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CAUTIONARY PREFACE 

Much of this field trip is on Department of Energy land, passing through many areas posted with DOE 
“No Trespassing” signs. Several field trip stops are in such areas, and these stops should not be made 
without being in the company of Laboratory or other authorized personnel on official business. The 
consumption of alcohol is prohibited on DOE land, so please wait until appropriate times to imbibe 
(lunch stops are on Los Alamos County lands, where no such restrictions apply). Some stops are within 
Bandelier National Monument, so please respect their regulations as well (no rock hammers!). Part of 
the field trip also passes through lands of San Ildefonso Pueblo, closed to the public, and we ask that 
their boundaries be respected. Archaeological sites are scattered throughout the field trip area, and are 
protected under Federal law: feel free to admire artifacts, but please leave them where you found 
them!! Finally, be warned that the police of Los Alamos County show great diligence in their job: 
speeding, open containers, minors with alcohol, etc., are an invitation for trouble, so, please use com- 
mon sense on this field trip. 



INTRODUCTION 

The Pajarito Plateau is a dissected landscape of alternating mesas and canyons that is located on the 
cast flank of the Jemez Mountains (the Sierra de 10s Valles), draining eastward to White Rock Can- 
yon of the Wio Grande (Fig, 1). The defining feature of the Plateau is the Tshirege Member of the 
Bandelier Tuff, a massive series of ignimbrites (also called “ash-flow tuffs”) erupted from the Jemez 
Mountains at ca. 1.22 Ma and associated with development of the Valles caldera. The Tshirege 
Member buried most of the former topography between the mountains and the Rio Grande, almost 
instantaneously creating a new landscape and providing an excellent early Pleistocene datum which 
aids in an examination of neotectonics and drainage evolution. 

f-:-j Miocene to Quaternary rocks of Jemez volcanic field 

h,TJJ\m Pajarito Plateau. 

Em Pliocene to Quaternary basaltic rocks. 

Eocene to Quaternary sediments and sedimentary 
rocks of Rio Grande rift. 

rocks. 

; 2‘. ~. \-:- Precambrian rocks 

I--! Paleozoic, Mesozoic, and lower Tertiary sedimentary 
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Fig. 1. Generalized geologic map showing the distribution of Cenozoic sediments of the Rio Grande 
rift and adjacent Basin and Range province, Cenozoic volcanic rocks of the rift and the Jemez linea- 
ment, arid major faults. Inset shows general geologic and geographic features in the Los Alamos area. 
CDR: Cerros del Rio volcanic field; SDB: Santo Doiningo basin; WRC: White Rock Canyon of the 
Rio Grande (modified from Baldridge et al., 1994). 
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This area is widely known and studied by volcanologists, with the Valles caldera being the “type- 
example” of a resurgent caldera, and with the Bandelier Tuff providing world-class examples of 
high-volume (>lo2 km3) silicic ignimbrites (Smith and Bailey, 1966, 1968; see field trip guides to 
this area by Bailey and Smith, 1978; Self et al., 1987; Goff et al., 1989,1996; Self and Sykes, 1996). 
The Pajarito Plateau is also renowned for its archaeological sites, possessing an exceptionally high 
density of ancestral Puebloan (Anasazi) ruins both in Bandelier National Monument and in sur- 
rounding areas. The Plateau has also entered history books as the home of “Project Y” of the 
“Manhattan Engineering District”, the top-secret World War I1 project to develop the first atomic 
bombs which has evolved into the present Los Alamos National Laboratory (“LANL”, a Depart- 
ment of Energy facility operated by the University of California). 

Research on Quaternary geology and surface processes on the Pajarito Plateau has accelerated over 
the last 5-10 years, driven in large part by seismic hazard and environmental concerns at LANL. A 
Seismic Hazards Investigation Program was initiated in 1984 (Gardner and House, 1987), and has 
subsequently resulted in an increased understanding of many aspects of Pajarito Plateau geology. 
Field work for the LANL Environmental Restoration Project was begun in 1992, part of a nation- 
wide DOE program whose ambitious goal is to systematically evaluate and clean up contaminated 
sites throughout the DOE complex, and has further spurred detailed earth science investigations 
across the Laboratory. 

This field trip will focus on select aspects of the geology of the Pajarito Plateau, particularly the late 
Quaternary geomorphic history and soils, supplemented by briefer discussion of a range of topics 
pertaining to Quaternary geology, surface processes, and archaeology. No attempt is made on the 
field trip to cover all related topics, although references contained in this introduction and in the logs 
are intended to direct the reader to much of the recent and earlier work, including work that has not 
yet been published outside the internal LANL literature (but which is generally available for distri- 
bution). 

Modern Climate 

The Pajarito Plateau has a semiarid, temperate mountain climate (Bowen, 1990,1992). The average 
temperature is about 83°C (473°F) in Los Alamos (7380’, 2250 m elev.) and 9.6”C (49.3”F) in 
White Rock (6380’, 1945 m elev.), with maximum and minimum temperatures occurring in July 
and January, respectively (Fig. 2). The average annual precipitation is about 45 cm (17.8 in) in Los 
Alamos and 34 cm (13.3 in) in White Rock. Precipitation has a strong maximum in July and August, 
corresponding with the “summer monsoon” and providing -40% of the average annual total. Sum- 
mer moisture is derived from the south, primarily the Gulf of Mexico, and is associated with thun- 
derstorms that can develop on an almost daily basis, producing locally intense but spatially variable 
rainfall. Analyses of Los Alamos precipitation data by Bowen (1990) indicate that 1-hr rainfalls of 
-3-4 cm and 15-min rainfalls of -2-3 cm occur every 10 yrs on different parts of the Plateau (with 
higher average intensities occurring to the west). These intense rainfalls can generate very rapid 
surface runoff and flashy flood peaks. 

Snowfall is primarily derived from frontal storms that originate to the west over the Pacific Ocean, 
and is highly variable from year to year (Bowen, 1990, 1992). A historic minimum of 24 cm oc- 
curred in Los Alamos in 1949-1950, and a maximum of 389 cm in 1986-1987. On average, winter 
is the driest season on the Pajarito Plateau, with the minimum average monthly precipitation occur- 
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Fig. 2. Surnmay of “normal weather” in 1,os Alamos (1961-1990) and White Rock (1965-1990). (a) 
average daily minimum and maximum temperature, and (b) average monthly precipitation for both 
sites; and (e)  average monthly Los Alamos snowfall (from Bowen, 1992). 

ring in February (Fig. 2). However, plant-available water is much less in the spring due to higher 
evapotranspiration rates, and extended dry periods in May and June are common. 

Systematic variations in precipitation occur between the lower elevation, eastern Pajarito Plateau 
and the higher elevation, western Plateau, with both mean summer and mean annual precipitation 
increasing to the west towards the Jemez Mountains (Fig. 3, Bowen 1990, 1992). Relations be- 
tween elewation and annual precipitation for the area have been prepared by Spiegel and Baldwin 
(1963) and Rogers (1994), as shown in Figure 4. 

Modern Vegetation 

The modem vegetation o l  the Pajarito Plateau is dominated by piiion-juniper (“PJ”) woodlands to 
the east and ponderosa pine forests to the west, modified by variations in soils, slope aspect, and 
other factors such as anthropogenic disturbances (Foxx and Tierney, 1984; Allen, 1989). The east- 
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Fig. 3. Maps showing east to west variations in (a) mean annual precipitation across the Pajarito 
Plateau, and (b) July to September mean precipitation (the “summer monsoon”). From Rogers (1994), 
as modified from Bowen (1990) and Williams (1986). 
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Fig. 4. Elevation-precipitation relationships for the Santa Fe region estimated by Spiegel and Baldwin 
(1963) and for the Los Alamos area liy Rogers (1994).. 

west orientations of the canyons produce strong variations between north-facing and south-facing 
canyon walls, and vegetation more typical of montane forests in the Jemez Mountains can extend 
significant distances to the east on north-facing slopes, contrasting with relatively arid conditions on 
opposing south-facing walls. Cold air drainage from the Sierra de 10s Valles also helps create rela- 
tively moist environrnents in thc canyons, particularly their western parts. On mesas, ponderosa 
pines often extend farther east in relatively thick and porous pumice-rich soils, adjacent to pifiori 
pines and junipers where thinner soil!; overlie tuff bedrock. Ponderosa pines can also be common in 
some sandy canyon bottoms to the east. 

The general east-west variations in Vegetation communities between the Rio Grande and the sum- 
mits of the Jemez Mountains, from Allen (Y989), are shown below. 

-- up 

iiper grasslands (Juniperus monasperma, Bouteluoa sp.) 
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Paleoenvironments 

Paleoclimatic data are sparse in the immediate vicinity of the Pajarito Plateau and the Jemez Moun- 
tains, with no long site-specific records presently existing (Spaulding, 1992). Inferences about late 
Quaternary changes in vegetation and climate thus must be based on work in surrounding regions, 
subject to the uncertainties imparted by the original records and by extrapolation to the Plateau. 

Many of the available paleoclimatic records indicate that the late Pleistocene climate of the South- 
west was generally wetter than today, with precipitation probably dominated by winter frontal storms 
(Spaulding et al., 1983; Hall, 1985; Van Devender et al,, 1987; Allen, 1991; Phillips et al., 1992; 
Thompson et al., 1993). There is also some indication from pollen records that the full-glacial 
climate (ca. 22-16 14C ka) was colder and drier than the latest Pleistocene, with little summer rainfall 
(Spaulding, 1992). Late Pleistocene vegetation at the elevation of the Pajarito Plateau elsewhere in 
the Southwest included montane forests or parklands of spruce and fir (Wright et al., 1973; Betancourt, 
1990; Anderson, 1993), and similar vegetation communities presumably occurred on the Plateau. 

Vegetation more closely resembling modern communities became established perhaps around 10 
14C ka, associated with a warmer, drier climate than in the latest Pleistocene and greatly enhanced 
summer precipitation. A variety of paleoclimate records from the Rocky Mountains of Colorado, 
the Colorado Plateau, and the southwestern deserts imply that summer rainfall in the early Holocene 
was higher than today, indicating stronger monsoonal circulation at that time ( e g ,  Markgraf and 
Scott, 1981; Friedman et al., 1988; Betancourt, 1990; Davis and Shafer, 1992; Thompson et al., 
1993). For the middle Holocene, particularly ca. 7.5-5.5 14C ka,-Spaulding (1992) points out a 
contrast in available records between apparently warmer and moister conditions to the north and 
west of the Pajarito Plateau and pronounced aridity to the south, compounding the uncertainty as to 
the middle Holocene climate on the Plateau. 

Archaeology 

The archaeological record of the Pajarito Plateau and surrounding areas is dominated by relatively 
late stages of ancestral Puebloan or Anasazi culture. Most of the ruins date to after about A.D. 1200, 
post-dating the peak of Anasazi culture in areas to the west such as Chaco Canyon and Mesa Verde. 
Records of earlier periods are relatively sparse. A brief discussion of the major prehistoric periods 
follows, with the general chronology from Cordell (1979, 1984) and Stuart and Gauthier (1981). 

The PaleoIndian Period is dated to ca. 10,000 B.C. to ca. 5500-4000 B.C., and is poorly understood 
on the Pajarito Plateau. Elsewhere it includes the big-game hunters of the Clovis and later Folsom 
cultures. Rare Folsom points (ca. 8000-9000 B .C.) provide evidence of early prehistoric occupation 
on the Plateau (Steen, 1977, 1982). Two buried fire pits that were recently exposed in trenches on 
Pajarito Mesa, dated at ca. 9.3-9.5 14C ka (ca. 8200-8600 cal B.C.; Kolbe et al., 1994; Reneau et al., 
1995b), provide confirmation of prehistoric occupation during this period. 

The Archaic Period is considered to extend from ca. 5500-4000 B.C. to ca. A.D. 400-600. The most 
common evidence from this period on the Pajarito Plateau consists of surface lithic scatters which 
are undated or poorly dated. Some recent dates from buried sites have been obtained from investi- 
gations of late Quaternary deposits on the Plateau, specifically a date of ca. 3.94 I4C ka (-2460 cal 
B.C.) from a site in Frijoles Canyon and a date of ca. 4.66 14C ka (-3370-3470 cal B.C.) from a 
hearth in the Fence Canyon area. 
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The local Kio Grande Anasazi (prehistoric Pueblo) record begins with the relatively poorly under- 
stood Developmental Period, which extended from ca. A.D. 600-1 175. The successive Coalition 
Period (ca. A.D. 11751325) is better understood, and included major increases in prehistoric popu- 
lations in this area. Peak occupation of relatively high elevation mesas on the Pajarito Plateau 
occurred in the Late Coalition Period, ca. A.D. 1250-1325, and ruins from this period occur on most 
mesa tops (Stuart and Gauthier, 198 1; Orcutt, 1991). The Classic Period of the Rio Grande Anasazi 
extended from ca. AD.  1325-1 600, and during this period populations consolidated into relatively 
large pueblos at lower elevations, including Tshirege, Tyuonyi, Otowi, and Tsankawi (Stop 1-1). 
These sites were apparently abandoned shortly before the arrival of Spaniards, and the modern 
pueblos of San Ildefornso, Santa Clara, and Cochiti along the Rio Grande trace their ancestry to the 
prehistoric inhabitants OF the Pajarito Plateau. 

History 

The first Europeans to visit the Pajarito Plateau region were Spaniards with the Coronado expedi- 
tion in 1541, although they likely remained to the east within the Rio Grande valley. Brief visits up 
the Rio Grande were next made in 1581 and 1582 by the Rodriguez and Espejo expeditions, with 
actual conquest of the region by Onate in 1598. The Spanish were expelled during the Pueblo revolt 
of 1680, but the area was reconquered by de Vargas in 1692. 

Much of the Pajarito Plateau was given to the Sanchez family as a Spanish Land Grant in 1742, part 
of which was later known as the Ramon Vigil Grant, beginning a period of small-scale subsistence 
farming. However, significant and wide-spread land-use changes probably did not occur on the 
Pajarito Plateau until at least the 1 8 6 0 ~ ~  with Navaho and Apache raiding parties restricting use first 
by the Spanish and lattcr by Americans (this area became a United States territory with the Mexican 
Cession in 1848). Large numbers of sheep and cattle were being grazed in the area by the 1880s, 
and commercial logging began in 1897. Grazing, logging, and farming continued until 1942 when 
part of the area was taken over by the U.S. Government for the Manhattan Project, whose purpose 
was to develop the first atomic bombs. Many areas were developed beginning in 1943 with the WW 
I1 activities, and then for subsequent growth of the Los Alamos Scientific Laboratory, the Los Alamos 
townsite, and the initial construction camp and later bedroom community of White Rock (see sum- 
maries in Foxx and Tierney, 1984, Allen, 1989, and Rothman, 1992). 

Tectonic Setting 

The Pajarito Plateau is located within the Espaiiola basin of the Rio Grande rift, a major north-south 
trending continental rift that extends from near the Mexican border into southern Colorado (Fig. 1). 
The rift has been active sjnce perhaps -27-28 Ma, with major rift basins forming by -15 Ma (e.g., 
Chapin, 1988; Ingersoll et al., 1990; Chapin and Cather, 1994). 

The Espafiola basin is bounded to the north by the Embudo fault and to the south by the La Bajada 
fault, which are interpreted as accommodation zones that transfer displacement between the Espafiola 
basin, the San Luis basin and the Abiquiu embayment to the north, and the Santo Doming0 basin to 
the south (Kelley, 1979; Muehlberger, 19'79; Aldrich, 1986; Baldridge et al., 1994; Chapin and 
Cather, 1994; Gonzalez, 1995). The Pajarito fault zone forms the active western boundary of the 
Espaiiola basin and the Rio Grande rift, crossing the western Pajarito Plateau on and adjacent to 
LANL (Ndanley, 1979; Golombek, 1983; Golombek et al., 1983; Gardner and Goff, 1984; Gardner 
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and House, 1978; Wong et al., 1995; Olig et al., 1996). It is believed to have been active since at 
least around 5 Ma on the northern Plateau, with deformation along the southern part of the fault 
beginning prior to 16.5 Ma (Gardner and Goff, 1984). 

The Espaiiola basin is often referred to as a half-graben, as it only displays major Quaternary fault- 
ing on its western border (the Pajarito fault system), and the structurally deepest part of the basin lies 
near its western margin. However, the use of the term “half-graben” for the Espafiola basin has been 
questioned because it may oversimplify the basin’s structure and result in use of an inappropriate 
conceptual model (see discussion in Goff et al., 1996, Day 1, Stop 6). In detail, geophysical studies 
and examination of subsurface drill hole data indicate that the structurally deepest part of the basin, 
occurring under the western Pajarito Plateau (Ferguson et al., 1995), is bounded to the east by a 
series of mainly down-to-the-west normal faults that underlie much of the Plateau (Dransfield and 
Gardner, 1985). Quaternary extension rates in this part of the Rio Grande rift are estimated to be 
-0.11 mdyr ,  with most of this represented by offset on the Pajarito fault system (Kelson and Olig, 
1995). 

The Pajarito fault system largely occurs in areas underlain by the ca. 1.22 Ma Tshirege Member of 
the Bandelier Tuff (40Ar/39Ar age from Izett and Obradovich, 1994), which provides an excellent 
datum for evaluating Quaternary faulting, The fault system includes: 1) the -41 km long east-facing 
Pajarito fault zone, with an estimated maximum vertical displacement of -155 m and an average 
along-strike displacement of -80 m since 1.22 Ma; 2) the -9-14 km long west-facing Rendija Can- 
yon fault zone, with an estimated maximum vertical displacement of -36 m and an average dis- 
placement of -22 m since 1.22 Ma; and 3) the -9-12 km long west-facing Guaje Mountain fault 
zone, with an estimated maximum vertical displacement of -27 m and an average displacement of 
-15 m since 1.22 Ma (Fig. 5 )  (Gardner and House, 1987; Wong et al., 1995; Olig et al., 1996). 

Despite a considerable amount of recent work on the Pajarito fault system (Kolbe et al., 1994,1995; 
Carter and Gardner, 1995; Carter and Winter, 1995; McCalpin, 1995; Reneau et al., 1995b; Wong et 
al., 1995, 1996; Kelson et al., 1996; and Olig et al., 1996), many uncertainties remain concerning its 
kinematics and paleoseismic history. Some of these uncertainties will be addressed on this field 
trip, along with visits to sites where useful paleoseismic information has been obtained (Day 2 stops 
and road log). 

Geologic Units 

The primary geologic units exposed on or adjacent to the Pajarito Plateau consist of Miocene to 
early Pleistocene sediments and volcanic rocks associated with the Rio Grande rift and the Jemez 
and Cerros del Rio volcanic fields (Fig. 1). Geologic maps of the entire area of this field trip were 
prepared by Griggs (1964) and Smith et al. (1970), and more detailed maps of select areas have been 
prepared by many subsequent workers. A highly generalized cross section indicating the relation- 
ships of these units is shown in Figure 6, and these units are discussed briefly below. 

Santa Fe Group. Miocene rift-filling sediments of the Santa Fe Group (Tesuque and/or Chamita 
Formations of Galusha and Blick, 1971), dominantly composed of friable sandstones, underlie the 
Pajarito Plateau and outcrop locally in White Rock Canyon (Griggs, 1964; Smith et al., 1970; Dethier, 
1996). Although poorly exposed, these sediments are geomorphically significant as they probably 
host many of the failure planes of the massive landslide complexes within White Rock Canyon 
(Reneau et al., 1995a; Dethier, 1996) (discussed on Day 0 hike, and at Stop 1-3). 



Introduction 

50 -, 

40 - 

30 - 

20 - 

10 - 

0 

9 

RENDIJA CANYON FAULT 
Average NVTD: 22 m 

r- --- 

s N 
180 .- - Water Tanks Site 

160 .- 

0 140 - PAJARITO FAULT 
Average NVTD: 81 m 

r - - r - ' - - ~  
10 15 20 25 30 35 40 

ALONG STRIKE DISTANCE (km) 

N 
GUAJE MOUNTAIN FAULT 

Average NVTD: 15 m 

s 
Cabra Canyon Site 

35 40 
ALONG STRIKE: DISTANCE (km) 

Fig. 5. Displacement curves for the Pajarito fmlt system showing estimated net vertical tectonic dis- 
placement (NV'rD) of the top of the 13andelier Tuff. Solid circles show data from profiles constructed 
from 7.5' quadrangles; solid rectangles show data from profiles measured in the field; open rectangles 
show data from profiles constructed from 1: 1200 scale topographic maps (from Olig et al., 1996). 



Introduction 10 

I west Pajarito Plateau east I 
tholeiitic basalt 

Fig. 6. Schematic geologic cross section showing relationships of the primary geologic units exposed 
in the vicinity of the Pajarito Plateau. (Modified from Waresback and Turbeville, 1990). 

Tschicoma Formation. The Miocene to Pliocene Tschicoma Formation, part of the Polvadera 
Group, is dominated by dacitic lavas and is the primary bedrock unit in the Sierra de 10s Valles east 
of the Plateau (Griggs, 1964; Smith et al., 1970). K-Ar analyses from these lavas indicate ages of 
about 3-7.5 Ma (Dalrymple et al., 1967; Leudke and Smith, 1978; Gardner et al., 1986; Singer and 
Kudo, 1986; Aldrich and Dethier, 1990). The rugged, higher elevation Tschicoma terrain provides 
the upper watersheds for many of the Plateau streams, and Tschicoma clasts often dominate the 
gravel component of alluvium dong these streams as they are more resistant than most of the Bandelier 
Tuff. 

Basaltic rocks of the Cerros del Rio volcanic field. Basaltic rocks of the late Pliocene Cerros del 
Rio volcanic field outcrop widely on the eastern Plateau, and are well exposed within White Rock 
Canyon (Griggs, 1964; Smith et al., 1970; Dethier, 1996) In addition to extensive flows that range 
in composition from hawaiite to andesite, erupted fromnumerous vents, the Cerros del Rio is marked 
by deposits from numerous maar volcanoes, the product of phreatomagmatic eruptions generated 
from the interaction of rising magma with shallow groundwater near the Pliocene Rio Grande (Aubele, 
1978,1979; Dethier, 1996; Heiken et al., 1996). Re~ent4oAr~~Aranalyses indicate that most of the 
Cerros del Rio rocks near the Pajarito Plateau were erupted between about 2.3 and 2.8 Ma, particu- 
larly between 2.4 and 2.6 Ma (WoldeGabriel et al., 1996). Most streams draining the Plateau in the 
Los Alamos area have prominent knickpoints where they cross the basalts, and the Cerros del Rio 
rocks thus provide important local base level controls, isolating the Plateau streams from base level 
changes along the Rio Grande (discussed at Stops 1-2, 1-5,3-1). The basaltic rocks also typically 
form the cap rocks for the massive White Rock Canyon landslides (Day 0 hike; Stop 1-3). 

Puye Formation. The Puye Formation is primarily a large Pliocene alluvial fan complex derived 
from erosion of the Tschicoma highlands in the northeastern Jemez Mountains (Griggs, 1964; Bailey 
et al., 1969; Smith et al., 1970; Turbeville et al., 1989; Waresback andTurbeville, 1990). As defined 
by Griggs (1964) and Bailey et al. (1969), the Puye Formation pre-dates the Otowi Member of the 
Bandelier Tuff, although deposition of Puye-like gravels has continued to the present. The Puye 
Formation is often referred to as a “rift-filling” unit, although this may be a misnomer as the bulk of 
the Puye sediments may have been deposited in a basin with a volcanic rather than a tectonic origin, 
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being formed by blockage of the Rio Grande valley by Cerros del Rio volcanism (Reneau and 
Dethier, 1996). Streams traversing areas of Puye outcrops are typically steeper than other Plateau 
streams, associated with an abundant local supply of dacite boulders (discussed at Stop 2-3; the 
Puyc Formation is also seen at Stop 3-1). 

Otowi Member, Bandelier riff. The Otowi Member of the Bandelier Tuff, named by Griggs 
(1964) and Bailey et al. (1(369), is a massive sequence of ignimbrites erupted from the Jemez Moun- 
tains at ca. 1.61 Ma (%WgAr analyses from Izett and Obradovich, 1994, and Spell et al., 1995), 
and associated with development of the Toledo caldera (Smith and Bailey, 1966, Heiken et al., 
1990). On the Pajarito Plateau, the Otowi Member is entirely non-welded and easily eroded, often 
forming slopes on lower canyon walls and probably constituting a significant source of sand-size 
sediment. In the Los Alamos area it ranges from O->l40 m in thickness; these thickness variations 
result in part from irregular deposition over the prior topography, and in part from erosion of the 
ignimbrites in the -400 ky that preceded eruption of the Tshirege Member (Broxton and Reneau, 
1996). The basal Plinian deposit oC the Otowi Member, the Guaje Pumice Bed (Bailey et al., 1969), 
is up to 7-10 m thick where exposed on the Plateau (Self et al, 1986). The Otowi Member can be 
seen at Stops 1-5, 2-3, and 3-4 on this field trip. 

Cerro Toledo interval. Deposits occurring stratigraphically between the Otowi and Tshirege Mem- 
bers of the 13andelier Tuff in the Los Alamos area are referred to as the “Cerro Toledo interval” 
(Broxton and Reneau, 1995; Broxton et al., 1995a; Gofl; 1995). In some areas, particularly to the 
north, the Cerro Toledo interval is dominated by primary and reworked pumice deposits associated 
with the Cferro Toledo Rhyolite, which originated mainly from Cerro Toledo and related vents in the 
northern Jemez Mountains (Smith et al., 19’70; Heiken et al., 1986). In other areas this interval is 
dominated by dacite-rich alluvium deposited by streams draining the Sierra de 10s Valles. The Cerro 
Toledo-age landscape in the Los Al<amos area apparently had relatively low relief, with streams 
generally incised only about 15-30 m below local drainage divides, and included extensive areas of 
stream terraces buried by pumice beds (Braxton and Reneau, 1996). Cerro Toledo pumice beds 
have yielded recent 40Ad39Ar ages of 1.22- 1.59 Ma, spanning virtually the entire time span between 
the Otowi and Tshirege Members (Spell et al., 1995). Some aspects of the Cerro Toledo 
paleotopography are discussed at Stops 1-1 and 1-5, and also at various places on the road logs. 

Tshirege Member, Bandelier Riff. ‘The Tshirege Member of the Bandelier Tuff, named by Griggs 
(1964) and Bailey et al. (1969), is a massive sequence of ignimbrites erupted from the Jemez Moun- 
tains at ca. 1.22 Ma (40Ar/39Ar age from Izett and Obradovich, 1994), and associated with develop-. 
ment of the Valles caldera (e.g., §mith and Bailey, 1966, 1968; Heiken et al., 1990). On the Pajarita 
Plateau, the Tshirege Member is a compound cooling unit that possesses pronounced lateral and 
vertical variations in welding and alteration, Differential erosion associated with variations in weld- 
ing and vapor-phase alteration in vertical sections result in a “benched topography”, with alternating 
cliffs and slopes along many canyon walls. The degree of welding generally increases to the west, 
towards the caldera, and the presence of densely welded tuff on the western Plateau provides a 
strong contrast with the eastern Plateau, where even the cliff-forming units are easily crushed with a 
hammer. In the Los Alarnos area the Tshirege Member locally exceeds 260 m in thickness, with 
significant thickness variations occurring across the Plateau; thicknesses of 30- 100 m are more 
common (Broxton and R.eneau, 1996). The basal Plinian deposit of the Tshirege Member, the 
‘fsankawj Pumice Bed (Bailey et al., 1969), is typically -0.2-1.0 m thick on the Plateau (Self et al, 
1986). The gently east-sloping mesas of the Pajarito Plateau are capped by relatively resistant, 
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variably welded flow units within the tuff, although the upper surface of the Plateau probably rarely 
or never represents the actual top of the ignimbrite sheet, as is sometimes assumed. This is due 
mainly to erosion of unknown thicknesses of the uppermost, non-welded tuff, although in a few 
areas the actual top of the ignimbrite sheet may be preserved beneath early post-Bandelier deposits. 

In the Los Alamos area, the Tshirege Member has been subdivided into a series of mappable units by 
a number of workers who have used varying criteria and varying nomenclature, resulting in some 
confusion in the local literature (see discussion in Broxton and Reneau, 1995). The mapping units 
presently employed by LANL's Environmental Restoration Project are shown in Figure 7, based on 
inferred cooling breaks within the tuff. (The 6 major subdivisions of the Tshirege Member in Figure 
7 generally correspond to units A through E; of Rogers, 1995). 

Tshirege unit lg  (Qbt-lg) is the lowermost non-welded tuff, the only unit with primary volcanic 
glass remaining in most areas ( lg  = glassy part of cooling unit 1). Qbt-lv consists of the upper part 
of cooling unit 1, which has been subject to pervasive vapor-phase alteration associated with early 
de-gassing of the ignimbrite; common vapor-phase minerals occurring here and in overlying units 
include alkali feldspar, cristobalite, and tridymite (Broxton et al., 1995a, 1995b). Qbt-2 is a promi- 
nent cliff-forming unit, forming the main cap rock for mesas on the eastern Pajarito Plateau (Stop 1- 
3,3-4). Qbt-3 caps many mesas farther west, including the Los Alamos townsite, but is less welded 
than Qbt-2 and, where present to the east, has eroded into low mounds (Stop 1-4). Qbt-4, absent 
from the eastern Plateau, caps many mesas in the central Plateau (Stop 1-6) and thickens westward. 
Lastly, Qbt-5 is a relatively thin but densely welded unit that forms a prominent cap rock on parts of 
the western Plateau (Ponderosa Campground, Stop 2-1). (For more details on some of the chemical, 
mineralogic, and petrographic variations between these units, see Broxton et al., 1995a, 1995b). 
Some features of the Tshirege Member are discussed at Stop 1-1 and at various places in the road 
logs. 

Post-Bandelier Landscape Development 

Eruption of the Tshirege Member of the Bandelier Tuff at ca. 1.22 Ma effectively buried most of the 
former topography, reshaping the landscape between the Sierra de 10s Valles and the Rio Grande. 
Because the thickness of tuff varied significantly across the Plateau, the upper surface of the ignim- 
brite sheet possessed a somewhat different orientation than the previous landscape, and as a result 
the post-Bandelier drainage net is generally oblique to the pre- 1.22 Ma streams, with more easterly 
orientations than prior to 1.22 Ma (Broxton and Reneau, 1996). 

Also of significance is the fact that the pre-Tshirege paleocanyon of the Rio Grande was completely 
buried by the tuff, undoubtedly damming the river and creating a new local base level for streams 
draining the Plateau (Fig. 8; Reneau and Dethier, 1996b). The outlet to the tuff-dammed lake was 
apparently located about 2 km east of its former course, forcing the post-1.22 Ma Rio Grande to 
erode a new canyon through about 200 m of basaltic rocks to reach its pre-Tshirege grade. A persis- 
tent knickpoint probably existed along the Rio Grande as it slowly incised through the basalts, in 
turn impeding incision of streams on the Plateau. Part of the buried paleocanyon can be viewed at a 
distance from Stop 1-3. 

Mesa-Top Alluvium and Canyon Incision. Isolated remnants of dacite-rich gravels deposited by 
streams draining the Sierra de 10s Valles occur widely over the upper surface of the central and 
eastern Plateau, often in shallow paleochannels (e.g., Reneau, 1995a; Reneau et al., 1995b). These 
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Fig. ’7. Stratigraphic nomenclature of the Bandelier Tuff on the Pajarito Plateau. Modified from Broxton 
and Reneau (1995) to include “Qbt 5”, which is only present on the western Plateau and which is 
probably equivalent to “unit F” of Rogers (1995). 
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deposits record the locations of dispersed, probable early Pleistocene streams that pre-dated inci- 
sion of the canyons. To the west, such mesa-top alluvial deposits become more extensive, covering 
many of the mesas on the western Plateau. The timing of initial incision of the canyons on the 
Plateau is not yet known and undoubtedly varied greatly, although inferred early Pleistocene pum- 
ice beds associated with the Valles Rhyolite (the post-Bandelier volcanic rocks in the Valles caldera; 
Bailey et al., 1969; Smith et al., 1970) have been recently recognized in many areas and may 
ultimately allow age control for early post-Bandelier units (Dave Broxton, unpublished data). It is 
notable that some canyons on the western Plateau have not yet been incised into tuff (e.g., Caiion 
de Valle), and the “mesa-top alluvium” locally merges with late Quaternary fans near the base of 
the Pajarito fault escarpment, Initial incision of canyons through the Tshirege ignimbrites has thus 
occurred throughout the past 1.22 Ma in different areas, indicating that the mesa-top alluvium may 
record a long (but as of yet unresolved) history of sedimentation, drainage evolution, and time- 
transgressive canyon incision. An excellent example of one of the mesa-top paleochannels will be 
visited at Stop 3-4, and related deposits are mentioned in the Day 2 log. 

Cliff Retreat. Cliff retreat rates on the Pajarito Plateau are poorly constrained at present, and 
likely show significant spatial and temporal variability across the Plateau. Cliff retreat along most 
canyons may be dominated by the dislodgment of individual fracture-bounded blocks, resulting in 
discrete rockfalls (e.g., Reneau, 1995a, 1995b). From casual observations of recent rockfall events, 
it is not obvious that they occur under any particular meteorological condition; for example, a 
rockfall in April 1993 from the south side of Mesita del Buey (north wall of Pajarito Canyon) 
occurred during a dry period long after the freeze-thaw cycles of winter. In some areas, mass 
wasting features along mesa edges indicate the potential for much larger failures. For example, 
partially-detached blocks up to 25 m wide and 100 m long occur on the south edge of DP Mesa, 
above Los Alamos Canyon (Reneau, 1995a), and a belt of mesa-edge instability -30-60 m wide 
and 1.8 km long occurs along the north edge of Pajarito Mesa, above Pajarito Canyon (Reneau, 
1995b). Available data suggest that these larger bedrock failures occur along canyons where a 
threshold combination of canyon depth and canyon-wall gradient has been exceeded, in turn sug- 
gesting that rates of mesa-edge retreat could accelerate once such a threshold has been crossed 
(Reneau, 1995b). In other areas, the widest parts of canyons correspond with areas of broad stream 
terraces, suggesting that canyon widening may be significantly aided by lateral erosion by streams. 
Finally, it seems likely that seismic shaking would be very effective at dislodging numerous par- 
tially-detached blocks and possibly destabilizing many previously intact areas of cliff, particularly 
given the proximity to traces of the Pajarito fault system, although there are no data to evaluate the 
relative importance of such events. 

Late Quaternary Alluvial History. Sediments within the canyons of the Pajarito Plateau record 
significant temporal variations in fluvial processes through the late Quaternary, and also significant 
spatial variability between canyons (Reneau et al., 1996b). Abundant evidence exists for wide- 
spread sediment deposition throughout the Holocene, contrasting with the apparent rarity of latest 
Pleistocene alluvial deposits. The late Pleistocene stream channels in many canyons are buried 
many meters beneath the canyon floors, and we believe that this dramatic change in fluvial pro- 
cesses reflects major changes in sediment supply and flood characteristics accompanying the Pleis- 
tocene-Holocene climatic transition. A strong contrast also exists between net Holocene aggrada- 
tion in many canyons and net Holocene incision in others, the latter accompanied by development 
of multiple Holocene terraces. Stratigraphic and geochronologic evidence pertaining to the late 
Quaternary alluvial history are examined at many stops on this field trip (Stops 1-2,1-4,1-5,2-2,2- 
3,3-1,3-3). 
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Fig. 8. A). Schematic cross section through the area of the ca. 1.22 Ma Bandelier Tuff dam near 
Chaquehui Canyon. The low point on dam was near the eastern margin of the Tshirege ignimbrite 
sheet aboul2 lcm east of the buried early Pleistocene Rio Grande paleocanyon, superimposed on Cerros 
del Rio basaltic rocks. B) Profile of the Rio Grande at White Rock Canyon and adjacent parts of the 
Espaiiola basin at ca. 1.22, Ma, showing: the pre-Tshirege Member river level; the approximate topog- 
raphy immediately after eruption of the tuff and geologic units beneath the post-tuff channel; the loca- 
tion of spillways and approximate lake elevations; and the location of post-tuff Rio Grande gravels at 
White Rock (Stop 1-3) (from Reneau and Dethier, 1996b). 
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Post-1943 A.D. Alluvial History. As with the earlier record of late Quaternary fluvial change, 
significant spatial and temporal variability in streams on the Pajarito Plateau are recorded since 
major development began at LANL in 1943 (subsequently referred to as “historic” alluvium). These 
changes have been locally documented using examinations of sequential airphotos that extend back 
to 1935, using “exotic” materials contained within young sediment deposits as dating tools, using 
biological evidence such as trees partially buried by alluvium, and using radionuclide contaminants 
as tracers (e.g., Becker, 1991; Drake and Inoue, 1993; Drakos and Inoue, 1994;Aldrich and Harrington, 
1995; Graf, 1995, 1996; Reneau, 1995a; and Drakos et al., 1996). In some drainages, 2 m or more 
of sediment was first deposited and then incised since WW II, producing historic fill terraces, whereas 
in others historic channels remain buried beneath aggrading valley bottoms. The recent behavior of 
Plateau streams is receiving increasing attention because of their significance for evaluating con- 
taminant transport, and examples of channels that have experienced major historic channel changes 
will be visited on Day 3 of this field trip. 

Soils 

Soils on the Pajarito Plateau have developed’from a diverse set of parent materials that include 
alluvial, colluvial, and eolian sediments, and fallout pumice, in addition to locally weathered bed- 
rock. These soils have also been strongly affected by local variations in geomorphic history, with 
long-term @.e., >lo0 ka) “stable” landscape positions being relatively rare. Many soils have either 
been partially stripped or buried by younger deposits, forming complex, superimposed soil profiles. 
General variations in soil characteristics across the Plateau were originally identified and mapped in 
a soil survey by Nyhan et al. (1978). Recently, many additional studies have examined pedologic, 
geomorphic, geochronologic, stratigraphic, geochemical, mineralogic, and isotopic aspects of soils 
and related fracture fills in greater detail (e.g., Davenport, 1993; Drake and Inoue, 1993; Drakos and 
Inoue, 1994; Kolbe et al., 1994,1995; Davenport et al., 1995; Reneau et al., 1995b, 1996a, 1996b; 
Vaniman and Chipera, 1995; Wong et al., 1995; Drakos et al., 1996; Eberly et al., 1996; Kelson et 
al., 1996; Longmire et al., 1996; McDonald et al,, 1996a, 1996b; McFadden et al., 1996; Newman, 
1996; Watt, 1996). Many stops on this field trip will explore some of these aspects of soils, particu- 
larly as they pertain to evaluating the geomorphic history of the Pajarito Plateau (e.g., Stops 1-2, 1- 
4, 1-5, 1-6,2-2,2-3). 



Day 0, White Rock Canyon hike: “Red Dot lkail” to “Blue Dot Trail” 
(Piedra Loop to Overlook Park) 

Leader: Steven Reneaw (with many contributions to work by David Dethier) 

The prime geologic attractions along this hike include well-dated lacustrine deposits associated with 
late Pleistocene landslide-dammed lakes itlong the Rio Grande. These deposits provide a record of the 
timing of the most recent major landsliding within While Rock Canyon and yield insights into local 
geomorphic responses to late Quaternary climatic changes (Dethier and Reneau, 1996; Reneau and 
Dethier, 1996a). The hike is through a terrain dominated by large-scale landsliding, and also features 
late Quiiternary fluvial deposits. Abundant prehistoric Pueblo (“Anasmi“) petroglyphs occur on and 
near this route, along with prehistoric field houses, farm fields, and irrigation ditches (note that to help 
protect them from vandalism, their exact locations are not specified in this guide). 

This route involves -6-8 miles of hiking on unmaintained trails in an arid canyon, with a rocky 900’ 
descent to start and an equal climb at the end. Shade is sparse, afternoon temperatures can be quite 
warm, and abundant water should be carried. For those wishing an abbreviated hike, the trail down can 
be retraced to the rim after visiting sites near the river (on hot days, a dip in the pools of Pajarito 
Springs is highly recommended before hiking out). The area is covered by the USGS 7.5’ White Rock 
quadrangle (Fig. 0-I), and is entirely on Los Alamos County lands. 

The meeting area is near the head of the 131ue Dot Trail (point 13, Fig. 0-l), where some vehicles 
can be left and a shuttle made to the top of the Red Dot Trail. To reach the meeting area, turn 
southeast off NM State Rd 4 onto Rovcr Blvd. in White Rock, following signs to Overlook Park. 
At 0.1 mi, turn left onto Meadow Lane, following it for 0.9 mi to Overlook Road. Turn left and 
follow Overlook Rd for 0.4 mi past the concession stand (and restrooms), turning right after the last 
ballfield onto a paved road (a race course for mini-cars should be on your left; if you miss the 
turnoff, turn around at the end of OverlookRd and take the first paved road to the left). Follow the 
paved road to the end, and park in the large parking lot. (The top of the Blue Dot Trail (unsigned) is 
immediately east, through the pifion-juniper woodland, down a shallow drainage, and through a 
gap in an old fence.) 

From ihe meeting area, drivers will retrace route to State Road 4, turn left on NM 4 for 0.3 mi to 
Sheiwood Dr., turn left and folYow Sherwood for 0.7 mi south to where it terminates at Piedra 
Loop. At Piedra Loop, turn left (east), following it for 0.7 mi to top of Red Dot Trail (signed) (after 
Mariposa Ct, between lots 161 & 162). 

The Red Dot Trail (named after the red paint used to mark the route) begins on Piedra Loop 1.4 mi 
east of State Road 4, and 0.7 mi east of the junction of Piedra Loop and Shenvood Dr. Park on the 
road, and walk -0.2 km east to the rim of White Rock Canyon (1925 m, 6320’ elev.), where the trail 
begins its descent (point 1, Fig. 0-1). Dacjte-rich gravels cap the basalt at the top of the trail, which 
were deposited by the E’ajarito Canyon stream before it cut its present narrow slot into the basalt 
(0.5 km to the north). From the rim it is -2.5 km (3.5 mi) to the Rio Grande, dropping -270 m (900 
ft) in elevation, first passing down through the capping basalt cliffs, then switchbacking down to 
and over large back-tilted slumps capped by basalts, and finally past the lush oasis of Pajarito 
Springs (trail is also described by Hoard, 1981). This route follows the Red Dot Trail most of the 
way to the Rio Grancle, turning right (south) near the bottom to visit late Pleistocene deposits a 
short distance downriver. 



Fig. 0-1. Topographic map of part of White Rock Canyon showing route of Red Dot Trail to Blue Dot Trail hike, and 
points of interest mentioned in log. Base is USGS White Rock 7.5’ quadrangle. Contour interval is 20 fe. 
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Bedrock Stratigraphy. ‘The most prominent bedrock units present in this part of White Rock Canyon 
are late Pliocene basaltic rocks of the Cerros del Rio volcanic field (Griggs, 1964; Smith et al., 1970; 
Dethier, 1996). About 56) m of lava flows underlie the canyon rim, and are well exposed along the 
upper parts OC both the Red Dot and Blue Dot Trails. The uppermost flow at White Rock is a tholeiitic 
basalt derived from vents to the west (unit Tcb3 of Dethier, 1996), dated at ca. 2.3-2.5 Ma by 40Ar/:39Ar 
(WoldeGabriel et al., 1996). Underlying units are only rarely exposed due to extensive landsliding, but 
include: (1) quartzite-rich fluvial deposits of the ancestral Rio Grande, which comprise an axial facies 
of the Pliocene Puye Formation (a Ea Manley, 1976,1979, and Dethier, 1996; called “Totavi Lentil” by 
Griggs, 1964, and “Totavi Formation” by Waresback and Turbeville, 1990); (2) dacite-rich Pliocene 
fanglomerates of the Puye Formation; and (3) friable sandstones and associated sedimentary rocks of 
the Miocene Santa Fe Group. Other ‘Tertiary units in northern White Rock Canyon include late Pliocene 
lacustrine deposits, associated with damming of the ancestral Rio Grande by Cerros del Rio basalts 
(“Culebra lake clay” of Kelley, 1952), and Pliocene alluvium derived from granitic terrain to the east. 
The early Pleistocene Tshirege Member oft he Bandelier Tuff locally overlies the Cerros del Rio basalts, 
most prominently east of the river southeast of the Red Dot Trail where it plugs the paleocanyon OF the 
early Pleistocene Rio Crande (Reneau and Dethier, 1996b). 

Pajarito Canyon Slump Complex. Most of the terrain between the rims and the river in this part of 
White Rock Canyon is composed of massive Pleistocene landslide complexes (Fig. 0-2; Smith et al., 
1970; Reneau et al., 1995a; Dethier, 1996). These slides are generally slumps, with the capping basalts 
typically back-tilted 10-‘70”. Failure planes are rarely exposed, but are probably mainly within the 
Tertiary sedimentary rocks, particularly the Santa Fe Group, the Pliocene lacustrine sediments, and 
relatively weak beds within the Puye Formation. 

Fig. 0-2. Oblique aerial photograph of slump complex along western side of White Rock Canyon at 
Pajarito Canyon, below White Rock, looking southwest. Canyon is 270 m deep. Largest slump 
block i s  tilted 35-45’ to northwest. The Red Dot trail site is along the river at the left edge of the 
photograph Upriver, near prominent sandbar, Rio Grande is constricted by Pajarito Canyon fan.. 
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The larger slump complexes are generally overlain by the ca. 50-60 ka El Cajete pumice (age from 
Toyoda et al., 1995; Reneau et al., 1996a), indicating that they were largely emplaced by this time. 
Pockets of the El Cajete pumice can be observed along the Red Dot Trail where it was deposited on the 
uppermost ridge of the slump complex (-6120’ elev.), and on the slope to the east (the latter include 
stratified deposits that probably record local slope transport); at these sites the pumice is preserved 
where buried by colluvium containing basalt boulders (point 2, Fig. 0-1). At least some of these 
slumps have been episodically active since they formed, particularly in their toe zones. This is best 
shown by the record of multiple lakes formed upstream of landslide-dams, which we will examine on 
this hike. 

