be most susceptibl e to future
failure, presuming that other factors are
comparabl e (e.g., groundwa ter flow and rock
strength).
The lower parts of failure planes are typically concealed beneath landslide debris in
northern White Rock Canyon, preventing
direct observatio n of the failure surface.
Dips of planes between slump blocks near
the canyon rim are 70 to 85°, but slope morphology, tilting of bedrock stratigraph y, and
mechanica l considera tions suggest that
deeper parts of those planes must have shallower dips (Figs. 12a and 12c). In general,
massive failures appear to have occurred
primarily along (1) steeply dipping planes
rooted in the Santa Fe Group; (2) 10 to 30°
planes (where measured) within the Puye
Formation fanglomer ate facies (Fig. 2b);
and (3) subhorizo ntal planes in clayey silt
layers found at several levels within
Pliocene fluvial and lacustrine deposits.
Colluvial material covers rocks of the Santa
Fe Group, the Puye Formation , or landslide
deposits at most sites. El Cajete pumice lies
on landslide deposits in areas south of
Chaquehu i Canyon, where fall deposits
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were thickest, indicating ages of >58 ka. The
pumice occurs as isolated deposits on most
landslides and on many colluvial slopes
north of Chaquehu i Canyon, but is apparently not present on others. Fluvial reworking of the El Cajete pumice makes geologic
evidence for the age of pumiceous deposits
equivocal at many sites. Soils on landslide
deposits are generally 0.8 to 1.4 m thick.
Carbonate morpholog y (Birkeland , 1984;
Machette, 1985) is Stage IV at some sites,
and Stage Ill carbonate is present in most
exposures away from modem channels. By
compariso n with soils developed on terraces
upriver along the Rio Chama (Dethier et al.,
1988; Dethier and McCoy, 1993), Stage III
and IV carbonate suggest ages of at least
tens of thousands of years and perhaps in
part greater than 100 to 200 ka for many of
the landslides ; however, because of differences in parent material between the landslides and the river terraces, these age constraints are not precise. Cation ratios in rock
varnish (Dethier et al., 1988) on clasts from
massive slumps at the southwest edge of La
Mesita (Buckman Mesa) and in the
Mortanda d Canyon and Overlook zones (Fig.
11) suggest that those slides stabilized by at
least 250 ka, although the accuracy of the
varnish ages is uncertain. Contact relations
with lacustrine deposits, discussed in a later
section, provide additional age control.
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Rock Avalanches
Two landslide deposits composed primarily
of disaggregate d basalt boulders along the
northwest side of White Rock Canyon, near
Ancho and Pajarito Canyons (Fig. 11), display surface features such as lateral ridges
that indicate rapid, flowing motion of the
rock debris. Geomorphic characteristi cs of
these deposits are consistent with origins as
long-runout rock avalanches (e.g., Hsu,
1975; Nicoletti and Sorriso-Valvo, 1991)
from the western rim ofWhite Rock Canyon.
Long-runout avalanches travel significantly
farther than predicted by normal frictional
sliding, and this long runout is referred to
as excessive travel distance. One mechanism that can account for the excessive distance is the generation of high dispersive
forces associated with granular interactions
within the basal slide layer (e.g., Hsu, 1975;
Campbell, 1989).
The largest rock avalanche, which is north
of the mouth of Ancho Canyon (Fig. 12b),
has a surface area of about 0.50 km2; using
20 to 40 m as a minimum average thickness
provides an apparent volume of 10 to 20 x
106 m3. The morphology at the avalanche
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The rock avalanche deposit located along
the northern margin of the Pajarito zone
(Fig. 11) was not studied in detail, but
superficially it resembles the much larger
deposit at Ancho Canyon. The Pajarito rock
avalanche fell about 200 m vertically and
traveled about 1.0 km horizontally, for an
excessive travel distance of about 0.68 km.
The ratio of excessive length to total length
for both rock avalanches (between 0.65 and
0. 7) is typical for other long-runout
avalanches described worldwide (Nicoletti
and Sorriso-Valvo, 1991).
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head suggests that the original failure was
about 350 m wide at the headscarp and that
the failure included both intact rim and
older landslide debris. Assuming that the
avalanche originated near the present rim,
it fell more than 300 m vertically and traveled about 1.5 km laterally to the Rio
Grande, representing an excessive travel
distance of about 1.0 km. Field mapping
(Plate 1) suggests that the rock avalanche
covers an older slide complex, but colluvium
and talus obscure contacts. El Cajete
pumice covers the upper slopes and toe
areas of the slide, indicating that, despite its
fresh appearance, it is older than 58 ka.
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Fig. 14. Plots of average slope gradient in White Rock Canyon, defined as canyon depth divided by rim to
floodplain distance (Fig. 13), vs. distance downstream from Otowi bridge. (A) Northwest side of canyon. (B)
Southeast side of canyon.
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Field evidence suggests that the Ancho
Canyon rock avalanche may either have
originated as a massive rock fall from a cliff
or as a slide that rapidly disaggregate d. The
basaltic andesite of which it is composed is
highly fractured and platy, and two scarps
near the rim (Plate 1) suggest the potential
for additional failures to the northeast.
Sudden acceleration of the rock mass,
produced by an earthquake on a nearby
fault, is a plausible trigger for this rock
avalanche, but failure could also have been
related to the gradual decrease in stability
of the slopes caused by long-term incision of
White Rock Canyon and the removal of
lateral support by previous landslides.
Translation al Landslides

Probable translationa l landslides, where
movement of relatively intact rock masses
occurred along steep planar failure surfaces,
have been observed in several areas in
White Rock Canyon. These landslides are
much smaller than the slumps and appear
to occur predominant ly in areas of thick
basalt or Bandelier Tuff that may or may
not overlie sedimentary rocks. One probable
translational slide, extending about 50 to
100 m laterally along the slope, occurs in
basalt east of MDA-D above lower Ancho
Canyon. A second probable translationa l
slide involving the exceptionally thick section of tuff that fills the early Quaternary
paleocanyon (Fig. 5b) occurs in Chaquehui
Canyon southeast of MDA-E.
Extensive movement of such translationa l
slides may result in disaggregatio n, leading
to rockfalls or debris flows. For example,
four small mass-movem ent deposits, probably debris flows, consisting exclusively of
Bandelier Tuff clasts occur in Chaquehui
Canyon down canyon of MDA-E. The
deposits rest on alluvial sediments of
Chaquehui Canyon near the modern
channel elevation and do not seem to be covered with El Cajete pumice; thus they are
possibly late Pleistocene in age. These
deposits may be part of debris aprons shed
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from adjacent cliffs of Bandelier Tuff, but
may also be remnants of a larger landslide
mass that flowed from upstream. Neither
the slide material nor the stratigraphic context is similar to that of other slides examined in the area, and the deposits appear to
be related to failure of the exceptionall y
thick tuff filling the early Quaternary
paleocanyon.