The troughs and depressions formed behind individual slump blocks are typically filled with relatively 
fine-grained slopewash deposits. Deposits exposed in gullies on the Red Dot Trail are typical of those 
elsewhere in the canyon, with the uppermost sediments containing reworked El Cajete pumice and 
presumably being Holocene in age. The relatively fine texture also suggests reworking of wind-blown 
sediment. Primary fallout El Cajete pumice, overlying older deposits, is exposed in some areas. Other 
material filling the troughs and depressions include: rocky colluvium near the margins; alluvium near 
larger drainages (such as the Holocene fan along the Pajarito Canyon channel visible below the trail to 
the east); and lacustrine deposits near the Rio Grande (associated with the landslide-dammed lakes). 
No signs of ponds within the closed depressions have been found, possibly due to high infiltration rates 
in the underlying colluvium and fractured rock. 

Petroglyphs. Outstanding examples of prehistoric Pueblo (Anasazi) rock art occur along the Red Dot 
Trail-aid at many other locations in White Rock Canyon, displaying a variety of motifs (Fig. 0-3). 
They are largely or entirely petroglyphs which were pecked into varnished basalt boulders, and remain 
well preserved (although vandalized at some sites, and drowned beneath Cochiti Reservoir at others). 
Petroglyphs seem to be most common near prehistoric farm fields and on major routes into the canyon 
(such as this trail), although isolated rock art can also be found almost anywhere in the canyon. The 
White Rock Canyon petroglyphs are considered to be part of the “Rio Grande Style”, and are discussed 
by Schaafsma (1975, 1980) who studied them as part of archaeological work that preceded the initial 
filling of Cochiti Reservoir. They appear to have been largely created during the “Rio Grande Classic 
Period”, ca. A.D. 1325-1600, and petroglyphs depicting men on horseback indicate that at least some 
were made after the first visit of Spaniards to the region in 1541. The Red Dot Trail petroglyphs may 
have been made by inhabitants of the Tshirege ruins, the largest Classic Period pueblo on the Pajarito 
Plateau, located only 3 km from the top of the trail (Hoard, 1981). 

Pajarito Springs. Pajarito Springs (point 3, Fig. 0-1) are the largest in a series of springs that occur 
along the lower slopes of White Rock Canyon, and which have been believed to represent discharge 
from regional aquifers that are recharged from both the east and the west (Purtymun et al., 1980). 
Recent isotope analyses indicate that most springs on the west side of the river are associated with the 
deep aquifer beneath the Pajarito Plateau, and are recharged at relatively low elevations of -2080-2465 
m (Blake et al., 1995). In contrast, samples from some springs and water supply wells are chemically 
and isotopically distinct, indicating recharge at much higher elevations of -3000 m and suggesting a 
source in the Sangre de Cristo Range. These include “Soda Springs”, on the east side of the river, and 
water from a confined aquifer under artesian pressure on the west side of the river (Los Alamos well 
field). More recent chemical analyses indicate that Pajarito Springs could represent either discharge 
from an “intermediate” perched aquifer or from the top of the “main aquifer” (P. Longmire, pers. 
comm., 1996). Pajarito Springs is regularly sampled by both Los Alamos and State environmental 
groups, and analyses have not yet revealed any evidence of contamination from Laboratory activities. 
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Fig. 0-J. Petroglyphs in White Rock Canyon. 
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Groundwater discharge at springs such as this one may have contributed to triggering slope failures, 
particularly during wetter periods in the past when recharge rates may have been greater than today 
(Dethier and Reneau, 1996, Reneau and Dethier, 1996a). 

After the first crossing of the stream below Pajarito Springs, the trail climbs up a slope to the east. 
Along this slope are laminated lacustrine deposits that are similar to those found at many sites 
within northern White Rock Canyon. The upper sediments apparently display soft-sediment defor- 
mation associated with contemporaneous emplacement of bouldery colluvium. This site was not 
discovered until the dry run for this field trip, and has not been studied in detail. The elevation of 
these sediments (-5550’) is consistent with deposition in the largest and oldest landslide-dammed 
lake recognized in the canyon, with an estimated age of ca. 40-70 ka (Reneau and Dethier, 1996a). 
Notably, these sediments contain clasts of reworked pumice, probably from the El Cajete pumice, 
thus providing additional age control for this oldest lake. 

The trail continues up the slope and then drops again to the stream. Where the trail crosses the 
stream near a major bend to the northeast (0 -5470’ elev.), leave the main trail and head south up 
the slope and onto and across a flat. Keep towards the base of the slope to the west, following 
poorly-defined trails that lead south into an area of incised late Pleistocene Rio Grande terraces. 
Gullies about 0.4 km south of the stream provide excellent exposures of the youngest recognized 
lacustrine deposits in White Rock Canyon, dated at ca. 12.4 I4C ka (point 4, Fig. 0-1). 

Late Pleistocene Lacustrine and Fluvial Stratigraphy in ‘&Red Dot Trail” Area. The area near the 
bottom of the Red Dot Trail provides excellent exposures of late Pleistocene lacustrine deposits (Fig. 0- 
4) that are both underlain and overlain by Rio Grande fluvial deposits. These deposits are similar to 
others that have been found along 14 km of White Rock Canyon, extending upstream from a landslide 
complex located west of lower Water Canyon where the Rio Grande was repeatedly dammed during 
the late Pleistocene (Figs. 0-5,O-6; Reneau et al., 1995a; Dethier and Reneau, 1996; Reneau and Dethier, 
1996a). The dam is located -2.5 km downriver from here, and is accessible by an unnamed, unmaintained 
trail that follows the river. (The landslide dam will not be visited on this hike due to its relative 
inaccessibility, but is well worth a visit.) 

Finely-laminated, horizontally-bedded, silt-rich sediment dominates the lower part of this 5-6 m thick 
lacustrine section, grading upwards into sandier beds (Fig. 0-7). The deposits at this site are part of the 
youngest lacustrine section that we have found in White Canyon, and are tightly dated at -12.4 14C ka 
by five statistically indistinguishable radiocarbon dates (Reneau et al., 1995a; Reneau and Dethier, 
1996a). These dates were on charcoal fragments collected from the tops of underlying buried soils (4 
samples) or from basal lake sands (1 sample); three of the samples were collected from the Red Dot 
area. The highest lacustrine deposits at this site are about 1672 m (5485‘) in elevation, similar to the 
elevation of channels over the landslide dam and to the upper limit of other lacustrine deposits in the 
canyon (including the Blue Dot Trail area) (Fig. 0-6). The landslide dam that produced this lake and 
one or more earlier lakes was apparently stable, allowing the lake to completely fill with sediment 
before progradation of quartzite-rich Rio Grande bedload gravels over the lacustrine section. 

The Rio Grande fluvial deposits that overlie and are inset into the lacustrine section are associated with 
terraces produced during downcutting through the landslide-dammed lake deposits, and may primarily 
represent “fill-cut terraces”, although minor aggradation may also have occurred. At least two distinct 
inset terraces occur here (Fig. 0-8). The ages of these terraces are not well constrained, but a date of 
9.96 I4C ka from a fan that overlies the highest terrace -1 km downriver, above a buried soil, indicates 
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Pig. 0-4. Photographs of sedivneiit s at Ited Dot Trail area. (A) Laminated, thin-bedded €ine sands 
and silts overlie basal coarse said layer ol'lacustrinc deposit (at pocket knife). Lowermost unit is a 
bioturlmted sand (Ris Grande flood p1:ritx deposit ) clatcd at ca. 12.3 l4C; ka at a nearby exposure 
(WR-20). (W) Cross -bt:dded sail& w i t h  lacustrine section. 

that they are latcst Pkistocene in age (Detliier and Reneau, 1996; Reneau and Dethier, 1996a). Behind 
the hack (west) cdge: of  the higher R.ed Dot terrace is a whitish diatomaceous bed that was presumably 
deposited in a pond within a trough or al,iintloned channel. The Rio Grande gravels that underlie the 
lacustrine section at the Red Dot site appi1relltly represent a terrace formed after an earlier landslide- 
dammedl lake, and arc capped by a poorly-developcd, bioturbated, sandy soil that may represent a 
floodplain deposit (Fig. 0-4).  

Data frciin clscwhere in White Rock Canyon suggest prior landslide-dammed lakes at ca. 13.1, 13.4, 
and 15. IT-J.!i 14C ka, and at about 40-70 Ina. A particularly revealing section (first visited by Antonio 
Garcia) is exposed in bluffs an the east sidc of the river immediately upstream of the dam, where a 
seyucncc oF lacustrinc deposits sqxiratetl by buried soils provides convincing evidence for 3 separate 
lakes between cii. 13.7 ;tnd 12.4 ''k! ka (Fig" 0-9), and thus repeated destabilization o€ the toe of the 
adjacenl landslide cornplcx. Ilstiinates of the heights and ages of the late Plcistocene lakes and the 
prior and subsequent level of the RKO Grande: arc shown in Figure 0-10. 

The ages of the latest P1kistot:ene landsllde-.danimed lakes correspond to highstands of pluvial Lake 
Estancia L20 km to tlac south (lGg. 0-lob), indicating that the same climatic conditions responsible for 
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Fig. 0-5. Sketch map of Water Canyon-Chino Mesa landslide dam area. Slump to northwest (tilted 
50" to the northwest) is overlain by the El Cajete pumice, indicating an age of SO-60 ka (from 
Reneau and Dethier, 1996a). 
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the filling of the pluvial lake basin (believed to be dominated by increased winter precipitation from the 
Pacific Ocean; Allen, 199 1) led to reactivation of one or more of the White Rock Canyon slump com- 
plexes (Reneau et al., 1995a; Dethier and Reneau, 1996; Reneau and Dethier, 1996a). Although the 
exact triggering mechanisms are not known, we believe they included some combination of increased 
discharge from regional aquifers, increased infiltration directly onto the slump complexes, and in- 
creased incision and lateral erosion by the Rio Grande, all of which could contribute to slope destabi- 
lization. 

Prehistoric Farm Fields. Many of the flats within White Rock Canyon, both fluvial terraces near the 
river and higher surfaces formed on the slump complexes, were farmed by the local prehistoric Pueblo 
people. Ruins in this area are small structures, containing one or several rooms, and are believed to 
have been seasonal “field houses” occupied only during the farming season by inhabitants of Tshirege 
and other large pueblos on the Pajarito Plateau. Evidence of the actual farm fields are provided by 
remnants of stone-bordered terraces, the terraces being effective at slowing runoff and enhancing infil- 
tration. Of particular interest in the Red Dot Trail area are well-defined irrigation ditches, lined with 
basalt slabs, that were traced to their origin at Pajarito Springs by Rory Gauthier, former Bandelier 
National Monument archaeologist. 

From the late Pleistocene terraces south of Pajarito Canyon, retrace the route to the stream, and 
head downstream towards the Rio Grande along the west margin of the bouldery Pajarito Canyon 
fan. About halfway to the river, a pool where short waterfalls drop over basalt boulders makes an 
excellent lunch stop. 

Pajarito Canyon Fan. The Rio Grande makes a slight bend at the mouth of Pajarito Canyon around 
the toe of a bouldery fan (point 5, Fig. 0-1). The boulders are dominated by basalt, suggesting a source 
downstream of the waterfalls (usually dry) where the stream drops into White Rock Canyon. No age 
control is available on this fan or other similar fans in White Rock Canyon, although their surfaces are 
presumed to be late Holocene in age due to their topographic position and their fresh morphology. The 
largest rapid on the Rio Grande in this area is Ancho Rapid, 4.7 km downriver, where the Ancho 
Canyon fan impinges on the river. 

Rio Grande. The Rio Grande upstream of White Rock Canyon drains an area of about 37,000 km2, 
and its headwaters are in the glaciated San Juan Mountains of southern Colorado. Modern floods 
typically occur either in the spring, of relatively long duration and derived from snowmelt runoff, or in 
the summer, generally of short duration and derived from summer thunderstorms (Nordin and Bever- 
age, 1965; Allen et al., 1993; Graf, 1994). The largest floods on record at Otowi Bridge, at the head of 
White Rock Canyon, had discharges of about 700 m3/s and occurred during the snowmelt seasons of 
1920 and 1941. Although there are no estimates available for variations in the late Quaternary dis- 
charge of the Rio Grande, we expect that floods were typically larger in the late Pleistocene relative to 
the Holocene, associated with higher regional precipitation and larger snowpacks in the mountains. 
Channel incision and lateral erosion associated with such late Pleistocene floods may have contributed 
to the reactivation of landslide complexes recorded by the landslide-dammed lake deposits (Reneau et 
al., 1995a; Dethier and Reneau, 1996; Reneau and Dethier, 1996a). 

From the mouth of Pajarito Canyon a trail traverses up the slope to the south, passing small springs, 
and reaching a broad flat in -0.5 km. This flat is developed on a late Pleistocene (7) landslide into 
which the Rio Grande is incised, as can be viewed from the edge of the flat to the east. 
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Possible Late Pleistocene (?) Landslide Dam. For -0.7 km through here the Rio Grande has cut 
through the lower part of the Pajarito Canyon complex (point 6, Fig. 0-1). Morphologically, this inner 
canyon is similar to that i‘ormed 3.5 km downriver where the river has incised through the ca. 12.4 14C 
ka landslide dam, suggesting that this landslide also dammed the river. Coarse sands that may have 
been deposited along an overflow channel have been mapped upstream 011 top of the landslide com- 
plex, 13 m above the river, but these have not been dated. In addition, no lacustrine deposits or outburst 
flood deposits have been found in association with this landslide. If it did dam the river, we have no 
evidence for the age, sizc, or duration of tlie resultant. lake. It is possible that sliding was slow and/or 
discontinuous, and that the landslide was rclatively easily eroded by the river, preventing the formation 
of a large or long-lived lake. 

The trail heads northeast across the large flat, bending east around the south side of an anomalous 
35-m high hill composed of quartzite-rich gravels (presumably a landslide block underlain by the 
axial facies of the Pliocene Puye Formation, although the absence of capping basalt is puzzling). 
North of this hill is a rock avalanche deposit that can provide a diversion for those that like rugged 
boulder fields. 

Rock Avalanche. This rock avalanche deposit (point 7, Fig. 0-1) was derived from failure oE the 
basalt clifh to the west. The deposit is -0.6 km long, and the avalanche likely descended -200 m in 
elevatioii and traveled -1 krn horizontally from the canyon rim. It is morphologically similar to a much 
larger deposit that occurs just north of Ancho Canyon, both of which display characteristics common to 
long-runout rock ava1anchr:s (Reneau et al., 1995a). The age of this rock avalanche is unknown. Seis- 
mic shaking (a  la Keefer, 1984) provides a plausible (but unconfirmed) triggering mechanism for the 
initial failure. 

. The trail crosses a shallow southwest-draining trough between landslide blocks, reaching a narrow 
flat parallel to the E o  Grande (point 8, Fig. 0-1). A berm at the east edge of the flat contains some 
very well-rounded and sculpted basalt boulders, some of which appear to be imbricated, suggesting 
that it represents an ancient flood levee. This berm is similar in appearance to inferred outburst 
flood deposits downstream of the Water Canyon landslide dam. The berm is about 20 m above the 
river, and its elevation of about 5500’ suggests it is older than the 12.4 14C ka lake and younger than 
the ca. 40-70 ka lake. A possible causative landslide dam upriver has not yet been identified. 

* The trail continues to parallel the Rio Grande, traversing down to near the river west of “Soda 
Springs” (point 9, Fig. 0-1). 

Late Quaternary Deposits in the Soda Springs Reach. The large barren area across the Rio Grande 
includes “Soda Springs”, and vegetation is presumably sparse due to widespread deposition of salts in 
an area of long-term groundwater discharge (the best access to this area, on the east side of the river, is 
by hiking south from the mouth of Cafiada Ancha). Soda Springs is a perennial spring that may have a 
recharge area in the Sarigre de Cristo Range, based on stable isotope data that indicates an average 
recharge elevation of -3000 m (Blake et al., 1995). (The name “Soda Springs”, shown on the USGS 
White Rock 7.5’ quadrangle, is apparently a misnomer as the waters do not contain the requisite chemi- 
cal cornposilion to be called “soda springs”; E Goff, pers. comm., 1995) 

The deposits in the Soda Springs area, east of the river, are poorly exposed and poorly understood. 
They appear to include extensive areas of fine-grained distal colluvial or fan deposits derived from the 
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slopes to the east, and may also include some lacustrine deposits. Well-laminated lacustrine deposits 
that may be correlated with the ca. 40-70 ka landslide-dammed lake are exposed in a drainage to the 
southeast, but no local age control is available. Local deposits of quartzite-rich gravels indicate rem- 
nants of late Pleistocene Rio Grande terraces, although their age and context is uncertain. The barren 
area includes a bed that is rich in gastropod fossils of the genera Gyraulus or Valvata (?), indicating a 
freshwater pond deposit and inferred to be associated with springs, erhaps produced during a time of 
enhanced groundwater discharge. An apparent age of 14,150 +_ 80 C BP (WR-40, Beta-72984) was 
obtained from these shells which does not seem to fit into the rest of the late Pleistocene chronology in 
White Rock Canyon. Other workers have found Gyraulus and other genera living at sites of deep 
groundwater discharge to provide unreliable radiocarbon dates as they can incorporate “old carbon” 
contained within the groundwater, resulting in apparent ages that are too old (J. Quade, pers. comm., 
1994). 

74 

On the west side of the river the trail crosses an extensive late Holocene sand deposit that lacks obvious 
stratification. The origin of this deposit is not certain, but possibilities include Rio Grande overbank 
sediments, eolian sediments, distal fan sediments, or some combination of these. Where exposed in a 
cut bank at the west edge of a broad gravel bar, 2.1-2.6 m of sand directly overlies Rio Grande gravels, 
and we thus informally refer to them as “Rio Grande floodplain deposits”. Abundant charcoal col- 
lected from the base of the sands, -2 m above the present river level, yielded an age of 2880 k 80 I4C 
BP (-2980 cal BP or 1030 cal B.C.; Reneau et al., 1995a; Reneau and Dethier, 1996a). This date 
indicates that the Rio Grande at ca. 3000 BP was located within -2 m of its modern level, providing a 
constraint on the late Holocene position of the river (Fig. 0-loa). Data from another site upriver (op- 
tional stop near end of hike) indicate that the river was within 5 m of its present grade at ca. 9.3 14C ka. 

Immediately to the west of the sandy flat, -1.5 m of Rio Grande gravels underlie an -13-m high terrace 
remnant and overlie colluvial or landslide debris containing abundant basalt boulders. The terrace is 
similar in height to other terraces in northern White Rock Canyon that overlie the latest Pleistocene 
landslide-dammed lake deposits, and is thus presumed to be associated with reincision after one of the 
lakes. 

Archaic Occupation of White Rock Canyon. The ca. 2880 14C BP charcoal in the Soda Springs 
reach was restricted to a small area and was associated with scattered fire-cracked rocks, indicating the 
location of a prehistoric campsite dating to the Archaic period. Such clusters of fire-cracked rocks are 
typical of late Archaic sites in White Rock Canyon that were described as part of archaeological inves- 
tigations conducted prior to filling of Cochiti Reservoir (Chapman, 1979a, 1979b). As described by 
Chapman, the Archaic inhabitants heated “quartzite cobbles and basalt clasts for use in stone boiling. 
Stone boiling involves dropping heated rocks into containers filled with foodstuffs and water. It is a 
common food preparation technique used by people whose technological inventory does not include 
fire-resistant ceramic or metal cooking vessels. Repeated use of stones as heat retainers inevitably 
results in their fracture and generation of a discard pile of heat-fractured or firecracked rock pieces. 
Kinds of foodstuffs prepared through stone boiling include soups, stews, and mushes made from milled 
seeds” (Chapman, 1979b, p. 66). 

The Archaic period includes the long time span after the big game hunters of the Paleo-Indian period 
and prior to widespread development of agriculture associated with the ancestral Pueblo or Anasazi 
cultures. Although details of this time period are sparse, Archaic peoples in New Mexico are believed 
to have had a hunter-gatherer lifestyle in relatively small, mobile groups (Chapman, 1979a, 1979b; 
Cordell, 1979, 1984; Stuart and Gauthier, 1981). Age control on other Archaic sites in White Rock 



Canyon is sparse. No radiocarbon ages were obtained during the Cochiti Reservoir investigations, but 
projectilc points mainly seemed to associated with the “Armijo” and “En Medio” phases of Irwin- 
Williams (19’73), which have estimated ages of ca. 1800-800 B.C. and 800 13.C-A.D. 400, respectively 
(Chapman, 1979b), consistent with the radiocarbon date obtained in the Soda Springs reach. Excava- 
tion of a rock shelter during the National I)ark Service’s Cochiti Reservoir project also yielded radio- 
carbon dates in this same general range, of ca. 1390-3 100 14C BP or - 1750 B.C.-A.D. 560 (uncalibrated 
ages from ‘rraylor et al., 1977, cited in Chapman, 1979b), suggesting repeated use of White Rock 
Canyon during this general period. 

From the Soda Springs reach, continue on the trail northward, paralleling the Rio Grande. In about 
0.5 ktri the trail passes a spring and then reaches a shallow trough that is west of a late Pleistocene 
Rio Grande terrace remnant. Fior the next -0.15 km the trail passes though an eroded area of 
fluvial, lacustrine, and colluvial deposits that share many similarities with exposures present in the 
Red Dot area, plus some additional features. 

Late Quaternary Lacustrine, Fluvial, Colluvial Stratigraphy in “Blue Dot Trail” Area. ”wo 
drainages that cross the trail in this area provide exposures of a variety of late Quaternary deposits 
(point Id), Fig. 0-1; Fig. 0-11) 

At the first (southern) drainage, a stream bank exposure east of the trail displays well-laminated lacus- 
trine sediment that overlie colluvial or landslide debris, and which are in turn unconformably overlain 
by Rio Grande gravels (Fig. 0-1 1b). As seen at the Red Dot Trail site, a relatively coarse sand layer is 
present immediately below the lake sediments, suggesting a transgressive beach deposit. No age con- 
trol has heen obtained from this exposure, but the lacustrine deposits are presumed to be between 12.4 
and 13.7 14C ka in age based on a correlation with other deposits in White Rock Canyon. 

To the west of the trail, a shallow incision along this drainage exposes organic-rich sediments that 
overlie the back edge of the terrace. These sediments are presumed to have been deposited in an area 
of groundwater discharge, similar to the springs occurring a short distance to the south. A date of 9.66 

C ka from charcoal fragments provides a minimum-limiting age for the terrace and the underlying 
lacustrine deposits (Fig. 0-1 1b; Reneau and Dethier, 1996a). 

14 

At the second (northern) drainage on the trail, a heavily eroded “badlands” has developed to the west. 
These are developed on a colluvial deposit which is grey in its lower part, indicative of prolonged 
saturation and presumably associated with springs. The middle section of this colluvial deposit con- 
tains unusually abundant fossil gastropods (the terrestrial genera Succinea, Vallonia (?), Pupoides, 
Pupilla), which are suggestive of a relatively lush grassland environment and which yielded a date of 
6.68 14C ka (Fig. 0- 1 1 a). Heavily oxidized quartzite-rich cobbles, associated with the terrace to the east 
and exposed at the trail, project under these colluvial deposits. To the northwest the colluvium partially 
overlies an eroded remnant of well-laminated lacustrine sediments that in turn overlies bouldery collu- 
vium. These lacustrine sediments are not dated, but their elevation and sedimentology suggests a 
correlation with the ca. 40-70 ka deposits which are best exposed 2 km upriver near the mouth of 
Cafiada Ancha. 

To the east of this trail the drainage is incised below a late Pleistocene terrace, exposing a section that 
is very similar to the Red. Dot Trail sediments examined -2.5 km downriver. Rio Grande gravels 
overlie well-.laminated lacustrine sediment, which in turn overlie older Rio Grande gravels (Figs. 0- 
1 la, 0- 12). No dates have been obtained here. 
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Fig. 0- 11. Cross sections of Blue Dot Trail area, showing stratigraphy and radiocarbon sample sites. 
(A) Northern section, showing WR-13 sample site. (B) Southern section, 130 m south of (A), 
showing WR-16 sample site (from Reneau and Dethier, 1996a). 

The trail continues north over a late Pleistocene terrace remnant into a heavily-vegetated area, 
watered by a series of springs. In this area the Blue Dot Trail heads west, climbing about 800' (250 
m) in - 1.5 km (1 mi) over landslide complexes to the rim at Overlook Park (point 13, Fig. 0-1). A 
trail can also be followed north parallel to the river for -0.7 km to visit an early Holocene Rio 
Grande terrace remnant south of the Mortandad Canyon fan. (Note: upriver, on the south part of 
the Mortandad Canyon fan, begins San Ildefonso Pueblo lands, closed to the public). 
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Fig. 0-12. Measured stratigraphic section exposed near the Blue Dot Trail area. Described by 
David Dethier, See Figure 0-7 for explanation of symbols and lithofacies codes (from Reneau et 
al., 1995a). 

Future Landsliding Potential. The Rio Grande in this area is cutting against the west slope of White 
Rock Canyon at the toe of a narrow slump complex that extends up to the White Rock Overlook, 
resulting in a relatively steep average slope gradient (-0.5 m/m) between the canyon rim and the river 
(point 11, Fig. 0-1; Fig. 0-13). An evaluation of the potential for future landsliding involving presently 
intact areas along the canyon rims identified this as one of three locations on the southwest rim most 
susceptible to large-scale failure (Reneau et al., 1995a). This potential for instability is due to the 
combination of the steep slope and the likely presence of a thick section of relatively weak sediments 
which are involved in slumps in adjacent areas. Initiation of the Pleistocene slumps in White Rock 
Canyon often involved up to 0.5 km or more of retreat of the canyon rim, and a failure of this scale here 
would involve much of Overlook Park. In addition to widening the canyon and potentially damming 
the Rio Grande, such a failure would likely force the 12io Grande to the east. A reduction in the average 
slope gradient would result, diminishing the immediate potential for large-scale failures of the canyon 
rim. For example, the average slope gradient in the center of the Pajarito Canyon slump complex is 
only about 0.2 m/m (Fig. 0-13), and futurt: slumping in that area would most likely be restricted to toe 
failures instead of new failures of the rim (for which local homeowners should be grateful). 

Early Holocene Rio Grande Terrace Remnant. A narrow remnant of a 5-m high Rio Grande terrace, 
covered by colluvium, is exposed along the west bank of the river (point 12, Fig. 0-1; Fig. 0-14; 
Reneau and Dethier, 1996a). About 4 m of llio Grande gravels overlie river-sculpted basalt boulders 
which are exposed near water level. The gravels are overlain by 1.5 m of fine sands that presumably 
represent overbank deposits. Possil gastropods (Succinea) from these upper sands yielded an age of 
9.34 I4C: ka, indicating that by the beginning of the Holocene the Rio Grande had abandoned the higher 
terrace levels and was within -5 m of its present level (Fig. 0-loa). 
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Fig. 0-13. Plots of average slope gradient in White Rock Canyon, defined as canyon depth divided 
by rim to floodplain distance, vs. distance downstream from Otowi Bridge. A) Northwest side of 
canyon. B) Southeast side of canyon. Areas with the steepest slopes are expected to be most suscep- 
tible to future failures involving the canyon rims, except for the areas to the southeast (downriver) 
where the sections are dominated by basaltic rocks (from Reneau et al., 1995a). 
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Fig. 0- 14. Schematic cross section showing terraces, lacustrine sediments, and radiocarbon sample 
sites downriver of Mortandad Canyon (from Reneau and Dethier, 1996a). 

From the junction with the Blue Dot Trail, head west, climbing up to Overlook Park. Late Pliocene 
Rio Grande deposits (axial facies of Puye Formation), very similar in clast composition to the late 
Quaternary river deposits, are exposed within the landslide complex along the trail. At the top of 
the trail (point 13, Fig. 0-1), similar quartzite-rich gravels overlie both the basalt and the basal 
Tshirege Member of the Bandelier Tuff, recording an early Pleistocene river terrace (visited at Stop 
1-3). From the canyon rim, hike west through the pifion-juniper woodland to the parking area. 



Day 1, Tsankawi Unit of Bandelier National Monument to Ponderosa Campground 

Leaders: Steven Reneau, Eric McDonald, Craig Allen, Dave Broxton, Jamie Gardner, 
Rory Gauthier, Brad Wilcox 

Stop 1-1: Tsankawi Mesa 

Field trip begins at parking lot for the Tsankawi unit of Bandelier National Monument, on the east side 
of NM Stale Road 4 (SR 4). Meeting area is 17 miles from Ponderosa Campground following SK 4,3 
miles from White Rock, 4 miles frorn Los Alamos, and 35 miles from Santa Fe. Restrooms. No water. 
No shade. 

This stop involves an about 1.5 mile hike with 150’ climb. Artifacts, rocks, plants, etc., are protected, 
so please leave your rock hammers behind and leave everything where you found it. 

* Hike -1/2 mi east up trail towards Tsankawi (tsank-ah-WEE) ruins. Trail begins at an elevation of 
-6528’ (1990 m) in a typical pifion-juniper (“PJ”) woodland (dominated by Pinus edulis and Juniperus 
monosperma, with scattered Pinus ponderosa and rare Juniperus scopulorum). At signpost 2, the 
trail crosses a 2+ m deep gully though a loose, Holocene colluvial deposit, typical of the degree of 
erosion that is widespread across the eastern Pajmito Plateau. 

At signpost 3, the trail begins climbing through a narrow slot in orange tuff on a prehistoric Anasazi 
trail, jlattening on a wide bench at signpost 4. This bench is developed at the transition between 
underlying glassy tuff of the lowest Tshirege Member of the Bandelier Tuff (unit Qbt-lg) and over- 
lying pervasively vapor-phase altered tuff (Qbt- lv), and marks a prominent pseudo-stratigraphic 
marker on the Plateau (caused by alteration associated with initial de-gassing, and apparently not 
corresponding with a true depositional break; see Introduction for more discussion of tuff units) 
(Fig. 1-1). Note that the ovcrlying tuff is pock-marked where devitrified pumice has been preferen- 
tially weathered, whereas glassy pumice stands out from the face of the underlying tuff, being more 
resistant than the matrix. The trail follows this bench to the east, then climbs up an incised Anasazi 
trail through grayish tuff of Qbt-lv. 

Signpost 6 is at the base of a 4-m high cliff formed in the overlying stratigraphic unit, Qbt-2, a 
relatively resistant unit that constitutes the main “cap rock” for many of the mesas on the eastern 
Plateau (Fig. 1-1). Many petroglyphs are carved into this cliff, including a version of “kokopelli”, 
the legendary flute-player. Either climb up through the deep narrow slot in the tuff, or keep right to 
a 4-rn high ladder. At the mesa top (signpost 7), turn left to the western tip of the mesa. 

Station 1-la, West end of lkankawi Mesa 

Geographic and Geologic Overview. From the west end of this isolated mesa is a wide view across 
part of the Pajarito Plateau, showing the typical topography of relatively narrow mesas alternating with 
steep-walled canyons carved in the Bandelier Tuff (Fig. 1-2). The buildings on the mesas to the west 
are part of the Los Alamos National Laboratory (LANI,), which occupies most of the land between here 
and the base of the mountains. 

The mountains on the skyline, 17 km west, are the Sierra de Los Valles, the eastern part of the Jemez 
Mountains and the eastern topographic rim of the Valles caldera. These mountains are underlain by 
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Fig. 1- 1. Photographs of trails at Tsankawi, illustrating stratigraphic variations within the Tshirege 
Member (unit designations from Broxton and Reneau, 1995). Left photo: prominent bench devel- 
oped on top of unit Qbt-lg (at “vapor-phase notch”); underlying tuff is glassy, and overlying tuff 
(Qbt- 1 v) has experienced pervasive vapor-phase alteration. Center photo: prehistoric trial is incised 
into non-welded, vapor-phase altered tuff of unit Qbt-lv. Right photo: ladder ascends cliff formed 
in unit Qbt-2, the most resistant unit on the eastern Pajarito Plateau; contact with underlying Qbt-lv 
(horizontal parting on lower cliff) represents a cooling break within the Tshirege Member and a 
pause in the eruptions. 

Miocene-to-Pliocene dacitic lavas of the Tschicoma Formation which is named after Tschicoma Peak, 
the highest point in the Jemez at 11,561’ (3524 m) (the mountain with the large south-facing grassland 
to the NW). Roughly at the base of the mountain front is the Pajarito fault zone, a major bounding 
structure of the Rio Grande rift with up to -155 m of down-to-the-east normal displacement since 1.22 
Ma. The prominent straight-walled canyon immediately to the northwest is - 100 m deep Los Alamos 
Canyon, heading in the Sierra de Los Valles (visited at Stop 3-3), and the shallower canyon to the 
southwest (with the paved road) is Sandia Canyon, heading on the Plateau (visited at Stop 1-2). On the 
southwest horizon is St. Peter’s Dome in the San Miguel Mountains, in the center of the April 1996 
Dome Fire area, and the isolated mountain to the north is Clara Peak. The eastern skyline is domindted 
by the Sangre de Cristo (Blood of Christ) Mountains, 45 km away on the eastern side of the Rio Grmde 
rift, cored by a variety of Precambrian rocks and reaching elevations of >13,000’ (-4000 m). To the 
southeast are late Pliocene vents of the Cerros del Rio volcanic field, and on the southern horizon, are 
the Sandia Mountains east of Albuquerque, 75 km distant. 

Fig. 1-2. View west fromTsankawi Mesa, Stop 1-la, across Los Alamos Canyon. Tshirege Member of 
Bandelier Tuff (1.22 Ma) forms the cliffs; pumice beds and alluvium of Cerro Toledo interval (1.22- 
1.61 Ma) and Otowi Member of Bandelier Tuff (1.61 Ma) underlie the lower slopes. The Sierra de 10s 
Valles, the eastern rim of the Valles caldera, form the western skyline, with Pajarito Mountain to left. 
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Bandelier r’uff. The early Pleistocene Bandelier Tuff defines and dominates the Pajarito Plateau. It 
was erupted from the Jemez Mountains ita two major caldera-forming eruptions at ca. 1.61 and 1.22 
Ma, forming the Otowi (lower) and Tshircge (upper) Members, respectively. The Otowi Member is 
entirely non-welded where exposed on the Plateau, typically forming slopes on the lower canyon 
walls, including the lower -40 m of Los Alaxnos Canyon immediately to the northwest. In contrast, 
the Tshirege Member is composed of multiple cooling units with varying degrees of welding and 
alteration, producing a benched topography of alternating cliffs and slopes as is well displayed on the 
trail to this stop (Fig. 1-1). Between the Otowi and Tshirege Members is a variable unit locally re- 
ferred to as the “Cerro Toledo Interval”, which includes pumice beds, alluvium, colluvium, and soils 
that span the intervening ca. 400 ky. Small exposures of the Cerro Toledo interval can be seen on the 
south-facing wall of Los Alamos Canyon from this mesa, the stratified layers locally visible at the base 
of the Tshirege cliffs. (The rock units in Los Alamos Canyon to the west of here have been mapped by 
Goff, 1995, and Rogers, 1995, and detailed petrographic and mineralogic analyses are provided by 
Broxton et al., 1995a). 

Eruption of each of the Members of the Bandelier Tuff profoundly changed the landscape in this area, 
burying the former topography with 10s to >lo0 m of ignimbrite, and subsequent drainage networks 
apparently had little relation to previous streams, with the exception that they continued to drain pre- 
viously established basins in the Sierra de Los Valles and empty into the Rio Grande (Broxton and 
Reneau, 1996). A major north-south drainage that existed between the Tschicoma highlands and the 
Cerros del Rio volcanic field prior to 1.61 Ma was largely swamped by emplacement of the Otowi 
ignimbrites, and post-Otowi streams had more southeasterly trends. This landscape was again re- 
made at ca. 1.22 Ma with emplacement of the Tshirege Member, and subsequent streams had a yet 
more easterly trend. 

Also of note is the widespread occurrence of dacite-rich fluvial deposits derived from the Sierra de Los 
Valles that occur on top of the Tshirege Mtmber on many mesas. These deposits record a very diffuse, 
perhaps braided drainage network on this part of the Plateau for some undefined length of time after 
1.22 Ma, prior to initial incision of the canyons. One of the best examples of a mesa-top paleochannel 
occurs on the mesa 1.5 krn northeast of this stop, which may be examined on an optional hike on the 
afternoon of Day 3. 

Walk east on the mesa crest -114 mi to the Tsankawi ruins. 

Station 1-fb, Tsankawi Ruins 

Tsankawi is a large unexcavated ruin that i s  representative of many of the “Rio Grande Classic Period” 
ruins on the Pajarito Plaleau (Fig. 1-3). Although not well dated, it is believed to have been built in the 
1400s and perhaps abandoned in the late 1500s. The Tewa-speakers of San Ildefonso Pueblo, in the 
Rio Grande valley - 12 km northeast of here, consider it to be one of their ancestral villages, and San 
Ildefonso lands border this part of Bandelier National Monument. “Tsankawi” is a contraction of a 
longer Tewa name, saekewikwaje onwikege, which means “village between two canyons at the clump 
of sharp, round cactus” (Stuart, 1989). 

As described by David Stuart: “Its .four large roomblocks are arranged in an irregular rectangle around 
a central plaza, with nearly a dozen kivas at the site. It contained between 350 and 400 rooms and, like 
others nearby, was built of hand-cut volcanic tuff, mortared with adobe. Portions of Tsankawi were 
once several stories high. Photographs taken a century ago show how deterioration of such ruins has 
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Fig. 1-3. Oblique airphoto of Tsankawi Mesa. Tsankawi ruins to right. 

accelerated in modern times. . . . Tsankawi gave its name to a distinctive Tewa Black-on-cream pottery 
and, although not adequately dated, flourished in the A.D. 1400s and 1500s. Most of its farmlands and 
the faint remains of small, one- or two-room “field” houses, typical of the Classic Period, are in the 
canyon bottoms surrounding Tsankawi’s mesa” (Stuart, 1989, p. 109). 

East of the ruins on the mesa top is the remains of a small reservoir that apparently impounded water 
that ran off the roof tops and the plaza, a feature also occurring at other Classic Period ruins in the area. 
The south side of the mesa contains abundant “cavate” ruins, carved into the tuff, which are common 
on many of the south-facing cliffs on the eastern Pajarito Plateau. The cavates often constituted a back 
room behind masonry structures built out from the cliffs, called “talus pueblos”, although these outer 
rooms are not preserved (a reconstructed talus pueblo can be viewed in Frijoles Canyon). 

Retrace trail to parking lot. 

Mileape from Tsankawi 

0.0 Tsankawi parking lot 

0.1 East Jemez Road (“Truck Route”). Keep in right lane before light, turning right up East Jemez 
Road into Sandia (“watermelon”) Canyon. To right is water-supply well PM-1. Late Pliocene 
basalt of the Cerros del Rio volcanic field underlies the Otowi Member of the Bandelier Tbff 
here at a depth of 50 m (Purtymun, 1995). On the slopes to the northwest, dacite-rich gravels in 
the Cerro Toledo interval occur between the Tshirege and Otowi Members, indicating the loca- 
tion of a pre-Tshirege, ca. l .22- l .6 l Ma paleodrainage that trends roughly northwest-southeast, 
oblique to Sandia Canyon (Broxton and Reneau, 1996). East Jemez Road for the next mile is 
bordered by DOE land that is open to the public. The canyon bottom is underlain by -5.5 m of 
Holocene alluvium in this area (Sandia Canyon observation well SCO-2; Purtymun, 1995). Many 
cavate ruins are visible at base of the south-facing canyon wall, carved into the lower non- 
welded part of Tshirege Member (Qbt-lg). Grey tuff higher on canyon wall is Qbt-lv, and the 
mesa is capped by Qbt-2. 

1 .O A trail to Mortandad Canyon begins at gate to left (south), crossing gap in mesa. The trail passes 
a “deer trap”, a rectangular pit excavated in tuff in gap where prehistoric hunters presumably hid 
beneath a brush blind to shoot deer chased up the saddle. Similar pits also occur on many 
canyon edges, and are believed to have been used to catch eagles €or ceremonial purposes, using 
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rabbiis or other bail tethered next to the pit as lures (Hoard, 1981). From the pit, the trail contin. 
ucs west along a tuff bench (top of Qbt-lg) to a series of cavate ruins, some containing excellen 
examples of “Mortandad-style” petroglyphs, carved into smoke-blackened ceilings (Fig. 1-4). 

LAXI, Technical Area (TA) ‘72. Protective Force Live Firing Range to right. Land adjacent tc 
road here and to the west marked by DOE “NO Trespassing” signs. Please respect signs, or risE 
the wrath of the LANL “Pro Force”. 

Aggrading channel to left, downstream of deeply incised channel. 

Stox, 1-2: Sandia Canvorh Park on shoulder before where west-bound lane divides, as close a! 
possible to guard rail. Area marked by DOE “No Trespassing” signs, so do not make this stor 
unescorted. Watch for traffic. LANL TA-53 on mesa top to north (Mesita de Los Alamos), homc 
of the Los Alamos Neutron Science Center (LANSCE), a facility fur high energy particle re 
search utilized by physicists from many universities (formerly called the Meson Physics Facility 
or LAMPF). 

Cross guardrail to south and walk across grassy canyon floor to a 3-4 m deep incised channel 
heading for a 6.5 rn high north-facing stream bank exposure. The channel here was not incised ir 
1935, and the recent incision rnay record an increase in runoff from developed areas in the head, 
waters, including part of LANL’s main Tech Area, TA-3. Incision may also have been aided bj 
channel modifications associated with construclion of East Jemez Road, which included straight. 
ening its course and restricting the channel to the south side of the canyon bottom. 

Fig. 1-4. Photographs of Mortandad Canyon archaeological sites. Left photo: split-level cavatc rui 
carved into tuff; the line of holes were for “vigas” (roof beams). Center photo: view from inside cavat 
ruin, with smoke hole. Right photo: “Mortandad-style” petroglyphs, etched into smoke-blackene 
ceiling (Maxwell and Kolcopelli). 
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Station 1-2a: Late Ouaternarv Stratipraphv and Soils (6750’. 2060 m e1ev.l 

El Cajete Pumice Bed. The most striking unit in this exposure is the El Cajete pumice bed (Figs. 1-5, 
1-6). Up to 0.75 m of generally unstratified, presumably primary fallout pumice is sandwiched be- 
tween pre- and post-El Cajete colluvium, with the pumice bed dipping beneath the present channel. 
The El Cajete pumice is part of the Valles Rhyolite of Bailey et al. (1969), and was erupted from the El 
Cajete vent in the Valles caldera 28 km to the west. It is a product of the youngest eruptive sequence 
from the Valles caldera (the “El Cajete Series” of Self et al., 1988, or the “southwestern moat rhyolites” 
of Wolff and Gardner, 1995, and Wolff et al., 1996), and provides a key late Quaternary stratigraphic 
marker on much of the Pajarito Plateau, allowing precise correlation of horizons in diverse geomor- 
phic settings (see also Stops 0-2, 1-4, 1-6,2-2). 

Fig. 1-5. Photographs of Sandia Canyon stream bank at Stop 1-2a. In left photo, base of El Cajete 
pumice is at hard hat, and slopes down to right. Right photo shows primary fallout El Cajete pumice, 
with lamellae, overlying pre-El Cajete soil (hammer for scale). 

Age of El Cajete Pumice. The age of the El Cajete pumice has been difficult to determine with great 
accurac The El Cajete and associated units contain abundant xenocrysts, which have confounded IS- 
Ar and ArpAr analyses, and fission-track analyses also apparently had problems. At present, our 
best estimate of the age of the El Cajete pumice is ca. 50-60 ka, based on constraints provided by 
electron spin resonance (ESR) analyses of quartz phenocrysts (Toyoda et al., 1995), 14C analyses of 
burnt logs entrained within surge beds near the vent, and thermoluminescence (TL) analyses of soils 
buried by the pumice on the Plateau (Reneau et al., 1996a). The TL analyses by Steve Forman yielded 
consistent results in two very different geomorphic settings, one a colluvial slope analogous to the 
buried soil at this stop (but occurring at the base of the Pajarito fault escarpment; see Day 2, Mile 1.2), 
and the other a gently-sloping mesa top, providing additional support for the accuracy of the analyses. 

% 

Stratigraphy and Late Quaternary Geomorphic History in Sandia Canyon. The El Cajete pum- 
ice at this stop overlies a 1.15 m thick, well developed soil that has formed in a colluvial deposit. The 
colluvium in turn overlies and truncates horizontally-stratified fine sands and silts that represent overbank 
deposits from a pre-El Cajete period of aggradation of Sandia Canyon (Fig. 1-6). At least three weakly 
developed soils have formed in these deposits. Fluvial coarse sands and gravels are interbedded with 
and underlie the overbank deposits, along with additional colluvial layers. (Note that the pre-El Cajete 
fluvial deposits are tilted to the north, indicating some slumping of the lower part of this section). The 
age of this aggradation period is not certain, but the degree of soil development in the buried colluvial 
deposit, much stronger than in the overlying colluvium, indicates perhaps 30-50 ky before burial (see 
next section). The age of the underlying stream deposits is thus estimated at SO-1 10 ka. 
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Fig. 1-6. Sketch of Sandia Canyon stream bank exposure with El Cajete pumice bed, at Stop 1-2a. 
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Overlying 0.6-0.75 m of pure, generally unstratified pumice is up to 1.1 m of stratified pumice that 
likely represents colluvial transport of the fallout pumice off the slope relatively soon after eruption, 
Separating these two units are lenses of ash (?) that may be correlative with an ash bed at the top of the 
pumice at Stop 1-6. The overlying colluvium contains common clasts of tuff, indicating exposure of 
the pre-eruption units following stripping of the pumice. 

The stratigraphic context of the El Cajete pumice at this stop and at other canyon bottom sites on the 
Pajarito Plateau demonstrates significant late Quaternary aggradation. At the time of the El Cajete 
eruptions, the channel of Sandia Canyon here was located below the present channel, which in turn is 
located -3 m below its highest historic level. The El Cajete pumice has also been encountered in drill 
holes beneath the floors of several other canyons (Reneau et al., 1996b). In Mortandad Canyon (0.7 km 
south of this stop), 14C dates of 7.26 and 7.77 ka have been obtained on charcoal collected at depths of 
10-12 m from 2 holes (Fig. 1-7), indicating the magnitude of Holocene aggradation there and suggest- 
ing that the bulk of the alluvial fills are Holocene in age. This and other evidence suggests a profound 
change in geomorphic processes on the Pajarito Plateau between the late Pleistocene and the early 
Holocene (see also Stops 1-4,2-2,2-3). 