u

Rockfalls

Rockfalls near TA-33 are characterize d by
the dislodgment of fracture-bou nded blocks
of bedrock and may constitute the primary
form of mass wasting along many cliffs of
basalt and Bandelier Tuff bordering White
Rock Canyon and the tributary canyons. In
this study, rockfalls were examined in detail
only along the Bandelier Tuff cliffs that form
the northeast rim of Chaquehui Canyon and
the south-facing portion of TA-33 along
White Rock Canyon. Cliff exposures included
both unit 2 and unit 3 of the Tshirege
Member.

u

In the detailed rockfall survey, the location
of all young (latest Holocene) rockfalls of
significant size that contained two or more
blocks were recorded along 6.9 km of canyon
rim (Plate 1). Rockfalls were judged to be
young and of significant size when they met
the following criteria: (1) one edge of each
fallen block was greater than 50 em; (2) the
fallen blocks were generally unstable; (3)
there was an absence of lichen cover, rock
varnish, or weathering patina on fresh surfaces exposed by the rockfall; (4) caliche
(CaC0 3 ) was present on most joint surfaces
exposed by rockfall; and (5) there was no
rounding of fresh surfaces of fallen blocks.
The size characteristi cs of 23 areas where
rockfalls had occurred were examined, and
areas of widened joints, fresh fractures, and
other evidence of incipient failure along the
canyon rims were noted.
The mapped rockfalls all occurred in a zone
within 3 m of the mesa rim and most
involved a characteristi c failure width of

)
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less than 2 m and included less than five
fracture-bounded blocks. One of the largest
failures, which is on the mesa rim south of
MDA-E, appears to have resulted from
grading activities at the site. Grading and
drainage diversion may also have
contributed to some ofthe small rockfalls 50
m south of MDA-D. Evidence of incipient
failure surfaces is also minimal. Two zones
were found, neither near MDAs, where
intersecting fracture sets outlined areas of
potential failure between 3 and 4 m wide. If
the assumption is made that all mapped
rockfalls occurred randomly over the past
100 years, there is less than 50% chance of
a rockfall occurring from any one kilometer
of rim during a 10-year period. Rockfall
events may not be random, but the characteristic failures are sufficiently small to
prevent impact to the MDAs over short time
periods.
Gullies
Small-scale gullies incised into late
Pleistocene and Holocene sediments occur
at many sites near TA-33. Gullies that were
incised 40 em or more in the vicinity of the
mesa edges at TA-33 and near MDA-K were
mapped and are shown on Plate 1. Active
gullies are widely separated along most of
the rim area. Two of the deepest gullies are
cut into the Tshirege Member of the
Bandelier Tuff by water diverted from roads
near MDA-E and MDA-D. Neither gully represents a threat to these disposal areas. The
gully system on the upland east of MDA-K
is more extensive. Gullies near MDA-K are
actively dissecting Quaternary deposits that
include the >58 ka El Cajete pumice, and in
many areas these deposits have been completely eroded to bedrock. Headward erosion
of these gullies does not appear to represent
a long-term threat to MDA-K because the
erosion is largely restricted to the surficial
deposits and is not incising the tuff.
However, because of the widespread evidence for surface erosion near MDA-K,
future transport of contaminated sediment
down gradient from the outfalls is likely.

LANDSLIDE-DAMMED LAKES
Landslides blocked the Rio Grande in northern White Rock Canyon repeatedly during
the late Pleistocene, and lake deposits preserve a record of the timing of these landslides as well as the location and size of the
lakes. Lacustrine silt, clay and sand accumulated at elevations at least as high as
about 5620 ft, about 60 m (200 ft) above the
present level of the Rio Grande. The sites
noted on Fig. 15 are the most extensive
exposures of lacustrine sediment found to
date. Stratigraphic relations and radiocarbon age control provide evidence for at least
five separate lakes, and thus separate
episodes of significant, presumably rapid,
landslide movement. The age and inferred
elevations of these lakes are shown
schematically in Fig. 16 and are discussed
in more detail below. The landslides that
impounded these lakes occurred near the
mouth of Water Canyon and may represent
successive failures of the Water Canyon
West slump complex (Figs. lOb, 11, and 12c).
Reconnaissance field mapping suggests that
slumps may also have dammed the Rio
Grande in late Pleistocene time in the
Pajarito Canyon zone (Figs. lOa and 11),
perhaps at heights of a few tens of meters
above the modern Rio Grande. Lake
deposits conclusively tied to this landslide
have not yet been found. It seems likely that
the Rio Grande has been episodically
dammed in White Rock Canyon by landslides at other times, although the evidence
for these may have been largely obscured by
subsequent landslides or removed by erosion.
Oldest Lake

(~

43 ka)

Deposits of the earliest recognized lake are
well exposed at the mouth of Canada Ancha,
near the Buckman townsite (Fig. 15), and
provide evidence for the style of sedimentation in the landslide-dammed lakes of northern White Rock Canyon. Lacustrine sediment at the Buckman site (Figs. 17 and 18a)
is exposed over a lateral distance of almost

28

Landsli des and Other Mass Moveme nts Near Technic al Area 33

106°
10'

106°
15'

EXPLANATION

•

Lacustrine deposit
with age control
Lacustrine deposit
without age control

0

Radiocarbon sample site;
non-lacustrine deposit

c

Sandia
_____ ---- ---~nyon

~ Landslide Dam

' ',

35°
50'

,

__ ....

--- ... -.
'

' ',

--

N

1-

0
0

Skm
3 miles

n dated sites
Fig. 15. Map showing location of lacustrine deposits, probable landslide dams, and radiocarbo
in northern White Rock Canyon.

24

}

Landslide-Dammed Lakes

5650

~

EXPLANATION

01

0 radiocarbon date
lacustrine deposit
o Rio Grande fluvial deposit
SS spring deposit

5600

£ssso

-

1se

I
<;>
I
I

Cl)

"C

c

!

0

so"0

~

?

c

0

I
I
I
I
~

II

~ 5500
Cl)

jjj

5450

Ss 0Sc'J

5400

-?--------- 2- --- .,:)_---.

~

?

~l

?

~~~

1:

8 ~11
6

?."'?
0

?- -

?--1

I I
I I

tflr •
·.,' ? ~
?--

~?' ?- -?- -?

•
I
I

~

0

25~

t-? .C)
c

a;

:r::

0

break
in
scale

5350~--.-----.----.---~--~---~--~---~------.-__,

0

2

4

8
10
12
14
Radiocarbon Age {ka)

~43

Fig.16
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the modern Rio Grande for river deposits and spring deposits.

200 m and extends 30 m vertically. The
lower 15 m of sediment is rich in silt and
clay and was deposited by turbidity flows in
a lacustrine environment. The upper part of
the section, above an unconformity, is sandier. The unconformable contact suggests that
strong bottom currents within the lake eroded the silty deposits, although there is a
slight possibility that the lake temporarily
lowered and that the silts were subaerially
eroded. The deposits near Canada Ancha
were previously noted by Griggs (1964) and
interpreted as varved lake sediments by
Galusha and Blick (1971), who related them
to glacial activity in White Rock Canyon;
however, there is no evidence for glacial
activity at such low elevations.
Charcoal fragments collected from the base
of the silt-rich sequence at Canada Ancha
have yielded an apparently finite AMS
radiocarbon date of about 43.2 ka (WR-17,
Table 3). Because this date is very close to
the limit of radiocarbon dating and small
amounts of contamination with modern carbon would erroneously provide a finite age,
we consider the age of this deposit to be ~43
ka. An additional age estimate is provided
by comparing the elevation of the base of the

lacustrine sequence at Canada Ancha with
dated fluvial deposits upriver. The basal
sediments are only 15 to 20m higher than
the Rio Grande, a height associated with
presumed middle or late Wisconsinan
deposits (25 to 50 ka) north of White Rock
Canyon along the Rio Chama (Q5 surface of
Dethier and McCoy, 1993).
Possible correlative lacustrine sediments
are located upriver near Otowi bridge and
downriver near Soda Springs and Water
Canyon. More than 20 m of similar finegrained deposits are exposed southwest of
Otowi bridge, on the west side of the Rio
Grande (Fig. 15), although this outcrop has
slumped and its original elevation is uncertain. Smaller exposures have also been
mapped nearby on the east side of the river.
High lacustrine sediments have been located as far downriver as the Water Canyon
East slump complex, at an elevation of 5530
ft, and deposits of Rio Grande sands and
cobbles in this area occur at up to 5650-ft
elevation. These Rio Grande deposits may
record the progradation of the river over
lacustrine sediments as the lake filled, providing an estimate of the uppermost elevation of the lake, although they were not
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TABLE 3
RADIOCARBON DATES FROM WHITE ROCK CANYON

Field
Laboratory
Number Number •

14C Date
(yr B.P.)_

WR-12
WR-16
WR-17
WR-18
WR-20
WR-23
WR-24
WR-25
WR-26
WR-27
WR-30
WR-31
WR-32
WR-34
WR-35

2,880 ± 80
9,660 ± 60
43,200 ± 250#
17,450 ± 120
12,300 ±50
13,650 ± 60
15,070 ± 70
12,380 ± 60
13,070 ± 60
12,370 ± 70
12,800 ± 60
12,370 ± 70
12,430 ± 70
12,570 ± 70
13,180 ± 60

Beta-64516
Beta-67824, CAMS-9907
Beta-64518, CAMS-8283
Beta-64519, CAMS-8284
Beta-64520, CAMS-8285
Beta-67825, CAMS-9908
Beta-65158, CAMS-8334
Beta-65159, CAMS-8335
Beta-67826, CAMS-9909
Beta-65160, CAMS-8336
Beta-67827, CAMS-9910
Beta-67828, CAMS-9911
Beta-67829, CAMS-9912
Beta-67830, CAMS-9913
Beta-67831 , CAMS-9914

~
~

c

~
~

B13C
(o/oo)

Calibrated Age••
(cal BP)

Sample Site

Deposit

-24.6
-23.1
-22.9
-25.5
-24.2
-24.4
-24.8
-23.6
-23.4
-25.4
-24.6
-27.0
-25.4
-23.3

2983 (2739-3447)
10,910 (10380-11010)
(too old for calibration)
20,760 (20370-21120)
14,370 (14020-14780)
16,360 (15990-16710)
17,990 (17650-18320)
14,480 (14080-14940)
15,550 (15060-15960)
14,460 (14030-14970)
15,110 14620-15560)
14,460 (14030-14970)
14,550 (14100-15060)
14,750 (14270-15270)
15,710 (15250-16110)

Soda Springs reach
Blue Dot Trail area
Buckman area
Water Cyn W. area
Red Dot Trail area
Chino Mesa area
Chino Mesa area
Chino Mesa area
Chino Mesa area
Chino Mesa area
Ancho landslide area
Red Dot Trail area
Red Dot Trail area
Chino Mesa area
Chino Mesa area

floodplain; probable paleo-campsite
colluvium; probable spring deposit
basal lake sediments
buried soil
buried soil
buried soil
buried soil
buried soil
buried soil
buried soil
Rio Grande sands
buried soil
basal lake sand
buried soil
basal lake sand

...
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~
~
~

~

e

~

~~

:

~
~

~;:ro
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Notes:
• laboratory designations: Beta = Beta Analytic Inc; CAMS = lawerence Livermore National laboratory AMS Facility.
•• Calibrated ages use computer program CALIB 3.03 of Stuiver and Reimer (1993), with error multiplier of 2.0 and 2o uncertainty. Ages in ()are 2o range. For sample
that was not corrected for B13C in laboratory, the B13C value was assumed to be -24.4 ± 1.1 o/oo based on B13C values of 14 samples collected from White Rock Canyon.
••• Radiocarbon date was not corrected for B13C.
# Considered to be minimum-limiting age because of small sample size and possibility of laboratory contamination.
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Fig. 17. Sketch of stratigraphic section exposed near the mouth of Canada Ancha.

observed to rest directly on lacustrine sediments. Rio Grande terraces occur at similar
elevations near Otowi bridge and above
.lower Sandia Canyon and may also record
re-establishment of the river after filling of
the lake. As the lake and river deposits
downriver both overlie the upriver side of
the Water Canyon East slump complex, it is
possible that this landslide was responsible
for damming the Rio Grande. The canyon is
much narrower at the Water Canyon West
slump complex, however, and the latter area
may have been the actual dam site.

••

The dimensions of the lake can be estimated
by making several assumptions about the
location of the dam, the maximum elevation
of the lake, and the height of the Rio Grande
at that time. Here we assume that the dam

was at the Water Canyon West slump
complex, that the river at that time was 15
to 20 m above the modern channel, and that
the maximum lake elevation is either recorded by the top of the Canada Ancha lacustrine
section (5620 ft) or by the highest Rio
Grande deposits that may be associated with
filling of the lake (5650 ft at Water Canyon
East slump complex). Maximum lake depth
is thus estimated at 48 to 62 m, with a corresponding length of about 24 to 33 km,
extending to the vicinity of Espanola,
although it is possible that the lake was
actually larger or smaller than this. For
example, if the dam was "leaky" or if the
dam grew by continued landsliding as the
lake filled, the lake may not have reached
the outflow level until significant sedimentation had occurred, in which case the actual
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u

Fig. 18. Photographs of laminated lacustrine sediments in White Rock Canyon. (A) Lower silt and clay rich
sediments at Canada Ancha site near WR-17 sample site; dated at;;:: 42.3 ka. (8) Lower fine sand and silt layers at Red Dot Trail area. Pocket knife is at basal coarse sand layer of lacustrine deposit overlying terrestrial
sand deposit dated at 12.3 ka (WR-20).
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lake dimensions would have been smaller.
Alternatively, the high Rio Grande gravels
may have slumped since deposition, resulting in an underestimation of lake size.
Intermediate Lake (:$; 17.5 ka)