The local base level for this part of Sandia Canyon is a prominent knickpoint on late Pliocene basalt 7.5 
km downstream (Fig. 1-S), which the Quaternary stream has been generally ineffective at eroding. 
Similar basalt knickpoints, providing local base levels, occur along most streams on this part of the 
Pajarito Plateau, isolating them from base level changes along the Rio Grande. The Holocene aggrada- 
tion here and in other canyons has caused a steepening of stream gradients, and probably occurred in 
response to some combination of increased sediment supply and decreased stream flows associated 
with the Pleistocene-Holocene climatic transition. 

Although the stream channel at the time of eruption of the El Cajete pumice here is some undetermined 
depth below the modern channel, relatively pure beds of stream-reworked El Cajete pumice are ex- 
posed in terrace remnants upstream, indicating net incision in the last ca. 50-60 ka. A terrace deposit 
containing similar pure beds of fluvially-reworked pumice in the north fork of Ancho Canyon (up- 
stream of Day 1 Mile 16.0 on the Log) has yielded a radiocarbon-dead date of A6.7 14C ka, supporting 
the inference that such pumice-dominated beds were deposited relatively soon after eruption. The 
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Fig. 1-7. Generalized cross section across Mortandad Canyon, 0.7 km south of Stop 1-2, showing 
radiocarbon date and inferred stratigraphic context of units exposed in core holes (from Reneau et al., 
1996b, modified from unpublished core logs of S .  McLin and others, 1994). 
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contrast between net aggradation at this stop and net incision upstream demonstrates a reduction in the 
gradient of the buried late Quaternary bedrock-channel beneath the Holocene fill, showing continued 
evolution of the channels into tuff, presumably associated with migration of knickpoints in the tuff 
upstream (Fig. 1-8). 

Soil-Stratigraphy of Profile SC-1: The El Cajete pumice at this stop overlies a moderately developed, 
buried soil complex consisting of perhaps three superimposed soil profiles that have largely formed in 
three chin layers of hillslope colluvium. This soil in turn overlies a 3+ m sequence of colluvium and 
alluvium that contains three weakly developed soils. In combination, this exposure illustrates both the 
complexity of the soil stratigraphy developed at diverse geomorphic settings on the Pajarito Plateau, 
and the prominence of the pre-El Cajete soil, which constitutes a significant time stratigraphic marker 
across much of the Plateau. 

Buried Soils bl-b3: The top of the uppermost soil is a thin (10 cm) E horizon (Etbl, Fig. 1-9) that is 
considerably lighter in color than the underlying horizons (Table 1-1). An E horizon is a horizon in 
which either the removal or the segregation of iron oxyhydroxides and clay has occurred to the extent 
that the color of the horizon is dominated by the primary color of sand and silt particles rather than by 
the color of coatings on these particles (Soil Survey Staff, 1981). Coatings of clay and iron oxides do 
occur in places in the E horizons exposed in this stream cut; however, the formation of these cutans 
represent illuviation subsequent to burial by younger deposits. 

The first sequence of Bt horizons (bl) extends to 75 cm below the base of the pumice. The Bt horizons 
have soil colors ranging from hues of 6.25 YR to 7.5 YR, prismatic structure that parts to subangular 
blocky structure, and common to few argillans along pores and ped faces, especially along prismatic 
ped faces. A second E horizon (Etb2,75-84 cm) marks the top of the next thin buried soil (b2). This E 
horizon is generally similar to the upper one, but has a greater abundance of argillans, especially along 
prismatic ped faces, resulting from translocation of clay subsequent to burial by younger colluvium. 
The base of this soil (or colluvial layer) is denoted by a thin layer of gravely-loam with an abrupt lower 
boundary. The nature of the deposit and contact indicates burial of the underlying soil by colluvium. 
The underlying soil (b3) has a weakly developed Bt horizon that grades downward into generally unal- 
tered colluvium and/or stream alluvium. 

A Profile Development Index (PDI) value of 50.1 for this sequence of buried soils implies that this 
section may represent 30-50,OOO years of soil formation PDI values were determined using the Soil 
Development Index of Harden (1982) and Harden and Taylor (1983). Age estimates for PDI values are 
based on development of a local soil chronosequence in nearby Rendija Canyon and TA-16 (McDonald, 
et al., 1996b) that will be one focus of Stops 2-2 and 2-3. 

Prominence of Pre-El Cajete Soil: At this site, as well as at many locations across the Pajarito Pla- 
teau, the El Cajete pumice overlies a moderately- to well-developed buried soil. At most sites, the top of 
the buried soil is denoted by a sharp contact with the overlying pumice and the preservation of a light 
colored E horizon. This soil-stratigraphic contact will be exposed at several stops on this field trip 
(Stops 1-4,1-6,2-2). The widespread occurrence of a moderately- to well-developed buried soil below 
the ca. 50-60 ka El Cajete pumice indicates that a Plateau-wide period of relative landscape stability 
favoring soil development preceded deposition of the pumice. Particularly notable at this site is the 
moderate development of Bt horizons on a relatively steep hillslope, a landscape position that is gener- 
ally unstable over time intervals that would allow the development of such horizons. For example, the 
present surface soil at this site, by comparison, is of considerably weaker development, consisting of A 
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Horizon Comments 
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SC-'1 

300 

Primary El Cajete pumice 

Etb 1 > 50-60 ka 
Btl b l  Moderately developed buried 

Bt2bl Lamellae 
soil 

Bt3bl 
Etb2 
1863 Stoneline 

Btl b3 
BCb3 

Cb3 Krotovinas 

BAb4 

Bwb4 
Floodplain and/or colluvium 

BCb4 
BAb5 

Bwb5 
Poorly stratified stream deposits 

Cb5 

ABbG 

C1 b6 

C2b6 

Well stratified stream deposits 

SYMBOLS 
Structure Argillans Other 

5 Subangular blocky X Lining pores 5 Filled insect 

b- Along ped faces [ Prismatic 
(nc-many) 

Prismatic - ,Im Along ped faces ' subangular blocky (few-common) 

Prismatic -+ 8 Coating gravel #*# Lamellae 

- --.--. -- -- 
burrows 

0-0 Gravel 

. . . . Sand layers 

angular blscky 

Fig. 1-9. Schematic diagram of soil-stratigraphy for soil profile SC-1, at Stop 1-2a. Number following%" 
is refers to the number (stratigraphic position) of the buried soil. Symbols for soil features follow on 
next page. Extension of soil column to right indicates an overall greater degree of soil development. 
Symbols emphasize development s f  structure and argillans, two features that generally dominate tem- 
poral changes in soil morphology over time. 
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and Bw horizons, Furthermore, most hillslope soils across the Plateau (generally better developed on 
north facing slopes) are weakly developed, largely consisting of A and Bw horizons. Available 14C 
dates indicate that in many places, present hillslope soils may be considerably less than 2 ka in age 
(Reneau and McDonald, unpublished data). 

Buried Soils b4-b6: The remaining buried soils (b4-b6) largely consist of weakly developed soils 
formed in stratified stream deposits that are locally interbedded with colluvium. The primary feature 
of these soils is the development of BA andBw horizons, with the strongest features consisting of weak 
to moderate prismatic and subangular structure and abundant tubular pores. We designate former, now 
buried, A horizons as either AB or BA horizons because buried A horizons now also display B horizon 
features (i.e. structure, color) due to overprinting of the overlying soil and loss of disseminated organic 
matter (presumably due to oxidation of the organic matter after burial). Former A horizons are recog- 
nized based on a combination of stratigraphic position, preservation of fine or medium subangular 
blocky and/or crumbly structures, and signs of abundant bioturbation. Krotovinas (animal burrows 
filled with soil) are also abundant throughout these buried soils. Many of the pores are vertically 
oriented and extend through the entire soil, suggesting that these buried soils originally had a thick 
cover of grass and/or shrubs, The lowest soil grades downward into well stratified stream sands and 
fine gravel. 

Walk upstream 75 m to a 4-m high south-facing stream bank. 

Holocene Alluvial Deposits. This stream bank exposes > 4 m of Holocene alluvium that is typical of 
the sediment present in many canyons on the Pajarito Plateau. Sandia Canyon heads on the Plateau, 6 
km to the west, and stream sediments in this and other canyons are dominated by coarse sand derived 
from weathering of the Bandelier Tuff, consisting largely of quartz and sanidine crystals (note the 
bipyramidal quartz crystals and the blue, chatoyant sanidine crystals). Thin beds of black magnetite- 
rich sands are also common. The gravel fraction, often a small percentage, includes low density tuff 
clasts (relatively easily pulverized), resistant angular to sub-angular volcanic clasts that occur as lithic 
fragments within the tuff, and rare well-rounded dacite clasts reworked from early-post Bandelier 
fluvial deposits (derived from streams heading in the Sierra de Los Valles). Historic channel deposits 
can often be recognized by the presence of exotic clasts such as quartzites and granitic rocks, foreign to 
these watersheds and imported from quarries closer to the Rio Grande (presumably for use as road 
gravel, etc.). Floodplain deposits include variable percentages of coarse to fine sand, silt, and pumice 
fragments, and are often well-mixed due to bioturbation. 

Stratigraphy and Age. The alluvium in this stream bank records at least 2 episodes of channel aggra- 
dation since 3 ka (Fig. 1-10). Radiocarbon dates of ca. 2.8 and 1.4 ka have been obtained from dissemi- 
nated charcoal fragments within the two aggradational packages. An intervening bioturbated, sandy 
floodplain deposit (partially eroded) with distinct oxidized bands yielded a date of ca. 1.6 14C ka, 
supporting subsequent aggradation at ca. 1.4-1.6 ka. The genesis of the oxidized bands is presumed to 
be related to water infiltrating below the post-1.6 ka channel. 

Although the presence or absence of general synchroneity between channel aggradation and degrada- 
tion events in different canyons on the Pajarito Plateau is not certain, it is notable that the 2 channel 
sediment packages present here have 14C dates similar to those obtained in other canyons. The age of 
specific Holocene aggradation events will be discussed further at other stops (Stops 1-5, 2-3). 
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Fig. 1-10, Stratigraphic section of Holocene sedimcxits in Sandia Canyon stream bank at Stop 1-2b, 
showing location of radiocarbon dates on disseminaleed charcoal fragments. 

Soil-Stratigraphy of Profile SC-2. The SC1-2 soil (€ig. 1-11; Table 1-1) is a good example of soils 
formed in late Nolocone stream alluvium along canyon bottoms on the Plateau. The A horizons (Al, 
A2) extend down to 17 cm and have dark grayish brown colors indicating a weak accumulation of 
disseminated organic matter within the soil matrix. B horizon development largely consists of the 
formation of weak soil structure wil h littlc, change in color relative to the soil parent material. The thin 
Rw horizon (17-30 cxn in depth) has weilk prismatic structure that parts to weak subangular blocky 
structure. The €361 horizon has wmlc sulmigular blocky structure in places, but is largely single grain. 
Soil texlures range from loam to sand and represent initial sedimentary textures. Abundant krotovinas 
and large soil-filled insect buirows indicate that thorough bioturbation has occurred throughout the 
horizon. Thin (2-8 cm) tenses or Ilqyers of oxidized soil or sediment with slightly higher chroma occur 
at 210-260 cm. These layers occur in a bioturbated zone that is interpreted to reflect a buried, partially 
scoured, floodplain deposjt. 

* Rcturn to vehicles, 

2.5 Continue 100 ni to west and make a U-turn where west-bound lane divides. Watch for traffic. 
Rctrdce route to State Road 4. 

4.9 Stoplight, State Road 4. Turn right. 
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Fig. 1-1 1. Schematic diagram of soil-stratigraphy for profile SC-2, at Stop 1-2b. Symbols are same as 
inFig. 1-9. 

5.2 Channel of Sandia Canyon, 3 km upstream of knickpoint in basalt. 

5.5 Roadcuts expose salmon-colored tuff of Qbt-lg, with glassy pumice protruding from the tuff. 
Bench is at base of Qbt-lv. For the next 2 miles State Road 4 is bordered by lands of San 
Ildefonso Pueblo, closed to the public. 

5.6 Dirt road to right into Mortandad Canyon. San Ildefonso Pueblo land. 

6.3 Mortandad Canyon channel. “Mortandad” means “massacre” in Spanish, and it is not recorded 
how this canyon came to be so named. In Adolf Bandelier’s fictional account of prehistoric life 
on the Pajarito Plateau, “The Delight Makers” (1890), he has warriors from Puye ambushing and 
massacring a Frijoles Canyon (Tyuonyi) war party in a preemptive strike somewhere between 
the two pueblos, suggesting one possibility for the origin of this name. Upstream of San Ildefonso 
land, the Laboratory has discharged effluent from a liquid radioactive waste treatment facility 
since -1960. The effluent soaks into an exceptionally thick section of alluvium (up to 21 m of 
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alluvium reported in one drill hole; M t z  et al., 1963), creating a perched alluvial aquifer that in 
turn allows infiltration into the underlying tuff. Tritium has been detected as deep as 60 m below 
the top of the tuff, although other radioactive contaminants have not been detected deeper than 3 
rri into the tuff (Stoker et al., 1991). Water contents near saturation have been reported in beds of 
the Cerro Toledo interval, between the Tshirege and Otowi Members and 19 m below the base of 
the alluvium, indicating the hydrologic significance of this unit. 

Gap in low mesas at drainage divide between Mortandad Canyon and Cafiada del Buey. The 
Elandelier Tuff is only -25 m thick in this area, where the Tshirege ignimbrite was deposited on 
thc: flank of a pre-13andelier paleotopographic high underlain by late Pliocene basalts. 

Rover Blvd., White Rock. Turn left into metropolitan hub of White Rock. Street is named for 
Project Rover, which was active from 1955 to 1972 and at its peak was LANL's second largest 
program. Rover was a collatsoration between the Laboratory and NASA that was initiated to 
launc,h large payloads into deep spil(:e. The technology involved passing hydrogen through a 
very high temperature nuclear reactor, where it expanded and blasted out of the reactor at high 
velocity (Los Alanios News Bulletiru, 1995). 

Meadow Lane. Turn left after fire station. 25 MPH speed limit (Note: Los Alamos police treat 
speed limits very seriously). 

Charmisa Elementary School on right. 

Overlook Roa . Turn left into 0ve:rlook Park. 

Cherlook Sports Complex, Concession Stand, rest rooms. Turn right immediately after build- 
ings into parking lot. Excellent exainples of columnar tuff (Qbt-1v and Qbt-2) are visible across 
drainage of Cafiada del uey to north. Lunch Stop. 

Stop 1-3. White Rock Canvon. 

e Walk: southeast between Imll ilelds, following trails for -350 m through pifion-juniper woodland 
to large open area adjacent to west rim of White Rock Canyon. Basal contact of non-welded 
Tshirege Member of Bandeliw Tuff (Qbt-lg), overlying basalt, passed on route. Lunch on can- 
yon rirn. 

Station 1-3a. Rim of White Bock Canporn (6260', 1910 m elev.) 

Geologic Setting. 'The rim of White Rock Canyon is composed of basaltic rocks of the late Pliocene 
CeiTos (le1 Rio volcanic field. Vents of the Cerros del Rio visible from here include Montoso Peak, on 
the skyline to the south, and La Mwita on Buckman Mesa, a prominent cone to the northeast (Fig. 1- 
12). The !Sangre de C'lristo Mountains fill the eastern skyline, including the Santa Fe Range immnedi- 
ately to the east and the Taos Range to the northeast. 

The canyon is 1.8-2.5 kin wide in this area, and about 250 m deep. Most the canyon here is occupied by 
massive Pleistocene landslides, generally rotational slumps that have backtilted the capping basalts 30- 
70". At this location, thc highest rock unil is a vesicular tholeiitic flow (Tcb3 of Dethier, 1996) that was 
probably derived from a vent 1.4 km west, just west of White Rock. A K-Ar age of 1.8 4 0.2 Ma was 



50 

1;ig. 1-1 2. ljhcltograph of White Rock Canyon I'1~0m Stop 1-3a. View upriver past mouth of Cafiada 
Aixcha to Buckman laesa and cum: oJ'1,a Mesita. Low relic1 area to right of Buckman Mesa is under- 
lain by Miocene sedirncnis of thc Sant:a € e  Group. Light-colored bluffs abovc river, in front of 
so1 itln (right) eiid trf  Buck inan Mcs;i, display 30 in ol' late 1Yeistocene lacustrine sediments overlying 
Rio Grandc gravels. Blue Dot '!'rail (scc ilhy 0 lug) is visible in foreground crossing sagebrush- 
covered flat olri back edgc: o E  large :;lump block. 

oblained froni this flow to the noit11 (lhthiew, 19%), although a more recent 40Ar/39Ar analysis oC 
2.46 2 0.0% Ma i:; cotisiclcrcd mat '~  ac:r3uratb:, arid is consistent with other ages of 2.3-2.5 Ma for 
tholeiitic b i A t  s west O C  Whitc IZot:k Clamyon (Woldcgabricl et al., 1996). The Cerros del Rio volca- 
nic field includes roclrs hat  range in a:onriposifioir from basalt to hawaiite to andesites, erupted from 
r~tmemus vcmts. Of pmljcular note m: phre:tfcimagmatic deposits associated with many separate 
~ n ; m  volc;iiicit:s, gencratcd d'rom tlic inlerad iarri of xnagma and shallow groundwater near the late 
I'liocene Riv Ckandr, (Ihubek;, l9'/8; Ikthicr, 1996; Heiken et al., 1996). 

Iticrp Ckarnde History. 'khc (hvatioJ1 of the Ilkicu Grancle has fluctuated greatly in this area in the 
l'lioccne anti the (&mtcrrr;ary (Fig. 1 -1 3;  Keme::_rri arnd Dcthier, 19961)). A€ter the peak of Miocene 
a,ggracIittion rcpmscnted by thc rift-Pilljng Saiiita 1L;e CTOII~,  the Rio Grande incised at least 250 m. 
'Titis was .liilloiwcd by at least 300 ID of late Pliocene aggradation associated with eruptions of the 
CCI-1-02; del Ria lilvas, which apparcnliy clfectjlvely blocked the Ria Grande valley. The river subse- 
quently inoised a ~iillcrow canyon. up to 180 YII tlcep into the Cerros del Rio rocks, which was then 
filled by thc Eiandelier Tiiff. 'db the sordh of this stop, downriver and across the canyon, a prominent 
outcrop of tlrtr: Tsliiregc Meniber of thc t2amdelller Tuff, about IO0 p1i thick, plugs an early Pleistocene 
Rio Grande ineander bend, and th: luff is unr.b.lain by qrrartzite-rich cobbles like those present at 
this stop. 'I'hc Mio Grarlidc F V ~ S  tlanrrned by the 'L'shirege Member about 9 km downriver near 
Cilliaqriehui Canyon, and thc highest lcwl of i l i e  resultant lake would have been about 55 m higher 
than the rim a1 this stop (Fig. 8 ill Ititrocluctiolli). Total lakc length is estiniatcd at about 75 km. The 
spillway for the lake was ailm~t 2 'Lcm east c d  the lormer channel, forcing the Rio Grande to cut 
through 200 in of basaltic roclts trip seida its ~ C Y ~ G I *  grade arid probably producing a major knickpoint 
011 the river Illat controlled lrass level far upriv~:r, including the part of the Pajarito Plateau visited on 
this Pield tap (Reneau anti Dcthier, I 9%t-9). 

vl'l~c basalt a1 this; stop is covered wilh quarii.,itc:-rich colrbles, similar to those transported by the 
modern Rio Gratidc9 that  we^ y-,rob:iVly deposited whcn the river was slowly incising through the 
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Fig. 1-13. Ektirnated variations in Pliocene and Quaternary elevation of Rio Grande in vicinity of 
White Rock Canyon, shown €or the reach from Water Canyon to Chaquehui Canyon. Filled circles 
indicate age and/or clcvation control in White Rock Canyon, and open circles indicate data from else- 
where in the vicinity. Qt indicates Rio Ciranda terraces, and Ql indicates highest late Pleistocene 
lanclslicle-dammed lake. See Reneau and Elethier (1996b) for more details. 

post-Tshirege basalt knickpoint (Rtxeau and Dethier, 1996b). These gravels have been previously 
referred to as “a stratigraphic enigltna” by Gonzalez and Dethier (199 1, p. 35), who were uncertain as 
to their age and significarnce. Later, Gonzalez (1993, p. 74-75) reported that they underlay the 1.61 Ma 
Guaje Pumice Bed. However9 just north of here, at Station 1-3b, these Ria gravels overlie the lower- 
most Tshirege Membor, demonstrating an age of 5, 1.22 Ma. 

Landslicles and Landslide-Dammed Lakes, The slumps in White Rock Canyon have probably been 
active for about the last 05 Ma, and most of the large landslides are overlain by the El Cajete pumice, 
indjcatirig an age of >50-60 ka (Reneau et al., 1995a). Periodic reactivation of these slumps has 
caused repeated dammimg of the Rio Grande during wetter periods in the late Pleistocene, recorded by 
widespresid lacustrine deposits (Dethier and Reneau, 1996; Reneau and Dethier, 1996a). To the north- 
east, immediately downriver from the mouth of Cafiada Ancha, the eroding bluffs expose 30 m of 
lacustrine sediment that overlie late Pleistocene Rio Grande deposits (Fig. 1 - 14). These lacustrine 
deposits have an estirrialed age of 40-70 kii, <and the lake was probably about 25 km long, stretching 
upriver to the vicinity of Espaiiola. 

Closer lo the Ilia Grarrrde, within about 25 M of modern grade along this part of White Rock Canyon, 
are deposits of‘ several srrialler and younger lakes, 12.4- 13.7 ka in age, that are overlain by late Pleis- 
tocene river terraces. The d a m  were produced by repeated failure of the toe of a large slump complex 
southwest of the mouth of Watcr Clanyon, out of sight downriver. The slides were probably triggered 
by a combination of accelerated incision and lateral erosion by the Rio Grande during periods of 
higher flood discharges than today, and by higher water levels resulting from enhanced infiltration 
onto the slurnps and higher discharge from the deep aquifer beneath the Pajarito Plateau. (See further 
discussion in Day 0 log.) 
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'I'hc ab~111di~lt evidence for laiiest P1cistoceue landscape cl-tangc in White Rock Canyon, along a river 
that heads in distant glaciated n1otlntain!;, is in striking contrast to the apparent scarcity of alluvial 
deposits fromi f his period 011 thc Pajacito Platcair. Similarly, available data indicate that the Rio 
G'rrande was relatively complacent in ihe Ilolocene (Fig. 0-lo), at a time when streams ofthe Pajarito 
Plateau wen: e ~pcricncing rr(i$x= ctiiiiigcs. Tlmsc coiitrasts are discussed more at other stops on this 
ficld trip (particularly Stop 2.3). 

0 Walk -209 111 north OIA t i  xi Is parallel to tb: canyon rim to dissected exposures of white tuff. 

l h c  quiiW,ilc-rich gravehI tltitt cover thc basalt at Stop 1-311 overlie the basal 'l'shirege Member o€ 
the Uandelicr I'uff' (Qbt-1 j:) in this a1.eii (Fig. I .  J5), indicating that these gravels record remnants of 
a posl-lt3andcllier R i t r  Grautda: tI~rrac:e. 'l'he terrace is - 100 m above the pre-Tshirege river channel 
and '-55 in Ix:low the uppertiiost In:vd of thc: twk'f-dammed lake (Fig. 8, in Introduction), and was 
prubabl y IOIXIK:~ as the early I%istor:enc Rio Chndc, slowly cut a new channel through Cerros del 
Rio basaltic rocks dtrwnrivei- at i 11 "22 Ida. Similar, possibly correlative deposits occur at the same 
elevation acro!;s White Rcrclc Clanyon at the northwest end of Sagebrush Flats, suggesting an early 
Pleistoccne briiict plain :>? ktri iii width. 

e ICeturn to parking arm9 anti rctracc: routc io State Road 4. 

Wio Grande 
sands and 
quartzite-bearing 
cobble gravels 

basal white, 
nonwelded 
ignimbrite of 
Tshirege Member 
of Bandelier Tuff 

Tsankawi 
Pumice Bed 

sandy soil 
with Cerro 
Toledo (?) 
pumice clasts 

tholeiitic basalt 

Fig. 1-15. Stratigraphic section near the 
White Rock Overlook at Stop 1-3b, showing 
early Pleistocene Rio Grande fluvial depos- 
its overlying the Tshirege Member of the 
H andelier Tuff. 
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ftleadow Lane. Turn right at stop sign. 

Rover Blvd. Turn right at stop sign. 

Sta.te Road 4. Turn left at stop sign. 

White Rock Visitor Center to right and Bandelier Inn to left. Cliffs behind Visitor Center 
expose Qbt-2 directly overlying Qb1,-.1 g. Flow units comprising Qbt-lv pinch out immediately 
to the west on flank of prc-:-.Bandelirx basaltic high. 

Sherwood Drive to left. Smith’s grocery store and O’Henry’s restaurant. Caiiada del Buey 
channel to right, with stream gauge installed by USGS -1994 (on land posted with DOE “No 
Trespassing” signs). Streci is named for Project Sherwood, a national program in the 1950s to 
achieve magnetic firsion energy. The contribution of Los Alamos to this project included achiev- 
ing the first controlled thermonucleitr plasma in 1957. One device used at Los Alamos in 
Project Sherwood was called the l%rlaapsatrom, which, according to local legend, got its name 
because “perhaps il would work and perhaps it wouldn’t” (Los Alamos News Bulletin, 1995). 

Stop light: go straighl. Intersection of SR 4 and Pajarito Road to right and Grand Canyon to 
left. 7 mi to ],os Alamos on Pajanto Road, through L,ANL. The Tshirege ruins, one of the 
largest ruins on the Pajarito Plateau, are located north of Pajarito R.oad for the next 0.6 miles, 
including both extensive cavate ruins along the base of the low cliff and a large pueblo ruin on 
the mesa top (a saltbush-covered mound visible a short distance east of the water tanks). (Note: 
these ruins are located on restricted 13OE land). The Tshirege Member of the Bandelier Tuff 
was named a€ter these rains by Griggs (1964), and the Pajarito (“little bird”) Plateau was also 
riarried after this site by the archaeologist Edgar Lee Hewett who conducted excavations here 
in 1916 (Hewett, 1938). “Tshirege” is a contraction of the Tewa word Tsirege’onwikeji, which 
~i~eiins “pueblo ruin over at the bird place” (Hoard, 1981). 

1”ajarito Canyon stream chamnel, immediately past roadcut displaying scoriaceous tho1e:iitic 
hasalt with abundant carbonate csatings. The basalt is related to those at Stop 1-3, and the vent 
area is exposed about 0.4 km to (he southwest, where vertical dikes protrude through scoria 
(vent is on restricted DOE land). A 40Ar/39Ar date of 3.18 -t. 0.38 Ma has been obtained from 
one of the dikes, although this dato is older than dates for related flows and is suspect due to a 
large uncertainty that reflecls low radiogenic yield (WoldeGabriel et al., 1996). Pajarito Can- 
yon here is very shallow where the post-‘rshirege channel was superimposed on a basalt high 
(Broxton and Reneau, 1996), although it is om of the main drainages across the Pajarito Pla- 
teau, heading 19 km wcst in the Sierra de 10s Valles. A perennial alluvial aquifer occurs up- 
stream in Pajarito Canyon, where the alluvium is up to 9 m thick (Purtymun and Kennedy, 
1971), although the channel is usually dry here where the alluvium pinches out on basalt. The 
absence of surface flow here suggests that the shallow groundwater has infiltrated into the 
Ixdrock upstream, perhaps into frictiires in the basalt. 

Karen Circle to left. For next 0.6 mi SR 4. bordered by “La Senda” and “Pajarito Acres” 
subdivisions to left. and Do‘& land (marked by “No Trespassing” signs) to right. 
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Monte Rey S,  on left. South end of Pajarito Acres residential area. For next 4 miles land to east 
of road is DOE land that is open to the public, and land to west is DOE land that is closed to 
provide buffer zones for firing sites farther west. 

Roadcut at right exposes Tsankawi pumice bed (0-30 cm thick) at base of Tshirege Member, 
overlying a thin soil on late Pliocene basalt. The Tshirege Member is -25 m thick in this area. 

Potrillo Canyon channel. Upstream (on restricted DOE land) are firing sites with names such 
as “Lower Slobovia”, where open-air (non-nuclear) weapons tests have been conducted since 
the mid-1940s. Depleted uranium (a byproduct of uranium enrichment processes that is de- 
pleted in the isotope 235U) is one contaminant that has been widely dispersed near the firing 
sites. Becker (1991), in a study of uranium transport in this canyon, identified a broad 
unchanneled part of the canyon with high transmission losses where all surface flows infil- 
trated during her study (a “discharge sink”). Examination of airphotos dating back to 1935 
showed that a channel existed through this reach at least until 1965, illustrating the dynamic 
nature of these canyon bottoms and documenting a historic aggradation event. 

“Gate 9” to left, at dirt road down Fence Canyon. 

$tor, 1-4: Fence Canvon. Turn left into large parking area. Trail begins at “Gate 8A” at 
southeast end of parking lot (Fig, 1-16). This stop involves -1.5 miles of hiking and a 100’ 
climb, and we will be away from the vehicles for 2-3 hours. BrinP water. .. . - 

Walk through gate and turn left on trail down Fence Canyon for 0.5 km. At dirt road along powerline, 
turn right and follow road 0.5 km to mesa top (Fig, 1-16). This powerline corridor was planned to 
be the route of a major 345 kV transmission line between Abiquiu Dam and Santa Fe (the Ojo Line 
Extension, or OLE). OLE received significant public opposition, particularly because it was to 
traverse a fairly wild part of the Jemez Mountains. After many attempts to proceed with this 
project over many years, it seems to have finally died. An extensive report on archaeological 
investigations conducted along the OLE corridor is presented in AcMen (1993), including sites on 
this part of the Pajarito Plateau. 

At junction with dirt road to right, leave road and head straight down slope to right into shallow 
mesa-top drainage basin. Stop 1-4a is in highly eroded and dissected area across drainage channel. 

Station 1-4a. Historic erosion and vepetation changes on eastern Paiarito Plateau. 

This stop is typical of many parts of the eastern Pajarito Plateau which are presently experiencing 
extremely rapid rates of erosion (Fig. 1-17). Vegetation cover is sparse and bare ground is widespread, 
including both dissected late Quaternary deposits and exposed tuff bedrock. Many juniper trees are 
perched on pedestals several decimeters in height, their roots exposed and subject to toppling. 

The high erosion rates on the eastern Plateau are of particular concern to resource personnel at Bandelier 
National Monument because of ongoing damage to archaeological sites. For example, at a small 
monitored mesa-top drainage basin near the Frijolito ruins (Wilcox et al., 1996a, 1996b), about 1 liter 
of potsherds and lithic fragments such as chert and obsidian were collected from sediments deposited 
at a single 1 m3 sediment trap during one summer runoff event in 1995. The historic erosion in the 
Frijolito area is believed to have been influenced by a major drought in the 1950s which resulted in 
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Fig. 1- 16. Topographic map of Fence Canyon area, Stop 1-4. Base from FIMAD, with 10-ft contour 
interval. 

dramatic vegetation changes. Ponderosa pine trees near their eastern mesa-top limit were stressed by 
the drought and suffered widespread die-off (associated with a bark beetle infestation), and the ponde- 
rosa ecotone almost instanlaneously retreated as much as 2 km upslope to the west (Allen, 1989; Allen 
and Bresl-tears, 1995). Eirosion in the pifion-juniper woodlands of the Plateau is presently highest in 
intercanopy areas with rninirnal ground cover (Wilcox, 1994; Wilcox et al., 1996a, 1996b), and past 
decreases in groundcover resulting from variations in climate (e.g., the 1950s drought) or other causes 
are thus lik.ely to have afkctetl erosion rizles. 

Although the erosion presently occurring on the eastern Plateau may have been aided by the 1950s 
drought, the drought can not be entirely to blame because 1935 airphotos reveal that many sites, in- 
cluding this stop, were already deeply dissected at that time. The time that the present cycle of erosion 
was initiated is not knowm, but erosion may have been affected by land-use changes that began in the 
late 1800s associated with widespread and inlensive sheep and cattle grazing (Allen, 1989). Evidence 
that grazing was very effective in reducing groundcover on the Pajarito Plateau is provided by a sharp 
drop in fire frequency that occurred at this time, indicating that fuel, particularly grass, was of insuffi- 
cient density to allow 1ighl.ning-caused fires to spread (Allen, 1989; Allen et al., 1995, 1996; see also 
discussion at Stop 2- I). 

It is also worth noting that at least some of I he thick, late Quaternary slopewash deposits on the eastern 
Plateau were also partly dissected and probably eroding prior to the 1600s. This is shown in part by 
prehistoric check dams visible in gullies in the CaHada del Buey drainage north of the Tshirege ruins. 
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Fig. 1-17. Photographs of eroding late Quaternary 
deposits in shallow mesa-top basin, south of Fence 
Canyon at Stop 1-4a. Juniper tree in left photo was 
rooted in post-El Cajete slopewash deposits; promi- 
nent break in slope is top of buried pre-El Cajete soil, 
with light layer being a buried E horizon. In right 
photo, bench to left of Eric Von McDonald is a buried 
soil with an estimated age of 2 15 14C ka, and pre-El 
Cajett; soil forms a lowcr bench to right. 

The importance of Land-use changes as O ~ ~ C P S C ~  to climatic changes and other variables in causing 
periods of acxxlorated erosion is arx intriguing psoblcm, one that has long been and will continue to be 
debated thrcpuj~jiout the Southwest. Although rriuch rennirins uncertain, we hope that more detailed 
studies of Imtoric vcgctallion changer;, climatic variations, and contemporary erosion such as are being 
conducted on the Pajarito Plateau will irllow improved insight into likely controls on prehistoric peri- 
ods of accclerateti erosion (as revcaled in the geomorphic record), and also insight into likely future 
cr.c>S,sion. 

Walk -40 tn east to ncxt low-order drainage channel in eroded terrain, the site of 1996 soil pits. 

The ongoing erosion in this area has provided excellent exposures of late Quaternary deposits similar 
to those seen ;kt other mesa-top sites on the Ikjarito Plateiw. Stacked stratigraphic units and multiple 
b u r i d  soils reveal alterrmting periods of landscape stability and instability, although no evidence has 
yet been sc:cn for prior episodes of deep disswtion similar to what presently exists on this mesa. The 
thicltness of the dqmi ts  (ul) to 4 m) is particularly striking considering the small upslope contributing 
arm, which is only -100 m long (L?g. 1-18). In addition to reworking of locally weathered tuff, the 
sediments includc reworked El rihjcte pumicc: and probably signi€icant amounts of reworked eolian 
sediment, although their telativc contributions have not yet been quantified. 

Stratigraphy and Agc,, "J'ltie cleposits irk this lmsin include: 1) pre-El Cajete slopewash deposits with a 
fairly well-developed buried soil; 2) the ca. 50-60 ka el Cajete pumice (largely stripped or heavily 
bioturbated in many arcas); 3) a pcrst-Bl Cqic;tc, late Pleistocene slopewash deposit that includes 2 
buricd soils; and 4) Holoccnc slcupewasli deposits (Pigs. 1-18, 1-19). The ages of these units are not 



Day 1 57 

A 
6570 

c> 6560 
L./ 

I- 
C) 
'c7 6558 cu > 
rl) 
El 6540 

6530 

B 

IW3rth south 

2000 .g 

lopewash deposits a 
e 
0 

> a) 

.- 
.c.' 

11395 iij 

0 
Distance (m) 

. not?h south 
- 1  1 

post-El Cajete slopewash deposit 

stratified alluvium 

pre-El Cajete Slopewash deposit 

Distance (m) 
Fig. 1- 18. Generalized cross sections showing stratigraphic units in shallow mesa-top drainage basin 
south of Fence Canyon. A) 100 m northwest of Stop 2-4b, where relatively thick deposits of pure El 
Cqjete pumice are preserved in relatively r;hallow (local relief = 7.5 m) and gentle headwaters part of 
basin. €1) Stop 1-4b, where more extensive stripping of late Quaternary deposits has occurred in a 
steeper part of the basin with grealer relief (14 m). 

well constrained, with the exception of the El Cajete pumice. The best age estimates are provided 
by the degree of soil development, discussed below, and by correlation with other dated deposits in 
the area. 

Deposits in this basin were previously studied by McFaul and Doering (1993) as part of 
geoarchae:ologic investigations for the OTd~ powerline. They recognized up to three buried soils in 
this area (site LA 6787A) and in similar deposits on a nearby mesa (site LA 82601), and used 
radiocarbon analyses on the humate fraction of buried soils to provide minimum-limiting age esti- 
mates for underlying units. A buried soil on this mesa at a depth of 1.55-2.07 m yielded a humate 
datc of 15,960 k 190 14C1 yr B.P., very similar to a humate date of 15,660 :t 170 14C yr B.P. from a 
correlative soil on the mesa south of Water Canyon. An overlying buried soil south of Water Can- 
yon yielded i i  humate date of 9480 rl- 80 yr B.P. Although these analyses do not provide precise 
age control for the mesa-top deposits in this area (discussed below), they do support a late Pleis- 
tocene age for the lower part o f  the post-EI Clajete slopewash deposits. 
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Fig. 1 - 19 . Composite diagram showing stratigraphy at profile FC- 1 at Stop 1 -4b, combining data from 
3 soil pits. 

Soil-Stratigraphy of Profile FC-1. The soil-stratigraphy at this stop consists of a 4.3 m thick com- 
plex of buried soils that pre- and post-date deposition of the ca. 50-60 ka El Cajete pumice (Figs. 1 - 18, 
1-19, 1-20; Table 1-2). The soil-stratigraphy exposed here is generally similar to the typical soil- 
stratigraphy found at many localities on the Pajarito Plateau mesa tops, especially farther west and at 
slightly higher elevations. 

Surface Soil. The surface soil consists of an A-BA-Bw horizon sequence. The A and BA 
horizons are light colored, indicating minimal accumulation of disseminated organic matter, and have 
weak to moderate crumbly to subangular blocky structure. The Bw horizon has prismatic structure that 
parts to subangular blocky structure and 7.5 YR color hues. Abundant evidence of bioturbation, in- 
cluding root channels, earthworm fecal pellets, and filled insect burrows are visible throughout this 
soil. A PDI value of 12.1 was calculated for this soil, suggesting an age of ca. 4.9 ka for the end of the 
most recent episode of slopewash deposition here. 

Buried Soil (bl). The first buried soil sequence (bl) is a weakly developed soil consisting of a 
AB-Bw-BC horizon sequence. The top of the soil is denoted by a noticeable change in color (7.5YR 
5.516 to lOYR 513) due to the weak accumulation of disseminated organic matter. Although the surface 
soil is partly superimposed over this buried soil, the increase in organic matter suggests that this weakly 
developed soil has been buried by younger slopewash colluvium, with likely contributions of primary 
or reworked eolian sediment. Soil structure largely consists of weak subangular blocky grading to 
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Fig. 1-20. Schematic diagram of soil-stratigraphy for profile FC-1 at Stop X-4b. I4C humate dates from 
McFaul and Doering (1993) are shown at approximate correlative depths. 
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massive in places. Development of structure is largely associated with abundant large (1-2 cm dia.) - 
filled insect burrows. Abundant krotovinas also occur throughout this buried soil sequence, Stage I to 
II carbonates, consisting of thin, discontinuous coatings of carbonate and disseminated carbonate, oc- 
cur in the Bwkbl and BCkbl horizons. Humate from a similar soil sequence 1.2 km to the south 
yielded a 14C date of 9480 +_ 80 yr B.P. (2Ab>Bkb horizon, LA 82601 - Profile 1 of McFaul and 
Doering, 1993), consistent with the mid-Holocene PDI-based age estimate for the overlying unit at this 
site. Although the horizon sampled by McFaul and Doehring (1993) is deeper than the horizon here 
(78-106 cm vs. 38-61 cm), the soil-stratigraphic position appears to be similar. However, any age 
correlation between these sites should be considered tentative. 

Buried Soil (b2). The second buried soil (b2) consists of several moderately developed Bt 
horizons. This buried soil locally forms an intermediate bench (Fig. 1-17) and can also be recognized 
throughout the gullied landscape by a subtle increase in color (7.5 YR vs. 10 YR of overlying buried 
soil). This soil contains scattered El Cajete pumice clasts and in places overlies highly bioturbated 
deposits of this pumice. 

The top of this buried soil is highly eroded and truncated due to bioturbation, evidenced by the 
abundant krotovinas and animal burrows seen throughout the local area. Where best preserved, the 
former top of this soil (ABkb2, Fig. 1-20) is seen as an increase in soil color hue to 7.5YR from 10 YR, 
an increase in strong to moderate, medium and fine, blocky structure, and Stage 1-11 carbonates that 
consist of filamentous coatings along ped faces. The accumulation of carbonates is greatest at the top 
of the horizon and systematically decreases downward, a relation that suggests that the accumulation 
of carbonates has been influenced by changes in texture and porosity associated with the topof this 
buried soil. 

The dominant feature of this buried soil is a series of moderately developed Bt horizons. The 
Btkb2 and Btlb2 have weak to moderate prismatic and subangular blocky structure, 7.5 YR color hues, 
and thin patchy argillans along ped faces and pores. A silt-loam texture and the limited amount of tuff 
fragments in the ABkb2, Btkb2, and Btlb2 horizons suggests that eolian sediment may have also 
contributed to the soil parent material for these horizons. By comparison, the underlying Bt2b2, Bt3b2, 
and BCb2 horizons have formed in well sorted and stratified sandy-pebble slopewash, largely derived 
from eroded Bandelier Tuff and probably pre-existing soils upslope. The Bt2b2 and Bt3b2 horizons 
have weak subangular blocky structure. Argillans in the Bt2b2 horizon consist of nearly continuous to 
patchy coatings on gravel, clay bridges, and pore linings. Argillans in the Bt3b2 horizon are largely 
segregated into lamellae consisting of nearly continuous to patchy clay bridges and pore linings, whereas, 
argillans in the surrounding soil consist only of patchy clay bridges and pore linings. In all Bt horizons 
in this buried soil, clay accumulation is probably due to the illuviation of primary clay from either the 
original surficial sediments or eolian contributions of clay from dust rather than from in situ formation 
of secondary clay minerals. 

A PDI value of 21.5 was calculated for the overlying soils, suggesting that soil b2 was buried at 
ca. 11.5 ka or earlier. Possible additional age control for burial of this soil can be extrapolated from the 
radiocarbon dating of buried soils reported in McFaul and Doering, (1993), although any age correla- 
tions between these sites should be considered tentative. Humate from a similar buried soil sequence 
1.2 km to the south and from this gullied mesa top yielded two 14C dates of 15,660 rt 170 and 15,960 rt 
190 yr B.P. (3Ab horizon, LA 82601 - Profile 1,3Acumb, LA 6787A - Profile 1 of McFaul and Doering, 
1993). Although the depth of the dated horizons is deeper than the horizon here (143-161 and 155-207 
cm vs. 104- 1 18 cm), the soil-stratigraphic position appears to be similar. For example, at the two sites 
of McFaul and Doering, the dates came from the upper horizon of the uppermost buried soil sequence 
that consists of a moderately developed Bt horizon with 7.5 YR color hues, consistent with the soil 
descriptions here, 
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IBnried Soil (b3). A third buried soil (BAb3, Btb3, Fig. 1-20) also contains scattered El Cajete 
pumice imcl appears to be a thin soil preserved at the base of the post-El Cajete pumice soil sequence. 
The BAb3 horizon his Finer soil structwe relative to overlying Bt horizons, consisting of weak to 
moderate, medium to firic subangular blocky structure and an increase in the abundance of fine and 
very finr: pores. The underlying Blb3 has a sharp increase in argillans relative to the two overlying 
horizons, with argillaus consisting of nearly continuous to patchy coatings along pores and forming 
clay bridges. 'Taken together, the above pedologic features suggest that this was a thin soil that post 
dates deposition of the pumice. 

E1 Cajete Pumice. The cii. 50-60 ka 111 Cajete pumice stratigraphically lies between the b2 and 
the b4 buried soils (described below). Only scattered pumice is present within the b2 and b3 soils 
depicted in Figs. 1-19 and 1-20 and'lhble 1-2, with the soil parent material largely consisting of slopewash 
deposits clerived from eroded tuff soils. Elsewhere within this gullied landscape, the Abkb2-Eltib2 
horizons overlie strongly bioturbated El Cajete that makes up the dominant fraction of the soil matrix 
between the b2 and b4 soils. Elsewhere across the Pajarito Plateau, primary El Cajete pumice con- 
formably overlies soils similar to the underlying b4 soil that is exposed at this stop (e.g., Stops 1-6,2- 
2). A PDI value of' 65.0 was calculated for the overlying soil (surface to base of b3), yielding an 
estimated age of ca. 58.7 ka, that is similar to the age estimated for the El Clajete pumice by Toyoda et 
al. (1995) and Reneau et al. (1996a). 

ltlnsicxl Soil (114). The buried soil that stratigraphically underlies the El Cajete consists of a 
sequence of well developed Bt horizons that systematically grade downward to a sharp contact with the 
underlying and truncated I%andclier 'Tuff. This lmried soil forms a distinct bench within many of the 
local gulllies (Fig. l-.l'/).. 

The uppermost horizon is it light colored (10 YR 7/3) E horizon (Ebkb4) that forms a distinct 
upper bsundary that is easily secn in the local gully exposures. The horizon has prismatic structure: that 
parts to phty and subangular Mocky structure and very patchy argillans along ped faces and pores, 
wwith the day derived from the overlying soil. 

The E horizon on initial observation looks like a thin loess layer (these light colored horizons 
have inf'ormally been attributed to this origin), and probably does contain a fair amount of eolian 
material, The E horizon itt all sites where we have described pre-El Cajete soils on the Plateau, includ- 
ing the buried soil seen here, sharply overlies a silt- and clay-rich Bt horizon. This relation indicates 
that the formation of'the E horizon cannot bc solely due to deposition of a thin loess layer that has been 
serendjpitcrusly preserved by burial by the El Cajete pumice. It is highly improbable that a thin layer of 
loess would be deposited ilcross thc landscape and across well developed Bt horizons, which would 
require the A and other surface horizons to have been completely truncated, exposing the tops of the Bt 
horizons at the surface. There is no evidence (i.e. buried A horizons, or overlying slopewash deposits) 
that these 1 3  horizons have been widely exposed due to surface erosion. Further, if a thin loess layer 
was deposited, and uiiless it was soon buried by the overlying El Cajete, then surface bioturbation 
would have resulted in nixing the loess into the underlying soil. The lower boundary of the E horizon, 
however, is usually an abrupt or clear boundaiy that does not indicate active mixing due to bioturbation. 