Evidence for the next younger landslidedammed lake is exposed at the east edge of
the Water Canyon West slump complex.
Lacustrine sediments occur up to 27 m
above the modern channel (to an elevation
of 5490 ft)on the upstream side of a landslide derived from the toe of the larger
slump to the west (Figs. 19 and 20).
Charcoal collected from a buried soil directly beneath these sediments yielded a 14C
age of 17.5 ka (WR-18, Table 3), providing a
maximum-limiting.age for the lake and the
associated landslide. Above the outcrops of
lacustrine sediment, 50 m above the modern
channel at an elevation of 5535 ft, a levee
composed of large basalt boulders lines an
abandoned outlet channel for this lake over
the landslide dam (Figs. 19 and 20). On this
same landslide, boulder gravel containing
Rio Grande lithologies occurs as high as 60
m above the modern channel to an elevation
of 5570 ft, possibly recording the progradation of the Rio Grande after filling of the
lake and providing an estimate of the maximum lake elevation. However, it is also
possible that these high gravels are older,
unrelated to this lake and involved in the
landslide.
Deposits from this lake may also be present
on the east side of the Rio Grande below
Chino Mesa and may be involved in the
younger landslide damming events that are
discussed below. On the downstream side of
the younger dam, exposed clayey lacustrine
sediments are exposed that dip 25° to the
west (Figs. 19 and 20), demonstrating transport as part of a landslide, although the age
of these sediments has not been determined.
On the upstream side of the dam, a radiocarbon date of 15.1 ka (WR-24, Figs. 19 and
21, Table 3) was obtained from charcoal

fragments within a buried soil that overlies
lacustrine sediments. If this age is accurate,
the lacustrine deposits may be associated
with the :$;17 .5 ka lake and also involved in
younger landsliding, although the context of
these sediments is not certain. An alternative explanation is that these sediments
record an additional lake that is > 15.1 ka in
age.
Youngest Lakes (:$;13. 7 ka to :$;12.4 ka)
Deposits of three younger lakes have been
examined along a 6-km stretch of river
extending upstream from the Water Canyon
West slump complex, in particular sites
near Chino Mesa and the Red Dot and Blue
Dot trails (Fig. 18b). The Rio Grande was
apparently.dammed by repeated failures of
the toe of this slump complex during a 1200to 2600-year period in the latest Pleistocene
(using calibrated 14C ages; Tables 3 and 4),
indicating an extensive period of instability.
Age constraints are provided by radiocarbon
dates on charcoal collected from buried soils
overlying or underlying lacustrine sediments or Rio Grande deposits and from
coarse basal sands beneath lacustrine sediments. The coarse basal sands are believed
to represent transgressive beach deposits
produced as the lake levels rose, although
they may possibly record pulses of sediment
from local arroyos.
Two episodes of lake-level rise after about
13.7 ka and before 12.4 ka are recorded at
the Chino Mesa site (Fig. 19) by a repeating
sequence oflacustrine sands, silts, and clays
between 14 and 22 to 24 m above the
modern Rio Grande, overlain by dark,
organic-rich buried soils (Fig. 21). The exact
chronology of these lakes is not certain
because of some inconsistency between 14C
dates (e.g., an age of 13.2 ka [WR-35] was
obtained from basal sand that overlay a
buried soil with a younger age of 12.6 ka
[WR-34]), but the stratigraphy and age
control suggest an intervening period of
terrestrial exposure that terminated around
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13.1 ka (WR-26 and WR-35, Table 4). It is
possible that the lake never completely
drained during this period, perhaps persisting with a fluctuating water level due to a
"leaky" dam. It seems more likely from the
stratigraphy, however, that two distinct
lakes separated by several hundred years
are recorded in the deposits. Before about
12.4 ka (WR-25), the Rio Grande flowed
through the landslide dam, depositing
fluvial sediments as low as 13 m above the
modern channel that were inset into the

older lacustrine sediments (Fig. 21).
Charcoal collected from possible correlative
Rio Grande deposits 13 m above the river
downstream of the dam has yielded a 14C
date of ca. 12.8 ka CWR-30, Fig. 19, Table 3),
suggesting that the second lake had drained
by that time.
A third lake in the latest Pleistocene is well
constrained by deposits at both the Chino
Mesa and ·Red Dot sites. Five statistically
indistinguishabl e radiocarbon dates of 12.3

TABLE 4
AVERAGED RADIOCARBON AGES FROM WHITE ROCK CANYON

Geologic Unit

Averaged
14-C Age
(yr B.P.)*

12,364 ± 74
youngest lake
intermediate lake 13,126 ± 99

Calibrated Age (CALIB 3.03)**

Samples

14,460 cal BP (14,830-14,140)
15,630 cal BP (15,990-15,220)

WR-20, WR-25, WR-27, WR-31, WR-32
WR-26, WR-35

Notes:
• Averaged radiocarbon ages were obtained using computer program CALIB 3.03 {Stuiver and Reimer, 1993) withan error multiplier of 2.0 for the
original analyses. Average ages were obtained from samples from presumed correlative units where there is no statistically significant difference
between sample ages.
**Calibrated ages use 2o uncertainty, from Stuiver and Reimer {1993). Ages in {)are 2o range.
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to 12.5 ka have been obtained from buried
soils or basal sands (Figs. 21 and 22; Tables
3 and 4), closely constraini ng the initiation
of this lake and the most recent major landslide movemen t at the Water Canyon West
slump complex. Character istics of the
buried soils suggest that relatively little
time may have elapsed since terminatio n of
the previous lake, which is consistent with
the available age control. The WR-20 (Fig.

18b) and WR-25 soils show no evidence for
significant exposure time; terrestrial exposure is only shown by burrowed sands at
both sites and by land snails (Succinea) in
the WR-20 deposit. The WR-27 and WR-31
soils both have dark A horizons, indicating
accumulat ion of organic matter, but this
may also have required little time in a moist
environme nt.
west

east

A

25

-- 20
E

Q)

"C

c

....

«l

C)
0

a:

Q)

>
0
.c

15
10

-

5

I

0

<(

.£::

C)

"Q)

Rio
Grande

I
50

0

100

150

200

Distance (m)
B

EXPLANAT ION

west

east

radiocarbon sample
•
"'"" buried soil
Rio Grande sands

25

-- 20

D

c

I:=:::::::::! lacustrine sands, silts, clays

E

I 'n

Q)

"C

....

«l
C)
0

15

Q)

10

a:

>
0

-

<(

.£::

~ coarse basal lake sand
diatom-rich silts
fine grained colluvium
g6'6~ bouldery landslide or colluvium

D
CJ

Holocene
Rio Grande
terrace

.c

\

5

Rio Grande gravels

C)

"Q)

I

0

0

50

100

150

Distance (m)
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The upper limit of the lake at the Red Dot
site is suggested by lacustrine sediments
and possibly associated river gravels about
24 m above the modern channel (-5485-ft
elevation). Following re-establishment of
the Rio Grande at the Red Dot site, the
channel incised and temporarily stabilized
at heights of about 17 to 21 m and later at 6
to 15 m, as recorded by inset river terraces
(Fig. 22). The lower of these river terraces at
the Red Dot site is underlain by an
additional sequence of lacustrine sediments
that extends to within 4 m or less of the
modern channel (Fig. 22), although the age
and context of these sediments are not
known. The 12.4 ka lake is estimated to
have extended upriver to near Otowi bridge,
with a maximum lake depth of 15 to 27m
and a possible length of 14 km.
Deposits in the Blue Dot Trail area are
similar to those at the Red Dot Trail site,
including two Rio Grande terraces developed above lacustrine sands that in turn
overlie Rio Grande gravels (Fig. 23). The
Blue Dot deposits are presumed to record
the ::::;12.4 ka lake because of their similarity
in character and elevation to the Red Dot
deposits, although precise age control has
not been obtained here. The only age constraint is a minimum-limiting age of 9. 7 ka
(WR-16) obtained from possible spring
deposits behind the higher river deposits
(Fig. 23). The Rio Grande flowed within several m of its present elevation by at least 2.9
ka, which is shown by a radiocarbon date
obtained from deposits near the present
river near Soda Springs (WR-12, Table 3).
At both the Red Dot and Blue Dot sites,
thin-bedded, silt-rich fine sand is the most
common lacustrine sediment (Figs. 18b, 24,
and 25). Cross-laminated to cross-stratified
beds suggest that moderate to strong currents swept the bottom of the lake or lakes
at irregular intervals, perhaps when nearby
arroyos were in flood. Neither the Blue Dot
nor the Red Dot sections expose other evidence for breaks in sedimentation.

Effects of Lake Drainage
Termination of some of the landslidedammed lakes in White Rock Canyon may
have resulted in significant secondary
effects such as catastrophic downstream
flooding or the triggering of additional landslides. The strongest evidence for such
effects of lake drainage are boulder-rich
deposits that extend for at least 12 km
below the Water Canyon West dams. These
deposits have only been examined in reconnaissance.
Remnants of alluvial surfaces underlain by
deposits rich in large basalt boulders occur
for at least 3 km downstream from the
Water Canyon West dam. These boulders
are up to several meters in diameter and are
locally polished or imbricated. The alluvial
surfaces apparently decrease in height
above the river from about 23 m near the
dam to about 9 m near Chaquehui Canyon,
with a gradient of about 0.004 that is significantly steeper than the modern river gradient of about 0.002. The steep gradient and
the abundance of basalt boulders suggest
deposition from an extreme flood event,
such as would be associated with drainage
of a landslide-dammed lake. Alternatively,
the basaltic debris may have been derived
from the relatively slow erosion of the dam,
although a catastrophic failure see:rps more
likely. These deposits start at the downstream end of the Water Canyon West dam,
suggesting an age between about 17.5 and
12 ka.
Similar boulder-rich deposits located significantly higher above the Rio Grande have
been mapped 8 to 12 km downstream of the
Water Canyon West dam in the Cochiti Dam
quadrangle, between Frijoles and Alamo
Canyons. The surfaces of these deposits
have an apparently steeper gradient of
about 0.006. Near the mouth of Lummis
Canyon, the deposits contain boulders as
large as 4 m (b-axis) and are overlain by the
El Cajete pumice, indicating an age of
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First, varied evidence indicates that precipitation in the region was significantly higher during the latest Pleistocene than at present. Increased precipitation would have
resulted in higher recharge rates to the
aquifer beneath the Pajarito Plateau, in
turn producing higher water table elevations and higher groundwate r discharge
Extensive downstream bank scour and posrates in White Rock Canyon, thus decreasmay
landslides
sible triggering of additional
the stability of the slopes, although the
ing
have accompanied lake-drainin g floods in
precise difference in precipitation has been
White Rock Canyon, but because the landdifficult to quantify. Studies of the Estancia
slide dam is located near the downstream
in central New Mexico show that sepbasin
the
landslides,
slump
extent of the large
highstands of Pleistocene Lake
arate
effect of such floods on landslides may have
been minor. An additional potential effect of Estancia occurred between roughly 20 and
sudden draining of lakes is the triggering of 15 ka and later between 14 and 12 ka
(Bachhuber, 1989; Allen, 1991; Allen and
landslides within the area of the lake, which
1993). Allen and Anderson (1993)
Anderson,
could have been caused by high seepage
argue that these high lake levels must
pressures in the banks, analogous to wellrecord regional precipitation significantly
documented cases of landslides triggered by
than at present, and they also infer
higher
(e.g.,
reservoirs
of
the rapid drawdown
discharge in the Estancia
groundwater
that
Selby, 1982). Some of the landslides occurafter about 12
significantly
basin decreased
ring upstream of the Water Canyon West
ka. Studies of Pleistocene Lake San Agustin
slump complex may have been triggered or
in central New Mexico also suggest that
data
although
drained,
lakes
reactivated as
14 and 27 ka there was significantly
between
on the timing of such landslides have not
higher stream flow than today, and that
been obtained.
there were also major climatic fluctuations
Causal Factors
during this period (Phillips et al., 1992).
Similarly, Phillips et al. (1986) used isotope
The ages of the latest Pleistocene lakes in
data from groundwater in the San Juan
White Rock Canyon correspond to a period
Basin of northwest New Mexico to infer that
of global climate changes associated with
groundwate r recharge during the late
the peak and termination of the most recent
Pleistocene was significantly higher than at
major glaciation in North America (the late
present. The paleobotanic al record from the
Wisconsinan glaciation) and thus suggest a
American southwest also supports higher
direct relation between these climate
regional precipitation during the period
changes and triggering of the landslides.
from 16 to 10 ka, derived primarily from
The upper Rio Grande drainage in New
winter storms; however, the magnitude of
Mexico and Colorado supported extensive
the inferred precipitation changes and their
alpine glaciers during the late Pleistocene,
timing are not fully understood (e.g.,
and evidence from elsewhere in the Rocky
Spaulding et al., 1983; VanDevend er et al.,
Mountains indicates that the peak of late
1987; Spaulding, 1992). It should be
Pleistocene glaciation occurred about 22 ka,
stressed, however, that there was undoubtand that these glaciers had largely disapedly a lag between periods of maximum
peared by 10 to 12 ka (e.g., Porter et al.,
recharge and maximum spring discharge,
1983; Richmond, 1986). At least two connecand therefore the period of minimum slope
tions between these climate changes and
stability may not correspond to the period of
slope stability in White Rock Canyon are
maximum precipitation .
reasonable.

greater than 58 ka. It is possible that they
were produced by erosion and deposition
from an earlier catastrophic flood that
results from rapid lake drainage, although
these deposits cannot at present be related
to any specific lake.
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Second, peak flood discharges along the Rio
of White Rock Canyon is provided by obserGrande in the latest Pleistocene could have
vations of spatial and temporal variations in
been significantly higher than at present
landsliding, which is discussed in previous
because of the higher regional precipitation ,
sections, and observations of differing charthe melting of glaciers, or other climatic
acteristics of the early Quaternary canyon
changes such as warmer temperature s leadand the modern canyon.
ing to rapid melting of snowpacks. Such