The Bt horizons (BEtkl b4, Btkb4, Btlb4 - Bt6b4) have well developed structure consisting of 
strong to nioderate prismatic structure that parts to moderate to weak angular and subangular blocky 
structure. Argillans within the Bt horizons range from nearly continuous to patchy coatings along ped 
faces, cspecially prismatic ped faces and pores. Mangans (coatings of Mn02) also occur as patchy 
coatings along ped faces and pores in thew horizons. Skeletans (bleached sand and silt grains) occur 
along the prismatic ped faces in the REtM34 and Btklb4 horizons and reflect the strong eluvial pe- 
dogenic processes associated with the dcwelopment of the E horizon. Argillans in the lower 3 Bt 
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horizons are largely segregated into weakly developed lamellae that are 1 to 3 cm thick. At least two 
discontinuous thin stone lines, consisting of subangular fragments of tuff 2-15 mm in diameter, can be 
traced through the Bt4b4 and Bt5b4 horizons. Increases in the development of argillans associated 
with the abundant coarse fragments in the layers indicate that the stone lines have enhanced the illuvial 
accumulation of clay in these horizons. Abundant large (1-2 cm) filled insect burrows can be found 
throughout this buried soil. 

The noticeable increase in tuff fragments in the Bt3b4 horizon and below, especially in the two 
stone lines, indicates that the soil parent material largely consists of slopewash. The silt loam and silty- 
clay loam textures, the abundant argillans, and the low concentration of gravel (mostly e 5%) in the 
overlying Bt and E horizons, however, suggest that eolian contributions of silt and clay may have also 
strongly influenced development of this soil. 

The base of the soil consists of largely unaltered surficial sediment that contains subangular 
fragments of tuff, and that abruptly overlies fractured and unweathered Bandelier Tuff. The top of the 
tuff has a continuous, thin coating of silt and clay. The nature of the soil contact indicates that the 
surface consisted of eroded, exposed tuff before subsequent burial by suficial sediment and the forma- 
tion of the b4 soil, analogous to the tuff surfaces exposed nearby on slopes and in drainages. A PDI 
value of 63.2 was calculated for the pre-El Cajete soil, suggesting that this soil began forming ca. 56 ky 
before deposition of the pumice, or at >lo0 ka. 

Cross main drainage channel and walk up stripped tuff slope to southeast to drainage divide (Fig. 
1-16). At divide, walk to right (east) for -100 m and drop off slope to north into Fence Canyon 
(spot marked by small pile of concrete debris on left side of trail). Note the widespread exposures 
of tuff on the divide and on the slopes. 

Halfway into the canyon is a sloping bench developed at the transition between Tshirege Member 
units Qbt-3 and Qbt-2. At the back edge of this bench are isolated “islands” of El Cajete pumice 
overlying pre-El Cajete soils in an area dominated by thin and patchy soils over tuff. These “is- 
lands” suggest that similar deposits once covered much of this slope, and have been almost entirely 
removed by erosion. 

Veer left down bench, dropping over short Qbt-2 step and continuing down into large borrow pit in 
late Quaternary fill in bottom of Fence Canyon (Fig, 1-16). Stop 1-4c is at prominent 5-6 m high 
north-facing wall. 

Station 1-4c. Fence Canvon borrow pit (6460’. 1970 m e1ev.l 

This borrow pit provides exceptional exposures of late Quaternary deposits at the base of a north- 
facing canyon wall (Fig. 1-21). The upper half of the 5.5-m thick section consists of early to mid 
Holocene slopewash deposits that have yielded dates of 4.5 to 7.8 14C ka, and the lower half consists of 
a late Pleistocene colluvial deposit that is 2 12.3 14C ka in age (Fig. 1-22). 

A significant sedimentologic change is apparent at the contact between the late Pleistocene and the 
Holocene deposits. The base of the Holocene section is marked by stratified deposits of coarse sand 
and pumice that were probably deposited by shallow side-slope channels. Lenses of similar texture are 
present throughout the Holocene section, but apparently are absent in the underlying late Pleistocene 
colluvium, suggesting more vigorous surface runoff during de osition of the early to mid Holocene 
sediments. The relatively rapid deposition between ca. 4 and 8 C ka is inferred to record a period of Y4 
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Fig. 1-2 1 .  Photograph of exposure of late Quaternary sediments along south wall of Fence Canyon 
borrow pit at Stop 1-46. Deposits had been incised -4 m prior to excavation of borrow pit. Humboldt 
alumni for scale. 
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Fig. 1-22. Clompositc stratigraphic: section showing late Quaternary units and radiocarbon dates in 
south pari of 1';ence Canyon borrow pit at Stop 1-4c. 
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accelerated erosion on the slopes to the south, perhaps accompanying aggradation of the Fence Can- 
yon channel. Evidence for contemporaneous aggradation of both master stream channels and low- 
order tributary drainages has been obtained from many other sites on the Pajarito Plateau, discussed by 
Reneau et al. (1996b) and at other stops on this field trip. 

Aggradation ceased and initial dissection of this deposit occurred sometime after 4.5 14C ka, and side- 
slope channels had incised about 4 m prior to excavation of the borrow pit. Supporting evidence for 
the end of aggradation and subsequent incision in this setting is provided by a buried Archaic hearth 
exposed at another section in Fence Canyon and dated at 4660 14C yr B.P. (Fig. 1-23). The pre-hearth 
ground surface was buried by at least 0.65 m of slopewash prior to inception of gullying. Notably, the 
age estimate for the surface soil at FC-1 (Stop 1-4b) is very similar to the radiocarbon ages of the upper 
deposits in the borrow pit, suggesting roughly synchronous aggradation and subsequent incision at 
these two very different landscape positions. 

The exact mechanisms responsible for the early to mid Holocene aggradation and the subsequent 
incision at this site are not certain, but are subjects ripe for speculation. One possible cause for the 
aggradation is accelerated erosion upslope triggered by an early Holocene increase in summer mon- 
soonal rainfall, perhaps in combination with a decrease in vegetation density that accompanied the 
Pleistocene-Holocene climatic transition (Reneau et al., 1996b). Incision could have been related to 
external forces (Le., Holocene climatic variations), or perhaps was an intrinsic response to changes in 
the upslope source area. Specifically, it is possible that the stripping of soils and pumice beds and the 
resultant increase in areal exposure of tuff resulted in both a decrease in sediment supply and an in- 
crease in the amount and flashiness of runoff, either of which could have lead to incision at this site 
(see further discussions of such process-response models for other arid and semi-arid areas by Bull, 
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Fig. 1-23. Sketch of Archaic hearth exposed in Fence Canyon, defined by basalt slabs lining bottom of 
shallow pit, associated with blackened earth. The radiocarbon date is from charcoal fragments inter- 
mixed with the basalt clasts. 
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1991). VVe believe that incision here was probably not related to local base level changes (i.e., incision 
o€ the milin Fence Canyon channel), because mid-Holocene terraces have not been recognized here or 
in other similar low-gradient canyons that head on the Plateau. 

Walk- west up Fence Canyon through borrow pit (Fig. 1-16). Slope on left (south) side of pit is 
exhumed pre-El Cajete colluvial slope, overlain by isolated pockets of the pumice. The soil be- 
neath the pumice appears to be similar to the pre-El Cajete soil seen at Stop 1-4b. To the west, in 
the center of the pit, the El Cajete pumice is also exposed near the center of the canyon. This 
indicates that the pre-El Cajete stream channel was located below the bottom of the pit, which is in 
turn -2  m below the original prc-pit stream channel. 

* Return to parking area, and continue south on SR 4. 

13.5 

13.7 

13.8 

14.0 

14.2 

14.9 

15.Z 

The: small drainage to the left fol%ows the exhumed, north-facing margin of a pre-Tshirege 
canyon in basalt. This paleodrainage is inferred to originate in the modern Los Alamos Can- 
yon headwaters, passing along the southwest side of White Rock basalt high. Dacite-rich 
griivels of the G e m  Toledo interval are exposed to the southeast within Water Canyon, overly- 
ing the Otowi Member, and confirm thc location of a paleodrainage (Broxton and Reneau, 
1996). The estimated orienlation of this pre-Tshirege channel is roughly north-south at this 
location, contrasting with the roughly southeast orientations of the modem canyons. The tuff 
vvas originally at Least 75 rn thick over the axis of the paleocanyon, contrasting with a thickness 
of about 40 m uvw ihe basalt immediately to the south. “Gate 7” to left leads to a trail down the 
drainage (open to the public). Dirt road to right, heading up Water Canyon, leads into buffer 
zones for LANL firing sites and is closed to thc public. 

Water canyon channel. Stream is incised 10 rn into a tholeiitic basalt which was presumably 
derived from buried, yet unrecognized vents to west (Dethier, 1996). The basalt here is dated 
at 2.39 f 0.08 40ArP9Ar Ma, similar to ages for other tholeiitic rocks on the eastern Pajarito 
191ateau (WoldeGabriel et al., 1996). Dacite gravels on the basalt immediately south of the 
channel are the remnants of a Watcr Canyon terrace of unknown age. 

Packet of El Cajete pumice to right. 

lndio Canyon channel. 

Itoadcut to right exposes boundary between Qbt- lv and Qbt-lg (“vapor-phase notch”: glassy 
tuff‘ below; devitri€ied, vapor-phase altered tuff above). 

Itoadcut to right exposes pocket of El Gajete pumice at north end, overlying a thin pre-El 
Cajete soil, and the exhumed older soil to south (Fig. 1-24). The exhumed soil was sampled 
here as part of a LANI, background soil geochemistry study (Longmire et al., 1996; McDonald 
et 1996a; McFaddcn et d., 1996; Watt, 1996). The base of the soil includes a CaCO3-rich 
(Bkm) horizon overlying tuff, and CaC03 is also deposited along fractures in the uppermost, 
sub-horizontally sheeted tuff (Qbt-3). 

Vie:w of Sandia Mountains, east of Albuquerque, straight ahead to south. 



Day 1 66 

south north 

sheeted soil sample pre-El Cajete El Cajete 
tuff with slte soil -) pumice 

Fig. 1-24. Schematic sketch showing soil-stratigraphic relations on mesa top along State Road 4 at 
Mile 14.9, between tributaries to Ancho Canyon. Isolated patches of the ca. 50-60 ka El Cajete pumice 
overlie older, pre-El Cajete soils which have been exhumed after extensive erosion (from Longmire et 
al., 1996). 

15.3 View of Montoso Peak, straight ahead to southeast, one of the larger late Pliocene basaltic 
vents of the Cerros del Rio volcanic field. 

15.6 Begin descent into Ancho Canyon. Roadcut to right exposes contact between Qbt-2 and Qbt- 
lv, here marked by a pair of thin, crystal-rich volcanic surge beds separated by a thin ignim- 
brite, The boundary between these two tuff units on the eastern Pajarito Plateau is commonly 
marked by a series of relatively thin flow units, some pumice-rich, and surge beds, which 
provide excellent markers for recognizing relatively small-scale fault offsets. The surge beds 
in this area may represent ash-cloud deposits formed by elutriation from the underlying pyro- 
clastic flows (Fisher, 1979). A small-scale depression between flow units in this roadcut has 
been interpreted as the product of minor explosive activity during a pause in the Tshirege 
eruptions (Self and Sykes, 1996, p. 51-52). An exceptionally thick section of the Tshirege 
Member, >150 m thick, is visible down Ancho Canyon where it fills the early Pleistocene 
paleocanyon of the Rio Grande 1.5 km northwest of the modern river (Reneau and Dethier, 
1996b). 

16.0 Entrance to LANL TA-39, to right, within unnamed north fork of Ancho Canyon (closed to 
public) (Fig. 1-25). This site was established in 1953, primarily for the open-air testing of high 
explosives for LANES shock physics group. A variety of contaminants have been dispersed 
from the firing sites, including Be and U. Downstream within Ancho Canyon and upstream 
behind the security fence are exposed dacite-rich alluvial deposits between the Tshirege and 
Otowi Members of the Bandelier Tuff, indicating the location of a pre-Tshirege paleodrainage 
that headed in the Jemez Mountains, possibly in the headwaters of the modern Pajarito Canyon 
(Broxton and Reneau, 1996). 0.4 km upstream is a rare exposure revealing fluvial erosion of 
the lowermost Tshirege Member (Tsankawi Pumice Bed and basal Qbt-lg), prior to the pre- 
Tshirege stream being overwhelmed by subsequent ignimbrites. Core holes drilled 0.6 km 
upstream in 1994 near a landfill in the canyon bottom penetrated about 10 m of alluvium and 
revealed a complex stratigraphy; some holes penetrated layers of El Cajete pumice at depths of 
3.5-7.5 m, whereas nearby holes lacked such pumice beds and yielded radiocarbon dates on 
charcoal of 10-11.5 ka at depths of -4 m, indicating the thickness of Holocene sediment (Fig. 
1-26, Reneau et al., 199617). 
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Fig. 1-.2!5. Photograph of lower 
Tshirege Member of Randelier Tuff 
(Qbt-lg) in Ancho Canyon at en-. 
trance ts TA-39. 

16.4 Stop 1-5: Ancho Canvon (optional). Pull off to left 
and right at high roadcut in white tuff. 

B;rndlelier Turff Stratigraphy and Zeolitized Zones. The 
roadcut here exposes, from bottom to top, nonwelded ignim- 
brite of the Otowi Member of the Bandelier Tuff, a thin collu- 
vial soil, the 1-m thick Tsankawi Pumice Bed, nonwelded ign- 
imbrite of the: Tshirege Member (Qbt-lg), and bouldery collu- 
vium (Fig. 1-27). Prominent, thin resistant layers in the lower 
l‘shirege Member are zeolitized zones similar to those exposed 
in many canyons of the eastern Pajarito Plateau. Analyses of 
samples from this site indicate that the zeolites are clinoptilolite, 
whicli are believed to form in an open environment from hy- 
drolysis of vitric ash by percolating water at or near the tops of 
saturated zones (Hay, 1978). K-Ar analysis of clinoptilolite 
(1 -3 pm fraction) separated from one zone at this site yielded 
an apparent age of 1.0 -t. 0.2 Ma (WoldeGabriel, 1993), sug- 
gesting they formed relatively soon after emplacement of the 
’I’shirege Member; however, due to low radiogenic argon con- 
tent (2%), this apparent age should be interpreted with caution 
(@. WoldeGabriel, pers. comm., 1096). 

As this exposure was interpreted by Bailey and Smith (1978): 
“Near the crest of the Otowi mound, indurated zeolitized 

ground-water tables in tlhe Tshirege ash-flow tuff curve downward forming cones of depression that 
mimic former piezometric surfaces drawn down by the more permeable Tsankawi Pumice Bed. Note 
that the cones of depression steepen in successively lower levels’’ (Bailey and Smith, 1978, p. 193). 
Bailey and Smith (1978) attributed the apparent successive lowering of the water table to the incision of 
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Fig. 1-26 Generalized cross sectisri across north fork Ancho Canyon, 0.6 h northwest of Mile 16.0, 
showing radiocarbon dates and inferred stratigraphic context of units exposed in core holes (from 
Reneau et al., 1996b, modified from ~~npablished core logs of K. Shisler and others, 1994). Bedrock 
includes the Tshirege and Otowi Members; of the Bandelier Tuff and alluvium of the intervening Cerro 
Toledo interval. 
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Fig. 1-27. Photographs of roadcut in Ancho Can- 
yon at Stop 1-5. Roadcut exposes non-welded tuff 
of the basal Tshirege Member (Qbt-lg) with thin zeolitized zones, and the non-welded Otowi Member. 
The Cerro Toledo interval here is represented by a thin colluvial soil. Unit Qbt-2 of the Tshirege 
Member forms the upper cliffs. The right photo highlights the zeolitized zones, which are curving 
down to the Tsankawi Pumice Bed. 

Ancho Canyon and the headward migration of a waterfall over a basalt flow that is exposed about 1 km 
downstream, implying that the zeolitized zones are local features related to shallow groundwater be- 
neath the channel of Ancho Canyon. 

Field observations suggest that the zeolitized zones are not local features related to specific canyons, 
but are instead widespread and project under the intervening mesas. For example, similarsets of 
zeolitized zones are exposed at similar elevations both to the north in the unnamed tributary of Ancho 
Canyon, and to the south in Frijoles Canyon (the upper ladders at Ceremonial Cave in Bandelier 
National Monument lead onto zeolitized ledges at the same elevation as these in Ancho Canyon). In 
addition, the zeolitized zones don’t parallel either the Tshirege unit boundaries or the canyon profile, 
but are instead nearly horizontal, also suggesting that they are not related to groundwater associated 
with the modern canyons. An alternative hypothesis is that they record former levels of a regional 
aquifer that was adjusted to a much higher Rio Grande, perhaps when the river was slowly incising a 
new canyon through basalt following damming by the Tshirege Member and subsequent diversion of 
the channel eastward onto the Cerros del Rio volcanic field (see Reneau and Dethier, 1996b). 

Early Pleistocene Paleotopography. At this site and at many other sites on the Pajarito Plateau, it is 
apparent that the modern canyons are not at the same locations as the pre-Tshirege drainages (Broxton 
and Reneau, 1996). The colluvial soil between the Tshirege and Otowi Members at this site contains 
clasts of basalt that were probably derived from a cinder cone that occurs to the south, and the modern 
Ancho Canyon has apparently incised into a north-facing paleocanyon wall here (Fig. 1-28). The axis 
of the pre-Tshirege paleocanyon is recorded by dacite-rich alluvial deposits that are exposed between 
the Tshirege and Otowi Members downstream near the entrance to TA-39 and also within the unnamed 
north fork of Ancho Canyon. 

Holocene Alluvial Statigraphy. The sediments exposed within the stream bank immediately south of 
State Road 4 are typical of those found in many canyons on the Pajarito Plateau, particularly those that 
head on the Plateau and entirely drain areas underlian by Bandelier Tuff and younger deposits (e.g,, 
Sandia Canyon, Stop 1-3). A stacked set of alternating channel deposits and floodplain deposits are 
present that have yielded radiocarbon dates from charcoal of about 1.2 to 4.9 ka (Fig. 1-29). Pumice 
clasts are abundant in these floodplain deposits, mainly derived from erosion of deposits of the El 
Cajete pumice upstream. 
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Fig. 1-28. Schematic geologic cross section through site of Stop 1-5, showing pre-Tshirege 
paleotapography and undtxlying units. Val: late Quaternary alluvium; Qbt: Tshirege Member of 
Bandelitx Tuft Qct: fluvial deposits of Cerro Toledo interval; Qbo: Otowi Member of Bandelier 'Tuff; 
TCC: Pliocene cinder cone; Tcb3: Pliocene tholeiitic basalt. Dates are preferred "Ad3'Ar ages from 
WoldeGtbriel et al. (19516). Geslo,gic contacts from Keneau et al. (199%) and Broxton and Reneau 
(1996). 
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Fig. 1-29. Stratigraphic section through Holocene alluvium in Ancho Canyon at Stop 1-5, showing 
alternating channel aiid floodplain deposit!; and locations of radiocarbon dates on disseminated char- 
coal fragments. 
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The age control from this section indicates that the stream channel had aggraded to near its modern 
level by at least ca. 5 14C ka. The lack of recognized stratigraphic layers within the buried floodplain 
deposit and a ca. 3 14C ka age near its top suggest that aggradation over the next 2 ky or more was slow 
enough or discontinuous enough to allow thorough bioturbation of individual flood layers. In contrast, 
the sharp contact below the overlying channel deposit, dated at ca. 1.2 14C ka, indicates a significant 
late Holocene aggradational episode. Subsequently, the channel incised about 1.5-2 m to its present 
level. 

Ancho Canyon channel units - (n =6)  

I 

- 

A relatively small data set of dated channel deposits is available from the Ancho Canyon basin, mostly 
from the unnamed north fork upstream of the security fence. Two of the five dated deposits there are 
similar in age to this late Holocene channel deposit (Fig. 1-30), suggesting basin-wide aggradation at 
ca. 800-1300 cal BP. Similar clusters of ages from other canyons (e.g., Qt8 terrace in Rendija Canyon, 
Stop 2-3) suggests the possibility of Plateau-wide periods of aggradation, although the details of spe- 
cific aggradational events in most canyons remain incompletely understood. 

UI a 

14 
cal BP 

I 

Fig. 1-30. Probability plots of calibrated radiocarbon ages showing dated Ancho Canyon stream chan- 
nel units (n=6) and floodplain, fan, and colluvial units (n = 11). Probability plots were produced using 
CALB 3.03 (Stuiver and Reimer, 1993), using 2-0 range and an error multiplier of 2.0 on the original 
analyses. 
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Soil-Stratigraphy of Profile AC-1. The surface soil in this exposure is typical of soils formed in 
young (<: 2, ka) valley bottom stream sediments on the Pajarito Plateau. The soil contains weakly 
deve1opt:d A and Bw horizons that overlie poorly altered and well-stratified stream channel deposits 
(Pig. 1-31 1). The A horizons have subangular and crumbly structure and a weak accumulation of‘ dis- 
seminated organic matter resulting in a grayish brown color. The Bw horizons have prismatic and 
subangular blocky struciure and patchy silans (coatings of silt) along some ped faces. Scattered El 
Cajete pitmice occurs throughout the soil profileo Clay and silt content is considerably higher in the A 
and Bw horizons relafive to the (3 horizons (Table 1-3), which probably reflects the predominance of 
finer-textured overbank deposits that overlie sand-rich stream channel deposits. Dithionite extractable 
Fe-oxyhydroxides range from about 0.26 (% weight in the C horizon to 0.60 % weight in the Bwl 
horizon; whereas, oxalatlc extrsictahle Fe- oxyhydroxicles range from about 0.17 % weight in the C 
horizon i o  0.38 % weigh1 in the Bw’2 horizon (Longmire, McDonald, et al., unpub. draft report, 1996). 
The overall low concentrations of dithionite extractable Fe-oxyhydroxides and high oxalate to dithionite 
extractable Fe-oxyhydroxide eonceintratioas reflects the young, late Holocene age for this soil. This 
soil is very similar in ovcrall development to the SC-2 soil at Stop 1-2b that overlies sediment with an 
age of about 1.4 14C ka. 

Buried soil bl . A weakly to moderatdy developed buried soil underlies the surface soil and well 
stratified stream sediments that yielded a 1.2 14C ka age (Fig. 1-31; Table 1-3). The soil contains two 
weakly developed Bt horizons that have weak subangular structure and patchy argillans along ped 
faces and pores. A lack o f  evidence for a h i e d  A horizon suggests that the top of this buried soil has 
been removed by erosion, presumably in association with deposition of the overlying stream sedi- 
ments. ‘Ilie lower soil contains BC and G B  transitional horizons that overly unaltered coarse-grained 
stream sands. Abundant to scattered reworked El Cajete pumice clasts can be found throughout the 
profile. The gencrally massive character of the soil and the abundant silt and clay suggests that the soil 
parent material may have largely consisted of bioturbated overbank deposits. The overall degree of 
soil development suggests that the soil may bc older than indicated by the two 14C ages of about 4.9 and 
3.0 ka. The: dates could possibly reflect laler emplacement of charcoal from bioturbation before burial. 

16.6 

16.8 

19.3 

17.5 

17.7 

(Javate ruins in cliffs to right. 

thncho Canyon channel. Hairpin turn. 

Sangre de Cristo Range, east of Sarita Fe, straight ahead to east. 

Ikitrance to LANE, TA-33, lo left (closed to public). This area was once the site of LANES 
tritium (’HI procluction facility (tritium is an important component of “triggers” of nuclear 
wc:apons, but, due to its short half-life of 12.4 yrs, periodically needs replenishment). A variety 
of other weapons-related activities have been conducted here, including attempts to develop an 
“atomic cannon” In the 1950s. Many researchers in LANES geoscience groups were housed 
here during the 1970s and the 1980s. TA-33 has some waste sites located near the rim of White 
Rock Canyon and tributary canyons, and a study of landslides within White Rock Canyon was 
conducted to cvaluate potential mass wasting hazards that could affect these sites (Reneau et 
d., 1995a). 

Late Pliocene cinder cone of the C:crros del Rio volcanic field is exposed 0.1 km to the south- 
cast (on restricted DOE land), projecting a short distance above the top of the Tshirege Member 
(Fig. 1-28). 
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Fig. 1-31. Schematic diagram of soil-stratigraphy for profile AC-1 at Stop 1-5. 



Day 1 73 

18.0 Ihindeiier National Monument, main entrance, to left. 3 mi to Visitor Center within Frijoles 
Canyon. A stop here to visit outstanding prehistoric Pueblo (Anasazi) ruins in a scenic canyon 
is highly recoinniendccl (Pigt. 1-32). 

19.9 $ b p  14:  Frijoles Mesa (optional). Park carefullv on road shoulders. Note: stop is on DOE 
land posted with “No Trespassing” signs, so do not make this stop unescorted. 

In a borrow pit on this mesa, north of the highway (on restricted DOE land) is exposed the thickest 
section of E1 Cajete purrice yet examined at thc Laboratory, consisting of 2.2 m of primary fallout 
pumice. This is significantly grealcr than the .=1 rn thickness shown for this area on the El Cajete 
isopach maps of Self ct al. (1991), suggesting that the isopach maps greatly underestimate the original 
thickness of the pumice bed. This undercstimation is likely due to substantial erosion of the pumice 
over the past 50-60 ka. Motalsly, thin ash beds are locally interlayered with pumice at the top of the 
section, a feature thai has only Im:n obss:x.ved at one other site on the Pajarito Plateau, and further 
indicate that this borrow pit displays an cxceptionally complete section of the El Cajete. 

The exceptional preservation of the pumice: at this site, which would seem to indicate relative stability 
of the mesa top, is in shaq~ contrast to the overlying weakly-developed (late Holocene) soil, which 
would seem to indicate an eroding mesa. The soil beneath the El Cajete is relatively thin (0.6 m) but 
fairly woll ticveloped (discussed below), iiidicating a relatively stable mesa-top setting prior to deposi- 
tion of the punlice but a site without signi fjccint aggradation. The contrast between the post-El Cajete 
soils present here and those sccn at Stop 1-4., and to be seen at Stop 2-2, illustrate some of the as yet 
unresolved complexity of surkce processes and soil development on the mesas of the Pajarito Plateau. 

igraphy of Profile FM-1. The soil stratigraphy at this stop (Fig. 1-33; Table 1-4) consists of 
a thin, weakly developed surfwe sail that overlies a thick, well-preserved (intact) section of El Cajete 
pumice, and an underlying buried soil and Bandelier Tuff. 

Surface Soil. The surfwe soil contains a thin (4.5 cm) A horizon with subangular and crumbly 
structure. The Bw horizons we weakly devdoped, have weak subangular blocky structure and a weakly 
oxidized soil matrix. Scattered El C‘ajete clasts occur throughout the profile. The overall degree of soil 
deve1opnie:nt is generally similar, 21lthough somewhat weaker, than soils formed in ca. 1.2 to 1.4 ka 
stream sediments exposcd at Siops L-2b and 1-5. The soil unconformably overlies the El Cajete pum- 
ice. 

Fig. 1 -:32. Photographs of ruins in Frijoles Canyon. Tyuonyi (left) and Ceremonial Cave (right). 
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Fig. 1-33. Schematic diagram of soil-stratigraphy for profile FM-1 at Frijoles Mesa borrow pit, Stop 
1-6. At other nearby exposures, a thin pumice bed is interlayered with the ash, indicating that the ash is 
associated with late stages of the El Cajete eruptions. 
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El Cqiete Pumice. The pumice is capped by a 11 cm layer of volcanic ash (2Bkqmb1) that is 
weakly cenienled with secondary carbonale and silica. Two weak Bt horizons have formed within the 
top of the pumice. The 2Btkbl has sin&: grain structure and stage I carbonate, including carbonate 
with neeidle-shaped morphology wj thin some interstitial voids. Argillans in this horizon consist of 
coats and bridges formed on pumice, with accumulation of clay forming lamellae in places. The 2Btbl 
is also single grain in structure and has argillans that coat and bridge pumice, forming abundant clay 
lamellae 0.5 to 1.5 cm thick throughout the horizon. The 2Cbl contains a few scattered lamellae, but is 
largely unaltered. 

The weakly developed surface soil, the preservation of a thick layer of pumice, the cemented 
ash layer, and lamellae formed in the pumice indicate that the pumice was previously overlain by a 
older, presumably better developcd surface soil that has since been removed by erosion. For example, 
post-El (%jete soils at other sites on the Pajarito PliIttciU that overlie pumice and reworked pumice 
deposits, are up to 1-2 m thick and contaiti well developed Bw and Bt horizons. 

Buried Soiil b2. The El Cajetc pumice conformably overlies a thin buried soil. The top of the soil 
has a transitional E horizon (313btb2) with prismatic structure. The underlying 3Btb2 horizon has 
blocky structure and argilhns along ped faces and bridging grains. The horizon also contains abun- 
dant tuff fragments. The Et horizon overlies eroded and poorly weathered Bandelier Tuff (Qbt-4). 

Area burned in 1977 La Mesa Fire to left. Beneath this part of Frijoles Mesa lies an excep- 
tionally thick section of the Tshirege Member of the Bandelier Tuff, estimated at >200 m 
thick (Sroxton and Reneau, 1996). The tuff here buried a southwest-draining early Pleis- 
tocene paleovallcy that may have been a relict of a Tertiary graben which is believed to 
underlie much of the wcst-central Pajarito Plateau. 

View of Sierra de 10s Vrlles (eastern Jemez Mountains) to west, Sari Miguel Mountains and 
St. l'etcrs Dome (site of April 1996 Dome Fire) to southwest, and La Mesa Fire area. 

I!ntrance to JANL TA-49, to right (closed to public). The heyday of TA-49 was from 1959 
to 11961 when it was the site of hydronuclear and related experiments designed to test the 
sakty of nuclear weapons. Limited quantities of "special nuclear materials" (Pu and 2351J) 
were used in combination with high explosives (WE) in shafts 9-43 rn deep. This work pro- 
ceeded by Presidential decree (recently de-classified), during an informal test ban, because 
these were deemed to bc "laboratory" tests and not full-scale tests of nuclear weapons. The 
concept and science of "containmmit" was pioneered here. This site was chosen partly due 
to its relatively remote location, arid also after a USGS study confirmed a substantial depth 
to groundwater (-365 m) and other hvorable hydrogeological conditions (Weir and Purtymun, 
1962). 

13urnt Mesa trailhead, Bandclier National Monument, to left. 

High roadcut in upper units of Tshirege Member of Bandelier Tuff to right (Qbt-4 and Qbt- 
5) ,  and large pullout to le€t. Elxceptiorially thick section of non-welded, vitric tuff is overlain 
by relatively thin, densely-welded flow unit with pronounced fiamme (squashed and welded 
pumice). Uppermost igninilxite (Qbt-5) forms a prominent resistant cap rock on this part (of 
the western hjarito Plateau, but does not extend to the east. 
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24.0 View o1F 100-i- rn high Pajjarito h l t  eseaipment, straight ahead. 

'24.2 Bunkcrs visible OEP north rim of Waten (lauyon, to right. Bandelier Tuf€units in this area are 
liltctl g,entXy to the west, towards the Paj a d o  fail1 zone, contrasting with thc general 2-3" 
east dip on most or the Pa+irilo Plateau. 

24.0 Polmalercusa Chipground, entrance to Xelt. Group campground (reservations required), and 
trai1hc;id for lhnclelicr backcouintry. Trail to Upper Grossing in Frijoles Canyon parallels 
the t'i!jariIo fault zone hor 1.5 mi, arid trail continues for 6 mi down Frijoles Canyon to 
13andclier Visitor Ccntcr. 'f'his mute iru;likcs an excellcnt one-way shuttle hike down a part of 
Fri*jolcs Canyon that has expericncctl cxcc tional rates of Holocene incision through non- 
weltled tu€f, wilh ii tcrraccc riafed. at 5.3 6.2 C ka slranded 20-25 M above the modern chan- 
nel (lLZ,enc;~u ct al., 1093, 2996f3" (I:&. I -  34). 

E 

Figu 1-34. Photographs of part of Frijolcs Canyon between 
Barndelicr Visitor Center and IJpper Crossing, Left photo: 
stream has cut a narrow inner canyon >20 m deep into non- 
we:ldc:d tuff (Qbt- lg) below a mid Holocene terrace level. 
Right photo: stream-side alcoves such as this one are pro- 
duectl by lateral erosion into non-welded tuff during peri- 

ods of relat jve basc levcl stability, such as a t  pment;  rnixltiple Holocene paleo-alcoves are locally 
pcrchecl on t t r s  canyon w:iPls, associated with 13olocene strcam terraces. 



Day 2, Ponderosa Campground to Rendija Canyon 

Leaders: Steven Reneaa, Eric McDonald, Jamie Gardner, Bill Phillips, Dave Broxton, Craig Allen, 
ICeiith Kelson 

Day 2 of the field trip begins at the parking lot Tor Ponderosa Campground and Upper Crossing trailliead, 
14 miles from Whitc Rock, 5 miles from 1,os Alamos, and -1 hr from Santa Fe. Restrooms. 

Walk -50 in south into open areat for views of the main escarpment of the Pajarito fault zone, into an 
area burned in the 1977 La Mesa Fire (Pig. 2-1). 

Fig. 2- I , Photograph of mesa near F’onderosa Campground, showing area of 1977 La Mesa Fire and 
Pajarito fmlt escarpment. Dorxie Fire is burning on top of escarpment (April 28, 1996 photo). 

Fire History. Prior to 1977, this area was the site of a dense stand of ponderosa pines, the result of an 
apparently Unprecedented absence of firm for - 100 yr. In a detailed study of local fire history, Allen 
(1989; see also Allen ct al., 1996) found that prior to the 1890s small fires burned through the ponde- 
rosa forests of the Pajarito Plateau about every 5- 15 yrs on average, probably creating an open parkland 
as was conirnon throughout many parts of the Southwest. A sharp drop in fire frequency was appar- 
ently caused by the introduction of sheep itnd cattle to the area in the late 18OOs, with the resultant loss 
of the grassy groundcover that had previously allowed lightning-caused fires to spread. Pine seedlings 
that would previously have burned in thest: ground €ires instead flourished. The advent of organized 
fire-fighting efforts earlier in this century Riirther helped suppress fires and allowed fuel to accumulate. 

These conditions led to the Ea Mesa Fire of June 1977, an intense crown fire that started about 4 km 
southwest of here and quickly got out 04’ control. A total of about 59.5 km2 burned, including the 
southwest part of LANL, (Foxx, 19114). Such a widespread crown fire was unprecedented in the -300 
yr long fire history devchped by Allen ( 1989). Many parts of the burn, including this area, are still 
dominated by grass and shrubs almost 20 years later (Pig. 2-1). Note how the site of Ponderosa 
Campgountl escaped the intense bum. This was apparently due to the reduced fuel load in the former 
picnic area, where trees had been thinned and firewood collected. 
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Par[ of tlic I h m e  Fire ;u'ea is also visible from here (Figs. 2-1, 2-2). The Dome Fire stated at an 
inc~ornpletel y cxtinguishcrf eampfirc on ApriI '25, 1996, after an exwptionally dry wintcr. It also got 
of control, turning into a lirtl:storrra 011 the aftecmon of April 26, and burning about 66.5 km2 bef'ore 
it was con(roLIct1 in early May. 

Fig. 2-2. Photographs of April J1WO lhrne tiirc: area, San Miguel Mountains, Capulin Canyon basin. 
Extensive rillling occurrcd 011 tiurnod slopcs aftcr the firs1 summer thunderstorms, even on short convex 
slopes with thick dcpositw ol' fhe ti1 Cajctc pumice, contributing to rapid runoff and significant floods 
downstream. No true 66~yytlrc~p~~obis:" soils were present liere, and instead cxtensive finc ash laycrs 
probably c:iirised the reduced inhltt-aiion (July 3-4, I996 photos). 

Both fircs have had mqjor geomorphic cffccts. 'I'hc effects of the La Mesa Fire were studied by White 
and Wells (1979, 1984), avid includccl an inc:rcasc in runoff and sediment supply from the burncd 
slopes, associ;ited with Xr rciilly der isa: rill networks, which caused some temporary aggradation along 
ckiannels arid i I l S s  a rnqjot. itictease in the height of flood peaks. The largest floods recorded in Frijoles 
Canyon, in Ihc rniddlc of the B,a Mesa I?re  art:;^, occurrcd In the summers of 1474 and 1978 (Purtymun 
and Aclarns, 1980). 

Similarly, Capuljn Canyon, in thc nriiiddllc of ilie U o m  Piur: area, has been experiencing repeated major 
floods since June 26, also generated by extu*eine:ly rapid runoff from burned slopcs (Fig. 2-2). Thesc 
foods have iiiciscd the clmaiinel in mam:y areas; arid scourd the banks. Significantly, the Capulin floocls 
removcd the colhle to btrultler x1[1xoc from  til^ stream bed and exposed fairly easily erodible sandstone 
bodrock in several areas, which might be providing a modern analog for processes leading to channel 
incision arid terrace forrmatjori in many Pajarito Plateau canyons. Reports from the burn area indicate 
that uj,  to several ineters of inclsion Iias already c-~ccumrt:d in pats of Capulin Canyon this summer 
(Clraig Allen, pcrs. c o 1 1 u ~ ~  9/4/96). l\lotably, true hydrophobic soils are apparently extremely rare in 
the Dome Vim arm (S, Cannon, uq~iil~.), and khe rapid runoff may be due to the effectiveness of the ash 
cover in reducing infiltration rates, as previoudy proposed by White and Wells (1979, 1984) for the L,a 
Mesa Pire m a .  

B.ccause thc ititemities and the vvidcspread txtmt of both the La Mesa Fire and the Dome Fire were 
apparently unprecedenlctt in the scvcriJ-hu~~ttrd year long fire record on the Pajarito Plateau, it is not 
known if thc: rcsultant geoinorpixic s:ffccts i z ~ c  also unlike that which would have occurred from firm 
prior 10 the, laie 3 800s. in c;omtrasl io ihe poiic'lerosa forests on the Plateau, the montane forests of the 
higher elevations o [the 3e:n i e z  Mtuuritains wcrc apparently subject to stand-replacing fires (recorded by 
the dense stands of aspen i i c x  CilMlr)  May and elsewhere), which in turn may have generated floods 
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capable of doing significant amounts of geomorphic work downstream. However, the existence and 
importarice of such potential fire-flood relations in prchistoric times on the Plateau are presently un- 
known. 

Pajarital Fault Escarpment. ‘The prominent topographic break to the west (Fig. 2-1) is the main es- 
carpment of the -41 krn long Pajairito fault zone, which is capped by welded units of the Tshirege 
Member of‘ the Ifantlelier Tuff. Nstlmatetl offset in !his area, based on topographic profiles, is about 
110- 130 nr, yielding an average long-term vertical slip rate of -0.1 d y r  for the last 1.22 Ma (or -0.12 
mm/yr an a 60” fault plane) (Gardxier and House, 1987; Wong et al., 1995; Olig et al., 1996). The 
amount of offset changes rapidly along strike, and the point of maximum offset, estimated at - 154 & 5 
m, is located only about 3 Itm to the north (Fig. 5, in Introduction). 

This is probably as good a vantage point as any to discuss the paleoseismic history of the Pajarito fault, 
because its history doesn’t get any clearer as one gets closer. Despite the obvious evidence for repeated 
Quaternary surface rupture events, h e  Pajarito lacks recognized fault scarps in alluvium as are com- 
monly present along other major normal faults in the western United States. In addition, it does not 
consist of B single fault trwe in most areas, biit instead typically possess multiple traces in a zone up to 
0.5-2 kin wide (Fig. 2-3). It is also possible that much of the escarpment is mantled with landslides and 
other mass wasting ieatures. For whatever reason, it has confounded attempts to obtain reliable 
paleoseisrrnjic information. 

Woodwiird-Clyde Federal Services excavated trenches at 3 sites at the base of the main escarpment 
north of here in 1992 (Fig. 2-13>, but the results were inconclusive. It was not clear that the “main trace” 
was ever crossed in a trench, lcading to suspicions that it was always “a little bit farther west” (inconve- 
niently on steep rocky slopes lhat limited the feasibility of excavation). The youngest evidence of 
faulting consisted of relatively small-magnitude offsets in a unit immediately below the El Cajete pum- 
ice, sugge:sting an event shortly before ca. 50-60 ka (Wong et al., 1995; Olig et al., 1996). In contrast, 
trenches across the shorter and prcxumabliy less active Rendija Canyon and Guaje Mountain faults to 
the north (Pig. 2-3) have both provided evidence of Holocene or latest Pleistocene events (Stops 2-3 and 
2-4; Gardner et al., 1990; Wong et al., 1995; Kelson et al., 1996; Olig et al., 1996). 

Because, of the importance of the pleoseismic history of the Pajarito fault to an evaluation of seismic 
hazards at LANL, and because of questions about the validity of applying long-term slip rates to short- 
term hazard arialysis, an alternative approach was developed to estimate possible short-term variations 
in slip rate on the Pajarito Fault. McCallpirr (199s) compiled all available data on short-term and long- 
term slip rates from nurniall faults throughout the Rio Grande rift and the Basin and Range province, and 
reached the conclusion that short -te:rm niks could bc: significantly higher than long-term rates, related 
in part to temporal clustering of events. The work by McCalpin (1995) indicated that use of the long- 
term slip rate of -0.12 m d y r  for the Pajarito fault could be extremely misleading, and that actual short- 
term rates could be as high as 0.9% m d y r  (at a 5% probability of exceedance). 

Return to parking lot. 

0.0 State Road 4 at entrance to Ponderosa Campground. 
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- Aerial photography - Kolbe et al. (unpublished 
km lineaments. report to LANL, 1994) 

b 

Fig. 2-3. Map of faults and lineaments in the Pajarito fault system near Los Alamos, and sites of 
paleoseismk investigations (from Olig et al., 1996). 
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0.2 NM[ Highway 50% (West Jemez Road). Turn right towards Los Alamos. The small concrete 
building at the inlersection is; the “Back Gate”, former site of a guard station dating from when 
L,m Alamos was a closed community (November 1942 to February 1957). 

Side-Note: SR 4 for the next 0.7 mi switchbacks up the Pajarito fault escarpment, and roadcuts expose 
extensive colluvial deposits that mantle the escarpment, plus a pocket of strati€ied, re-worked El Cajete 
pumice (+0.2, mi), and prohably toppled and otherwise mass-wasted blocks of welded tuff. At the top 
of the escarpment (4-0.7 mi) the roadcut exposes a filled fissure in densely welded tuff that separates 
horizontally-fractured tuK from a block where these fractures are tilted eastward (Fig. 2-4). We inter- 
pret the fissure to represent the back (west) margin of a toppling failure. Earlier workers have alterna- 
tively interpreted the fissure fill as represenling gouge on a trace of the Pajarito fault zone (e.g., Bailey 
and Smith, 1078, p. 192), and these disparate interpretations illustrate some of the uncertainty in distin- 
guishing tectonic from mass wasting features on a bedrock-dominated escarpment. 6 mi farther west 
SR 4 en1 ers the Valles caldera, formed during eruption of the Tshirege Member of the Bandelier Tuff 
and site of subsequent eruptions that produced the El Cajete pumice and other, recently recognized, 
pumice lxds associated with the Vallles Rhyolite of Bailey et al. (1969) (see Stop 2-2c). 

Fig. 2-4. Photograph of west edge of fissure fill along NM State Road 4 at the top of the Pajarito fault 
escarpinent. Densely welded Bandelier Tuff with sub-horizontal fractures to left; to right of fissure fill 
(out of photo), these fractures are tilled to the east, suggesting a toppling failure. Fissure fill includes 
both derisely welded tuff from the aidjacen t walls and lcss-welded tuff from the overlying cooling unit. 

For the next 4.5 mi NM Highway 501 is bordered to east by DOE land posted with “No Trespassing” 
signs, and to the wesl by a narrow strip o f  13013 land bordering the Santa Fe National Forest. The 
Pajarito fault cscaprent is on National F’orest land arid is fully open to the public. 

0.4 liioadcut on righi exposes an old dacite-rich fan deposit derived from Water Canyon that pre- 
dates initial incision of Water Canyon at this site east of the main Pajarito fault. The top of the 
fan gravels arc -20 m ahove the present channel. Gravels associated with this fan can be traced 
south past Ponderosa Campground, and also eastward down the mesas bordering Water Can- 
yon. 0.1 krn to east (on restricted DOE land) this fan deposit is apparently offset >15 m by a 
down-to-the-west antithetic fault which projects south into Bandelier National Monument. In 
the roadcut on the left the clacite-dominated deposit is overlain by a tuff-dominated fan deposit 
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derived from a smaller drainage off the escarpment, which is in turn overlain by the El Cajete 
pumice. As exposed in the roadcut to the right, a well developed soil has formed in these 
deposits. The upper 54 cm of the soil consist of an A-E-Bt horizon sequence developed in 
reworked and bioturbated El Cajete pumice. The pumice conformably overlies a well devel- 
oped buried soil, formed in the dacite-rich alluvium, that has an E-BE-Bt horizon sequence, 
with total Bt horizon thickness extending to 260 cm below the surface. This soil is generally 
similar to a soil that will be seen at Stop 2-2b. 

0.5 Water Canyon channel. Dirt road to west provides access onto National Forest land. A narrow 
10-m high terrace above the dirt road, on the north side of the canyon, was the site of a 
paleoseismic trench excavated by Woodward-Clyde Federal Services in 1992 (Fig. 2-3; Wong 
et al., 1995; Olig et al., 1996). No faulting was exposed in the trench. The age of this terrace is 
not certain, but the gravelly fluvial deposit contained reworked El Cajete pumice, indicating an 
age of less than 50-60 ka. In a nearby soil pit the fluvial deposits were overlain by fine-textured 
slopewash bolluvium which yielded I4C ages of 8.06 and 9.49 ka (unfortunately in reversed 
stratigraphic order), with no intervening buried soil, suggesting a latest Pleistocene or earliest 
Holocene age for the terrace (Wong et al., 1995). 