high flood discharges could have triggered
White Rock Canyon downriver from TA-33,
the toe failures by leading to rapid incision
is incised largely into basalts and is much
within White Rock Canyon or scouring of narrower than upriver (Fig. 7), where it is
the toes of landslide complexes. At present,
incised into both basalts and the underlying
floods associated with snowmelt runoff have
sediments. In addition, the 1.2-Ma paleothe longest duration and, typically, the highcanyon of the Rio Grande exposed near TAest annual peak discharge-u p to 25,000 cfs
33 appears to differ significantly in morat Otowi bridge since measuremen ts began
phology from the modern canyon. Available
in 1895 (Graf, 1994). Higher peak
exposures indicate that the early
discharges during parts of the Pleistocene
Quaternary canyon was much shallower
with higher regional snowfall are thus reaand narrower than the modern canyon (Fig.
sonable, although no estimate of the magni7); it was incised largely into basalts and
tude of this difference has been made.
associated phreatomagr natic deposits and
Although the chronology of deglaciation in
apparently lacked the extensive slump landthe southern Rocky Mountains is not well
slides that flank the modern canyon. These
defined, available evidence suggests that
morphologic differences suggest that largethe youngest White Rock Canyon landslidescale landslides only occur after canyon
dammed lakes, at ca. 13.7, 13.1, and 12.4 ka,
incision exposes a significant thickness of
may have been created during the period of sedimentary rocks with much lower shear
major late-Wiscons in deglaciation in the
strength than the basalts. These observaRocky Mountains (e.g., Porter et al., 1983;
tions also suggest that the style and rate of
Richmond, 1986; Elias et al., 1991). This
widening of the canyon may have varied
concurrence of ages in turn suggests that
significantly over time as the Rio Grande
higher flood discharges related to glacial
cut down through a variety of stratigraphic
melt may have been a significant contributunits.
ing factor to the landslides. Dethier and
McCoy (1993) proposed that the Rio Chama
We propose a simple model for the long-term
underwent rapid incision sometime between
evolution of White Rock Canyon, in which
deposition of their Q5 surface (>25 ka) and
canyon widening by mass-wastin g is initialthe Holocene (10 ka), and higher incision
ly slow through basalts and related rocks
rates along the Rio Grande in White Rock · and then increases significantly with the
Canyon during this time period may have
exposure of weaker underlying sedimentary
contributed to the toe failures.
rocks and the initiation of massive slump
landslides (Fig. 26). The time ofinitiation of
LONG-TER M EVOLUTIO N OF WHITE
the major landslides is not known, although
ROCK CANYON
it would have varied along the canyon in
relation to the time of exposure of a suffiAn understandin g of the long-term evolution
cient thickness of sedimentary rocks
of White Rock Canyon provides important
beneath the basalts. The elevation of the
insights for evaluating the relative susceptilowermost basalts exposed along the canyon
bility of different parts of the canyon to landswalls generally decreases downcanyon from
liding and the time scales of failure. Evidence
Otowi bridge (Dethier, 1995), and landslides
pertaining to the long-term evolution

37

33
Land slide s and Other Mass Move ments Near Techn ical Area

would thus be initia ted earlie r upcan yon,
assum ing that the gradi ent of the Rio
Grand e has been rough ly consta nt since the
early to middl e Pleisto cene.
A series of simpl ifying assum ptions need to
be made in order to appro ximat ely quant ify
the timin g of landsl ide initiat ion and the
rates of canyo n widen ing by landsl iding. (1)
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has been exposed. Because these assumptions undoubtedly oversimplify actual field
conditions, the following approximatio ns
should be used cautiously, although they do
provide a reasonable framework for considering spatial and temporal variations in
landsliding in White Rock Canyon.
The approximate time of initiation of major
slump landslides can be estimated for any
part of the canyon by using an empirically
based threshold for initiation of these landslides as a function of the thickness of
exposed sedimentary rocks in combination
with the incision history of the Rio Grande.
Large areas of slump landslides are not present downriver of Chaquehui Canyon, and
we therefore make the initial assumption
that the 70 m of sediments exposed beneath
basalts at Chaquehui Canyon represents a
minimum threshold thickness for initiation
of major slumps. Although the detailed postBandelier Tuff incision history of White
Rock Canyon is not well constrained,
approximatio ns can be made based on data
collected elsewhere in the region. The best
data on incision of the major rivers in northern New Mexico have been obtained further
north in the Espanola basin (Dethier et al.,
1988, 1990; Dethier and McCoy, 1993)
where about 110 m of incision has occurred
along the Rio Chama since eruption of the
Lava Creek B tephra 620 ka, for an average
long-term incision rate of 0.18 m/ky (meters
per thousand years). Possible correlative
alluvial surfaces downriver in the Cochiti
Dam area are similarly located about 90 to
150m above the Rio Grande (Dethier et al.,
1988), so as a first approximatio n we estimate that the river has incised 120 ± 30 m
in White Rock Canyon since 620 ka at an
average long-term rate of 0.19 ± 0.05 m/ky.
By using this rate and elevations of the
lower basalts along the canyon walls, we can
estimate when 70 m of sediments was
exposed at different sites. Table 5 presents
estimates of the time that slumps may have
been initiated in different parts of White
Rock Canyon, based on these assumptions .

The assumptions made in Table 5 greatly
oversimplify the controls on slope stability
in White Rock Canyon and thus only
suggest the general time scales that may be
involved. In addition to uncertaintie s
involving the incision rate, variations in the
strength of the sedimentary rocks will affect
the timing of initial failure. For example,
the strength of ancestral Rio Grande gravels
is probably relatively high and the strength
of clay-rich lacustrine sediments relatively
low; threshold thicknesses for slump initiation therefore could be significantly lower in
the lacustrine sediments, resulting in earlier
initiation of slumps. Slope stability is also
strongly influenced by pore water pressures,
which are related to the location and elevation of groundwater discharge. Thresholds
for failure might be lowest in areas of highest groundwate r discharge, although
discharge variations along White Rock
Canyon are not well constrained. Despite
these uncertaintie s concerning thresholds
for slumping, the estimates in Table 5 illustrate that slump landslides may have been
occurring in White Rock Canyon for hundreds of thousands of years and that this
style of failure may have been initiated
significantly earlier upcanyon than in the
TA-33 area. These time scales are also
reasonable in light of the age ·constraints
discussed earlier.
The estimates of the time of landslide initiation, T 0 , in Table 5 can be combined with
data on the width ofthe modern canyon, Wm
(Fig. 13), and approximatio ns of the canyon
width at time of landslide initiation, W 0 , to
calculate approximate average rates of
canyon widening or rates of canyon rim
retreat, R:

An estimate of the width of the canyon at
the initiation of major slump landslides is
provided by the relationship between
canyon width and canyon depth shown in
Fig. 27, which includes data from both the
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TABLE 5
POSSIBLE TIME OF INITIATION OF MAJOR SLUMP LANDSLIDES IN WHITE ROCK CANYON

Site
Chaquehui Canyon
Ancho Canyon
Water Canyon
Mortandad Canyon
SW of Otowi Bridge

Elevation
of Base of
Basalt
(ft) *

Rio Grande
Elevation
(ft)

Thickness of
Sedimentary
Rocks
(ftlm)

5600
5710
5750
5850
6010

5370
5380
5390
5440
5480

230/70
330/100
360/110
410/125
530/160

Time of Initiation
Qf MajQr Sh.!!DI2S **
Range
Best Estimate
(ka)
(ka)

160
210
290
475

125-215
165-285
230-395
375-645

Notes:
*From Dethier (1995).
** Assumes constant incision rate of 0.19 ± 0.05 mlky, and initiation of slumps after 70 m of sedimentary rocks
have been exposed.

modern canyon in basalt and the early
Quaternary canyon. Variations in canyon
stratigraphy, the estimated time of landslide initiation, canyon width, and canyon
rim retreat rates, based on the above
approximations, are shown in Fig. 28.
Estimated average rim retreat rates in
areas of slumping are generally 1 to 4 m/k.y
(Fig. 28d). These rates are up to an order of
magnitude higher than rates of 0.37 m/k.y
predicted using the canyon width-to-depth
relation in Fig. 27 and an incision rate of
0.19 mlk.y; they illustrate the major increase
in erosion rates of the canyon rims that
would occur once slumps are initiated.
Note that several parts of White Rock
Canyon have modern widths similar to what
would be expected if the slopes were entirely underlain by basalt, particularly the
Overlook and Mortandad Canyon areas and
an area southwest of Otowi bridge (Fig.
28c). The canyon width at MDA-D is notably
no wider than expected from a site exposing
no underlying sediments. These locations
could be expected to be the most susceptible
to· future failure, which is consistent with
the interpretation made earlier based solely
on average canyon slope gradients (Fig. 14).
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The estimated average rim retreat rates
shown in Fig. 28d should be considered
approximate because of the numerous
underlying assumptions. However, several
points are worth noting. Significant local
variations in estimated average widening
rate are shown in Fig. 28d, illustrating the
spatial variability in past landsliding along
the northwest slopes of White Rock Canyon.
In addition, the estimated widening rate
generally increases downriver, despite the
fact that the mechanically weakest rocks,
the Pliocene lacustrine sediments, are only
present upriver. This apparent downriver
increase in rim retreat rate may reflect a
combination of two tendencies. First, the
scale of the landsliding, specifically the
width of individual slide blocks (measured
perpendicular to the canyon rim), may
generally increase downriver associated
with the increase in thickness ofbasalt, and
thus the accompanying increase in minimum slide depth. Second, the rate of canyon
widening at each site may decrease over
time, as the initiation oflarge slumps acts to
both decrease the average canyon wall gradient and to buttress the lower slopes, possibly inhibiting new rim failures. Renewed
rim failures may require both significant
erosion of the landslide toe, such as occurred
in the late Pleistocene in the Water Canyon
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West slump complex, and significant canyon
incision. For example, using the estimated
incision rate of 0.19 ± 0.05 mlky for the Rio
Grande indicates that an average of 40 to 70
ky would be required for 10 m of incision;
however, for a slope 260 m high and 1.2 km
long, as at the Water Canyon West slump
complex, this would increase the average
slope gradient by only about 5%, from 0.22
to 0.23. Mter initiation of major slumping at
a site, it is possible that renewed failure of
the rim may be inhibited for hundreds of
thousands of years, although this inference
is necessarily speculative.

IMPLICATI ONS FOR POTENTIA L
SLOPE INSTABILI TY AT MDAS
Landslide characteristi cs discussed in the
preceding sections allow us to infer whether
slope failures could be sufficient to expose
buried waste at the TA-33 MDAs over time
periods of at least lOs to 1000s of years.
Spatial relations of landsliding to bedrock
variations and data on the timing and
frequency of failure are particularly important. These observations indicate that the
exposure of buried wastes at MDA-E by
mass-wastin g over these time periods is
improbable. The stability of MDA-D and
other contaminate d areas at East Site is
more problematic because several lines of
evidence suggest that the mesa at East Site
is potentially susceptible to large-scale
slump failures such as those that are present
in adjacent areas. Uncertaintie s exist concerning the triggering mechanisms for such
slumps, including the possibility of seismic
triggers, but available data suggest that initiation of the largest slumps may require significantly wetter climatic conditions than at
present, such as those that characterized the
period from about 12 to 20 ka. The probability of similar climatic conditions recurring in
the next lOOs to 1000s of years is unknown,
and thus a more complete evaluation of the
potential for failure at MDA-D over these
time scales is not possible. These lines of evidence are discussed below.
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Influence of Rock Type on MassWasting
The extensive slump complexes exposed
along White Rock Canyon from Otowi
bridge to the vicinity of TA-33 involve failure of Pliocene basalts overlying weaker
Pliocene and Miocene sedimentary rocks.
Massive landslides occur only after canyons
are incised through basalts, exposing a
thick section of the underlying weak rock
units. A major change in canyon morphology
occurs at TA-33. The canyon is wide
upstream, where it averages 1.8 km
between canyon rims and is characterize d
by extensive landslide complexes; downstream the canyon is narrower (averaging
<1.0 km), and displays smaller and more
restricted landslides. This change in canyon
morphology corresponds to a change in rock
types. Pliocene alluvial and lacustrine
deposits, Santa Fe Group sediments, and
altered zones in the Puye Formation
fanglomerate , the three units most clearly
associated with massive slope failures to the
north, become thin or absent south of
Chaquehui Canyon. Some phreatomagm atic
deposits exposed to the south are sufficiently weak to produce slumping, but the scale
of failure is relatively small. At MDA-E,
Chaquehui Canyon has not yet cut deeply
enough to expose any sedimentary units
beneath the basalt (Fig. 5b), and initiation
of slumps as seen in White Rock Canyon
proper is thus unlikely. However, the MDAD area appears to be susceptible to slump
failures, which is indicated by the occurrence of slumps both upriver and downriver
(i.e., Figs. 11 and 12; Plate 1).
We conclude that it is improbable that
small-scale rockfalls involving primarily
Bandelier Tuff will be sufficient to expose
buried wastes at either MDA-E or MDA-D.
No evidence of the failure of significant portions of the mesa rim (>5 m into the mesa)
was seen. Instead, mass-wastin g of the
mesa edges seems restricted to relatively
small (0-to-4 m wide) rockfalls, as has been

Implications for Potential Instability at MDAS

observed in other parts of the Pajarito
Plateau. The largest landslides in Bandelier
Tuff at TA-33 occur within Chaquehui
Canyon immediately downstream ofMDA-E
where an exceptionally thick section of tuff