0.6 Abandoned road to right is old “Anchor Ranch Road’”, which traversed LANL Tech Areas now 
behind security fences. Roadcuts in this area expose a young, post-El Cajete fan to the west and 
an older, pre-El Cajete fan to the east. 

0.8 Stop 2-2: West Jernez Road (W.TR) @ TA-16. Park on shoulder. Note: this stop is on DOE 
land posted with “No Trespassing” signs, so do not visit area east of road unescorted. 

Climb up roadcut to east to site of reexcavated 1995 soil pit (Figs. 2-5,2-6). 

Geomorphology of the Pajarito Fault Zone. The Pajarito fault zone along the western boundary of 
LANL has a long, complex, and as of yet poorly understood geomorphic history. The escarpment itself 
is mainly covered with colluvium and other mass wasting deposits, including large-scale landslides. 
The base of the escarpment and the Pajarito Plateau to the east are mantled in most areas by colluvium, 
fans, and associated pumice beds that probably range in age from Holocene to ca. 1.2 Ma. No fault 
scarps in late Quaternary deposits have yet been confidently recognized, although degraded antithetic, 
west-facing scarps occur in early Pleistocene (?) fan deposits in some areas. Examples of some of the 
diverse Quaternary deposits present east of the escarpment will be examined at this stop, along with 
ongoing work on soils that may ultimately allow better resolution of the geomorphic and tectonic 
history of the Pajarito fault zone. 

Station 2-2a. El Caiete Durnice and Dost-El Caiete soil in soil Pit WJR-5 

Soil-Stratigraphy of WJR-5. The soil exposed in this pit (and along the adjacent roadcut) has formed 
in a - 1.3 m layer of surficial deposits that overlie a -0.9 m layer of El Cajete pumice (WJR-5, Figs. 2- 
7, 2-8; Tables 2-1, 2-2). This soil is the thickest and best-developed soil we have found in post-El 
Cajete deposits. The pumice and surface soil, in turn, overlie a ca. 10+ m thick sequence of buried soils 
and surficial deposits. The underlying, and uppermost buried soil, will be discussed at Stop 2-2b. 
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E---“] late Holocene (?) alluvium r r T  pre-El Cajete fan and older deposits 
E$C?j post-EI Cajete fan L-a - colluvium (Qc) 

p a  Tshirege Member Bandelier Tuff El Cajete pumice (Qec) 

Fig. 2-5. Geomorphic map of arcit along West Jemez Road north of Water Canyon, at Stop 2-2. Label 
“Qc/Qec” indicates that colluvium buries the El Cajate pumice. Label “Qbt (Qls?)” indicates that the 
Bandelier rCiiff may be involved in large-scale landdicies along the Pajaritlo fault escarpment here. 
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pre,-El Cajete 1iNI deposits 

pre,.,El Cajoto setiimonts,finc textured 
___.._....__-.-.- ______.___-___ ._____.___.___ .____----- 

Distance (m) 

Fig. 2-6. &:hematic cross scctiorx showing stratigraphic units exposed east of West Jemez Road at Stop 
2-2. 

Fig. 2-7. Photograph of WJR-5 soil at Stop ‘E-%. Change in color at -40 em is Btl-Bt2 boundary. 
Light co1ori:d El Cajcte pwniice in lowur 1/3 of photo displays pronounced lamellae (tiger-stripping). 
Top of 3EBth horizon is clmk grey zone at base of view. 
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Soil formed in sediments overlying the El Cajete pumice. The soil formed in the post-El 
Cajete deposits has an A-Bw-Bt-2Bt horizon sequence (Fig. 2-8; Table 2-1). The A horizon has platy 
and subangular blocky structure and only a weak accumulation of disseminated organic matter. The 
Bt horizons have prismatic and subangular blocky structure, 7.5YR to lOYR hues, moderately thick to 
thin argillans along ped faces and pores, and a total Bt thickness of nearly 200 cm (including 90 cm of 
pumice). Clay content in the Bt horizons ranges from 13 to 22 % wt. and is highest in the Bt2-Bt4 
horizons (Table 2-2). 

A nearly complete lack of gravel and predominantly silt loam texture in the A, Bw, and Btl 
horizons suggest that these horizons (A-Bt5; Fig. 2-8) were probably derived from both deposition of 
eolian materials and fine-textured slopewash from nearby hillslopes. Argillans in the Bt horizons are 
best developed along prismatic ped faces and large pores (>1-2 mm) indicating significant illuviation 
of clay from above. A considerable source of accumulated clay in the Bt horizons may be derived 
from the eolian influx of clay and fine-silt rather than the formation of secondary alluminosilicate 
clays from in-situ weathering (discussed in more detail below). 

The 2Bt horizons that have formed in pumice are structureless (single-grain) and the pumice is, 
at best, only weakly weathered. Much of the pumice, however, is covered with moderately thick to 
thin argillans that coat and bridge pumice clasts. Most of the argillans form abundant lamellae 1-3 cm 
thick producing a tiger-stripped’ appearance (Fig. 2-7). The pumice clasts in the 2Bt3 horizon are 
slightly more oxidized than overlying pumice and contain a noticeable increase in argillans at the base 
of the horizon. This increase in oxidation and illuvial clay may reflect the episodic blockage of perco- 
lating soil water, presumably due to the considerable increase in clay and silt and decrease in pore size 
in the underlying buried soil. Low silt and high sand contents and low bulk densities in the 2Bt 
horizons generally reflect the original coarse-grained texture of the pumice. High clay contents of 14 
to 21 % wt. and abundant argillans in the 2Bt horizons, however, reflect a considerable illuviation of 
clay into these horizons. 

The El Cajete pumice is largely restricted to depths below 132 cm and consists of a ca. 90 cm 
thick deposit of primary fallout pumice with minimal reworking. The lack of significant weathering of 
the pumice and the absence of extensive bioturbation of the pumice bed indicates that the pumice was 
probably buried soon after deposition of the overlying sediments. Based on the these relations, we 
interpret this soil as representing about 50-60 ky of soil formation. A date of 8420 k 60 14C yr B.P. that 
was obtained from a depth 0.65 m in the adjacent roadcut is not consistent with the degree of soil 
development, and is considered, at best, to represent a minimum-limiting age for the soil; the anoma- 
lously young 14C date may be related to relatively recent bioturbation , A PDI value of 69.4 was 
calculated for total soil formation in both the sediment and underlying pumice (53.8 for the soil above 
the pumice bed). By comparison, PDI values generally range from about 14-23 for soils elsewhere on 
the Plateau that are about 6- 12 ky old. The WJR-5 post-El Cajete soil is used as a key calibration point 
for developing a soil-chronofunction based on the PDI analysis of soil in Rendija Canyon, about 12 
km to the northeast. The development of the soil-chronofunction and associated soils is discussed in 
more detail at Stop 2-4. 

. 

Buried Soil b l .  The pumice conformably overlies a well developed buried soil that has an 
EB-BE-Bt horizon sequence. This soil is described in more detail at Stop 2-2b. 

Walk 100 m down slope to the south to a second reexcavated 1995 soil pit. 
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Station 2-2b. Pre-El Caiete soil in soil Dit WJR-7 

Soil-Stratigraphy of WJR-7. This soil pit exposes a thin surface soil that has largely formed in a 
truncated layer of the El Cajete pumice that, in turn, conformably overlies a well developed buried soil 
(Fig. 2-9, Table 2-2). The pre-El Cajete landscape at this site consisted of an old fan, derived from a 
small unnamed drainage off of the Pajarito fault escarpment, that is dominated by clasts of welded 
Bandelier Tuff. 

Surface Soil. The surface soil consists of an A-E-Bt horizon sequence. The largely unbioturbated 
pumice that makes up this soil, and lack of the 1+ m thick layer of soil that overlies the pumice up slope 
at the WJR-5 site, suggests that the overlying soil at this location has been (recently?) stripped by 
surface erosion. The pumice-rich horizons in the current surface soil, therefore, were probably equiva- 
lent to the 2Bt horizons in the WJR-5 soil. Abundant evidence of surface erosion, including rills and 
small head-cuts, can be seen near the pit. 

The A horizon has formed in bioturbated pumice that appears to be mixed with abundant silt. 
The light colored E horizon, also formed in bioturbated pumice, is weakly weathered and lacks argillans. 
Clay content in the E horizon is about 11 % wt., whereas clay in the underlying Btl horizon is about 33 
% wt. This difference in clay content indicates that considerable clay has illuviated into Btl horizon 
from overlying soil horizons (and probably from overlying soil horizons before stripping). Consider- 
able increases in extractable Al, Fe, and Si in the Bt 1 horizon relative to the E horizon also indicate that 
significant illuviation of soil constituents into the Btl horizon has occurred (Table 2-3). Eluviation of 
soil-constituents from the E horizon in this soil is probably greatly enhanced because of the prior 
existence of abundant coatings of Fe-oxides and clay on pumice exteriors, which provides a ready 
source of eluvial materials. In addition, the coarse-texture of the pumice-rich soil will allow for rapid 
infiltration and percolation of soil water, enhancing leaching conditions within the E horizon. 

Three Bt horizons have formed in deposits of pumice that are weakly bioturbated. These hori- 
zons have nearly continuous to patchy argillans bridging and coating pumice. The overall degree of 
argillans is greater than the development of argillans in the 2Bt horizons in the pumice bed in the WJR- 
5 soil. Increased accumulation of clay also appears to have covered pre-existing lamellae, which are 
only weakly preserved within these Bt horizons. An increase in illuvial clay probably reflects enhance- 
ment of clay accumulation as the pumice-rich soil becomes increasingly closer to the soil surface 
during stripping of the overlying soil. Accumulation of clay from in situ weathering is not considered 
a major source of clay because the pumice is only weakly weathered. A lack of considerable weather- 
ing is also supported in part by low concentrations of oxalate-extractable Si (Sio) and dithionite-ex- 
tractable Fe (Fed). The Bt3 horizon is a thin horizon that overlies a pre- El Cajete soil. Accumulation 
of illuvial clay has been enhanced at the base of the pumice (Table 2-2), presumably due to a decrease 
in soil permeability in the underlying soil. A 1 cm thick root mat has formed between the pumice and 
the underlying soil. 

~ .. 

Pre-El Cajete Soil (Buried Soil bl). The dominant soil exposed in this pit (and along the 
adjacent roadcut) is a typical example of the well-developed buried soil that commonly underlies the El 
Cajete pumice at numerous localities across the Pajarito Plateau. As discussed earlier, this soil indi- 
cates that a considerable period of landscape stability and soil formation occurred before deposition of 
the pumice. 

The top of the soil contains two EB horizons (2Ebt lb, 2Ebt2b) that have prismatic structure that 
parts to platy structure in places. The relatively light color of these horizons, especially within ped 
interiors, reflects the primary color of the parent material and original (i.e. pre-burial) color of the 
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horizon. Although no1 scen here, nearly continuous skeletans coating ped faces occur in the Eb hori- 
zons that underlie the pimiice at the WJR-5 soil site. Extractable AI, Fe, and Si also do not show 
depletion, but rather enricltlinent of soil oxides, relative to underlying Bt horizons; however, nearly 
continuous argillans avid coatings of Fe-ox yhydroxides along ped faces and pores reflects post-burial 
enrichnicnt of illuviated materials in thest: E horizons from the overlying soil. High bulk densities 
(1.6 to 1.8 g/cm”; WJR-5, ’WYM-7, Table 2-21 and very hard dry and firm moist consistence indicate 
that these horizons have undergone considerable transformation after burial. The abundant silt and the 
lack of gravel in these horizons suggests that much of the soil matrix may have been initially derived 
from eolian sediment. 

A 100-c cm thick sequence of well developed 13t horizons underlies the EB horizons. These 
horizons have prismatic structure and subangular bloclcy structure, 7.5 YR hues, and nearly continu- 
ous to patchy argillans coating ped fi~ccs arid pores, Clay content in the Bt horizons ranges from 1:2 to 
27 % wt. Higher coriccnlrations of Pet, oxides relative to Fe, oxides indicates a predominance of more 
crystalline forms of Fe oxides. Yhncentrations of Fe, that are higher than Fed in s weak soil formed on 
nearby Holocene fan deposits (WJR-6, Table 2-3), also indicates considerable development of more 
crystalline pedogenic Fe oxides. A decrease in the ratio of dithionite-to-oxalate extractable Fe is 
thought io represent an increase in crystalline forms of Fe oxides relative to poorly crystalline forms 
(Schwer(mann arid Taylor, 1989). IFC:~ is also lower in the buried soil relative to the overlying sur€ace 
soil. The abundance of clasts and said rich in quartz and sanidine increases systematically to a depth 
of about 200 cm (base of 2Bt5bl horizon, Pig. 2-9). The parent material for this soil probably consists 
largely of alluvium and slopewash shed from the nearby scarp to the west. 

f3oimi-w of Acetarnulaled CKaiy. Most of the argillans occur along better developed ped faces 
and pores, especially with diameters of about 1-2 mm or larger, indicating that most of the clay has 
probably accurxiulated by translocation from overlying horizons. The principle source of accumulated 
clay is moat likely dust and additions of firtc-textured slopewash to surface horizons rather than con- 
siderablc chemical alteration of the soil matrix. A similar conclusion regarding the slight degree of 
chemical weathering for mesa top soils ant3 importance of eolian sources of clay was also suggested 
by (Mcl’xklen et al, 1996; Rberly et al., 1996). 

Given the abundance of easily weathered, silicic volcanic materials in these soils, the develop- 
ment of strong Bt horizons, and a ~;e:ini-arid-eo-sub-hurid climate, we are interested in determining 
how, and to what degrce, chenlical alteration has occurred in these soils. Generally low concentra- 
tions of wx;tl~ite-extraclta~,le A1 and Si suggests that minimal in situ formation of allophanic clays 
(allophane and imogolite) has occurred. The production of allophanic clays, however, in these soil 
may be limited due to lack of sufficient percolation of soil water. Production of allophanic clays 
appears to increase wltnen there is si kfficicnt precipitation and/or soil percolation rates that provide 
leaching >200 rninlyear (Parfiiet et al., 1984; Wada, 1989). Production of halloysite is favored in soils 
formed in silica-rich volcanic matcri(a1s uncicr semi-arid conditions (Parfitt et al., 1984; Dixon, 1989). 
Pre.elimiriary XRD (X-ray diffraction) resulls for a few of the horizons in the WJR-5 and WJR-7 soils 
indicate it strong peak at about 0.71-0.92 nwri indicating that kaolinite may be the dominant clay min- 
eral in tht:se soils. HalLoysite, which has a primary peak at about 0.74 nm (Dixon, 1989), may also be 
present but i s  difficult to determine based on our initial interpretation of preliminary XRD results. 
Available soil data strongly suggests that the major source of accumulated clay in the Bt horizons is 
clay-rich dust and perhaps additions of fine-graincd slopewash. 

Bairiietl Soil b2. A, noticeable decrease in tuff fragments and an increase in silt content suggest 
that a second buried soil begins at about 20:3 cm. This soil is largely preserved as three Bt horizons 
that are similar in development to the Bt horizons in the overlying soil. Alack of recognizable €eatures 
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such as a buried A or E horizons suggest that the top of this buried soil has been stripped. Alternately, 
recognizable features associated with these horizons may have been obliterated from overprinting of 
soil features during the formation of the overlying soil. The base of this soil appears to have an uneven 
contact with a deposit that contains abundant boulders and large cobble of dacite and welded tuff. 

Walk 100 m down slope to the south into an old borrow pit. 

Stratigraphy. This borrow pit exposes a 10-m thick sequence of sediments and buried soils that 
underlie the fan gravels seen at soil pit WJR-7 (Figs. 2-5,2-6,2-9). This site has the potential for the 
longest post-Bandelier sedimentary record within the Pajarito fault zone, although we have just begun 
to examine the deposits here. The fine-grained nature of most of the section is in striking contrast to the 
overlying gravel-rich fan deposit, and presumably records some combination of eolian, overbank, and/ 
or distal colluvial deposition. The presence of multiple buried soils demonstrates episodic deposition 
of the section. Of particular significance is the occurrence of abundant reworked pumice clasts in a unit 
at the base of the section which are mineralogically distinct from Bandelier pumices, and which pro- 
vide the potential for age control for the lower deposits. 

Valles Rhyolite Pumice Beds. Pre-El Cajete, post-Bandelier pumice falls and reworked tuffaceous 
deposits have been recently recognized at a number of sites on the Pajarito Plateau, and may provide 
valuable early Pleistocene stratigraphic markers for units associated both with faulting and with drain- 
age evolution on the Plateau. These pumice beds are believed to be associated with eruptions of the 
Deer Creek and V'le Grande Members of the Valles Rhyolite of Bailey et al. (1969) and Smith et al. 
(1970 ), the post-Valles caldera domes in the Jemez Mountains. 

Mineralogic, geochemical, and stratigraphic examination of these pumices (unpublished work in progress 
by Dave Broxton) indicate that they record the products of multiple separate eruptions. Geochemical 
fingerprinting (Fig. 2-10) and petrographic characteristics indicate that the most common pumices are 
probably related to lavas erupted from the Cerro del Medio dome complex. Cerro del Medio lavas have 
yielded 39Arf0Ar ages of 1.16 and 1.2 1 Ma (Izett and Obradovich, 1994), very close to the age of the 
Tshirege Member. Other stratigraphically lower pumices have petrographic characteristics similar to 
the older Deer Creek rhyolites which were erupted from the floor of the Valles caldera prior to uplift of 
the Redondo Peak resurgent dome (Smith and Bailey, 1968). Early Pleistocene pumice beds, probably 
from the Cerro del Medio eruptions, can also be examined in a mesa-top paleochannel at Stop 3-4. 

Cross West Jemez Road, walk across ditch and up onto and across late Quaternary fan surface, and 
drop into incised drainage. Walk up drainage -50 m to 12-m high bank exposure. 

Station 2-2d. Post-El Caiete fan 

Stratigraphy, Age, and Geomorphic Significance. This site is along a minor unnamed tributary to 
Water Canyon near the base of the Pajarito fault escarpment (Fig. 2-5), which heads in Bandelier Tuff 
-1.7 km to the west. The stream bank exposes, from top to bottom, 6 m of rocky fan deposits, 2 m of 
El Cajete pumice, and 1+ m of fan deposits (Fig. 2-11). Although poorly exposed, the upper fan 
deposits appear to record a single stratigraphic unit and a major late Quaternary aggradation event. 
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€ig. 2-1 0. Plot of Nb vs. Zr for. samples of post-Bandelier pre-El Cajete pumice beds from the Pajarito 
Plateau, and clrernical fields for Vallcs Rhyolite lavas (unpub. work by Daw: Broxton, 1996). This plot 
indicates thal most sampled pixrnices are associated with the early Pleistocene Cerro del Medio dome 
complex. Geochemicdlly distinct, stratigraphically lower pumices may be associated with the Deer 
Creek i'vlerriber of the Wles Rhyolite. Vdles Rhyolite data from Spell (1987). 

Fig. 2-1 1 .  Stratigraphic section showing units exposed in stream bank at Stop 2-2d, west of West Jemez 
Road. 



Day 2 92 

As with most other late Quaternary units along the Pajarito fault, the upper fan deposit has not been 
cooperative in yielding reliable radiocarbon age control. Charcoal is rare, and a date of 11 10 f 40 14C 
yr BP that was obtained from the base of the fan gravels here is considered highly unlikely, We 
tentatively correlate this deposit with a terrace along Water Canyon 0.4 km to the south (see discussion 
at Mile 0.5 on the road log) and a large fan at Caiion de Valle 1 km to the northeast (see discussion at 
Mile 1.5 on the Log). Radiocarbon age control indicates an earliest Holocene or latest Pleistocene age 
for the Water Canyon terrace (Wong et al., 1995), and soil exposed in a pit at Caiion de Valle suggests 
a mid-Holocene to latest Pleistocene age for that deposit.. 

The post-El Cajete fan demonstrates the highly episodic nature of sediment delivery from the rugged 
forested terrain west of the Pajarito Plateau, and this supply of gravel-rich sediment has probably 
contributed to the late Quaternary aggradation experienced along canyons to the east. Although the 
deposits along the escarpment are not well dated, the sedimentary record in canyons to the east sug- 
gests that related aggradation downstream peaked in early or mid Holocene time. In particular, the 
absence of recognized latest Pleistocene terraces and the occurrence of early Holocene terraces along 
canyons that head in the Sierra de 10s Valles such as Frijoles Canyon (Reneau et al., 1993,1996b) and 
Rendija Canyon (Stop 2-3), suggests that these deposits along West Jemez Road may also be early 
Holocene in age. It is also worth noting that the apparent existence of contemporaneous aggradation 
along lower elevation canyons that head on the Plateau (discussed at Stops 1-2,1-4, 1-5) and canyons 
that head in the Jemez Mountains suggests a common climatic control, although age control is not yet 
sufficient to prove precise synchroneity. 

Pre-El Cajete Buried Soil. A thin (e1 nr) buried soil underlies-the El Cajete pumice. We have not 
described this soil in detail, but casual observations indicate that this soil has a weak Bt horizon with 
weak to moderate prismatic and blocky structure, patchy argillans, and evidence of color reddening. The 
soil also has features associated with soil gleying (light bluish grey colors, mottles) that is probably a 
result of strongly reducing conditions when soil water is perched at the top of the buried soil. Similar 
features have been observed beneath the El Cajete pumice at other sites along West Jemez Road, includ- 
ing trenches at Mile 1.2 on the Log. 

Surface Soil. We do not yet have detailed descriptions for the surface soil at this site. Initial observations 
of the soil indicate that it has an A-Bw-BC-C horizon sequence, with an abundance of fines within the 
upper A and Bw horizons. This soil appears to be very similar to the WJR-6 soil at the mouth of CaSion 
de Valle (discussed in detail at Mile 1.5 on the Log) which has also formed on rocky late Quaternary fan 
deposits. Additional soil study sites are planned for other soils formed in young fan deposits along the 
scarp, such as the one here, in part to refine the geomorphic mapping and to help evaluate possible 
synchroneity in depositional events between drainages. 

Return to vehicles, and head north on NM 501. 

1.1 Road to right is entrance to LANL Tech Areas 11, 16,28, and 37, all behind a security fence. 
TA-16 is also called “S-site”, reportedly named after a large pile of sawdust left from the old 
Buckman sawmill which operated from 1897 to 1903. It is a large Technical Area which was 
an assembly area for the f i s t  atomic bombs during World War 11, and continues to be the site of 
active weapons and high explosives (HE) research. 

1.2 Large water tanks to left. Colluvial deposits at the base of the escarpment north of these tanks 
were the site of paleoseismic trenches excavated in 1992 by Woodward-Clyde Federal Ser- 
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vices (Fig. 2-3; Wong ct al., 1995; Qlig et al., 1996). This site was chosen partly due to the 
presence of El Cajete purrlice exposed in excavations for the water tanks, and the resultant 
potential for age control. The pumice bed was not faulted, but small-scale (<0.2 m) offset of 
colluvial stratigraphy was present in the unit immediately beneath the pumice, providing evi- 
dence €or faulting shortly bel'ore 50.60 ka. Same of the colluvial units underlying the El Cajete 
pumice could be traced upslops to apparent fissure fills in coarse gravelly colluvium, providing 
evidence for older laultimg. Much ofthe escarpment here may be composed of large landslides, 
contributing to the difficulty of constraining the paleoseismic history of the Pajarito fault. These 
trenches were one of the sites where samples for TL dating of units immediately beneath tlhe El 
(Iajete pixmice were collected by Steve Forman (Fig. 2-12; Wong et al., 1995; Reneau et al., 
1996a), and soil samples weire also collected here as part of a LANL, background soil geochem- 
istry study (Longmire el al., 1996; McDonald et al., 1996a; Watt, 1996). 

1.3 Ihde l ie r  Tuff in roadcut on1 the left is the toe of a large landslide block. 

1.5 Caiion de Vdle channel, incised 7 rn into a large alluvial fan. The age of the fan is not certain, 
but soils exposed in a pit excavatcd north of the channel in 1995 indicate a late Quaternary, 
possibly early to mid Holocene (I?), age (see discussion of soil WJR-6, below), and a possible 
correlation with the Water Canyon terrace trenched by Woodward-Clyde. Cafion de Valle is 
intriguing because for 0.7 krn east of the Pajarito fault escarpment it has not yet been incised 
into thc IZandelier Tuff tm the downdropped block, and the western Pajarito Plateau in this area 
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Fig. 2-12. Lag of part of Water Tanks Trmch 1, showing El Cajete pumice and associated colliuvial 
units, and radiocarbon and 'TI, arialyses. 19.1 14C date below the El Cajete pumice is believed to 
erroneous. Black layer at the top of the buried pre-I31 Cajete ground surface is a gleyed and oxidized 
horizon similar to that exposed beneath thc pumice at Stop 2-2d (from Rerieau et al., 1996a, modified 
from Woiig et al., 1995). 



is mantled by a very extensive area of dacite-dominated alluvium that likely possesses a long 
and complex (although yet undefined) history. It is possible that the “mesa-top alluvium” that 
occurs discontinuously across much of the Pajarito Plateau in the Los Alamos area, particularly 
on the western Plateau, similarly possess a complex history related to varying times of incision 
and multiple fan-building events, although age control is poor. CaHon de Valle is near the point 
of maximum apparent offset along the Pajarito fault zone (Fig. 5 in Introduction; Wong et al., 
1995; Olig et al., 1996), suggesting that the lack of incision in this area is in part related to the 
greater amount of down-dropping of the block to the east than at canyons to the north and 
south. 

WJR-6 Soil-Stratigraphy. A weakly developed soil, consisting of an A-Bw-BC-C horizon sequence, 
has formed in the coarse, rocky fan deposits at the mouth of CGon de Valle (Fig. 2-13). This soil 
appears to be very similar to the surface soil that has formed in the post-El Cajete fan deposits exposed 
at Stop 2-2d. 

The soil at Cafion de Valle has a thin, 5 cm thick A horizon that has well developed crumbly 
structure and noticeable dark coloration due to the accumulation of disseminated organic matter. The 
Bw horizons have only weak subangular blocky structure, but development of structure is probably 
limited due to the abundant, large clasts. The texture of the A and Bw horizons appears to have been 
enhanced from additions of eolian and/or floodplain sediment, with silt contents noticeably higher in 
these horizons than in underlying horizons. Silans that form nearly continuous to patchy coatings 
along ped faces and on top of clasts also suggest that considerable contributions of additional silt have 
occurred. Low concentrations of extractable A1 and Si and allophanic clays reflect the overall weak 
degree of soil formation (Table 2-4). A SDI value of 10.0 suggest that this fan was deposited before 
about 3.8 ka 

2.0 
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Bandelier Tuff in roadcut to left, possibly the toe of a large landslide complex (?), is overlain by 
the El Cajete pumice. 

Pond to right, below road, was part of the old Anchor Ranch, a homestead occupied until 1942 
when the area was taken over by the government for the Manhattan Project. 

Crest of alluvial fan emanating from an unnamed drainage in the Sierra de 10s Valles which, 
like Caiion de Valle, has not yet incised into tuff on this part of the Plateau. Soil pits excavated 
east of road in 1995 revealed a sequence of relatively thin depositional units at this site 0.3 km 
from the fan head. Although the history of this fan is poorly constrained, soil-stratigraphy 
exposed in these soil pits indicated that at least two periods of soil-formation, separated by 
dacite-rich alluvium, occurred prior-to and subsequent-to deposition of the El Cajete pumice 
(Fig. 2-14). The degree of development in the surface soil suggest that the last interval of 
deposition here occurred about 20-40 ka. 

Crest of remnant of old dacite-bearing fan that probably emanated from Pajarito Canyon, 18 m 
above modern channel. Dirt road to left provides access onto National Forest land. 

Pajarito Canyon channel. Stream is incised 12 m into tuff here, and is 10 m below a narrow 
terrace of uncertain age. A truncated, clay-rich soil (clay up to 40% by weight) exposed in a pit 
excavated in 1995 (WJR-2) indicates an age of >50-60 ka for this terrace, although the bouldery 
nature of the terrace deposit limited the depth of excavation and prevented full examination of 
the soil. A paleoseismic trench excavated in 1992 by Woodward-Clyde Federal Services on the 
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Fig. 2-14. Schematic diagram of soil-stratigraphy for profile WJR-4, on unnamed fan at Mile 2.4 on 
Day 2 log, showing pre- and post-El Cajete soils. 

lower escarpment south of the stream, west of the terrace, revealed some obscure and confusing 
stratigraphy that was the subject of considerable amounts of debate (Fig. 2-3; Wong et al., 1995; 
Olig et al., 1996). Faulted dacite-bearing alluvium was overlain by a >4 m thick fine-grained 
unit that was cut by many small faults and was tilted west towards the escarpment. The origin 
of the fine-grained unit was particularly puzzling, considering its location at the base of a very 
rocky slope. ATL analysis by Steve Forman provided an age estimate of 137 rt 22 ka, although 
the sample was near saturation and the unit could actually be much older, exceeding the limits 
of the dating method. Dacite gravels eroding out of colluvium along the lower escarpment can 
be traced south to the area of the old fan at Mile 2.5 on the log, suggesting that these deposits are 
a faulted part of this fan. Similar dacite-rich gravels are exposed -30 m higher, on top of the 
eastern escarpment, As at the other trench locations at the base of the Pajarito fault escarpment, 
interpreting the paleoseismic history is further complicated by the possible presence of large- 
scale mass wasting and the presence of additional fault traces to the west. 

2.7 

2.8 

Roadcuts expose old pre-El Cajete post-Bandelier pumice beds that are probably derived from 
eruptions of Valles Rhyolite domes in the Valles caldera. This was one of the sample sites of 
Dave Broxton (Fig. 2-10). The pumice beds display small-scale faulting, and are overlain by 
dacite lag gravels that may represent the highest aggradation level of an early post-Bandelier 
Pajarito Canyon fan, 22 m above the modern stream channel. This fan is apparently cut by a 
west-facing antithetic fault 80 m to the east. 

Road to right leads to LANLTAs 6,8,9,  14, 15,22,40,67, and 69, behind security fences. A 
large variety of weapons-related research and testing has occurred in this area since LANL was 
established. At TA-67, on Pajarito Mesa, 1.3 km of trenches were excavated by Woodward- 
Clyde Federal Services in 1993 to evaluate the potential for faulting at a proposed new waste 
disposal facility near the southern projections of the Rendija Canyon and Guaje Mountain faults 
(Fig. 2-3; Kolbe et al., 1994). Although faulting of early post-Bandelier mesa-top alluvial de- 
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posits and associated pumice beds was recognized, the most recent events occurred prior to 50- 
60 Ica. In addition to providing evidence o€ local fault history, these trenches provided an 
exceptional series of exposures of soils and stratigraphy on an undisturbed mesa and evidence 
for an early Holocene period of eriliancecl eolian deposition (Kolbe et al., 1994; Reneau et al., 
1 '395b, 19961)). 

'I'woniile Canyon channel 

Caimp May Road, to Pajarit0 Mountain ski area. Turn left. Pajarito fault splays into many 
traces in an at least :2 km wide zone in this area, including prominent back-facing down-to-the- 
west  scarps. 

Fkoad passes through eroded area r.,C slopewash or fan deposits within a trough or graben. El 
Chjete pumice present to right. A soil pit excavated to the left in 1995 (WJR-1) exposed both 
a pire-€31 Cajete: soil and a post-El Chjetc soil sequence similar to that found at several other 
localities across Ilic Plateau (e.g., [rig. 2- 14). 'The degree of development in the surface soil 
suggests that the last major interval oC deposition on this surface occurred about 20-40 ka. 

Road turns to left, begirnnlng climb up main Pajarito fault escarpment, -45 m high here. Bend 
in road is within relatively wide arid well-defined graben that extends north to and across Los 
1blaIIlOS Gilnyt9n. 

Pocket of stratified, slope-mworked El Clajete pumice exposed in roadcut, beneath colluvium 
c:ontaining slalrs of weltled tuff in a reddened €31 horizon. 

TJolcanic surge beds exposed within densely welded tuff in roadcut to left. Contact of Tshirege 
units "E and I;" of Rogers ( 1995) (inferred to be contact between Qbt-4 and Qbt-5). 

IPoad crosses shcurt wesl-facing step, part of a very dispersed Pajarito fault zone. Area south of 
road through here possesses relativcly thin and patchy soils in a landscape of generally stripped, 
Ik.ilctured, welded tu€f7 with many east-facing steps that are suggestive of relatively small (0-2 
in) post-Bandclier fault offsets. 

'View into 170 m deep Lss Alamos Clanyon to right. 

Road climbs laill, across east-€acirug fault step in welded Bandelier Tuff. 

Piijaito Mountain ski lodge, owned and operated by the non-profit Los Alamos Ski Club. Ski 
area was originally estabiislhed in the late 1950s, and now has 5 lifts and 34 runs. 

QmaMav Corninunity Park, shelters, picnic tables, outhouses. Lunch stop. Road turns 
into 0.5-mi lorig one-way loop (keep left, parking at various places along the loop road). 51400' 
elev. in mountain meadows in the headwaters of Los Alamos Canyon, below 10,441' high 
E%tjarito Mountain. Valley heads li kin northwest on the topographic rim of the Valles caldera. 
This valley and Ihe rest of the Sierra de 10s Vdles have revealed no evidence of glaciation, and 
;ire apparently just bellow the lower elevatisnal limit of glaciers at this southern latitude, al- 
though bou'ldm fields lhak display transverse ridges and other flow features are present that 
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sugges1I)eriglacial <:orrditions al variuirs tinies in the Pleistocene (Fig. 2- 1 5). Morphologically 
similar boulder dcposils ail similar or lulwer elcvations farther south in New Mexico have been 
intcrprctetl as fossil Wisctsxisin- age rock glaciers (Blagbrough and Farkds, 1 968; Blagbrouglh 
and 13rown, 1983; Blagbrorrgh, 19841, 

Camp May shelters. I<etr.acc route to NM 501. 

Pqjarita) Mountain ski ladgc. 

Pullorit to right at top of Pajauitn fauli escarpmcnl is locally called “The Ocean”. Views easi- 
wan1 aC Los Alar.nno,ci, the lroilhurn P$arito Plateau, and across the Espafiola basin of the Rio 
Crantlc rift to 13,000’ high pc:ah:s in thc: Sangre de Cristo Range. 

NM 501 (West Jemcz Road), ‘I‘urir l ek  Koadcrxt on right side of NM 501 exposes dacite- 
dorriimted fluvial gr;ivcls deposited on top of lhe upper part of the Bandelier Tuff, part of a 
largc, ~[~wssibly early Pleic,tcrce:n~c, €an ilrat spread ou& over the western Pajarito Plateau from 
lwcmiiile Canyon. Soils collectcd from ii mesa-top trench 0.8 km to the southeast on a highly 
erocled retnnant (sf this fa~ i  (idciiitilierl by scattered well-rounded daciti: lag gravels) possessed 
thc mcrst well-cleveloped soil horizons cxanrined in the LANL background soil geochemistry 
study (TA--69 sile, l’womilc Mesa; Imigmirc et al., 1996; McDonald et al., 1996a; McFadden et  
al., 1906; Watt, lr19A), with a stripped 131 horizon that contained 53% clay. These clay and Fe- 
rich soil!; display I he highest maltiral ccumntmtions of trace elements such as As and Be that are 
of cc)ii~:crn in evaluations C P ~  po~ential LANI,-derived contamination. The soil samplc site was 
at 1 kic  localion of a very well instrumenited Iicld experiment where precipitation, surface runoff, 
interflow, soil mt~iskure, aw id isotopic composition of precipitation and soil water have been 
mcaiswted beneath a p~~nclcrosa pine frprest (Newnian, 1996; Wilcox et al., 1996a, submitted). 
Oric lrticling of this oxperlriicnt was thc occurrence of significant amounts of interflow (lateral 
Ilow within the st ~il) durirag !;piing snowmelt, apparently through macropores within the clay- 
rich €31 horizone 

Figo 2-15“ Plwtograplis of blockfield at “rL’L.me: Firagers” ski run on northeast slope of Pajarito Moun- 
tain. This h i l d e r  clcposit displays lateral a1it.l transverse ridges suggestive of flowage under periglacial 
conditions, Clasts are c m p s e d  of mostly dacj tic lavas of the Tschicoma Formation. 
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12.6 Upper welded ’Ikhirege Member of Bandelier Tuff in roadcuts. Volcanic surge beds are well- 
displayed to tlic heft, at the contad (9f Tshirege units “E and F” of Rogers (1995). 

12.8 Road crosses east-facing step in tufFthat represents -10 m of offset of the Tshirege Member on 
an eastern strand of the Pajarito fairlt zone. 

I 3.3 1to;adcut on left exposes old, fluvia18y-reworked9 pre-El Cajete post-Bandelier pumice beds 
that arc: probably associated with eruptions of the Valles Rhyolite. Above the pumice is a lag of 
a m 1  tered rounded dacitc; gravels that probably represents a remnant of an early Pleistocene (?) 
I m  Alamos Canyon €an, 

1 3.5 ?West Road to left, dropping into Lo!; Alamos Canyon. I3ikini Atoll Road to right leads into part 
of the main 1,AWL Tech Area (TA-3, home of the Geology and Geochemistry Group). The 
road was namcd after the site of early post-war atmospheric testing of nuclear weapons in the 
!;outh Pacific. 

13.7 Stoplight. Continue straight. Paja-ito Road to right, leading into LANL TA-3. 

13.7-t !stoplight. Continue straight. Casa Grande Road to right leads to main LANL administration 
building. Stay in left lanes after light. 

13.9 Diamond Drive. ‘ilirn Left at stoplight at major 4-way intersection. Road to right joins Pajarito 
Iiioad which leads to White Mock (6.5 mi), and road straight ahead is East Jemez Road (“Truck 
Iliaute”), leading 6 mi to ‘Tsankawi (Stop 1-1). 

14.1 Center of Los Alatiios Canyon bridge (“Omega Bridge”), built in 195 1 , 55 m above the stream 
channel. Note that, the bridge slopes down to the north; the elevation difference between the 
mesa lops on opposite side!; o€ tlie canyon has lead many to suspect the presence of an east- 
west oriented, down-to-the-north cross fault here (e.g., “Los Alamos Canyon fault” of Rogers, 
1095), although no exposures of an cast-west fault have yet been identified. 2.7 km down- 
camyon is the Omega West nuclear reactor at TA-2, a small research facility which began opera- 
liions in 1956 and which was shut down in 1993 after discovery of a leak in the cooling lines. 
‘I’his leak: may have bccn thc major source of tritium which had been detected downstream in 
tihe alluvial acpifcr. The reactor laad been used for production of medical radioisotopes and a 
variety of scientific purposes (inchling Neutron Activation Analyses (NAA)). The Omega 
West reactor was built at the site OF earlier experimental reactors, the first dating to 1943 and 
wscd by Enrico Fermi and colleagues, atid the site is a designated National Historical Land- 
mark. 5.8 krn downstream from the bridge is the confluence with DP Canyon, Stop 3-3. 

14.3 Stoplight. Continue straight. Wcst Road to left (leading into Los Alamos Canyon) and Los 
Alamos Medical Center to fight. 

14.4 Stoplight. Continue straigltit. Trinity Drive to right (NM Highway 502), leads through the 
main Los Alamas townsite and “off the hill” towards Santa Fe. 1 .O mi down Trinity, on the left, 
is Ashley Porid, in the center of what was Project Y of the Manhattan Engineering District 
during World War 11, devoled to developing the first atomic bombs. Ashley Pond is located 
within the Kendija Canyon fault zone, and may have originally been a sag pond. North of 
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Ashley Pond is Fuller Lodge, a log building that was part of the Los Alamos Ranch School, a 
private prep school for boys from 1917-1943. Trinity Drive is named after the Trinity test, the 
first explosion of an atomic bomb near Socorro, New Mexico, July 16,1945, on what is now the 
White Sands Missile Range. Ashley Pond was named after the founder of the Ranch School, 
Ashley Pond. 

14.5 Stoplight. Continue straight. Canyon Road to right. 

14.7 Los Alamos High School on right. Los Alamos campus of University of New Mexico to left. 

14.8 Stoplight. Continue straight. Orange Street to right. Sandia Drive to left. 

15.0 Landfill over Pueblo Canyon channel. 1.5 km downstream is the confluence with Acid Canyon, 
where effluent containing Pu and other contaminants was discharged from -1945-1964. Stops 
3-1 and 3-2 are 8.5-10 km downstream, where investigations of the present distribution of con- 
taminants are in progress. 

15.2 Stoplight. Continue straight. Pueblo Complex to right. 

15.6 First Baptist Church to right. Roadcut to left exposes exceptionally thick (up to 1 m) cross- 
bedded pyroclastic surge beds in upper welded part of Bandelier Tuff. Dune forms in this 
outcrop display wavelengths of -2 m and. amplitudes of -0.4 m, with beds dipping up to 35” 
(Self and Sykes, 1996). 

15.8 Stoplight at crest in hill. Continue straight. 38th Street to right. Arkansas Street to left. Good 
views of ex-government housing in this area, dating to the 1950s. 

16.1 Beginning of Los Alamos Golf Course. Golf course built on part of wide alluvial fan complex 
that emanated from the upper part of Rendija Canyon, and which is preserved on the down- 
dropped block west of the Rendija Canyon fault zone. Fan deposits include well-rounded dacite- 
rich gravels and early Pleistocene pumice beds associated with the Valles Rhyolite, and are best 
exposed in roadcuts in a new subdivision to the north (“Ponderosa Estates”, also called the 
“Cemetery Tracts”). 

16.5 Golf Course Clubhouse, to right. 

16.7 Fire Station, to left. 

16.8 Road to Guaje Pines Cemetery and “Ponderosa Estates”, to left (“Range Road”, unsigned). 

16.9 Dip in road, along one trace of the down-to-west Rendija Canyon fault zone. Escarpment straight 
ahead bounds up-thrown block east of the fault zone. 

17.0 San Ildefonso Road. Turn left at 4-way intersection. Roads to right and straight lead up west- 
facing Rendija Canyon fault escarpment onto North Mesa, a residential area of Los Alamos. 

17.1 Road climbs to north across head of Bay0 Canyon. This canyon was probably in part eroded by 
the streams that deposited the Golf Course fan, and abandoned after capture by a tributary of the 
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pnxent Rendija Clanyon. The coincidence of the head of the canyon with the Rendija Canyon 
fault zone suggests that stream capture may have been related to faulting, although many other 
cainyons on the Plateau distant from the main fwlts also show evidence of capture, and a rela- 
tion to hilt events has not yct been demonstrated. 

17.3 Road clirnbs onto Barranca Mesa, ii residential area of Los Alamos. A small pocket of rounded 
dacitc: lag gravels in the soil in the roadcut to the left indicates a remnant of a mesa-top alluvial 
deposit that pre-dates incision of tlic canyons on this part of the Pajarito Plateau, and presum- 
ably pre-dates major displacement on the Rendija Canyon fault. 

17.6 llhm left as road beriuls right. Sign pointing left to Rendija Canyon and Sportsman’s 
Club. To the right is Barranca Road. ‘I’o the lcft San Ildefonso Road continues east, on left side 
or “San Ildeforrso Play Lot”, The residential area to the left is on a narrow “finger mesa”, and 
~ O U S C S  here experienced unusually high intensities from two pathetically small earthquakes in 
3 99 1 (Gardner and House, 1994). Local Mercalli intensities of -V-VI were reported, including 
thc stopping or a pendulum clock, despite moment magnitudes of only about 2 (yes, that’s Mw 
-~2!). The epicenters are poorly ddined, but apparently occurred -6 km north and at a depth of 
only a few kmi. The shallow depth, possible funneling of seismic waves along fault zones, and 
possible topographjc anipiifjcatioii may all have contributed to the remarkably high intensities. 
Ilecause the eveiits were so shallow, the velocity structure models for each station (built into 
thr: epicenter location routine) are not valid. Preliminary massaging of the data from each 
station suggest that both. events wcre located on the Guaje Mountain fault zone. 

17.7 Sign indicates Forest Road 57, as thc road leaves the residential area. Begin descent down 
s8teep hill. Narrow, wllh sharp curves. Drive carefully. 

17.8 Ib~i~dcuts in fractured Tshimge Member of Bandelier Tuff. Note red alteration along some of 
the fractures. Analyses of similar altered zones elsewhere on the Pajarito Plateau have indi- 
cated the presr:nce of hematite, a mineral not normally associated with fracture fills in the tuff. 
This hematite is believcd 10 have formed by early fumarolic or vapor phase alteration as the tuff 
originally cooled (Vaniman and Chipera, 1995). More typically, fracture filling minerals in 
12andelier Tuff on the Plateau are dominated by sinectite, with some calcite and kaolinite, and 
m c  halite and gypsurn, plus detrital minerals such as quartz derived directly from the tuff. 
Most af the fracture fills are be1ieve:d to represent material translocated from surface soils, and 
not nlinerals formed in situ from weathering of the tuff (Davenport, 1993; Davenport et al., 
1995; Vatiimatr and Chipera, 1995). 

18.2 Ilrainage. Road dips across tracc of down-to-west Guaje Mountain fault zone. 

1 8.3 IEoadcuts expose dacite-rich fluvial deposits associated with the Rendija Canyon Qt 1 terrace, 
overlying early Pleistocene, pre-’khirege pumice beds of the Cerro Toledo interval (1.22- 1.61 
Ma).  Soil pits excavated in 1992 and 1995 above the roadcut to the south revealed a partially 
I; tripped, eroded soil, harnpcring ;ittempts to derive soil-based age estimates for this terrace. 
(Note that the ciacite-dominated tcrrace deposits in this canyon have been misinterpreted as part 
of the pre-Bmdelier Puyc Formation by various workers ( e g ,  Griggs, 1964; Self and Sykes, 
L 9!%).) 
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18.3+ Pavement ends, and road heads east down Qt2 terrace. Short dirt road to left leads to beginning 
of Pajarito Trail, which heads north for -4 mi in or near the Guaje Mountain fault zone, and 
ends at Pine Springs in the Santa Fe National Forest. This is an alternative route into the 
bottom of Rendija Canyon when the Sportsman’s Club firing ranges are active. 