(>100 m) is exposed within a pre-Bandelier
Tuff paleocanyon (Fig. 5b). The occurrence
of these large Bandelier Tuff failures in
Chaquehui Canyon is consistent with observations made elsewhere on the Pajarito
Plateau, such as at Los Alamos and Pajarito
Canyons, where partially detached blocks
(>15m into the mesas) occur along canyons
exceeding 60 m in depth (Reneau, 1994,
1995). At MDA-E and MDA-D, thinner
sections of tuff are present (50 m thick, Fig.
5), and the thickness of the tuff is apparently insufficient to allow large-scale failure.
The disposal pits at MDA-E are about 20 m
from the mesa edge at their closest point,
and a minimum of 4 to 5 individual rockfalls
would be required to expose material within
these pits.
Local Susceptibility to Mass-Wasting

Within the part ofWhite Rock Canyon characterized by large-scale slump landslides,
specifically upriver from Chaquehui
Canyon, variations in local topography
allow inferences to be made about the
relative susceptibility of different parts of
the canyon to future slump initiation. Shear
stress at the base of a slope increases with
increasing slope gradient, and, all other
factors being equal, the least stable areas
are those with the steepest gradient. Along
the northwest side of White Rock Canyon,
four areas stand out as having significantly
higher average slope gradients: an area
about 3 km downriver from Otowi bridge;
the MDA-D area; the White Rock Overlook
area; and, to a lesser degree, the Water
Canyon East slump complex (Fig. 14). No
lithologic variations sufficient to imply
greater resistance to landsliding were
observed at these areas, although the
bedrock is generally obscured beneath colluvium and landslide debris. In addition,

springs occur in some of these areas, including the Overlook area and the MDA-D area
(Purtymun et al., 1980), suggesting that the
stability of these areas cannot be argued
because of the absence of groundwater
discharge. Based on these observations, all
four areas could be considered particularly
susceptible to future slump initiation.
Timing of Mass-Wasting

The age of landslides and other mass movement deposits provide critical data for
evaluating the frequency and triggering
mechanisms of failure. The largest mass
movement deposits in White Rock Canyon
are overlain by the El Cajete pumice, documenting that these failures are older than
58 ka years in age. These old deposits
include the narrow slumps below TA-33
between Chaquehui Canyon and Ancho
Canyon, the massive rock avalanche deposit
north of Ancho Canyon, and the series of
massive slump complexes extending from
south of Water Canyon to north of White
Rock.
Significant landslide activity during the
time period after eruption of the El Cajete
pumice, >58 ka, has been documented at
several locations in White Rock Canyon.
The youngest landslides include sites in
Mortandad Canyon, that are underlain by
Pliocene lacustrine deposits and are in
areas of spring discharges. Recent movement at the Mortandad Canyon site was
apparent during the spring of 1993, possibly
related to the relatively high precipitation
that occurred during the winter of 19921993. The susceptibility of Santa Fe Group
sediments to failure following toe erosion
even under modern climatic conditions is
indicated by recurring movement of one
landslide along State Route 4 immediately
east of Otowi bridge where the toe was
steepened during highway widening.
Similar small-scale movement caused by toe
erosion by the Rio Grande has also been
seen in White Rock Canyon.
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Closer to TA-33, the most recent large landslide failures that have been recognized are
in the Water Canyon West slump complex.
At this side, the toe of a large pre-El Cajete
slump was apparent ly reactivat ed several
times in the late Pleistocene, dammin g the
Rio Grande and creating lakes. At least four
dammin g events are inferred in the period
between about ~2 and 18 ka. These ages
correspo nd to the time of the most recent
glaciatio n and to the transitio n to the
succeedi ng interglac ial period, a period
significa ntly wetter than today, and strongly suggest that triggerin g of the landslide s
was associat ed with these different climates. The reactivat ion of the landslide s
could have been triggered by several possible mechani sms and was perhaps related to
either increase d groundw ater discharg e
from the aquifer beneath the Pajarito
Plateau or to lateral cutting or incision by
the Rio Grande associate d with significa ntly
higher flood discharg es. Importan tly, these
ages are older than the last large earthquakes that have been documen ted on the
Pajarito Plateau (Magnitu de 6.5 to 7 earthquakes about 4 to 6 ka and 8 to 9 ka;
Gardner et al., 1990; Wong et al., 1993),
suggesti ng that seismic shaking in the
absence of wet antecede nt condition s is
inadequa te for the triggerin g of slumping .
The apparen t associati on of moveme nt within the White Rock Canyon slump complexes
and the wetter late Pleistoce ne climate suggests that similar climatic condition s were
associate d with the older slumpin g and
would be required for the initiatio n of future
large-sca le slumps. Significa ntly, as the
largest White Rock Canyon slumps pre-date
the >58-ka El Cajete pumice, no evidence
has been seen for slump initiatio n during
the wetter period of the latest Pleistoce ne,
including in the four areas inferred to be
most suscepti ble to failure (discuss ed
above). Major landslid ing in the latest
Pleistoce ne has instead been recogniz ed
only at the toes of slump complexes. These
observat ions imply that wet climatic
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conditions may be necessar y but not sufficient to trigger major landslid ing in White
Rock Canyon and that new rim failures,
includin g at MDA-D, may similarly not
occur during the next wet climatic period.
Summa ry
Available data on the distribut ion, ages, and
causes of mass-wa sting in the vicinity ofTA33 indicate that exposure of buried wastes
at MDA-E by mass-wa sting over time
periods of lOs to 1000s of years is improba ble. Rock units underlyi ng MDA-E and
exposed in the walls of Chaqueh ui Canyon,
consistin g of about 50 m of Bandelie r Tuff
overlying 50 m of basalt, are much less susceptible to failure than other units exposed
in White Rock Canyon. Mass-wa sting of the
mesa edge adjacent to MDA-E appears
restricte d to infreque nt, small-sc ale rock
falls from the cliffs that would involve
blocks less than 5 m in size and exposure of
wastes buried 20 m or more from the mesa
edge would require a minimum of 4 to 5
individu al rockfall events.
MDA-D and adjacent areas at East Site are
inferred to have a higher potentia l for
exposure of contami nants by landslid ing
because of the nearby presence of massive
slumps and the relativel y steep canyon
walls. The most likely trigger for such
slumps is inferred to be either a significa nt
increase in groundw ater discharg e rates or
erosion of the toe of the slope by the Rio
Grande during periods of higher flood discharges. Both mechani sms probably require
significa ntly wetter climates than those of
today, such as the climates that would
accompa ny the next period of major continental glaciatio n. However , reliable predictions of the timing of new slumps at East
Site are not possible, and the observat ion
that these areas were stable through wetter
periods in the latest Pleistoce ne provides
evidence that they may also remain stable
through future wet periods.
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