18.5 Pistol Range of the Los Alamos Sportsman’s Club, to left. 

18.6 Stop 2-3: Rendija Canyon, at Sportsman’s Club. Park at clubhouse on Qt2 terrace. This 
stop involves an -2 mi hike in Rendija Canyon with -150’ elevation change (Fig. 2-16). There 
are multiple points of interest, and we will plan to be out all afternoon. (Note: Firing ranges 
here are used frequently, so be aware of the limits of the range if this stop is made after the FOP. 
Thanks to the generosity of the Sportsman’s Club, the firing ranges are closed for the day of 
this field trip.) 



I 

Rendija Canyon, Figure 2-16 
LEGEND 
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Station 2-3a: Sportsunads Club% Qt2 terrace (6950’. 2120 in elev.) 

Geologic Setting. This stop is in sin area where several early Pleistocene and late Tertiary units are 
exposed in the vicinity oi  the Guajjr: Mountain fault zone. The rugged topography to the north is the 
south flank of Guaje Mountain, underlain by dacitic l ava  of the Tschicoma Formation, which are 
dated at -5 Ma by K-Ar tcu thc north (Aldrkh and Dethier, 1990). Guaje Mountain is bounded to the 
west by the Guaje Mountain fault zone, whish has a maximum post-Bandelier offset of -25-30 m 
farther north; post-Bamdelier offset in this area is estimated at -15-20 m (Fig. 5 in Introduction; Wong 
et al., 1995; Olig el al., 1996). The Elandelier Tuff has only partly buried the pre-Bandelier 
paleotopography in this area, and the T’shirege Mernber of the Bandelier Tuff is plastered onto the 
dacites €311 the south flank of (3uaje Mountain (Fig. 2-17). 

‘Chis stop is below thc, base of the “rshirege Member, and exposures within Rendija Canyon along our 
hike a e  s f  the Otowi lWember of the Bandelier Tuff and of purnice beds of the Cerro Toledo Rhyolite. 
Both of these units and the overlying non-welded biisd part of the Tshirege Member are very easily 
eroded, and extensive lateral si ream erosion within these units has allowed development of relatively 
broad stream terraces that constitute the best flight of terraces in Los Alamos County. Downstream -1 
lrm from here, the channel begins incising into Pliocme fanglomerates of the Puye Formation (Fig. 2- 
18), ccurrespomding to a significant increase in stream gradient and a narrowing of the Holocene terrace 
belt. In  contrast to the basalt knickpoints that provide very persistent base level controls for other 
Plateau sl reanis, the €‘ml;lomerates here apparently provide a “soft” base level control, one that allows 
maintenancc of relatively gentle gradients upstream that in turn facilitates sediment deposition, but 
that also allows gradual incision and resultant abandonment of former floodplains. These terraces 
provide: 1) datum for constraining late Quaternary fault offset (rare elsewhere in the Pajarito fault 
system); 2) a relatively long and detailed record of late Quaternary fluvial history; and 3) a field 
laboratory for examining soil forming processes and soil development over time. 

Strearn Terrace Sequence. Rendija Canyon possesses the best flight of stream terraces on the Pajarito 
Plateau within Los Allarnos County, both in terms of numbers and in terms of their preservation and 
exposure, locally including at least 5 Pleistocene surfaces and 4 Holocene surfaces (Fig. 2-19). These 
terraces were first examined by Gonzales and Cardner (1990), and then later by Keith Kelson and 
colleagues (Wong et d.? 1995). The terrace nomenclature we are using is based on that developed by 
Kelson,, modified following more recent mapping and I4C dating. 

Tentative: age estimates for these terraces were first made by Gonzalez and Gardner (1990), based on 
“height-a~)ove-grade” conrelatlorncs with an Espaiiola basin terrace sequence (Dethier et al., 1988) and 

C: dates from Cabra Canyon (Cwdner et all., 1990). Age estimates in Wong et al. (1995) were based 
on limited dating and initial field descriptions of soils exposed in pits, comparing these soils to soil 
chronosequerices elsewhere in the region. These were revised by McDonald et al. (1996b) based on 
additional I4C! dating and on a preliminary Pajarito Plateau-specific soil chronofunction, and we have 
subsequently made a few additional revisions. Surface designations and age estimates made by these 
workers arid those used in this guidebook are presented in Table 2-5. Note that the most recent soil- 
based age estimates of the Qt2 and Qt4 terraces are consistent with the initial estimates made by 
Kelson, providing support for the validity of general regional soil-based correlations (at least as an 
approximate dating tool). In contrast, the tentative “height-above-grade” method of Gonzalez and 
Cardner (1990) resultcd in some age estiiiiiates that were too old (particularly for Qt5), illustrating the 
uncertainties that can result from assuming constant incison rates between drainage basins with vari- 
able geomorphic characteristics. 

14 



Day 2 104 

Fig. 2- 17. Photograph from near Stop 2-3a in Rendija Canyon. Isolated outcrop of the Tshirege Mem- 
ber of the Bandelier Tuff is perched on dacitic lavas of the Tschicoma Formation on the south flank of 
Guaje Mountain. The pre-Bandelier topography was only partially buried in this area by the Bandelier 
Tuff ignimbrites. Guaje Mountain fault is to left (west) of escarpment. 
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Fig. 2-18. Longitudinal profile of Rendija Canyon, showing generalized bedrock units, faults, and the 
upper limit of stream terrace gravels. The Bandelier lbf f  is buried beneath an early Pleistocene (?) fan 
below the “Golf Course surface”, east of the Rendija Canyon fault zone. 
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Fig. 2-19. Schematic cross section across Rendija Canyon east of the Sportsman’s Club, showing 
stream terrace sequence. Highest, soutliwn terraces are poorly defined due to burial by slopewash 
colluvium. 

The Holocene terraces (Qt5-Qt8) primarily appear to be strath terraces overlain by 0.5-2 m of channel 
deposits arid variable thicknesses of floodplain deposits and colluvium, although channel deposits 
occasionally rmch up to 3 m in thickness and at least in part record minor aggradation. In contrast, the 
Plcistocmc terraces (Otl-Qt4) are typically overlain by 4-10 m of gravelly channel deposits, and record 
more sil;rail’icant aggradational episodes. IWany or most of the mapping units may include multiple 
distinct terraces that have sjmillw elievatioras relative to the modern channel and cannot be differenti- 
ated without precise geochronologic data. The ages of the Holocene alluvial deposits are well con- 
strained by -30 radiocarbon dates, but no firm radiometric ages are available for the Pleistocene ter- 
races. The terraces converge downstream (Fig. 2-20), suggesting progressive reductions in stream 
gradieril through the late Quaternary, although the possible influence of faulting on these stream gradi- 
ents has not yet been evaluated, 

Paleoseismic History. ‘Work on the age and longitudinal profiles of the Iiendija Canyon stream ter- 
races (Wong et al., 1995; Olig et al., 19961, in combination with data from a trench excavated in Clabra 
Canyon (Gardner et al., L990), have allowed estimates to be made of the amount and general timing of 
late Quat:emary faulting on the Guaje Mountain fault zone. Vertical offset of the Qtl terrace is esti- 
mated at 2.5-4 rn, and of the Qt2 ka-race a1 1.8-2.5 rn, suggesting as much as 2 m of offset in one or 
more eveinls between Qtl and Qt2 time, and one or more additional events after Qt2 time (Fig. 2-20). 
Data from Catbra Canyon indicaitc that the last event was between ca. 4 and 6 14C ka (to be discussed at 
Station 2 -3e). Notably, approximate latt: Quaternary slip rates calculated from the offset terraces, 
-0.008-0.02’7 rndyr,  are sjmillar to the average long-term (post-1.22 Ma) slip rate of -0.012-0.016 
rnrrdyr calculated for this part o€ the fault, 

e Follow dirt road to northeast across firing range, dropping into the bottom of Rendija Canyon (Fig. 
2-1 C,), Road passes by a Qt4 teirace to the east (site of a 1995 soil pit, RCT4-2), and a Qt6 terrace 
to the west (site of pit lRC11’6-2, Stop 2-3s:’). At the canyon bottom, walk upstream (left) 50 m to a 
reexcavated 1995 soil pit. 
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Fig. 2-20. Generalized longitudinal profile of Rendija Canyon near the Sportsman’s Club, showing 
downstream convergence of stream terraces and approximate amount of fault offset. The amount of 
offset of the mid-Holocene Qt6 terrace is not yet defined. 

-- 

Station 2-3b: Late Holocene OtS terrace: soil pit RCTS-2 

Alluvial Stratigraphy and Age. A 2.2-m deep pit into a -1.7 m high Qt8 surface exposed channel and 
floodplain deposits that are sedimentologically similar to Holocene deposits elsewhere in Rendija Can- 
yon, although this section is thicker than many and provides evidence for an aggradational event at ca. 
500 14C yr BP (-1430 cal A.D.; Fig. 2-21), 

The stream channel deposits are dominated by coarse sand with variable amounts of pebble-to-cobble 
sized gravel, whereas “floodplain deposits” are typically finer-grained and poorly sorted, dominated by 
variable amounts of fine-to-coarse sand, pumice fragments, and gravel. Many sections through the 
latest Holocene floodplains show thin (5-20 cm) well-sorted sand layers of variable grain size (fine, 
medium, or coarse sand) that probably represent overbank deposition during floods of varying depth. 
The poorly sorted nature of the typical floodplain deposits probably represents bioturbation of the 
original flood stratigraphy. 

This soil pit fortuitously exposed a paleo-stream bank that was completely buried at ca. 500 14C yr BP 
associated with >1.5 m of channel aggradation (Fig. 2-21). A date from the lower part of the buried 
floodplain deposit indicated an age of 21580 14C yr BP for the buried terrace, similar to a date obtained 
from another Qt8 terrace 2 km upstream. These relations demonstrate that at least some of the Ho- 
locene terraces in Rendija Canyon should be considered “fill terraces”, although the thicknesses of 
associated channel deposits may not be great. 
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Fig. 2-2 1. Sketch of sirafigraphy exposed in Rendija Canyon RCT8-2 soil pit, 6860’ channel elevation, 
Stop 2-33. A floodplain deposit that yielded an - 1.6 14C ka date is buried beneath deposits representing 
a channel aggradation event at -0.5 I4C1 ka. The Qt8 surface is thus at least in part a fill terrace, 
although {he total thickness of the fiill may bc: small. 

Qt8 Soil IPrcufile. The R C B - 2  profile (Rmclija Canyon Terrace QtS, Soil Profile #2) exposed in this 
soil pit 1s similar to tho;se developed on other Qt8 surfaces in Rendija Canyon. The soil generally 
consists of a weakly developed A-Bw-C profile sequence. The thin (13 cm thick), incipient Bw hori- 
zon has weakly devcluped subangular blocky structure, no cutans, and a mdtrix color with 10 YR hues 
that is generally the same as tlac that of the parent material (Table 2-6). The soil texture within the 
upper 40 cm .Cines upward from loamy sard to sandy loam, has a clay content between about 3 to 8 % 
by weigh& and a gravel content a€ less than about 10-20 % by volume (Fig. 2-22; Table 2-6). By 
comparison, the C horizons are gencrally loamy sand to sand and have a clay content less than about 3 
% by weight and gravel contenl of greater than about 20 96 by volume. The source of the finer texture 
within the upper profile is attributed to epj sodic deposition of fines associated with overbank deposi- 
tion and Local slopewash. Bioturbation (burrowjng fauna, root activity) has probably enhanced mixing 
of the atlckd silt and day throughout the upper profile. Evidence for more recent deposition of sedi- 
ment onto a pre-existing soil profile is secii in the A2 horizon, which has a slightly darker color than the 
overlying AI horizon, suggesting that the A 1 is younger than the A2 horizon. 

APDI value of 4.3 was calailatlecil for this soil. PDI values for two other Qt8 soils of 3.9 and 4.4. These 
other Qt8 soils have: formed in slightly older stream deposits that yielded indistinguishable calibrated 

C ages o f  about 940 yr S.P. (Tablc 2-7). 14 

Qt7 Soil Profile. A soil de:veloped on a Qt7 surface (not shown here) generally has a A-Bw-C horizon 
sequence and displays a. slightly greater degree of development relative to the Qt8 soils (Table 2-6). 



Day 2 108 

Qt8 RCT8-2 Cumulative 
Particle-Size Dist. 

(?h wt e2mm) 

0 

n 

E 
0 
W 

5 -  a - - e .  ...... Stratified stream .. 0. .-4 0 
P 
a, 
CI 0 oo..-. 0. -.-. 0 -.... 

100- ........ ........ 
Ooo..- 0 

........... ............ 
0 m o.... 

0. 

o....os - 
SYMBOLS 

Structure Argillans Other 

Filled insect 
burrows 5 Subangular blocky X Lining pores 

lb Along ped faces I Prismatic 000 Gravel (nc-many) 

Prismatic - ,!,., Along ped faces Sand layers ’ subangular blocky (few-common) 

j-, Prismatic -* e Coating gravel uuu Lamellae 

.... 

angular blocky 

Fig. 2-22. Schematic diagram and particle-size distribution for the RCT8-2 soil profile. Upward fining 
in soil texture is largely due to episodic overbank sedimentation and subsequent mixing from bioturbation. 
Soil described along north wall of pit. A2 horizon is buried by more recent overbank deposits. 

The soil morphology is generally similar to soils on the Qt8 except that total Bw horizon thickness has 
increased to 52 cm. Alluvium from a single Qt7 pit yielded a calibrated I4C age of about 3.4 ka (Table 
2-7). Mean PDI value for 3 Qt8 soils is 4.2 and a single Qt7 soil yielded a value of 7.6. The studied Qt7 
soil has a 8 cm thick layer of colluvium (C horizon, Table 2-6), derived from nearby hillslopes. This 
layer of colluvium buries the base of young ponderosa pines rooted on the former soil surface defined 
by the top of the buried A horizon. 

Walk about 80 m upstream to a prominent north-facing stream bank exposure, 

Station 3-3c: Mid Holocene Ot6 terrace: stream-bank exDosure of strath surface 

This stream bank displays a well-exposed cross section through a mid Holocene strath terrace (Figs. 2- 
23, 2-24), A relatively planar surface cut into tuff is overlain by -1.1-2.5 m of coarse sands and 
gravels. This terrace, Qt6, is the widest and most continuous Holocene terrace in this part of Rendija 
Canyon, and has yielded 5 dates of 5.0-6.3 14C ka from 4 sample sites within 0.6 km of here (plus one 
anomalous date of 2.1 14C ka from this exposure). The available stratigraphic and chronologic evi- 
dence suggests that the stream channel elevation in this reach was relatively stable for >lo00 years, 
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Vig. 2-23. Photograph of 5-m high mid-Holocene Qt6 strath terrace in Rendija Canyon, at Stop 2-3c. 
Strath surface carved into tuff is overlain by - 1-2.5 in of coarse sand and gravel and -0.75 m of a 
sandy, pumice-rich floodplain deposit. Ancrimalous date ol2.1 14C ka was obtained from this exposure; 
all othcr ages Tor the Qtti terrace in this part of Rendjja Canyon are -5-6 14C ka, including at a soil pit 
35 m to iht: south. 

Fig. 2-24. 'Two cross sections through the mid Holocene Qt6 terrace. The east-west section is at Stop 2- 
3c, where the terrace is -5.3 m high and the underlying strath is 2.5-3.5 rri above the modern channel. 
The north-,south section is $0 ni to\ the southwest, where the terrace is -4.4 m high and the strath i s  0.6- 
2.2 m high. The height differences reflect ].oca1 differences between terrace slope and channel slope. 
Gravelly stream ch;mncl alluv.ium at these sections ranges from 1.1-2.7 m thick, averaging about 2 m. 
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allowing planation of the relatively wide strath surface associated with this terrace. Measurements 
at 4 sites indicate thicknesses of associated channel deposits of - 1-2.7 m, consistent with little or no 
aggradation associated with formation of this terrace. 

Climb up stream bank, and walk to reexcavated soil pit 35 m to south. 

Station 2-3c’: Mid Holocene Ot6 terrace: soil pit RCT6-2 

Alluvial Stratigraphy and Age. A 2.1-m deep soil pit into this -5 m high Qt6 surface exposed 0.7 
m of poorly sorted sandy floodplain deposits overlying >1.4 m of sands and gravels (Fig. 2-25). The 
uppermost channel deposits are the coarsest in this section, consisting of a poorly sorted bouldery 
layer that is similar to the modern stream bed and suggestive of a channel lag deposit. A date of ca. 
5.92 14C ka was obtained from a pumice-rich sand layer at the bottom of the pit, and a second date of 
ca. 5.28 I4C ka was obtained from a lens of silt, fine sand, and pumice near the top of the boulders at 
a depth of 0.95 m. The apparent age span between the lower and upper parts of this channel deposit 
is very similar to that obtained from another Qt6 terrace 0.6 km downstream, 5.98 I4C ka from basal 
sandy gravels and 5.04 14C ka from the uppermost part of the channel deposit. 

Qt6 Soil Profile. The RCT6-2 profile exposed in this soil pit is similar to those developed on other 
Qt6 surfaces in Rendija Canyon. The soil generally consists of an A-Bw-C horizon sequence. The 
Bw horizons have weakly developed subangular blocky structure, no cutans, and a matrix color 
with lOYR hues that has a slightly higher chroma than that of the parent material (Table 2-6). The 
Bw horizons in the Qt6 soils are only slightly thicker and have slightly better develop of rubification 

Fig. 2-25. Sketch of stratigraphy exposed in Rendija Canyon Qt6-2 soil pit, 6865’ channel elevation. 
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and structure than the Bw horizons in the Qt7 soil. Thc soil texture within the upper 60 cm generally 
fines upward and varies between sandy 1o;ii-n to silt loam, has a clay content between about 9 to 15 % 
by weight, arid a gravcl content that decrwses upward to less than about 20 % by volume. (Fig. 2-26; 
Table 2-6). Ely comparison, the C horizons are generally loamy sand to sand, have a clay content less 
than about X %I by weight, and a gravel content of greater than 20-30 % by volume. 

There is a considerable increase in clay a~id silt in the Qt6 soils relative to the younger Qt7 and Qt8 
soils. The devclopmerit of finer texture williiri the upper soil profile is probably due to additions of silt 
and clay from overbank and/or colluvial sediments during early stages of soil formation. Evidence: for 
this is the distinct incrcase in silt content in the BA horizon that suggests that this horizon was a former 
surface A horizon that has been subsequenlly buried by a thin layer of overbank or colluvial sediment. 
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Fig 2-26. Schematic diagram and particle-size distribution for the Qt6 RCT6-2 soil profile. 
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The downward decrease in silt and clay through the profile suggests that bioturbation has probably also 
enhanced mixing of the added fines throughout the upper soil profile. 

Best age estimates for deposition of Qt6 stream deposits, based on calibrated radiocarbon ages, are 
about 5.7 to 7.9 cal ka (Tables 2-5 and 2-7). The younger part of this time period is probably more 
representative of the time of surface abandonment and initial soil development. A PDI value of 13.8 
was calculated for the RCT6-2 soil, and two other Qt6 soils yielded values of 16.1 and 17.3. 

Return to stream channel and hike upstream. Note prominent 6 m high boulder-capped pedestal 
rock to right (north), formed in the Otowi Member of the Bandelier Tuff (Fig. 2-27). Similar pedes- 
tal rocks (also called “tent rocks”, “hoodoos”, or “precarious rocks”) are common in parts of the 
Pajarito Plateau, developed both in tuff and in the Puye Formation (excellent examples in the Puye 
Fm. are visible from the road down Rendija Canyon to the east). These rocks have been cited by 
some as evidence for a lack of significant earthquakes in this area (e.g., Keller, 1968), seemingly 
contradictory to the more recent evidence for a mid-Holocene surface rupture event on the Guaje 
Mountain fault (Gardner et al., 1990). Rather than providing evidence for a lack of earthquakes, 
perhaps they instead provide more evidence for locally rapid rates of Holocene erosion on the 
Plateau. Another possibility is that ground motions associated with paleoseismic events may have 
been insufficient to cause many of the capping boulders to topple. 

Fig. 2-27. Photograph of boulder-capped 
pedestal rock in Rendija Canyon west of 
Stop 2-3c. Otowi Member of Bandelier 
Tuff forms pedestal. 

-130 m farther upstream to the left (south), at a sharp 
bend in the channel, is an exposure of a 5-m high strath 
surface beneath a Qt4 terrace remnant. -4 m of chan- 
nel deposits are present at this eroded exposure. Both 
the strath and the top of the terrace gravels are lower 
than for the Qt4 terrace upstream, providing some of 
the evidence for downstream convergence of terrace 
profiles (Fig. 2-20) and relatively little incision be- 
tween Qt4 and Qt6 (discussed at Stop 2-3g). 

At a fork in the dirt road in a broad part of the canyon 
floor, turn right (north) up Cabra Canyon (Fig. 2- 16). 
Note the lack of an incised channel in Cabra Canyon 
and the sandy floor, contrasting with Rendija Canyon 
where a bouldery channel is incised below banks. 

About 0.2 km upstream on the left (west) bank is a 
terrace remnant buried beneath slopewash. At the left 
side of the exposure -0.7 m of coarse sands overlie a 
fluted tuff surface suggestive of a strath, whereas on 
the right side 1.6 m of sands and gravel fill a buried 
channel, suggesting that this terrace in part records 
an aggradation event (fill terrace). Charcoal from 
stream sands here yielded a date of 7.9 14C ka, inter- 
mediate between typical “Qt5” and “Qt6” ages. 
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Continue walking rip Ciibra Canyon for about 0.4 km to a major bend to the left. The bend is in the 
Guaje Mountain f d t  zone, at the site of a paleoseisrnic trench excavated in 1987, the first such 
trench within the Pajarito fault system. 

SHT-1. SEXT-1 (Seismic Hazards Trench W 1) was a 45-m long excavation largely through unconsoli- 
dated Holocene sediments that fill the bottom of Cabrd Canyon (Gardner et al., 1990). The “trench” 
was typically about 4 in deep arid 5 m wide, and was excavated with a front-end loader instead of the 
traditional backhoe in order to make it wide enough to meet safety concerns of the time (Fig. 2-28). 
This 1oc;rtion was chosetx in part because i t  is next to one of the few places where the Guaje Mountain 
fault can be observed in outcrop: tufi; presumably the Otowi Member, is juxtaposed against sheared 
Tschicoma dacite 100 m up the drainage to the north (Pig. 2-29). 

Stratigraphy and Age. Units exposed in the trench were dominated by Holocene alluvium, both 
coarse ckaiinel sands and gravels and “m~~trix-supporked” deposits that were originally interpreted to 
represent thin debris flows, but that may also represent bioturbated floodplain deposits. Ten radiocar- 
bon dates, generally stratigraphically consistent, were obtained from SHT-1, and ranged from 0.3 to 
5.69 14C ka (Figs. 2-30, 2-3 1). ‘IJmlerlying units included apparent lacustrine deposits with reversed 
magnelic polarity that are probably part of the Cerro Toledo interval (1.22- 1.6 1 Ma), and several gen- 
erations of colluvium that were apparently associated with faulting events. 

Paleoseiismic History. Evidence of at least 3 paleoseismic events were exposed in SHT-1, with net 
vertical displacement estimated at 1.5 to :>2 m per event (Gardner et al., 1990). The most recent 

surface-rupture event apparently occurred between -5690 
:t- 250 “C BP and -3700 “C BP. The ca. 5.7 ka sediments 
were in I‘ault contact with the presumed Cerro Toledo beds 
in the center of the trench, and the fault is overlain by the 
ca. 3.7 ka sedimentary package. Unfortunately, only one 
date was obtainable from the Faulted unit, but we believe 
this date is reasonable because: 1) the unconsolidated na- 
ture of the faulted sediments indicates a Holocene age; 2) 
the general internal consistency of the dates from SHT-1 
and also in Rendija Canyon indicates minimal problems 
with sample contamination or recycling of old charcoal in 
these sediments; and 3) the date corresponds with the well- 
documented period of deposition of the Rendija Canyon 
Qt6 terrace, a likely time of sediment deposition in Cabra 
Canyon as well. Evidence for the older events is provided 
by the faulted colluvial units near the southeast end of the 
trench (Figs. 2-30, 2-32), although these events are not 
dated. Fig. 2-28. Photograph of excavation of 
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Fig. 2-29. Sketch map of SHT-1 area (from Gardner et al., 1990) 

Canyon, only 0.6 km downstream (Fig. 2-33). This dichotomy provides an excellent illustration of the 
range in behavior of streams on the Pajarito Plateau during the Holocene, and provides some insight 
into underlying causes. 

Cabra Canyon contains one of many streams on the Plateau which have been unable to transport all of 
the sediment supplied to it, resulting in progressive (albeit discontinuous) aggradation through the 
Holocene, with the late Pleistocene channel being buried meters below the modern channel. The 
general impression of Cabra Canyon upstream of SHT-1 is of a basin being literally flooded with 
sediment. Because Rendija Canyon has been incising during this same period, this upstream aggrada- 
tion has caused a significant steepening of the channel gradient (Fig. 2-33). Although this steepening 
should help the stream transport sediment, the stream has apparently not yet reached a balance between 
sediment supply and transport capacity, and net aggradation continues (indicated by the lack of an 
incised channel along much of Cabra Canyon). 

Basic drainage basin variables that should influence the tendency towards aggradation or incision 
along Pajarito Plateau streams include: 1) channel gradient; 2) basin area (influencing flood size); 3) 
mean basin elevation (higher elevation basins have the potential for more runoff per unit area because 



SOUTHWEST SIDE 

Fig. 2-30. Logs of northeast and southwest walls of trench SHT-1 in Cabra Canyon. Log of southwest wall is a “mirror image” to allow 
direct comparison of opposing sides (from Gmdner et al., 1990). 
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Fig. 2-3 1. Schematic log showing stratigraphic units exposed in SHT-1 and location of radiocarbon 
dates. Log is a composite of exposures on opposite trench walls, highlighting major stratigraphic 
breaks. Mid-to-late Holocene sedimentary packages are generally characterized by a basal gravelly 
channel deposit and an overlying finer-grained floodplain deposit. Suspect date shown in ( ). 3 . 6 ~  
vertical exaggeration. Prepared from original trench logs of Gardner et al. (1990). 

of the strong local elevation-precipitation relation[Fig .4 in Introduction], also influencing flood size); 
and 4) bedrock erodibility (influencing sediment supply, and also the potential for channel incision 
into bedrock). The variables (2) and (3), and in part (4)’ are often correlated on the Plateau, with larger 
basins tending to head in the higher elevation terrain underlain by the resistant Tschicoma Formation, 
limiting the ability to resolve their relative importance. 

A comparison of basin variables between Cabra and Rendija Canyons (Table 2-8) indicates that the 
aggradation in Cabra Canyon could be related to some combination of: 1) a higher sediment supply per 
unit area (-74% of the Cabra basin is underlain by relatively erodible units such as the Bandelier Tuff 
and Cerro Toledo pumice beds, compared with only -42% for the Rendija basin); and 2) smaller floods 
(the Cabra basin is much smaller than the Rendija basin, and its overall elevation is lower as well). The 
fact that the gradient of Cabra used to be less than Rendija’s should have also aided the Holocene 
aggradation, although the progressive steepening of Cabra’s channel should help diminish the ten- 
dency towards aggradation over time. 

An examination of similar drainage basin variables for other streams on the Pajarito Plateau also indi- 
cate that canyons displaying pronounced aggradation tend to have most of their basin area underlain by 
tuff, generally (but not always) head on the Plateau at relatively low elevations and possess relatively 
small drainage areas, and have gradients similar to or less than canyons with apparently stable or 
incising channels. 
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Fig. 2-32. Partial trench log showing details in main fault zone at southeast end of trench (from Gardner et al., 
1990). 
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Distance (m) 
Fig. 2-33. Schematic longitudinal profile of lower Cabra Canyon and adjacent part of Rendija Canyon, 
showing sedimentary packages exposed in SHT-1, terraces in lower Cabra Canyon and in Rendija 
Canyon, and approximate profile of ca. 3.2 14C ka Cabra Canyon channel. The channel of lower Cabra 
Canyon has been steepening through the Holocene, associated with progressive aggradation upstream 
and progressive incision downstream at the confluence with Rendija Canyon. 

Retrace route south down Cabra Canyon, bearing right (west) up trail back into Rendija Canyon to 
point where a trail branches off of the dirt road and crosses the channel to the south. 

station 2-3e: Earlv to Late Holocene Terrace Seauence (06 Ot 6, OM. OtQ 

Holocene Terrace Sequence. Within Rendija Canyon here are 4 Holocene terraces, all yielding 14C 
age control and 3 being sites of 1995 soil pits for the local soil chronofunction (Fig. 2-34). The north 
bank exposes a 5-m high Qt5 strath surface in tuff overlain by 1.5 m of sandy ravels, with the basal 
gravels dated at 8810 f. 50 14C yr BP. An almost identical date of 8940 f 50 C yr BP was obtained 
from another Qt5 terrace remnant 0.4 km upstream. 

1$ 

On the south side of the channel, dates of 1010 and 1070 14C yr BP were obtained from depths of 0.65 
and 1.65 rn below an - 1.3 m high Qt8 terrace, suggesting rapid deposition of this sedimentary section; 
>1 m of channel sands and gravels underlie this terrace, with the base not exposed. The next surface is 
an -3.2 m high Qt7 terrace which yielded dates of 3220 and 3200 14C yr BP from depths of 0.55 and 
1.45 m, also suggesting rapid deposition. The upper surface, an -5.7 m high Qt6 terrace, has 0.5 m of 
channel sands and gravels above the 4-m high strath surface, and yielded an age of 6950 14C yr BP. 
The Qt6 terrace is overlain by - 1 m of fine-textured colluvium, and this input of fines has resulted in a 
better developed soil than on the Qt6 terraces downstream. 
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Fig. 2-34. Schematic CI-O~S section across Rendija Canyon near the Pistol Range, showing terrace 
sequencc in area of Stop 2,-3e. Radiocarlimn ages (soild circles) shown for stream channel deposits 
(from McDonald et al., 1996b)o 

It is important to point out that although 1he 14C age control from individual terrace sections can be 
tight and suggestive of brief periods of deposition, the: ages commonly vary between sections (is., Qt8 
and Qt6 f= -1.0 and 7.0 ‘“C ka here, but -0.5 and 5.0-6.0 at downstream soil pits). This may in part be 
due to tiuni~-rtransgressive terracc formation, but we believe that, more importantly, it is due to the 
terrace designations 19eing in part artificial mapping constructs, lumping together multiple terrace forrning 
events into single mapping units. Thus, instead of there being only 4 discrete Holocene terraces in 
Rendija Canyon, thero may actually be several times that many. 

Sportsnran’rs Club Trenches. 8.35 km upstream of here was the site of paleoseismic investigations in 
1992 as part OF the Woodward-Clyde studies (Wong et d., 1995). Two trenches and 4 soil pits were 
excavated in unsuccesslhl attcmnpf s to obtain additional age control on faulting events on the Guaje 
Mountah fault. A promising west-Facirrg step at trench SCT-1 was apparently a remnant of a Qt7 
terrace at the site of a Qt8-age meander cut-off. Trench SCT-2, excavated nearby at the base of a steep 
slope, w i ~  largely ill unr:onsolidatetl latesi Holocene to historic slopewash deposits that continuously 
collapsctl during excavation (“type C” material in OSHA excavation safety lingo) (Fig. 2-35). The 
€ault zone itself was itpparently jus1 to the west on the steep slope, shown by offsets in Cerro Toledo 
beds that were exposed in a shadlow drainage. 

Despite. the absence of pakosej sniic data, these excavations provided excellent exposures of Holocene 
sediments that yielded valuablc age control and insights into the mid to late Holocene history of Reiidija 
Canyon (Fig. 2-36). In 19art, samples from these excavations provided the first age control on the Qt6 
and Qt’7 terraces, subsequently entranced at many other sites. Additionally, they demonstrated that 
impressive amoiints of sediment could be derived From relatively short slopes underlain by Cerro 
Toledo punice deposits- The bases of young ponderosa pines exposed along the edge of SCT-2 were 
buried bly up to 0.5 xn of slopewash deposits (Fig. 2-35), and the oldest exposed sediments, 1.7 m deep, 
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Fig. 2-35. Photographs of trench SCT-2, excavated in 1992 
in unconsolidated latest Holocene slopewash deposits. 
Right photo shows 20 cm diameter ponderosa pine tree 
buried by 47 cm of sediment. 
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Fig. 2-36. Schematic cross section across Rendija Canyon at site of 1992 Sportsman's Club trenches 
(SCT-1, SCT-2) and soil pits (SCSP-3, SCSP-4) of Wong et al. (1993, near the Guaje Mountain fault 
zone. Inferred stratigraphic relations and 14C dates are from Wong et al. (1995) and subsequent work. 
Suspect date shown in ( ). 4x vertical exaggeration. 
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were no older than I520 AD.  in age (most probable age, based on 3 analyses, is 1680-1950 cal A.D.). 
In addition, the Qt6 terrace therc: is buried by :~6 m of slopewash deposits, with inception of slopewash 
deposition apparently occurring contemporaneously with or soon after terrace formation. 

Holocene Sedimentation on the hjarito Plateau. Probability plots constructed using the I4C analy- 
ses from stream channel deposits in Cabna Canyon and Rendija Canyon are shown in Fig. 2-37, and 
provide a basis for subdividing the Wolocenc terrace sequence and assigning average ages and age 
ranges to ei%Ch mapping unit. These age estimates are shown in Table 2-5. It is notable that at least 3 
of the 6 dated sedimentary units in Cabrii Canyon have a matching dated unit in Rendija Canyon, 
suggesting that periods of sediment deposition between these two canyons are at least partially syn- 
chronour ;. 

A similar probability plot constructed using all dated Holocene and latest Pleistocene stream channel 
deposits on the Pajarito Plateau is shown itx Fig. 2-38. This more robust data set (55 dated units and 70 
radiocarbon dates from 10 canyons) also shows apparent clusterings in the ages of sedimentary units. 
In the late Holocene, where the sedimentary record is likely to be most complete, apparent pe&s in 
sediment deposition are indicated ai ca. 500, 1000, 1300, and 2900 cal yr 13.P. A scarcity of deposits 
dated to I -  1800-2700 cal yr BP is particularly striking, suggesting net incision and/or decreased sedi- 
ment supply during this period. 

Fig. 2-33 shows a probability plot for all dated Holocene and latest Pleistocene fan and slopewash 
deposits on the Pajaritn Plateau, Ilue to th: relatively small sample size, the record is more likely to be 
incompletely documented than for the channel deposits, and less confidence is put in the “peaks and 
troughs” c m  this plot. However, at least a cmuple points are notable. First, no fan or slopewash deposits 
have bwn tkttltod to the pcriocl from -1500 to 2700 cal yr BP, supporting the possibility of relatively 
limited rsedirnent supply at this time. Second, there is an apparent mid-Holocene peak in fan and 
slopewash ticposition centered on  -(4000-6XKI cal yr IBP. ‘This coincides with formation of the Rertdija 
Canyon QtG terrace arid also a major fill terrace in lFrisjoles Canyon (Reneau et al., 1993, 1996b). In 
cornbination, these data suggest that pulses of sediment transported off the canyon walls and down 
minor tributary drainage:s are at least partially responsible for the periods of stream aggradation or 
strath terrace formation. Furthermore, they suggest that such periods of hillslope erosion and sediment 
deposition have been episodic through th: Holocene and at least in part synchronous across the Pla- 
teau, suggesting that the erosional and depositional cycles have been influenced by Holocene climatic 
changes. These prelixrfinary conclusions will continue to be tested as more data are collected. 

* Follow trail to north across Holocene terraces, up the slope to the late Pleistocene Qt4 terrace. 
Beirns of the Pistol Range are to the left. An excavation behind a trailer at the south edge of the 
Pistol Mange provides an cxccllent exposure of the fill stratigraphy below the Qt2 surface (optional 
stop, when range i s  not being used). Keep right on Qt4 terrace to a reexcavated 1995 soil pit, near 
where pits were excavated in 1992 by Woodward-Clyde (Wong et al., 1995) and more recently in 
1996 for additional soil descriptions ;itid for collection of samples for cosmogenic nuclide analyses 
(discusscd below). 

Terrace Significancc, M.ratigraphy, and ‘“C Age Control. The Qt4 terrace is presently the only 
significant terrace thtt ha:; been recognized in ISendija Canyon between the Holocene suite and the 
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Fig. 2-37. Probability plots of calibrated radiocarbon ages showing: A) all Cabra Canyon stream units 
(using 11 dates from 6 units); B) all Rendija Canyon stream channel units (using 25 dates from 19 
units); and C) all Cabra and Rendija Canyon stream units. Probability plots were produced using 
CALIB 3.03 (Stuiver and Reimer, 1993), using 2-0 range and an error multiplier of 2.0 on the original 
analyses. Averaged values of 2 or more dates were used for sedimentary units with multiple similar 
dates, resulting in a tighter probability distribution for those units. At some sites that span a significant 
time range (such as SHT-l), multiple dates are plotted from a single section. Note that half of the dated 
Cabra Canyon units have a corresponding dated unit in Rendija Canyon, suggesting that the periods of 
sediment deposition are at least partly synchronous between these canyons, despite their much differ- 
ent behaviors in the Holocene. 
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Fig. 2-38. Probability plots of ca3ibrated rizdiocarbon ages showing: A) all dated Holocene and latest 
E’leistoci@nr: stream channel unif s on thc Pajarito Plateau (using 70 dates from 55 units), combining data 
from 10 canyons; B) d l  dated r(;lopewash and fan units on the Plateau (using 23 dates from 22 units), 
conibining data from 9 canyons. Historic deposits are excluded from plots. Probability plots prepared 
as in Fig. 2-37. The siimilarity between Inmy of the “peaks and troughs” suggests that periods of 
increased sediment supply from canyon walls and small tributary drainages correspond with periods of 
stream aggradation and/or strath tcirace formation. ‘I’he scarcity of deposits dated to ca. 2000 Gal BP 
on both plots is parlicularly striking, and seems unlikely to be attributable to an incomplete record, as 
is possi1)Ic for some OF the older, lower magnitude “troughs”. 
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broad Qt2 surface where we started our hike and which lies up the slope to the south. “Qt3” consists of 
relatively small and isolated mapping units between Qt2 and Qt4; its significance is unknown, and no 
sites for soil pits have been located on it. In contrast, Qt4 continues from here downstream for -2 km, 
and soils examined in a pit at a downstream location were similar to those found here. 

Qt4 represents a significant aggradational event, and the -4 m of sandy gravels that comprise most of 
the section are thicker than found below any of the Holocene terraces. At this soil pit, a buried soil 
associated with the terrace is overlain by 0.6-0.75 m of colluvium, a feature seen at the other Qt4 (and 
Qt2) soil pits. 

The Qt4 units have generally confounded attempts at 14C dating. Charcoal is sparse, and the only 
“dateable” sample collected from within the fluvial section, from pit RCT4-4 (excavated in 1996 and 
located -40 m east of here), yielded an improbable age of 3 130 14C yr BP. A more reasonable date of 
13,820 14C yr BP was obtained from the upper part of the buried soil at pit RCT4-2, providing a 
maximum-limiting date for the overlying colluvium, but only a weak minimum-limiting age for the 
fluvial sediments. An additional date of 780 14C yr BP was obtained from 0.6 m deep in the upper 
bioturbated colluvium in this pit, but is also suspect. Use of the 13.8 ka date and age control from Qt2 
colluvium (discussed at the next station), indicates that deposition of the overlying colluvium began in 
the latest Pleistocene or early Holocene, which is consistent with other evidence for widespread ero- 
sion occurring on the Pajarito Plateau around this time. 

RCT4-1 Soil Profile. The RCT4-1 profile exposed in this soil pit (Fig. 2-39; Table 2-9) is similar to 
those developed on other Qt4 surfaces in Rendija Canyon. The Qt4 soil profile generally consist of a 
surface soil with an A-Bw horizon sequence formed in a thin layer of colluvium, that, in turn, overlies 
a buried soil with a BA-Btk-Bt-CB horizon sequence that has formed in the Qt4 stream deposits. 

Surface Soil. Soils formed on the Qt4 surfaces have been buried in places by a thin (e1 m) 
layer of colluvial sediment, generally associated with distal deposition from small alluvial fans or local 
slopewash, derived from nearby higher terraces or hillslopes (A and Bw horizons in Fig. 2-39; Table 2- 
9). High silt and clay contents for this layer also suggest accumulation of dust might be an important 
source of the fine-grained matrix (Table 2-9). The soil formed in this layer consist of well developed 
Bw horizons with prismatic and subangular blocky structure and hues from 10 YR to 8.75 YR. Clay 
content in the Bw horizons ranges from about 13 to 15 % by weight and is generally greater than that of 
soils formed on Holocene terraces. A lack of obvious evidence of illuviation or in-situ weathering 
suggests that these high clay contents may reflect the initial texture of the colluvium; however, abun- 
dant evidence of bioturbation from burrowing fauna (possibly cicadas and earthworms) may have re- 
sulted in enough mixing of the soil matrix to prevent accumulation of oriented clays and silt along 
pedologic features. Development of extensive argillans along pores and ped faces within the upper 
horizons of the underlying buried soil indicates that downward translocation of clay must be occurring 
within the overlying Bw horizons. 

Soils that have formed in the thin layer of colluvium also overlie several of the studied Qt2 soils 
(Fig. 2-43; discussed in next station). The soils formed in colluvium on both the Qt4 and Qt2 surfaces 
are very similar in development. PDI values calculated for these surface soils range from 21.4 to 22.6. 
Strong similarities in profile morphology indicate that deposition of this colluvium was probably con- 
temporaneous across both the Qt4 and Qt2 terrace surfaces. As discussed above, a maximum-limiting 
date of about 13.8 14C ka (calibrated date of 16.6 ka) was obtained from the top of the RCT4-2 buried 
soil. Analysis of charcoal collected from the base of the colluvial cap covering a Qt2 (RCT2-1) soil 
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Fig. 2-39. Schematic diagram of soil morphology and particle-size distribution for the Qt4 RCT4- 1 
soil profilc:. The upper -70 cm of the soil is a colluvial layer that buried the Qt4 surface at ca. 12.8 cal 
ka. 
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indicates that deposition of this layer began about 10.9 I4C ka (12.8 cal ka; Table 2-7). A combination 
of greater PDI values and considerably stronger development of the Bw horizons for soils formed in 
the colluvial layer relative to soils formed on the Qt6 and younger terraces also indicates that deposi- 
tion of the colluvium began before about 5.7 to 7.9 cal ka (Qt6 ages, Table 2-5). 

Buried Qt4 Soil. Soils formed in the Qt4 deposits and that underlie the colluvial layer show 
considerably greater development than soils formed in Holocene deposits (Fig. 2-39, Table 2-9). The 
BAtb horizon is considered to be the A horizon of the pre-buried Qt4 soil; however, little remains of the 
original A horizon morphology. The original A horizon may have been eroded, or the features have 
simply been obliterated from overprinting by the surface soil. The Bt horizons have prismatic structure 
that parts to subangular blocky structure, 7.5 YR to 10 YR hues, discontinuous argillans along ped 
faces and pores, and a total Bt thickness of about 157 cm. Clay content in the Bt horizons averages 
from about 7 to 13 % by weight and is less than the overlying soils formed in the colluvial cap. Stage 
I to weak stage I1 secondary calcium carbonate has accumulated within some of the Bt horizons (Btklb; 
Btk2B; Table 2-9). The carbonate appears to have been trapped within the uppermost Bt horizons of 
the pre-buried soil. This carbonate is largely superimposed over argillans along prismatic ped faces 
suggesting a more recent (Holocene?) increase in soil aridity or at least a decrease in the downward 
flux of soil water through the upper Bt horizons. A PDI value of 76.0 was calculated for this soil. 
Another Qt4 soil yielded a PDI value of 71.4 (Table 2-10). 

An increase is clay content in the Bt horizons appears be largely due to illuviation of clay from 
overlying horizons rather than significant in situ formation of aluminosilicate clays. This is because 
most of the argillans occur along pores and vertical prismatic ped faces indicating that much of the clay 
has been transported along macropores by percolating soil water. Silt content also decreases down- 
ward below the BAtb horizon. At least part of the silt was probably derived from overbank deposits 
and dust, and subsequently mixed into the developing soil through bioturbation. Fining upward trends 
in the texture of soil formed on Holocene terraces suggests that bioturbation plays an important role in 
progressive increases of silt in soil B horizons. 

Cosmogenic Nuclides (Bill Phillips). Cosmogenic nuclides are important new tools for estimating 
surface ex osure ages and process rates. Here and at Stop 2-3g, we examine soil pits where cos- 
mogenic Ne depth profiles in sand-sized quartz grains have been measured. The purpose of this 
experimental work is to test new methods of applying cosmogenic techniques to depositional surfaces 
such as the Rendija Canyon terraces. Nuclide production prior to terrace formation make this kind of 
alluvial- and soil-based application difficult. Our goal is to document the effect of pedogenic processes 
such as bioturbation and changes in bulk density upon cosmogenic nuclide concentrations in soils. In 
addition, the feasibility of estimating terrace surface exposure ages and basin denudation rates is being 
evaluated. 

2 P  

Alluvial quartz in Rendija Canyon largely derives from the Bandelier Tuff, with older bedrock units 
contributing only trace amounts. After excavation and description of soil pits in terraces Qt2 and Qt4, 
each soil horizon was collected. Each analyzed sample represents a 10 cm depth interval and a 50 to 
100 cm lateral extent. Quartz from the 2 to 0.425 mm (very coarse to coarse sand) size fraction was 
isolated using standard magnetic and heavy liquid techniques plus further cleaning by selective acid 
dissolution (Kohl and Nishiizumi, 1992). This treatment removes iron oxides, carbonates, clay miner- 
als, and any feldspar or glass present as well as etching the outer few microns of the quartz. Quartz 
from 1 to 5 cm clasts in the Qt4 pit were also collected in order to evaluate bioturbation effects. The 
0.25 to 0.425 mm size fraction from the crushed clasts was used in these samples. 
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Neon has three naturally occurring, istable isotopes, Ne, 2'Ne, and 22Ne. Secondary neutrons from the 
cosmic rqy flux produce 21Ne from Si in quartz. Since "Ne is otherwise very rare in nature, its buildup 
due to cosmogenic rsduction can be used as a surface exposure geochronometer. Like other cos- 
mogenic nuclides, Ne has been succcssfully used to estimate exposure ages in bedrock geomorphic 
surfaces (Cerlimg et al., 1'394). 1Jnlik.e 31-J[e which leaks from quartz, Ne is retained over the timeframes 
and teml~ratures experienced by surface rocks (Niedermann et al., 1994). By convention, Ne greater 
than atrriospheric levels i s  termed "e~ccss %E9 or "Ne*. 

20 

2 P  

21 

21 

Neon isotopes were anallyzed at &os Alarms National Laboratory by stable isotope ratio mass spec- 
trometry (see W. M. Phillips, j n  preparation, €or detailed dt:scription of mass spectrometric techniques). 
Neon was extracted by heating quartz at 800°C for 60 to 90 minutes under high vacuum. Procedural 
blanks for '"Ne* average: 2x105 atorns. For most samples, 21Ne* 20 precision is 10% or better. Expo- 
sure ages and denudation rates were computed using a "'Ne* high latitude, sea-level production rate of 
16.8 rf: 3 atoms g-' y f l  for pure Si02 (Nictlerinan et al., 1994; corrected following Clark et al., 15395). 
This rate was corrected for sitc latitude and elevation after La1 (1991). 

21 In Rencli-ia Gamzyon quartz, Ne* originates from three possible sources: (1) nucleogenic 21Ne from the 
reaction O(ol,,r~)~'Ne; (2) inherited 21Ne produced cosmogenically during denudation of bedrock 
hillslopes and subseqrxerit scdimtxt transport; and (3) cosmogenic production during residence on the 
sampled stream terrace. A basic task of our research is to estimate each of' these components. 

18 

We tested for the presence of nucleogenic "Ne in a Bandelier Tuff sample €rom a nearby roadcut with 
4.5 m or shielding from the cosmic ray flux. The shielded sample yields results similar to our '[Ne* 
analytical blank, demonstratinj: that the nuxcleogenic component is unimportant. 

The inhixiteed compoiient is determined 19y measuring 21Ne* at the soil surface and at depth using the 
rnethod of Anderson et al, (1996). Clur application dif€crs from Anderson et al. (1996) because we used 
sand-siz,ed particles and terrace surfaces subject to burial. This technique is illustrated graphically in 
Pig. 2-40. After estimating the inherited component, both the exposure time since terrace stabilization 
and thc basin denudation rate can be corriputed (Anderson et al., 1996; Granger et al., 1996; Bierman 
and Stejg, 2996). 

Such surface cxposure ages and denudation rates are model-dependent and subject to a host of assump- 
tions including uniform distriksutioiri of the inherited component throughout the terrace deposit, con- 
stant shielding for the sampled mineral griihs, and constant 'lNe production rate. All of these assump- 
tioris arc: violated to varying degrees in the soil-forming environment. Since the global cosmogenic 

Ne produclion rate may vary as niuch as 20% over exposure times possible for the Rendija Canyon 
terraces (Gosse et al., 1SW6), a minimum cxperirnental uncertainty of 20% is applied to exposure ages 
and denudation rates, even though our analytical uncertainty is much lower. We evaluated the impor- 
lance of the other assumptions by measuring Ne depth profiles in two soils with independent age 
control. 

21 

21 

Our results are shown in Fig. 2-4 1. Concoxitrations of "Ne* were expected to decrease exponentially 
with depth. However, three exccplions arc appareni. First, "Nc* within colluvium capping both ter- 
races hits viearly constant, hut high concmtrations. This is due to strong bioturbation of soil parent 
material derived from erosion of older terraces and soils. The bioturbation mixes the colluvium rapidly 
enough lo prohibit developimerit of a "Ne* trend. Abundant evidence of bioturbation in the colluvium 
Is apparent in both soil pits. 
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Fig. 2-40. Modeled history of 21Ne* production in the Rendija Canyon basin (figure modified from 
Anderson et al., 1996). The production rate of 21Ne* below the surface of a terrace decreases expo- 
nentially (insert A) as Pee"/"* where z is depth (cm), and z* is a neutron absorption coefficient (about- 
178 g cm-2 for Bandelier Tuff) divided by soil bulk density (range 1.2 to 1.7 g/cc). During hillslope 
denudation, 21Ne* accumulates in quartz at a rate determined by the average basin erosion rate. Some 

Ne* also forms during stream transport, but due to the small basin size, this is much less than during 
denudation and is neglected. At the time of terrace stabilization, quartz contains an average 21Ne* 
concentration of Nina This is the inherited cosmogenic component from which the basin denudation 
rate can be calculated as d = (Peff/Nin)z* where P,, is the effective nuclide production rate for the basin 
(Granger et al., 1996; Bierman and Steig, 1996). The inherited component is separated from the total 

Ne* by measuring a nuclide depth profile (insert B): N t o ~  = Ni, + t*Po where t is exposure time = (No 
- N,,)/(Po - P,,). For this work, linear regression of multiple subsurface samples was used to estimate 
No and Nss, while measured soil bulk densities were used to calculate Pss. Po is computed after Lal 
(199 1) using the 21Ne* production rate of Niedermann et al. (1994) as corrected by Clark et al. (1995). 

21 

21 

Secondly, samples near the base of both pits yielded anomalously high 21Ne* concentrations. Because 
soil development is minimal in these samples, they probably demonstrate inhomogeniety in inherit- 
ance, perhaps due to erosion of a local landslide containing much-exposed sediments. 

Finally, while 21Ne* in the older Qt2 profile follows an exponential profile closely, the profile in Qt4 is 
linear. Only bioturbation varying in intensity both spatially and temporally appears capable of creating 
this pattern. While an exponential function can be fit to the Qt4 profile, it requires unrealistic (~0 .6  g! 
cm3) bulk densities. U and Th concentrations in Pajarito Plateau soils (Longmire et al., 1996), while 
elevated relative to bedrock, are not high enough to create deviation from the exponential trend due to 
nucleogenic production in clay- and Fe-oxide-rich horizons. If this were true, the Qt2 profile would 
show a linear trend as soil development is much stronger in Qt2 than Qt4. Changes in global 21Ne* 
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Fig. 2-4 I. IXfcct of biiottxrbation on 21Ne*: depth profiles. The solid line depicts the expected exponen- 
tial decrease of ?'Ne* with depth. The dolted line illustrates how bioturbation could create the linear 
trend obse:rverl in soil pit 1ZCT4 -3 on Qt4 terrace. Near the soil surface, bioturbation destroys the expo- 
nential nuclide concentration profik, creating a uniform dcpth distribution that is less than expected. At 
depth, in- Fi Xling from above dorninates and nuclide concentrations increasc: relative to expected expo- 
nential vahxes. 

production rates and shielding due to increases in soil bulk density also will not shift the profile away 
from an exponential patierti. 

Bioturbiition moving quartz veriieaHly best explains thc observed profile (Fig. 2-42), creating a pattern 
of lowe~-tl.~an.-expecIcd 2'Ne* at the soil surface, artd higher-than-expected concentrations at depth. 
Bioturbiition drops ol" in intensity with both depth and time. This may explain the exponential profile 
of the Qt% pit. If true, the Qt% profiLe may have had a stage of linear profile development, followed by 
exponential1 decreases with depth as biotrirbation became unimportant. However, our confidence in 
bioturbaticun alone producing the linear trcnd is undermined by data from tuff clasts 1 to 5 cm in diam- 
eter in the pit in Qt4. They show the saint: linear trend as from sand-sized material, suggesting other 
factors inay influence dcvelopr nent of the linear trend. 

For purposes of discussion, highly preliminary exposure ages and denudation rates can be calculated 
from our results, Given the need for simplifying assumptions, the terrace ex osure ages agree surpris- 
ingly wclL with the indepcndemt age control. Terrace Qt2 yields a minimum Ne* exposure age of 155 
rt: 30 ka. 'This age assuncs that th(: buried soil exposed at a depth of 114 cIn in the pit has always been 
at the teuace: surface. Sjnce thr: colluvium overlying this soil has an age of about 13 cal ka (Table 2-7), 

P 
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Fig. 2-42. 21Ne* depth profiles from soil pits in Qt2 
(RCT2-4) and Qt4 (RCT4-3) terraces. 21Ne* displays 
an exponential decrease with depth below 114 cm in 
a buried soil in pit RCT2-4. Above 114 cm, strong 
bioturbation destroys the 21Ne* trend in the - 13 cal 
ka colluvium that caps the terrace. The source of col- 
luvium is probably erosion of an older terrace as 
shown by the high 21Ne* concentration which can- 
not be produced in 13 ka of surface exposure. Soil 
pit RCT4-3 exhibits a puzzling linear trend in a bur- 
ied soil below 60 cm which is tentatively attributed 
to bioturbation redistributing an exponential profile. 
Above 60 cm, RCT4-3 has a uniform 21Ne* distri- 
bution due to intense bioturbation. Near the base of 
both pits, anomalous 2'Ne* concentrations are prob- 
ably due to inhomogeneous inheritance. 

0 
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Decreasing intensity 
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21Ne* Concentration 

the actual age of the terrace must be -170 ka, in reasonable agreement with both the local soil 
chronofunction and amino acid age estimates on regional fan aggradation (Dethier and McCoy, 1993; 
see discussion at Stop 2-3g). The denudation rate computed for the Rendija Canyon basin during Qt2 
time is 0.008 f 0.002 cdyr .  This value uses the average elevation of the Rendija basin (Table 2-8) to 
estimate 21Ne* production during denudation. - - -  

Terrace Qt4 has a minimum 2'Ne* exposure age of 42 f 9 ka, assuming that the buried soil present at 
60 cm depth has always been on the terrace surface, and that the linear trend of the profile does not 
invalidate the method of Anderson et al. (1996). Again, since colluvium over the soil has an age of 
about 13 cal ka, the true age of the terrace is at least 55 ka. This age is lower than the ca. 67-74 ka age 
estimate from the soil chronofunction (Table 2-5) and regional ambo acid age estimates (see Stop 2- 
3g for discussions of soil- and amino acid-based age estimates), perhaps because bioturbation de- 
creases nuclide concentration at the surface of soils and the model is sensitive to this process. The 
estimated denudation rate from the Qt4 data is 0.003 f 0.001 cdyr.  

In summary, 2'Ne* in sand-sized quartz from terrace Qt2 and Qt4 profiles show coherent trends with 
depth. The older Qt2 profile yields the expected exponential decrease of 21Ne* with depth. The 
younger Qt4 profile displays a puzzling linear trend that is attributed to bioturbation. Changes over 
time in soil bulk density and burial by colluvium render terrace exposure ages and basin denudation 
rates highly model-dependent. However, the reasonable agreement between preliminary cosmogenic 
exposure ages and independent age control encourages further work. 

Climb up the slope to the south, onto broad Qt2 terrace. Note the abundant evidence of tree-throw 
pits and mounds on the slope, indicating one process that has probably been responsible for gener- 
ating the colluvium which buries the Qt4 terrace. 

Station 2 - 3 ~ :  Pre-Wisconsin (?) Ot2 terrace: soil Dit RCT2-2 

Terrace Significance, Stratigraphy, and 14C Age Control. The Qt2 terrace is the broadest and most 
continuous terrace in Rendija Canyon, extending at least 2.5 km east of here and also 0.7 km or more 
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to the west, across thc Guaje Mountain fault (Fig. 2-20). It represents a major aggradational event, 
being underlain by 6-43 m of fluvial sands and gravels (Pig. 2-43). At least locally the fluvial section 
apparently includes buried soils, suggesting overtopping of older terraces. It apparently thins to the 
east whore the underlying tu€f pinches 01x1 onto the Puye Formation. This indicates that the l’uye 
fanglorncrates provided a local base level control for Rendija Canyon in Qt2 time, as it has in the 
Holocene, although the ”‘kniclcpoin t” or ‘“b.nickzone” has apparently migrated to the west since Qt2 
time. 

As at thr: Qt4 ferrace, the Qt2 ierrace includes a buried soil which is overlain by fine-textured collu- 
vium. At this pit, 2 colluvial deposits are recognized, an upper one that is 0.65 m thick and a lower 0.25 
m thick tleposil. The most reliable date for a Qt2 colluvial deposit was obtained at pit RCT2-1, 10,860 
14C: yr 131’ from a depth of 0.7 ni near the tme of the uppermost deposit (Table 2-7). A date of 880 14C 
yr BP from a depth oC 0.35 ni in this pit is suspcct due to the extensive bioturbation present in these 
deposits. 

Qt2 RCT2-2 Soil Profile. ‘The RCT2-2 prolik exposed in this soil pit (Fig. 2-44; Table 2-9) is similar 
to those developed at other Qt2 surfaces in Rendija Canyon. The Qt2 soil profile generally consists of 
a thin surface soil with an A-Bw horizon sequence formed in a thin layer of colluvium, that, in turn, 
overlies a buried soil with a BA-Btk-Bt-CJB horizon sequence that has formed in the Qt2 alluvium. At 
this site, a. second thin layer O C  colluvium that underlies the surface soil is also recognized. 

Surface Soill. Soils formed on thc Qt2 surfaces have been buried in places by a thin (4 m) 
layer of colluvial sediment, generally associated with the distal parts of small alluvial €ans or local 
slopewash, derived from nearby higher tcrraces or hillslopes (A and Bw horizons in Figs. 2-44,2-45). 
The morphology of this soil is nearly identical to the soils formed in the colluvial cap the overlies the 
Qt4 surface. 

Ihiriuzd Soil M. A second, thin (30 cm thick) layer of colluvium that overlies the top of the 
original Qt2 soil is also recognized at this site, but was not found at other Qt2 soil sites. Moderately 
developed Bt horizons that havt: formed irr. this colluvium have prismatic and subangular blocky struc- 
ture and 10 YR to 8.75 YR hues. Airgillans in thcse horizons are largely along prismatic ped faces and 

Fig. 2-43. Photograph of lower ciacite-rich alluvium of Qt2 terrace, overlying strath surface cut in the 
Otowi Member of the Bandelier Tuff. 
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Fig. 2-44. Schematic diagram of soil morphology and particle-size distribution for the Qt2 RCT2-2 
soil profile. The upper -70 cm of the soil is a colluvial layer that buried the Qt2 surface at ca. 12.8 cal 
ka. 
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Fig. 2-45 Photograph of Qt:2 
(RCIT2-4) soil showing base tri 

upperrnoi;l. layer of  cxdluvium 
(-’70 cni), and base of second 
colluviai 1 ayer and top OF E hori- 
zon (- 120 cm). Top of well de- 
veloped Bt horizon is at - 140 cm. 

ores indicating the rnost of the clay is from the overlying soil. A 
p4C date from charcoal collected from the base of a similar collu- 
vial layer at another Qt2 soil the indicates that deposition of this 
layer began about 10.9 14C ka (12.8 cal ka; Table 2-7). 

Buried Soil 112. Soils formed in Qt2 stream deposits show 
signilicamtly bettc:r development relative to soils formed in the 
Qt4 stream deposits. The top of the buried Qt2 soil is distinctly 
defined by an E horizon that has a pale brown color of 10 YR 6/3, 
prismatic and angular blocky structure, nearly continuous argillans 
along pc:d faces and large pores (Fig. 2-44). Stage I carbonates, 
consisting of filamentous coatings of carbonate, also line ped faces 
in tht: Elkb2, and BEtkb2 (Table 2-9). This carbonate is largely 
supcrimposcd over argillans along prismatic ped faces suggesting 
a more recent (Holocene?) increase in soil aridity or at least a 
decrc:ase in the downward flux of soil water through the upper Bt 
horizon:;. 

The Qt2 soil has a thick (212 cm) sequence of well devel- 
oped 1 3  horizons. The Bt horizons have prismatic structure that 
parts lo angular and/or subangular blocky structure, 6.25 YR to 
10 YE: hucs, moclerately thick to thin argillans along ped faces 
and pores that are nearly continuous in the strongest Bt horizons. 
Clay content in Qt2 soil Bt horizons range €rom about 8 to :22 % 
weight, with the highest clay content in the Btlb2 horizon. An 
increase is clay content in the Btb2 horizons may have been en- 
hanced by additions of clay from eolian sources because most of 
the argillans occur along pores and vertical ped faces, indicating 

substantial illuviation oiclay into the Bt Izorizons. The PI>I value calculated for this soil is 128.3. Two 
other Qt2 soils yielded PDI values crf 1153 and 95.0. 

Qtl Soils. Sails iorniedl on the (&I surticc (not shown here) are spatially variable with laterally dis- 
continuous I3 horizons, indicating that at Yeast part of the original soil is missing due to truncation by 
surface ercsiom. Purthiermore, most of th6: Qtl surfacc; has either been eroded or buried, leaving only 
scatterctl ‘‘terrace” remnants dong the sidewalls of Rendija Canyon. Some of the preserved Bt hori- 
zons show an overall greater degree of development than Bt horizons in lhe Qt2 soils (Btkgm-Btk2, 
Table 2-9), although the total Bt horizon thickness is substantially less than in Qt2 soils. Soils formed 
in Qtl deposits have prismatic structure that parts to subangular and angular blocky structure, 5 YR to 
10 YR hues, nioderatdy thick to thin argiLXans along ped faces and pores, and Bt horizon thickness of 
about l60 cm (Table 2-9). PI31 values cdculated for two Qt1 soils are 77.7 and 99.5. These values are 
lower than those for Qt2 soils, rcflccting the decrease in profile thickness of the Qtl soils and partial 
erosion o C their well--devel opcr L I3t horizons. 

Develolprnenl of Soil Chronofunction for Rendija Canyon Soils. Soil ages can be estimated based 
on a. systematic increase in soil. profile ma-pliology using simple linear regression analysis of logarith- 
mic relladionships between PI11 values and ages of dated soils (Fig. 2-46). Several different methods of 
linear sl atistical analyses have bee11 employed for evaluating rates of soil development based on SDI 
values and to account for 11001’ age control of studied soil surfaces (Switzer et al., 1988; Harden 1990; 



Day 2 

PDI Values for Soils in Rendija Canyon 

134 

100 

10 

1 
I O *  I 03 I 04 I 05 

Approximate Soil Age (yrs) 

Fig. 2-46. Soil chronofunction (solid line) developed using linear regression of dated soils (solid 
circles) used in this study. Dotted line represents the 95 % confidence interval (CI) for regression line. 
The 0.5 ka RCT8-2 soil was excluded from this data set (open box) due to possible inconsistencies 
between PDI values and soil ages. A second chronofunction (dashed line) reflects the impact that 
inclusion of the RCT8-2 soil has on the slope of the line. 

Harden et al., 1991). For the purpose of this study, simple linear regression was used to develop a soil 
chronofunction based on temporal increases in PDI values and to provide age estimates for non-dated 
surfaces. 

The 11 best dated soils were used to develop the soil chronofunction shown in Fig. 2-46. The age used 
for each Qt8-Qt6 soil was based on calibrated 14C analyses from that specific terrace, as ages may vary 
within a mapping unit. The RCT8-2 soil has a radiocarbon age of about half that of the other dated Qt8 
soils, but a similar PDI value (Table 2-10). Inclusion of this soil within the data set resulted in a 
correspondingly large shift in the chronofunction because of the greater number of data points on the 
low end relative to only one PDI value for the upper end (WJR-5 soil; Fig. 2-46). We decided to omit 
the RCT8-2 soil from our best estimate of the soil chronofunction for Rendija Canyon because: (1) 
better linear agreement among all other soils results when the RCT8-2 soil is omitted; (2) a 500 year 
difference in dates for the Qt8 has such a large impact on the resulting soil chronofunction; and (3) 
because of the relatively low PDI values for very young, weakly developed soils that are insensitive to 
slight differences in soil age. PDI values from 4 soils developed in the colluvial cap that overlies the 
Qt4 and Qt2 soils were also included in the data set. Calculations of PDI values for these soils included 
pedogenic changes in the upper 2-3 Bt horizons of the underlying buried soil (extending to a maximum 
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depth of 10'9- 109 cm). Pcdogenic changes were considered for dry and moist consistence and argillans, 
and were based on differences between assumed morphology of the former A-BA horizons and the 
morphology of the current B tb horizons. Changes in these morphologic properties are a direct response 
to burial arid overpriirting by soil formation in the colluvial cap. A PDI value for the WJR-5 soil 
formed in dcposjts that overlie the ca. 50-60 ka E1 Cajete pumice was also used. Soil-stratigraphy of 
the WJR-5 soil indicaies that this soil provides a reasonable approximation of 50-60 ky of soil forma- 
tion. 

Profile Development Index Estimates of 014-Qtl Soil Ages. The soil chronofunction can be used to 
calculate approximdte ages €or each soil nut directly dated by radiometric means by using the PDI-soil 
age equation derived from linear regression analysis (Fig 2-46; Table 2- 10). However, given the umcer- 
tainties in both calculation or PDC numbers and in the slope of the soil chronofunction, these ages are, 
at best, pxierral approximations. Best age estimttes for the Qt4 soils range from about 67.5 to 74.0 ka 
and for the Qt2 soils rmge froin about 10X7 to 159.7 kii. Soils formed on the Qtl surface must be older 
than soils formed on the Qt2; however, because of profile loss from erosion, the approximate estimates 
arc miriiiriiini-Lirnitinl: ages of s67.X to 41 09.9 ka. 

Soil Chroixosequence: Summary of Preliminary Results and Interpretations 

Soil Morphology, Thc prilmary trend in soil development among the Holocene Qt8-Qt6 soils is 
the devc:lopms:nt of subangular blocky structure, slight increases in rubification, and the downward 
mixing of silt through the Bw horizons, largely through bioturbation (Fig. 2-47). The most significant 
temporal change is the thickening ofthe Bw horizons. Soils formed in a thin layer of colluvium, that in 
places covers the Qt4 and Qt2 soils, displays better development of rubification, structure, and stron- 
ger dry ant1 moist consistence than thc soils formed on the younger Holocene terraces. Available age 
control jindicates that the soils may have been forming since about 12.8 cal ka. 

Ut2 terraces show considerably stronger B hori- 
zon development tliaiw the Holocenc soils (Fig. 2-46). Depth profiles of horizon development index 
vdues also reflect temporal trends in increasing development of soil morphology (Fig. 2-48). Bt hori- 
zons in the Qt4 soils are thick (>1 I ) ,  have weak to moderate prismatic and subangular blocky struc- 
ture, noticeable rubification, and patchy argillans along ped faces (especially prismatic faces) and pores. 
Abundanl evidence of bioturbation within the strongest Bt horizons indicates that much of silt (and 
some clay) has been presumably atlded to these subsurface horizons by bioturbation. Bt horizons in the 
Qt2 soils show considerably better develcuprnent than the Bt horizons in the Qt4 soils. These Bt hori- 
zons are: very thick ( :~2  m>, have moderate to strong prismatic and angular blocky structure in places, 
well developed rubification, and nearly continuous to patchy argillans along pedfaces, pores, and gravel 
exteriors. Evidence afbioturbation is not ns well preserved in the Qt2 Bt horizons. 

:hi1 formed in stream deposits of 1 he Qt4 

Extractable Fe Oxides. Mean corrcentrations of dithionite-extract able Fe (Fed) of 0.3 1 3: 0.15 
% wt. Fe@:, and oxalate-extractable Fe (Fe,) of 0.38 rL- 0.15 wt %. Fe203 €or soils on the Qt8-Qt6 
surfaces indicate that minimal pedogenic formation of Fe-oxides has occurred (Table 2- 11; Fig. 2-49). 
In addition, generally high Fcd/Fk,, ratios indicates a predominance of poorly crystalline forms of Fe 
oxides (Schwertmann and Taylor, 1989). Pe-oxides generally decrease with depth in the Qt8-Qt6 soil 
pro€iles, reflecting incipient development of pedogenic Fe-oxides in the A and Bw horizons. Some of 
the increases in Fe oxides may also be due: to additions of colluvial deposits that contain material 
relatively high in Pe-oxides (as corapared to stream doposits). For example, colluvial material in sur- 
€ace C horizons in some Qt8 and Qt7 soil!; has relatively higher levels of Fe oxides relative to underly- 
ing A arid 13 horizons (lhble 2-1 1). 
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Pig. 2-48. Depth plot of HDI values for soils shown in Table 2 (except RCT8-1). HDI values are the 
averagc of normalized property values lor each horizon and provide a relative indicator of horizon 
strength. 

Iflean concenlrations of Fed of 0.2 1 2.0.09 % wt. lTe203 and Fe, of 0.63 k 0.16 wt % for buried 
Ut4 and Qt2 soils formed iin stream deposits (i.e. soils below the colluvial cap) indicate that consider- 
ably grealey: formation ofpedogenjc Fc oxides has occurred in the these soils relative to the soils formed 
in Holocene stream deposits. Low ratios of Fed/Fe(, indicate an increase in the crystallinity of pe- 
dogenic iron oxides. Concentrdtions of Fe: oxides also decrease with profile depth (Fig, 2-49). Extract- 
able Fe is higher in the overlyinig surface soil relative to the buried soils. In comparison, mean concen- 
trations of Fq, of 0.30 k 0.04 %J wt. Fe20 and oxalate-extractable Fe, of 0.80 If: 0.10 wt % Fe2Q for 
soils foimr:d in the colluvial cap on the Qt4 and Qt 2 surfaces is slightly higher than that in the under- 
lying, and considerably older, soils forrracd in stream deposits (Table 2-11; Fig. 2-49). The higher 
concentrations of Fie oxides arc probably due to relatively high contents of Fe oxides in the colluvium. 
The primary source for rnuch of the colluvium is eroding soils, alluvium, and colluvium from older 
soils upslope of the Qt2 and 014 surfaces. 

Extractable A1 arid Si. Generally Low concentrations of oxalate-extractable A1 and Si and 
suggests that minimal in situ formiation of allophanic clays (allophane and imogolite) has occurred 
(Table 2-1 1). The production of akphanic clays, however, in these soil is probably limited due to lack 
of sufficient percolation of soil water. Production of allophanic clays appears to increase when there is 
sufficient precipitation andlor soil percolation rates that provide leaching >200 mdyear  (Parfitt et al., 
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Fig. 2-49. Depth profiles of Fed and Feo for soils formed on Qt6, Qt4, and Qt2 surfaces. 

1984; Wada, 1989). Available paleoclimate data, however, suggests that levels of precipitation may 
have been considerably higher at times during the late Pleistocene (see Introduction) suggesting that 
past, presumably wetter climates, could have enhanced the formation of allophanic clay in these sails. 
A lack of these clays in soils formed on either the Qt4 or Qt2 surfaces, however, indicates that either 
past conditions were not moist enough for formation of allophanic clays or that these clays were not 
preserved under current soil forming conditions. Production of halloysite is favored in soil formed in 
siliceous, volcanic-rich .materials under semi-arid conditions (Parfitt et al., 1984; Dixon, 1989); how- 
ever, preliminary XRD results (discussed below) indicate that halloysite may not be present. 

XRD. Preliminary XRD (X-ray diffraction) results for a few horizons in Qt8-QtZ soils indi- 
cates relatively slight changes in clay mineralogy between Holocene and Pleistocene soils. 
Diffractograms for a few A, B, and C horizons among the Qt8-Qt6 soils indicate a predominance of 
illite and kaolinite. Diffractograms for a few A, B, and BC horizons among the Qt4 and Qt2 soils also 
indicate a predominance of illite and kaolinite, but also indicate the possible presence of a mixed illite- 
smectite clay mineral. Kaolinite, illite, were also identified in several mesa top soils; however, smectite 
was also found to be a commonly occurring clay mineral, especially along bedrock fractures (Daven- 
port, 1993; Davenport et al., 1995; Vaniman and Chipera, 1995). 

Source of Accumulated Clay. An important question regarding the formation of the soils in 
Rendija Canyon, as well as across the Pajarito Plateau, is what are the primary sources of accumulated 
clay in moderately- to well-developed soils. Most argillans occur along better developed ped faces and 
pores, especially pores with diameters > 1-2 mm, indicating substantial translocation of clay from over- 
lying horizons. The principle source of accumulated clay is most likely derived from dust and addi- 
tions of fine-textured slopewash to surface horizons rather than considerable chemical alteration of the 
soil matrix. A similar conclusion regarding the degree of weathering for mesa top soils and importance 
of eolian sources of clay was also suggested by (McFadden et al, 1996; Eberly et al., 1996). Develop- 
ment of smectite bearing clay minerals, increases in Fe oxides, and slight changes in high base/alumina 



and base: R203 molar ratios (wlierc R 2 0 3  signifies chemically conservative elements) for some well- 
developed soils on mesa tops (McFadden t:i al., 1996) indicates that at least some chemical weathering 
and the pedogcnic formation o f  srnalll amorunls of aluminosilicate clay is probably occurring in the soils 
in Rcnclija Ciiriyon. A lack of consitierable chemical alteration of the largely silica-rich volcanic rnate- 
rials thirt rnake up the h l k  of the soil pareril material is surprising given that it is generally thought that 
these types OF materials are conducive to wcal hering, even in semi-arid to sixbhumid environments. An 
ovcrall laclt of' strong cheinical alteration and strong accumulation of clay, that is most likely derived 
from at:curnrdation of dust and slopcwash, furthcr illustrate the importance of geomorphic (i.e., exter- 
nal) conkibutions to soils forming in thew environments. 

1he of Soils hhddressing Geologic Problems on the Pajarito Plateau. An overall increase 
in deve1opmr:nt of several pedogenic propc.1 ties (including structure, soil reddening, argillans, increases 
in the accumulation of clay, silt, and ];e oxides) and systematic increases in PDI values indicate that the 
formation of soils in Rendija Canyon, as well as across the Pajasito Plateau, are largely time dependent. 
Other €actors, including the degree of landscape stability, geomorphic location, and climatic variability 
will also have an impori,arit control on the rates and processes of soil formation. Strongly temporal 
trends, connbimed with a careful analysis of' soil-stratigraphy and geomorphic setting, indicate that the 
use of soils can provide important informiition for interpreting the ages and history of late Quaternary 
events across the Platcau. 

Regionid Ccsrrelatioias of Late Quaternary Fans and Terraces. The soil-based age estimates for the 
Ut2 and (3.4 terraces in Rendija (3;myon are sirnilar to age estimates for lower elevation fans in the 
Espaiiola basin (Dethier et al., 1988; Dethier and McCoy, 1993; Dethier, unpub, 1996), suggesting a 
similar elirriatic control on periods 01' aggradation. The Espafiola basin work demonstrated that periods 
of floodplain widening ;dong the Rio Chilmil arid the Rio Grande, which head in glaciated terrain of 
northern New Mexico and southern Colorado, wcre out of phase with fan growth along streams that 
drain the northeasterii Jerrkez Mountains. Floodplain widening along the axial rivers during glacial 
periods contrasts with fan aggradation and floodplain narrowing associated with the change to warmer 
interglacial climates. 'The modis1 of Dethiex and colleagues is consistent with the evidence for extensive 
aggradation and or episodic terraco forrnation on the Pajarito Plateau during the present interglacial 
climate, artd the apparent scarcity of alluvia) deposits dating to the last glaciation. Kelson and Wells 
( 1987) I; imilady reported that a largely rronglaciated basin near Taos apparently experienced lateral 
erosion during interglacial periods and incision and resultant terrace formation during glacial periods, 
contrasting with opposiiig behavior in nearby glacial ed basins. 

_. 

Agt: estimates lor periods of fan aggradiltion by Dethier and McCoy (1993) are based on a locally 
calibratod arnino acid dating curve, applictl to fossil gastropods, which somewhat revise previous age 
estimates presented in Ilethicr- et d. (1988). The revised age estimates for the two youngest, pre- 
Holioccne periods of major fan aggradation are 140 -t- 40 and 95 k 15 ka (Dethier and McCoy, 1993), 
subsequently revised to best esiirnales ofea. 150 and 70 ka (Dethier, unpub., 1996). The similarity with 
the age estimates for Qt2 and Qt4, presented in 'Table 2-5, is encouraging, providing further support for 
thc validjty of the soil-based age estimates and evidence for regional periods of aggradation along 
many non-.glaciated draiinagcs in northern New Mexico. 

Late Qaaleraiary Beh;iviior of' Remdlija Canyon. The Rendija Canyon stream terraces record dra- 
matic viuiations in late Quatenxary fluvial processes. 13ased in part on the abundant evidence for wide- 
spread I-Isloccne erosion across the Pajuito Plateau concurrent with the development of multiple ter- 
races in Rendija Canyon, we infer that p:riods of floodplain widening (3: aggradation) are at least in 
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part controlled by increases in sediment supply. Similarly, the apparent absence of latest Pleistocene 
terraces is consistent with reduced sediment supply, perhaps at a time when intense convective thun- 
derstorms occurred less frequently and tree cover was denser than in the Holocene (although the 
paleoclimatic record is admittedly incomplete and subject to continual debate and revision). 

Controls on periods of channel incision in Rendija Canyon are less certain. It is notable that the total 
amount of incision into tuff has been higher in the last 5-6 ka, following development of the Qt6 
terrace (-3-5 m), than between Qt4 and Qt6 time (-2-3 m; Fig. 2-20). Average Holocene incision rates 
have thus apparently been an order of magnitude higher than average late Pleistocene incision rates, 
despite the evidence for high sediment supply and recurring floodplain stability in the Holocene. Al- 
though surface rupture on the Guaje Mountain fault might have affected these incision rates, with 
some of the post-Qt6 incision possibly related to the ca. 4-6 I4C ka event identified at SHT-1 (Stop 2- 
3d), it can not entirely explain the discrepancy between Holocene and late Pleistocene rates. 

We speculate that these apparent contrasts in the late Quaternary behavior of Rendija Canyon are due 
to significant differences in the magnitude of rare flood events between the late Pleistocene and the 
Holocene. Along much of the 4-km long study reach, the channel is apparently armored with dacite 
boulders, and nowhere is tuff exposed on the stream bed. Bull (1991) has pointed out how such armors 
can be very effective at impeding incision, although incision may proceed rapidly once such armors 
are removed. The evidence in Rendija Canyon for rapid, episodic incision in the Holocene suggests 
the recurrence of high magnitude flood events that can effectively strip the boulder armor and trigger 
incision into tuff. Conversely, the much lower rates of incision in the late Pleistocene suggests the 
absence of such events. Possible causes of such high magnitude Holocene floods could include un- 
usually intense, basin-wide summer monsoonal rainfall, and rare extra-tropical storms (which typi- 
cally occur in the fall in northern New Mexico). The channel scour and exposure of bedrock that has 
occurred this summer in Capulin Canyon, associated with floods that followed the Dome Fire (see 
discussion at Stop 2- l), suggests another possible contributing factor for rare, high magnitude, 
geomorphically effective floods in the Holocene. 

The contrast between the relatively thick fills associated with the Qt2 and Qt4 terraces and the thinner 
Holocene deposits on Rendija Canyon terraces may also be related to variations in flood magnitude, 
One possibility is that Qt2 and Qt4 record extended periods with high sediment supply but lacking the 
rare floods required to strip channel-bed armors and trigger incision. Hopefully, future research on the 
fluvial systems of northern New Mexico and surrounding regions will be able to shed more light on 
these conjectures. 

Walk east down road to clubhouse. Retrace route to Golf Course. 

19.6 San Ildefonso Road, Barranca Road intersection. Turn right. 

20.0 Diamond Drive. Turn right. 

20.2 Road to Guaje Pines Cemetery. (“Range Road”, unsigned). Turn right for Stop 4 (optional). 

20.3 Top of roadcut to left exposes basal alluvium of the “Golf Course surface”, overlying Tshirege 
Member of Bandelier Tuff (Qbt-3?). These alluvial deposits are better exposed in roadcuts in 
the “Ponderosa Estates” subdivision. 
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20.4 

20.6 

20.8 

Road into “Ponderosa Estates”, on left (“Aspen Lane”, not signed in 1996). Fresh roadcuts in 
this new subdivision (development began in 1993) expose: 1) excellent examples of fumarolic 
p i p  in the uppermost, non-welded I’shirege Member; 2) faulted early Pleistocene, post-Tshirege 
pumice beds associated with the V;illes Rhyolite; and 3) dacite-bearing alluvium of the “Golf 
Course surface”, part of a presumed easly Pleistocene Rendija Canyon fan that pre-dated major 
canyon incision and thai is preserved on thc down-dropped block west of the Rendija Canyon 
f;m11. 

Enlrance to Guajje Pines Clernetery. ’Ihrn right and drive east to end of cul-de-sac. 

Stop 4 (optionall: lRend&a Canvc~nJarrlt ZwEat Guaie Pines Cemetery 

Thc Guaje Pines Cemetcry is located on a late Quaternary alluvial surface within Rendija Canyon. 
The rugged topography to the norlh and west is mainly underlain by Miocene to Pliocene dacites of the 
Tschicorna ]Formation, arid the escarpment to the southeast (the west end of Barranca Mesa) is under- 
lain by the Tshircge Member of the Bandelicr ‘Tufr. The north-trending escarpment to the east parallels 
the Rendija Clamyon fault, which displays aboiit 30 m of post-Bandelier down-to-the-west offset in this 
area (Fig. 5 in Introduction; Wong et al., 1995; Kelson et al., 1996; Olig et al., 1996). To the east 
Rendija Canyon has incised a narrow slot through the southern slope of a pre-Bandelier paleohill (see 
Broxtori and Reneau, 1906), and highly sheared ‘I‘schicoma dacite is exposed adjacent to the stream. 

The low rise at the east end of the cemetery marks the trace of the Rendija Canyon fault. This is the 
only placc within Los A11amos County whcrc a fault s c q i  has been located across a late Quaternary 
alluvial mface, and a series oC trenches were excavated here in 1992 to evaluate the paleoseismic 
history of the fault (Fig. : t J O ;  Wong, et al., 1995; Kelson et al., 1996). As exposed in the trenches, the 
area easl of the fault is underlain by dacitc-rich late Quaternary fluvial deposits that in turn overlie a 
possible sag pond deposit, and the area io the west is underlain by a series of fault scarp derived 
colluvial layers that overlie faulted alluvirxwi (Fig. 2-5 1). The most recent event produced an estimated 
2 -t. 0.5 n i  high scarp here, suggesting a magnitude 6-7 carthquake. The age of the most recent event is 
not certain due to discrqxmcies between different dating methods; radiocarbon dating of charcoal 
fragments indicates ala age of ca. 8 ka, whereas thermoluminescence (TL) analysis of scarp-derived 
colluvium indicates an age of ca. 23 & 4 Ica. The age of the penultimate event is estimated at ea. 65 & 
9 TL ka, and the agc of a prior event is estimated at 2140 :t 26 TL ka (Wong et al., 1995; Kelson et al., 
1996). 

The seeming independence in age of the most recent surface rupture events here and on the Guaje 
Mountain fault at SHT- L (Stop 2-31) was surprising, considering their close proximity and similar 
styles of hilting. Sinrilarly, thc ahence of rccognized contemporaneous rupture on the Pajarito fault 
is also puzzling, as the down-io-the-west Rendija Canyon and Guaje Mountain faults appear to be 
antithetic to the down-to -the-east F’ajarito fildt. The Pajarit0 fault also has much higher long-term slip 
rates and would be expectcd to be more active, yet has not yielded evidence of events in the last 50-60 
ka. ClearXy, much remains unccrtain about the kinematics and the paleoseismic history of the Pajasito 
fault sy st em 

* Rel.rac:e route to L,os Marnos and Ponderosa Campground. 
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Fig. 2-SO. Map.showing paleoseismic trenches along the Rendija Canyon fault at the Guaje Pines 
Cemetery (from Kelson et al., 1996). 
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formed after the penultimate event. Unit A:! is a possible sag pond deposit, > 140 TL ka in age, that is 
buried by dacite-rich alluvium of w i t  A3. (from Kelson et al., 1996). 
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Day 3, Pueblo Canyon and Los Allamos Canyon 

Leaders: Si evtm Reneau, Dave Ihoxtcon, Eric IHc Donald 
(with mamy contributicms to the sedinwml studies Y9y Brad Wilcox, Will Graf, and LANL’s 
“Canyon!~~‘ investigation team) 

The meeting area for Day 3 NS on NM 502 at the interchange with NM State Road 4 (the “White Rock 
Wye”), at a dirt road to the north ncar fhe highway maintenance area. (From Ponderosa Campground, 
head north an I>ay 2 route [NM 501, Wcst Jerracz Road], heading straight through stoplight at intersec- 
tion with Diamond Drive arid down East J enm Road to SW 4, north past Tsankawi to interchange, 
following sign to Los Alatrios [YeR lane]; road is on right soon after joining NM 502. From Lois 
Alamos, follow IVM 50% towards Santa Fe, turning left at bottom of hill onto 1st and only road [oppo- 
site where road forks to White Rock[). 

0.0 Gate at dirt road leading up Z’ueblo Canyon to Los Alamos County Sewage Treatment Plant (road 
unsigned; gate locked, but area open for recreational use). Highway maintenance area to right. 

0.2, Gully t o  right exposes El Chieke: pumice beneath colluvium. This is close to the northernmost 
recognized extent of‘the pumice bed (so far anyway). 

1 .?I Main dirl road bends to left, parallel to Pueblo Canyon channel, and dirt track heads right into 
woods, 1:’aslc. 

e Either walk down dirt track to east to where track ends at old corral, or walk down along stream 
channel (Jatter route can be overgrown and soggy). 

Stop 3-1: IfJower Pixebla Canvorr 

Station 3-la, P~ieblio Canvon near Monitorin$! Well PO-4 (6440’. 1965 m elev.1 

Geologic Scttimg. This stop is stratigraphically below the Bandelier Tuff, where the stream has incised 
into Pliocene fanglomerales of the Puye Formation (locally exposed in the stream banks) (Fig. 3-1). 
Basalts are, exposed in the streatn bed alrout 2 km downstream, immediately above the confluence with 
Los Alamos Canyon, providing a local base levcl control (Fig. 3-2). As discussed for other canyons, 
this part of Piieblo Canyon has experienced late Quaternary aggradation, and the canyon bottom near 
here at well PO-4 (Pueblo Observation Well 4-, drilled in 1996) is underlain by 17 m of alluvium. The 
alluvium pinches out downstream on the basalt, and the present average channel gradient between here 
and the basalt of about 49.019 d n r  (1. I ” )  is steeper than the pre-aggradation gradient of -0.014 (0.8”, 
assuming the same sinuosity as today). Alluvium exposed in the stream banks is largely or entirely 
latest f4olocene to historic (post-1943 11.11.) in age. 

Ongoing 1Snvlronrnentnl Pnvestigations. Most 01 LANL‘s Environmental Restoration Project has 
been focused on charactcxizing and cleaning u p  sites at or near potential contaminant releases. The 
recently begun “Canyons” investigations are unique in that they examine present and potential future 
contaminant distributions on a watershed scale, evaluating contamination dispersed by surface water 
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Fig. 3-2. Oblique airphoto of1,os AXainos Cart- 
JWKI incised into basalt below NM %)& looking 
west past confluence of Pueblo Canyon (to 
right) and Las Alamos Canyon (to left). 
thickpoints in both canyons occur irnrnediately 
upstream OF the coiifluencc (IANI, file photo). 

(sediment) arid ground water pathways between the 
release sites and the Rio Grande. These data will be 
used to evaluate the present and potential future risk 
(human and ecological) from such widely dispersed 
contaminants, which will in turn be used to make de- 
cisions on possible remediation alternatives (if neces- 
sary). The 1,os Alamos-Pueblo Canyon system was 
chosen for the first round of Canyons investigations, 
and field work began in February 1996. This 
morning’s stops will highlight some of the initial re- 
sults from the first season of held work on post-WW 
11 sediments in Pueblo and Los Alamos Canyons, and 
t he relationship o€ contaminant distribution to recent 
fluvial processes. 

IPlutoniarm in Pueblo Canyon. The sediments of 
Pueblo Canyon are believed to contain the largest 
amounts of plutonium released from early Laborator:y 
operations. Effluent collected in “acid sewer lines” 
from the original Los Alamos Technical Area, includ- 
ing the present “downtown” area of Los Alamos, were 
ireleased into Acid Canyon, a short tributary to Pueblo 
Canyon 7 krn upstream from this stop. Discharge of 
dfluent containing Pu probably began in 1945 and 
continued until 1964. The highest concentrations of 
Pu are believed to have been released prior to 1951, 
when a treatment plant began operation, although the 
amount of Pu discharged in {he early years was not 
documented (Stoker et al., 1981; Graf, 1994). 

I 

Environmental sarnpling in Pueblo Canyon began in 1945, reflecting early recognition of potential 
health hazards from the P1.i rcleased into Acid Canyon. The most comprehensive sampling to date was 
conducted in 1976-1977, when a series of samples were collected along the entire length of Pueblo and 
lower Los Alamos Canyoirs between thc effluent release site and the Rio Grantle (Stoker et al., 1981). 
Findings of this study included a general downstrearn decrease in 1% concentration, and the storage of 
significant amount s of Pu in “inactive channel!;" and “banks”, particularly in lower Pueblo Canyon. 

More recently, Will Graf was contracted by I,ANL‘s Environmental Surveillance Group to provide an 
independent geomorphic evaluation u i  thc distribution of Pu in the Los Alamos and Pueblo Canyon 
system (Graf, 1995, 1996). His work, based or1 a compilation of LANL surveillance data and field 
mapping, supported the earlier studies in showing a general (but irregular) downstream decrease in Pu 
concentration and in identifying this part of Pueblo Canyon as containing the highest inventory of Pu in 
the Los Alamss Canyon drainage basin (Fig. 3-3) .  Grai’s work has formed the basis for subsequent 
(ongoing) invc;sligations Iiy LANL’s Environmmtal Restoration Project, in particular by helping to 
articulate a ~xriaceptual modt:l of coniarrlinant distribution that can be tested and revised as additional 
data are collected. 
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Fig. 3-3. A) Longitudinal variations in plutonium concentration in bedload sediments of Pueblo Can- 
yon and lower Los Alamos Canyon as measured at environmental surveillance sampling stations. Based 
on 230 samples, generally collected from between 1977 and 1992. Open diamonds represent indi- 
vidual sample values. Filled circles connected by the line represent mean values at various locations, 
calculated using all the data available at each location except the highest and lowest values. "fCi" are 
femtocuries, or curies. B) Map showing the estimated distribution of stored plutonium in sedi- 
ments of the Los Alamos-Pueblo Canyon system. Proportional cubes represent the amount of pluto- 
nium stored within each reach. From Graf (1995). 
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Of particular geomorphic significance, PU enhering the environment in solution or as fallout tends to 
bind onto serdiinerit particles, and is believed to rennain geochemically immobile under typical near- 
surface environmental conditions (see summa1 y in Graf, 1994). Understanding the transport and redis- 
tribution 01 Pu is thus primarily a sediment transport issue. This contrasts with some other radionu- 
clides of concern at LAN[,, particularly ”Sr, which has a relatively high solubility and is transported in 
the dissolved load of surface water and groundwater. 

(Note: Although plutonirrm is preseni rn this part of Pueblo Canyon above “background” concentra- 
tions, levels of contamination are low and have nowhere been found to exceed EPA “action levels” (24 
pCi/g for zJ9Pu). IVo health hazards for casual visitors have thus been identified, and this area is fully 
opcn to the j~u1)l~c.) 

Field Inves1,iigaticuns of Csntaminiint IXstribution. In the sediment investigations of Pueblo and Los 
Alilnlos Canyon, we have adopted an approach that is referred to as “Expedited Site Characterization”. 
lnstead of ibllowing a very detailed and specific “work plan”, prepared in advance of field work (often 
standard practice In regulation-driven environmental work), we retain flexibility and rely on a multi- 
disciplinary team (earth scientists, risk assessors, statisticians, radiation technologists) to quickly as- 
sess new data and make decrsions aboul what data to collect next, often on a daily basis. 

A cornerstone of our approach is f ht: posing of hypothest:s about contaminant distribution based on 
prior knowlcclge (a "conceptual model”), and collecting (lata that is focused on continually testing and 
revising these hypothescs, building confjdencc: in the model. ‘The goal is a technically-defensible char- 
acterization that is €ocuc;cd on collecting data needed for the decision-making process, and that is both 
efficient and cost-effective. As past of this, we need to both understand the present distribution of 
coritaminancs in order to perform “present-clay” risk asscssments, and also sediment transport pro- 
cesses in order to allow forecasting of future h inges  in contaminant distribution. 

Another imparl ant component of the sediment investigations is that we focus most of our work on “key 
reaches”, allowing us to collect a higher density of data in relatively small areas and better test our 
hypotheses (similar to tho “representaiive reach” concept in Graf, 1994). Specific reaches are chosen 
for a variety of reasons, including areas that are: I) close to contaminant sources; 2) at significant 
geomorphic changes (e.g., where channels flatten and canyon bottoms widen, allowing more opportui- 
nity for setiimmt deposition); and 3) at major geographic or institutional boundaries. The area that we 
will visit a short distance downstream (reach P-4), was chosen in part to define (he types and concentra- 
tions of contaminants at the Laboratory boundary, and thus what has been transported off DOE land 
and onto adjacent San lldefonso Pueblo land. 

Steps in ow investigations include: 

1) Review of prior knawlctlge. 
2) Selection of reaches. 
3) Geomorphic mapping of reaches, focused on units relevant to contaminant characterization. 
4) Quick, low resolution field screening to thoroughly cover large areas, gathering general data 

on contaminant distribntiorr and searching for “hot spots”. Here we used a gross gamma radiation 
walkover survey (Fig. 3 4 ,  left), with measurements made every 2 seconds and located using GP!3, 
collecting up i o  14,000 data points in iz single day. These data were down-loaded, transferred to our 
@IS data baisc,, and were ready for examination the next day. 
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Fig. 3-4. Photographs of rad screening in lower Pueblo Canyon, reach P-4, in spring 1996. Left photo: 
Gross gamma walkover survey is being performed by ERG, out of Albuquerque, and the local gamma 
radiation is measured every 2 seconds. The surveyors location is recorded using GPS (GPS antenna is 
on backpack, and data recorder is in right hand). 2-inch gamma detector is hanging from right side, and 
a paint gun used to mark traverses is in left hand. Center photo: “Fixed point” measurement site of 
surface sediments, obtaining simultaneous readings of alpha (circular detector to left), beta (rectangular 
detector in front), and gamma radiation (2” detector is inside PVC holder which supports lead shield- 
ing), with 5 minute count times. Right photo: Fixed point measurements of sediments at depth, in bank 
exposure. 

5) “Fixed point measurements”, collecting higher resolution field data on alpha, beta, and gamma 
radiation at select spots (Fig. 3-4, center). In part, these data allowed testin the hypothesis of co- 
location of gamma emitters (e.g., 137Cs, 235U) and alpha emitters (e.g., 238Pu, 23’Pu, 240Pu). Fixed point 
measurements in bank exposures and hand-dug pits also allowed examination of depth variations in 
radionuclides (Fig. 3-4, right). 

6) Collection of a small set of samples for “full suite” laboratory analyses. These are expensive 
analyses that look for a large range of possible contaminants (various radionuclides, metals, and organ- 
ics), and we use them to confirm that we know which contaminants are present above “background”, 
to further examine co-location of contaminants, and to narrow our list of analytes. Sample sites are 
selected based on the geomorphic mapping and the field rad measurements. 

7) Collection of larger sets of samples for “limited suite” laboratory analyses, focused only on 
contaminants of concern to reduce the analytical costs. These analyses are intended in part to provide 
statistically defensible values for geomorphic units of concern. These analyses may also be of single 
“indicator” contaminants that are key for understanding sediment transport and testing components of 
the conceptual model. 

At present, we have completed steps 1 through 6 for four reaches and are analyzing our “full suite” 
data, in combination with “background” data, as a prelude to the next round of sample collection. 

Walk 0.4 km downstream (east) either on trails in the trees or down the generally unincised, canyon 
bottom (Fig. 3 - 3 ,  past a prominent knickpoint along the channel. Vegetation along this part of 
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Fig. 3-5. Photograph of unincised pare of lower Pueblo 
Canyon, almve 1knic:kpoiat. Based on exposures down- 
stream, - 1.5 m of historic sediment probably underlie the 
canyon floor here. 

Pueblo Canyon is uncommonly lush 
due to releases from the Los Alamos 
County Sewage Treatment Plant 1 km 
upstream. 

Station 3-lb, Lower Pueblo Canvon, 
near knickpoint (6415'. 1955 m elev.) 

Historic Channel Changes. This part of 
Pueblo Canyon has experienced signifi- 
cant channel changes during this century, 
including at least -1.5 m of aggradation 
and up to 3 m of subsequent incision (Fig. 
3-6). These changes have been evaluated 
using both field mapping and examination 
of a sequence of airphotos that extend back 
to 1935, providing a relatively well docu- 
mented example of a historic aggradation- 
degradation cycle. The historic channel 

changes have also had a strong irrf1uenc:e on tlie present distribution of Pu in Pueblo Canyon, with the 
peak contaminmt releases coinciding with a period of aggradation, resulting in an opportunity for 
extensive storage of Pu within this reach. 

Pueblo Canyon through this reach was uninciscd 'In 1935 and had a relatively wide active channel (-15- 
35 rn wide). The channel was locally braided, with side channels present through the adjacent mixed 
ponderosa pjnt:-pi~on-junipc:l' wooa1lant-l. Between 1935 and 1960 up to 30-40 m of channel migration 
had occurred (Fig. 3-7), ac:coaipanyimg channel aggradation, and local incision had also been initiated 
immediately downstream o€ the present hickpoint. The peak of aggradation at this site and subsequent 
incision probably occurred in the late li 950s, shown on a 1960 airphoto by a lightly vegetated sand lobe 
spreading ovcr the flats to the southeast, above a slightly incised channel (chamisa or golden rabbit 

Fig. 3-6. Photographs of lower Pucbllo Canyon below knickpoint, where -1.5-3 m of incision has 
occurred since the late 1950s. Lefk photo shows area a short distance downstream from 1996 knickpoint, 
where thick patches of cliarnisa have colonia,a:d terraces formed between the late 1950s and the mid 
1980s. Right photo shows area downstream location of 1969 intersection point, in a 1991 flood 
channel, 
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Channels Changes 
Lower Pueblo Canyon 

(based on historic airphotos) 

Fig. 3-7. Maps showing channel changes in lower Pueblo Canyon since 1935 (1935, -1960-65,1991), 
in area of Stop 3-lb. 
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brush, Chrysothamnus vzauscosus, rapidly colonizes abandoned channels in this canyon, and 199 1 sand 
bats can possess a relatively dense growth o€ chamisa). ‘The thickness of the most recent aggradational 
deposit is estimated at about 1.5 IIZ based on tht: maximum depth of exotic clasts such as quartzite and 
granite and on associated stratigraphic hreaks. 

The sequence of maximurn channel aggradattirun followed by incision that began -50 m downstream of 
the present (10%) knickpoint in the late 1950s was repeated at downstream sites over the following 20- 
30 years as an intersectiorn point migrated - 1.5 km downstream (Fig. 318). As aggradation at each sitc 
proceeded, lobes of C O ~ ~ S E :  sand arid somc gravel spread out onto the adjacent floodplains or terraces, 
followed by incision and surface abaridonmcnt, creating a diachronous fill terrace. A flight of inset 
“fill-cut” terraces has formed during incision, generally underlain by < O S  m of contemporaneous sedi- 
ment over older historic or prehistoric cleposits (Fig. 3-9). 

The present knickpoint is formed wher~e the incising channel encountered a resistant unit of partially 
cemented alluviLim, impeding upstream incision, and this feature does not appear to be typical of chan- 
nel erosion processes. The initial channel incision near here and subsequent incision at downstream 
sites appears ~ C J  have been 1argt:ly by vertical incision into the stream bed, and riot caused by migrating 
knickpoints, 

Plutonium Distribution. The historic channcl changes that have occurred in this reach have substan- 
tial implical ions lor the distribution of plutonium in the stream sediments. The time transgressive 
channel aggradation and incision that occurred following the initial releases resulted in the storage of 
large volurms oi‘ contaminated sediment and its subscquent partial remobilization by channel and bank 
erosion. Becaiise contaninant concentrations in both the suspended load and the bed load are likely to 

I1istaric:e Upstream From NM 502 (km) 

Fig. 3-12. Loiigi tudinal profile of lower PuelAo Canyon, showing historic terrace and location of inter- 
section poii~t at different times, as inferred from airphotos. 
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Fig. 3-9. Photograph of exposure below ca. 1986 
inset terrace, near site of ca. 1965-1969 meander 
cut-off. Deposit associated with historic fill-cut ter- 
race is apparently only about 10 cm thick here (line 
at hat level). Gravel layer apparently contains no 
“exotic” material, and may have been deposited 
during an earlier pre- 1943 aggradation-degradation 
cycle, perhaps representing a channel lag at the base 
of an earlier fill-cut terrace. Lowermost unit is a 
partially cemented alluvium of unknown age, simi- 
lar to that present at the 1996 knickpoint (photo by 
Brad Wilcox). 

have decreased over time, associated with pro- 
gressive dilution by “clean” sediment, we ex- 
pect that Pu concentrations vary longitudinally 
along the historic fill terrace. Limited data 
obtained in 1996 seem to support this hypoth- 
esis: one sample of the coarse channel sands 

concentration of 4.75 pCi/g, whereas sands 
deposited in the early 1980s and in a 1991 flood 
yielded values of 0.76 and 0.54 pCi/g, respec- 
tively. These data are consistent with samples 
of “active channels” collected during the 1976- 
77 investigations, 0.27- 1.00 pCi/g from this 
reach (av. = 0.69 k 0.29 pCi/g, n = 7) (Stoker 
et al., 1981). We plan to further evaluate these 
possible age-Pu relations in our next round of 
sampling. 

deposited in the late 1950s yielded a 239+24OPu 

The historic channel changes have also prob- 
ably resulted in spatial distributions in Pu car- 
ried as suspended load and deposited from 
overbank floodwaters. The widest dispersal of 
floodwaters over the prehistoric terraces or 
floodplains likely accompanied the peak of 
aggradation in each part of lower Pueblo Can- 

yon, with subsequent channel incision decreasing the opportunity for overbank flooding. Relatively 
old overbank deposits with higher Pu concentrations may thus occur at the surface near areas aban- 
doned by the channel in the middle of this century, and deposits with the highest concentrations may be 
buried beneath later channel or overbank deposits in other areas. Consistent with this hypothesis, the 
highest value of Pu obtained this field season from this part of Pueblo Canyon, 11.3 pCi/g, was from an 
overbank deposit (silt loam) at a site abandoned by the active channel between 1935 and 1960. This is 
similar to, but slightly lower than, the highest value obtained from this reach in the 1976-1977 investi- 
gation, 15.3 pCi/g from a “bank” deposit downstream (Stoker et al., 1981). The highest value of Pu we 
have found so far in Pueblo Canyon sediments, -500 pCi/g, is at depth of 70 cm a short distance 
downstream from Acid Canyon (Fig. 3-10), buried by less contaminated sediment and thus also sup- 
porting a decrease in Pu concentration over time. 

Plutonium Remobilization. The potential remobilization of stored Pu is of concern to “stakeholders” 
such as the downstream landowners, San Ildefonso Pueblo. Part of our goals include determining how 
much Pu is stored in Pueblo Canyon, and where, and forecasting trends of future contaminant transport. 

Plutonium is remobilized from this reach largely by lateral bank erosion during floods. As many of the 
eroding banks consist of prehistoric sediments, resulting Pu concentrations will be less than that stored 
in the historic deposits due to dilution with “clean” sediment. Since incision began at this point -1960, 
there has been relatively little lateral bank erosion (in comparison to the width of the historic canyon 
bottom), with channel change instead dominated by incision. Thus, we expect that much of the stored 
Pu will remain here for decades or longer if these trends continue. In contrast, Los Alamos Canyon at 
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Fig. 3-10. Depth plot or field alpha measurerne:nl s in reach 1’- 1, in Pueblo Canyon 0.2 km dow 
Pu. The highest level of alpha r of Acid Canyon, and available laboratory values of 239 e240 

istrearn 
diation 

occurs about 0.7 ni deep In a silt-rich floodplain deposit which is buried by “cleaner” sediment. The 
variability i11 alpha at each depth ru:flecls multiple measurcments on same sample, with the large vari- 
ability likely diic to some cornbination of small-!;cale heterogeneity in the distribution of Pu and poor 
counting statistics related to the sinall numbw of counts. 

Stop 3-3 clisplays evidei~ce: €or relatively ratpid flushing of sediment and a greater potential for 
remobilization of stored contaminants. 

Rernobilizaliora of stored Pu in Pireblo Chnyorr could also occur by headward erosion of the knickpoint 
and enlargement of the incised channel system to the west (Graf, 1995). Although the knickpoint has 
only migrated -80 m since 1986, with channel erosion currently impeded by a bed of partially ce- 
mented alluviam, rapid crosion coultl. presumalAy occur during and following a large flood if the 
channel relocated the loose, unconsolidated hi stork alluvium. If sufficient Pu is stored upstream to be 
of concern (planned to be investigated in 19911, slabilizatiori of the knickpoint might be one remediation 
alternative. 

0 Return to vehicles, and heild iipcaqyon to turnaround point. 

1.6 Junction with dirt road LIP Ikeblo Canyon to left. Turn around and drive back on road to gate 
near NM 502. 

3.2 Gate. Park near highway maintcnance slation. 

From gilte, walk north to right of Irighway maintenance station buildings, down old dirt road to 
incised canyon bottom. Fence to right encloses test well TW- 1, completed in 1950; basalt, under- 
lying the Puye Formation, wax encountercd at a depth of 15 m, or about 5 m below the present 
channel (Purtymun, 1995). 

Stor, 3-2: IImver Pueblo Canyon near “White Rock Wve” (6340’. 1935 m elev.1 

Historic C:lnamnel Changes. This part or Pneblo Canyon, about 0.8 km upstream from the first oul- 
crop of basalt in the stream bed, has t:xperienc:ed at least - 1.6 m o€ aggradation and subsequent inci- 
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sion this century. Many ponderosa pine snags are partially buried (Fig. 3-1 l), and sawn stumps are also 
emerging from the eroding banks. The aggradation that apparently peaked upstream in the late 1950s 
continued here until the early 1980s, with incision having occurred along most of lower Pueblo Can- 
yon below the knickpoint by 1986 (Fig. 3-8). The historic fill terrace is about 1.7 m above the present 
(1 996) channel, and the snags and stumps are rooted about 0.9- 1.1 m deep, presumably on a prehistoric 
floodplain or low terrace. 

Bank exposures and surface mapping reveal some aspects of the stratigraphy produced by the historic 
aggradation event. Most of the section in the banks is composed of coarse channel sands and gravels, 
although up to 50% of the section along the north margin includes fine-textured overbank layers, 
apparently deposited at slackwater sites along the edge of the floodplain. 

This part of Pueblo Canyon had a braided channel through the trees from 1935 until at least 1981, and 
an abandoned channel occurs -40 to the north (Figs. 3-12,3-13). As aggradation proceeded, coarse 
sand lobes spread out over the former floodplain surfaces, widening the “active channel”. Analogous 
layers of coarse channel sands that overlie floodplain deposits at many sites on the Pajarito Plateau 
(e.g., Ancho Canyon, Stop 1-5; Rendija Canyon, Stop 2-3) may similarly record brief aggradation 
events associated with migrating intersection points. 

Airphotos taken in October 199 1, following a major flood in August 1991, revealed a relatively broad 
sandy flat along the channel at this site. Between 1991 and 1996 an additional 0.3 m of incision 
occurred, stranding the 1991 sand deposits as a low inset terrace, which has been colonized by chamisa. 
A series of similar inset terraces, mostly dating to the 1980s, were formed upstream as incision pro- 
gressed. This post- 199 1 incision heads - 100 m upstream where the degrading channel encountered 
large ponderosa pine roots. Except at such sites of unusual resistant bed material (including the ce- 
mented alluvium near Stop 3-lb), there is no evidence of sharp knickpoints along lower Pueblo Can- 
yon, and we thus infer that incision through the predominantly loose sandy fill is dominated by channel 
bed erosion and not the progressive headward migration of knickpoints. 

Fig. 3- 11 ,  Photographs of ponderosa pine snags at Stop 3-2, rooted about 1 m below the surface of a 
historic terrace, probably on a “prehistoric” (pre-1943) floodplain or terrace. Trees were living in 1974 
(photo by Brad Wilcox). 
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Fig. 3-12. Simplified geomorphic map of lower Pueblo Canyon near Stop 3-2, showing areas that experienced charm- 
ne1 aggradation in the mid-1970s to early 1980s and parts of the canyon bottom inferred to have been overtopped by 
historic floodwaters. Historic overbank layers can be interbedded with or underlie the historic bedload deposits, and 
lobes of coarse sand and gravel were deposited on some of the areas mapped as “floodplains”. Extent of historic 
overbank deposition may be revised following additional plutonium analyses. 
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Distance (m) 
Fig. 3-13. Schematic cross section across lower Pueblo Canyon at Stop 3-2, showing inferred extent of 
historic alluvium. 

Return to vehicles. 

3.2 

3.4 

3.5 

3.8 

4.2 

From turnoff, head CAREFULLY straight across NM 502 to south, taking turnoff to State Road 
4 towards White Rock. 

Up the Los Alamos Canyon channel 70 m to the west was a sample site for the LANL background 
soil geochemistry study (Longmire et al., 1996; McDonald et al., 1996a; Watt, 1996). In a stream 
bank exposure, 2 m of pumice-rich slopewash sediments overlie Los Alamos Canyon stream 
gravels, the latter within 0.5 m of the present channel. Charcoal from the basal slopewash deposit 
yielded a ca. 2.8 I4C ka date, and a burned stump rooted in the stream gravels yielded a date of ca. 
2.5 I4C ka (Fig. 3-14). These analyses indicate that the channel was very near its present level 
about 2.5-3 ka at this location close to the local basalt base level, and also helps document locally 
rapid late Holocene erosion on slopes underlain by non-welded tuff and pumice. 

Gate to right. Dirt road leads up Los Alamos Canyon. This is DOE land that is open to the 
public. Drive through gate and up road (note: gate usually locked). Many cavate ruins occur 
along the base of south-facing cliffs upstream (Fig. 3-15) and in most other canyons at this eleva- 
tion on the Pajarito Plateau. 

Old borrow pit to left, in Los Alamos Canyon stream terraces of unknown age (Qt2 and Qtl of 
Rogers, 1995). Upper terrace, -30 m above the channel, grades to a broad saddle to the east, 
immediately north of Tsankawi Mesa, and this saddle marks the former course of Los Alamos 
Canyon prior to capture by a stream to the north. The lower terrace may mark the stream level 
after adjustment to the new post-capture base level. 

Near the base of the cliffs to the north are excellent exposures of pumice beds and associated 
buried soils of the early Pleistocene Cerro Toledo interval. 
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Fig. 3- 14. Clross section of 1~idiOcX19011 sample site in lower Los Alamos Canyon, showing pumice-rich 
Pan ovcrlyiy Los Alamos Canyon stream gravels. Pan sediments are largely derived Erom the Guaje 
PUI-nice Bed, non-welded Otowi ignindwites, and non-welded basal Tshirege ignimbrites. Background 
soil sample site is located 15 YTL io southeast (from Longmire et al., 1996). 

13g. 3-15. Photographs of cavate rrijns and petroglyphs in Los Alamos Canyon. 

5.2 Canyon bottom to left is fillccl hy a broad boulder deposit. Similar boulder deposits occur along 
at least 9 k.m of Los Alamos Canyon, arid may record a single extreme flood event. Charcoal 
colleded from sediments and soils; buried by this deposit upstream (near Stop 3-3) indicate an age 
o~ ca. . W O - ~ I O  14c yr H.P. 

5.4 Powerline. East end O C  "reach 1A-2". A lone alligator juniper tree (Juniperus deppeana) next tlo 
the road inny be the northernmost individual in New Mexico (its nearest known relatives are 9 krn 
south, between Frijoles Chiyon and State: Road 4; Craig Allen, pers. comm., 1996). Near here is 
the axis of ii pre-'rslnirege paleodrainage that headed in the modern Rendija Canyon basin and 
flowed southeast iict'oss the present Bay", Pueblo, LOS Alamos, and Sandia drainages, emptying 
into thie ancestral Rio Crande north of the White Rock basalt high (Broxton and Reneau, 1996). 
The arris itself is not exposed, but a pre-'l'shirege stream terrace, buried by Cerro Toledo Rhyolite 
pumice beds, can be viewed at the base of lhe cliffs west of the powerlines. 

5.7 'rest well TW-3 to right, drilled in 194!). Base of Bandelier Tuff is 53 m deep here, overlying 
Puye Formation fanglomerates (Purtynnuw, 1995). Immediately to west, road crosses DP Can- 
yon. 

5.t4 We11 licluse for watcr-r;;txpply well Otowi 4. Park. 
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$top 3-3: Los Alamos Canvon at DP Canvon (6610’. 2015 m e1ev.l 

(Note: Our investigations in sprin 1996 identified one area a short distance downstream of DP Can- 
yon with relatively high levels of Cs and ”Sr in the sediments, exceeding EPA “action levels”, and 
this area is posted. Please respect these signs. This site is one candidate for remedial action, although 
risk assessments have not yet been completed and the possible need for cleanup has not yet been 
evaluated.) 

lf7 

Setting. This stop is at the confluence of Los Alamos Canyon and a short side canyon from the north, 
“DP Canyon”, which drains “DP Site” (TA-21) and part of the Los Alamos townsite. (Variations that 
have been heard on the origin of the name “DI?” include “Delta Prime”, “Deuterium-Plutonium”, and 
“Dump Plutonium”). Los Alamos Canyon is about 130 m deep here, incised into the Otowi Member of 
the Bandelier Tuff. Excellent exposures of both dacite-rich alluvial deposits and pumice-rich beds of 
the early Pleistocene Cerro Toledo interval occur up DP Canyon (Broxton et al., 1995a; Goff, 1995). 

Alluvial Units. Alluvium is about 5 m thick in this part of Los Alamos Canyon (e.g., Purtymun, 1995), 
containing abundant dacitic clasts that often impede drilling operations. Several Holocene units are 
exposed in this reach (Figs. 3-16, 3-17). Unit Qtl includes cobble-rich terrace deposits, dated at ca. 
2.9-4.8 I4C ka in this reach and extending up to 3 m above the active channel, that may record the 
timing and maximum height of Holocene aggradation here. Qtl is generally buried by slopewash 
deposits (Qc), and likely includes several distinct terrace units (equivalent to Q1 of Drakos and Inoue, 
1994, and Drakos et al., 1996, upstream at TA-2). 

Qt2 typically occupies much of the canyon bottom and is notable for its large boulder bars that may 
record a single rare high-magnitude flood event (Fig. 3- 18). The underlying gravel-rich alluvium is - 1 
m thick and sedimentologically distinctive, unlike that seen in other exposures on the Pajarito Plateau 
and resting in sharp contact on older alluvium or soils. Analyses of charcoal from underlying deposits 
at 2 sites in this reach indicate an age of 290-610 14C yr B.P (ca. 1300-1650 cal A.D.) for this deposit. 
The dominance of dacite clasts in the deposit indicates a source for the sediment in the upper Los 
Alamos Canyon watershed in the Sierra de 10s Valles. (This unit is in part equivalent to the 4 2  of 
Drakos and Inoue, 1994, and Drakos et al., 1996, although some of their 4 2  unit appears to be younger.) 

Historic alluvial units are inset into Qt2 and often are restricted to a narrow strip -5 m in width, al- 
though they locally broaden to 20 m in combined width (Figs. 3-16,3-17). “cl” is the active channel, 
typically about 1.5 m wide and composed of coarse sand and gravel. “c2” are adjacent surfaces, -0.5- 
1 .O m high, that typically include 0.3-1.0 m of overbank deposits (often dominated by fine sands) above 
historic channel deposits (containing “exotic” quartzite and granitic clasts, pieces of metal, etc.). “c3” 
is a relatively high (1.3 m) historic surface downstream of DP Canyon with the highest levels of con- 
tamination in this reach (discussed below). “fl” refers to those portions of prehistoric terraces that 
have been overtopped by contaminant-bearing floodwaters. 

Contaminant Sources. Several LANL sites upstream have released contaminants into the Los Alamos 
Canyon watershed over an -50 year period, probably including a variety of radionuclides, metals, and 
organics. TA-2 1,  an industrial site located on DP Mesa to the west, has housed a plutonium processing 
facility, a tritium facility, and other weapons-related operations dating back to the early post-war years. 
The main source for Contaminants that have entered the stream channel is believed to be an outfall into 
DP Canyon (“21-011(k)”), where a variet of radionuclides were discharged in effluent water, includ- 
ing 24’Am, 137Cs, 238Pu, 239Pu, 240Pu, and Sr. Other outfalls from TA-21 discharged effluent over the !i% 



w 

Fig. 3-16. Simplified geomorphic map of Los A p a m ~ ~  Canyon at confluence with DP Canyon, Stop 3-3, showing distribution of 
historic sedimentary units, late Holocene Qt2 terrace, and radiocarbon sample locations. 
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Fig. 3-17. Schematic; cross section across ].,os Alarnos Canyon floor at Stop 3-3, showing inferred 
relationships of geomorphjc units. 

cliffs to the north, directly into Los Alamos 
Canyon. 3 km upstrcam from DP Canyon is 
the Omega West nuclear reactor at TA-2 (o€f- 
line since 1993, after discovery of a leak in the 
cooling I ines). Radionuclides released from TA- 
2 include 3H (tritium) and "Sr. Farther up Los 
Alamos Canyon, various outfalls from TA- 1, the 
original WW 11-age Technical Area, also dis- 
charged effluent over the cliffs. 

Fig. 3- 18. Photograph of bouldcry Qt2 ter-r <ice sur- 
face in reach LA-2, dated at ca. 1300-1650 A.D. 
and possibly recording a single extreme flood event. 

Contaminant Distribution. Due to the release 
of relatively large amounts of 1 3 7 ~ s ,  a strong 
gainma emitter, froniTA-21, we have been able 
to fairly quickly and precisely define the extent 
of radionuclide contamination in this part of Los 

Alamos Canyon using field inntruments (Fig. 3-19), and to also define variations in the relative abun- 
dance of ''713s between geomorphic units. We are continuing to evaluate whether other contaminants in 
the sediirimts are co-Xoa:ated with 137Cs9 which would allow clefensible use o€ the gross gamma walk- 
over sui*vey to bias sampling, t jut the initial results are encouraging; the highest concentration of 241Am 

131 (alpha cmitters) and "Sr (a beta emitter) have all been measured in units with high field 
gamma measurements. 

a,ld 239-t.240 

Gamma radiation abovc "background" (I ipstream) levels is measurable in all historic channel units 
downstream €ram DE) Caiiyon. Values in the "c2" unit arc consistently higher than in "cl" (Fig. 3-20), 
consistmt with the expected higher contamjnant conccntrations in the finer sediment sizes that are car- 
ried in suspension arid deposited by overbank J'loodwatcrs. Variations in gamma radiation in c2 may 
reflecl ;i cornbination of particle size variations, age variations, and variable contributions of sediment 
from I .os ALamos Canyon vs. DP Canyon. 'The highest gamma measurernents in each vertical section 
through c2 con-espond with relatively he-texturcd layers, and thc sections with the highest gamma 
values ("~21~") appcar to repreaenl relatively old deposits that have been scoured from most o€ the reach 
(Fig. 3-2la, b). 
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Fig. 3- 19. Left photograph shows field screening for gross gamma radiation in reach LA-2, near obser- 
vat ion well I.,A0-3, in spring 1996. Survey was performed by Chemrad, out of Oak Ridge, Tennessee, 
utilizing the TJSliADS positioning system (the surveyor carries an ultrasonic transmitter, and a com- 
puter locates the surveyor every second by triangulating from a local network of receivers; one receivex 
is visible on tripod to right). Measurements were madc every 1 second using a 1-inch detector (dan- 
gling from right hand). Right photograph shows “fixed point” measurements for gross gamma radia- 
tion every 10 c m  in bank exposure, using a shielded 2-inch detector. In both photographs, the narrow 
“c I” channel is bordered by grassy ““~’2”’  surfttces. 

n a  Fig. 3-20. Plots of variations in gross 
g a m a  radiation along Los Alamos 
Canyon. Active channels (“cl”) are 
shown by open circles, and “62” sur- 
faces, generally underlain by historic 
overbank deposits, by filled circles. 
A) Data from reach LA-2, immedi- 
ately upstream and downstream of DP 

IMHM L------L L--_____--L_-----L-.-~ 600 Canyon, showing all 2-second mea- 
surements in “mini-reaches”. B) Data 
from 7-km long stretch between TA- 

-400 -200 (I 200 ,ilM 

IXstarrce From DIY Canyon (m) 
.- 

2 and State Road 4, showing averages 
of channel and “floodplain” (“c2”) 
measurements for each “mini-reach”. 
Mini-reaches are typically about 20 
m long. Gamma readings clearly in- 
crease at confluence with DP Canyon, 
and generally decrease down canyon. 

record the locations of either rela- 
tively old sediments or possibly rela- 
tively pure DP Canyon sediments. 

Locally high values downstream may 
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Fig. 3-2 1. Depth profiles of gross gamma radiation through historic sediment deposits in Los Alamos 
Canyon, reach LA-2, obtained using 1 minute count times and shielded 2-inch detector. Simplified 
stratigraphy shown to right, and concentrations of select radionuclides at "full suite" sample sites shown 
to left. Note that gamma scales vary between plots. A) Typical "c2" unit, - 100 m downstream of DP 
Canyon. B) Relatively high-gamma part of c2, "c2b", -220 m downstream of DP Canyon. C) Site 
with highest field gamma readings, "c3", -70 m downstream of DP Canyon. 
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Except for relatively high local valiies within ,** I00 m of DP Canyon, gamma values in the “c I ” and 
“c2” units show no systeiiialic variations in the 700 m long study reach downstream of DP Canyon 
(Fig. 3-20a). In contrast, data c0llea:teti from it series of “mini-reaches” in the 4 km between DP Can- 
yon and Shte Road 4 indicate a general downstream decline in amma radiation in both the c l  and c% 
mils (Fig. J-2,Ob), consistmi. with the progressive dilution of 7Cs by the addition of sediment from 
rincontaminatetl sources (tributary chinages and banks in prehistoric deposits). 

F 

The highest values of gamma radiation measured in reach LA-2 are in the ‘‘c:Jy’ unit a short distance 
downstream of DP Canyon. These exceed valiies measured in the lower part of DP Canyon, and we 
believe that e3 records sediments from H P  Canyon floods that were deposited in Los Alamos Canyon 
as the gradient abruptly dropped. Notably, recent observations indicate that DP Canyon often floods in 
response to localized precipitation events that do not generate floods upstream in Los Alamos Canyon 
(Brad Wilcox and others, unpub. (lata, 11995), which should aid in the deposition of DP Canyon sedi- 
ments close to the confluence. As in c2, the highest values in c3 are measured in a relatively fine- 
grained floodplain deposit at depth (FJig. 3-2 it:). 

Comtaniinaial, Itelmobilization. The contaminants deposited in Los Alamos Canyon downstream frorn 
DP Canyon are: largely located within several in of the active channel, and are thus susceptible to 
remobilization by bank erosion during floods. This iircluclcs the area of highest radionuclide concentra- 
tions, c3. The largcst inveiitolry of ‘J7f..:s appears to be in overbank deposits in the c2 unit, whose 
characteristic!; suggest relatively short residence times (marrow deposits underlain by historic channel 
sands and giavels, produccd during channel roigration within a narrow belt). The scarcity of relatively 
high gamma leadings downstream (<lo% of the total area of c2 deposits) also suggests low residencc 
tirries for most historic deposits in !his cariyori. The c2 and c3 deposits are thus acting as active “line 
sourcesy9 for contaminants, continuing to conlribute radioriuclides to the channel but probably at pro- 
gressively lower concenl rations as these contaminants become diluted with sediment from other sources. 

0 End of‘ dhoffficiaX” field trip. After lunch, interested individuals can take a hike up a prehistoric 
Pueblo (“ALnasazi”) trail to an excellent example of an early Pleistocene mesa-top paleochannel. 

5.8 

8.1 

8.4 

8.9 

9.2 

9.7 

10.4 

Well house for water-supply well Otowj 4. Retrace route to NM State Route 4. 

Gate at SR 4. Turn left, kccping in right lane towards Santa Fe. 

Turn-off to Santa ]:e. 

Narrow slot of Los Alarnos Canyon to right, incised into basalt (Fig. 3-2). This is a popular rock 
climbing area. 

Roadcuts to left exposc the basnl layer. or the Baridelier Tuff, the Guaje Pumice Bed, overlying 
basalt. 

“Twjn ‘Pmks” at bend in road. Ahead lo north are large landslides in Bandelier Tuff overlying 
late l’ljoccnc lacustrine deposits (Smith et al., 1970). 

Divider ends. Ma kc U-turn and head k~aclc up-hill towards Los Alamos. Pliocene fanglomerates 
of Puye Formation well exposed in road cuts. 



10.9 

11.2, 

11.5 

During road reconstrucl ion in 199’2, there were temporarily excellent exposures of basal1 s 
nverlying lacustrine setlirneuts irt thc roadculs here, with nice examples of soft sediment 
ciefmnation. ‘This lake was formed by blockage of the Rio Grande valley by other Cerrcrs 
del Ria basalt flows to the south, possibly in the vicinity of the present Water Canyon. Prior 
to road rccornslruclion, this was a popiilar field lrip stop to examine pillow lavas and associ- 
a t e d  palagonitic lireceias (t hc rnincral palagonite gives the basalt rubble in the roadcut the 
ycllowish color) (c.g., Bailey and !smith, 1978, p. 194-195). 

T h c  roadcut has excellent exposures of the ca. 1.61 Ma Guaje Pumice bed overlying the lale 
Pliocene tholeiitic basalt (Fig. 3-22). The Guaje Pumice Bed here is about 7 m thick and 
inchicles a series of fall units and surge beds that can be correlated between outcrops (e.g., Self 
and Sykes, 1990, p 18-19). 1)epressioris in the top of the lava flow are filled with lacustrine 
sediments, wkicli locally display burjcd soils. 

Park on shoulder at west amd of cxpomre o f  GLraje Pumice Bed. Hike lcaves from here. 

This hiEs climbs 360’ in <I k m  to visit iin excellent example of an early Pleistocene mesa-top 
ppalcochannel, part of a widespr~td draitrage system that pre-dated incision of the present canyons 
(cxamp1t:s con other rrtesas discussetb in l&:~ieau, X995a, and Reneau et al., 1995b) (Fig. 3-23). The 
paleuchannel contains dacitc cobbles and boulders transported from thc Sierra de 10s Valles, arid 
also tuff i~( ;ous  sedimc:nts arid Irulirrice that arc associated with Valles Rhyolite eruptions (see discus- 
sion at !;tap 2-3c). ‘lhk paleochannel was originally mapped by M. A. Rogers in the mid-1970s 
(Kogens, 1995), but to 01.x knowledge no .further examination of this site or other mesa-top alluvial 
deposits 011 the Pajari lo Plateau was conductcd until thc 1990s. 

e 

Fig. 3 - 2 2  Photograph of NM 502 roadcut near 
Stop 3 4, taken in 1092 liefore road reconstruction. 
Contact lxtween Guajc pimice bed and irmlerly- 
ing late Pliocene tholeiitic lrasalt is - I above 
road. Slopes are unclcrlain by non-weltlcxl Otowi 
ignimbrites, and cliffs 19y ‘I’shircgc ignimbriteso 
Unit Qbt-2, forms thc cap rock. 

0 

From NM 502, cross the barbed-wire fence 
and head on poor, unmaintained trails to- 
wards the norlhwest part of the broad 
emhayment in the mesa. The lower slopes 
are covered by slopewash and bouldery col- 
luvium that mantles non-welded ignimbrites 
of the Otowi Member. Cerro Toledo beds 
are not exposed on this route, being cov- 
erctl by colluvium as is typical in many can- 
yons. On the upper slopes, the route 
traverses across vapor-phase altered tuff of 
Tshirege unit Qbt-lv, and then climbs up 
through the short Qbt-2 cliffs at the head of 
the cmbayment. The presence of prehis- 
toric steps in the tuff indicates long usage 
of this route. 

The cMf at the head of the embaymerit in- 
tersects the south edge of the paleochannel, 
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Fig. 3-2,3. A) Schematic cross section at Stop 3-4, showing location of early Pleistocene mesa-top 
paleochannel and geologic uniis. Schematic sketch of -1 1 m deep paleochannel, showing sample site 
Tor Valles Rhyolite pumicc irk uppermost part of deposit, and dacite-dominated gravels exposed in base 
of channel at mesa edges. 

expressed as an east-west oriented trough in the mesa-top. Head west up the trough to a low divide. 
A 1.65 ni deep pit excavated here in 1994 exposed an early Pleistocene alluvial deposit and associ- 
ated pumjce beds. The lower 0.78 m of section consisted of well-sorted, well-stratified white 
tuffacenws sand. Above this is a. 2-cm thic:k pumice-rich layer, 12 cm of coarse tuffaceous sands, 
and an upper pumice bed that is at lcast 78 cin thick (top likely eroded). The upper pumice bed is 
pure, clast-supported, and contains angular to sub-angular clasts up to 8 cm in diameter. Pervasive 
clay coatings reflect translocation through the upper section. The pumice bed is not obviously 
stratified, and may represent a primary l‘allout deposii or very local reworking. Analyses of the 
pumice: (Fig. 2-10) suggests an association with the Cerro del Medio dome complex, and thus an 
age of ca. 1 .lh-1.21 Ma. This in turn suggests that the paleochannel at this site was carved and 
abandoned within -10-60 Icy of eruption of the Tshirege Member. 

e Continue wesl down the trough to {,he mesa edge, where the paleochannel projects into space (it 
intersecis the cliff again about 200 ni west). The base of the paleochannel is exposed here, display- 
ing well-preserved early Pleisttrcetie pothcules scoured into the tuff. Dacite boulders up to 70 cm in 
diameter (intermediate axis) CPCCII~ in this ;rea, demonstrating a source >12 km to the west in the 
Sierra de [os Valles, presumably in the headwaters of the modern Los Alamos or Pueblo Canyons. 
Scattered well-rounded dacite clasts also occur on this mesa to the north, probably representing lag 
gravels similar to those occurring 011  many olher mesa tops (e.g., Reneau et al., 1995b) and indicat- 
ing a niitch wider extcnt for thc original alluvial deposit. 

End of field trip. Retrace route to NM 502, or continue exploring this mesa. Scattered patches of El 
Cajete pumice represent the northernmost recognized extent of the fallout plume. From the east end of 
the mesa are excellent vicws of ii largc dissected landslide complex composed of rotated Bandelier 
Tuff blocks overlying latc PJioccnc lacustrine deposits, and also views across the Espaiiola basin to the 
Sangre de Clristo Mountains. From tlhc west end of the inesa are views up Pueblo Canyon past Stop 3- 
1. A route off the west end of the mesa can be followed into a deep gap reflecting stream capture and 
abandonment of a former course af Pueblo Canyon, and then down into Pueblo Canyon between Stops 
3-1 and 3-2 (Fig. 3-24). Tho gap was called “Tse ’ewi’i (“‘gap of the eagle”) by the local Tewas, and the 
bordering mesas Tse ’ewikwajc (“height abovc the gap of the eagle”) (Hoard, 1981). 
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Pig. 3-31. Photograph across lower Pueblo Canyon to “gap of the eagle”. Stop 3-4 is on mesa to right. 
Sangrc de Cristo Range is in background. 

o mj9 Sons, buy stoat shoes9 climb the mountains, 
search the viilleys, ithe deserts, the sea shores, and 

t: alee- rec:((;‘sses ofthe earth . . .for in this way 
and in no other will you arrive at a knowledge of 

re and properties of things. 

~ P. Severinus ( 1  778) 
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Table 2-1. Morpho!ogy for the Sandia Canyon soiis (SC-1 SIC-2) at Stop 1-2. 

sc-? 
Primary E! C a j e t ~  Pumice 

Etbf 0-*I 0 

base of pumice 
h f r  ss, vps lnco, Inpo 3-5 as I 2 c pr: 3-2 c,m pi: 1 c,m 

abk IOYR 7B ?OYR 4f3 

SSb'! 62-75 7.5YR 6!4 7.5YR 414 I 2 C.m Dr 12 C,m sbk h fr-vfr ss, p s  'inpf, inpo 10-15 as-cs 
Et62 75-84 7.5YR714 7.5YR414 I 2-: c,m pr: 1 c,m sbk h fr SS, PS 2n-mkpf, 1np0 5-10 as-cs gravel-pebble colluvia! layer 
iitb2 84-33 6.25YR34 6.23TRSr'S I I =,E sbk+ F? Sh-j., fr-v?? ss,wps 3P-mkbr 3 npo 50-65 aw-as 

7.5YW 6/4 7.5YR 4/4 si! 2-1 2 ;r:2-2 c,m: sbk h vf? ES, ps 3n PO, 1 n-mkpr:pf 5-10 as  size 
ABtb3 93-1co 

7.5YR 7/4 7.5YR 516 sib 1 c,m pr: 1 c,m sbk h-Si7 e-vfr ss, ps-p Inpc 3npo 
Bt l  b3 00-4 I 8  

w$M~s ificiease *<til pie 

ws& B, oueri;ank<?) 
3-6 as 

2-4 aw-cw 
deposits 

weak soil, noticeable 
structure and vertical pores 
floodplain andlor distal 
coiluviurn 
abundant krotovims, bum 
layer 

\i<nnn S-fr, m- 

1-3 cs 

7.5YRBiri 7.5YR4E4 i 2 m pr: 4-2 t.m sbk 3 1 1  " , I  85, ps r- BAM 152-170 

8.75YR 714 7.5YR 414 I 3-2 m pr: 1 c,m sbk s h  vfr wss, ps-vps 2n-mkpc ' 

8.75YR 613 8.75YH 414 si 1 c,rn sbK sh-so VI? vss: vps : nijo 5-:o 3s-a.J; 

BwW 170-189 

B a 4  $89-202 
BAbS 202-216 7.5YR 614 7.5YR 414 i 1-2 m pr: 1 c,m sbk sh vfr ss, vps In-mkpo 2-5 cs 

7.5YR 614 7.5YR414 sl m SO Vfr SQ,VPS 1 npo 

Bwb5 216-242 7.5YR 614 7.5YR 414 I I m pr: 1 c,m sbk sh vfr ss, p s  vlnpo 2-5 gs 
stratified sands f silt stream 

as deposits Cb5 242-268 
ABb6 268-303 7.5YR 614 7.5YR 414 I 1 rn pr: 1 c,m sbk s h  vfr ss, p s  2-5 cs stratified stream deposits 
Clb6 303-320 lOYR5/2 lOYR313 s sg lo lo so, P O  10-20 cs 
C2b6 320+ 10YR512 lQYR313 s sg lo lo so, PO 10-30 

sc-2 
M 0-5 1OYR42 lWR2'2 s! 2-f m,fG% so-lo vfr-!a so, wps 2-5 as 
A2 5-17 10YR412 10YRZ2 I 1 m,fsbk: lm,bcrb so vfr so, vps 2-5 cs krotovinas 
Bw 17-30 lOYR 512 lOYR 3/2.5 sl 1 c pr: 1-2 m sbk Sh-SQ Vfr so, vps 3-6 cs krotovinas 
BC 30-67 IOYR512 lOYR3/3 Is 1 m,fsbk+sg  SO-10 vfr-f0 SO, VPS-PO 5-10 cs-cw krotovinas 
C l  67-88 lOYR512 lOYR313 IS Sg so-lo vfr-lo so, vps-PO 10-15 CS 

well stratified stream 
10-15 aw-cs sandslpebbles 

well stratified stream 
sands/pebbles 
well stratified stream 
sandslpebbles 

so, PO lOYR512 dOYR3/3 s Sg 10 lo c2 88-1: 13 

lOYR512 10YR313 s sg 10 lo so, PO 5-10 cs 
c3 113-136 

10YR512 1OYR313 s sg lo lo so, eo 10-15 c4 136-156+ 
'- A*.-,. ^&,I..̂  9%- Fr-rGnn 

VI1 LCXLUIP Ul L I I G  LIIICII L I C a L A I V I L .  

"Horizon boundary 



Table 1-2. Morphology for Fence Canyon soils. Station ?ab. 
Moist 
Color Txt' Structure Notes % %wt %wt. %wt 

Argillans Bdp cs" Sand silt clay s2mm 
Consistence Depth Dry Color 

(cm) (Matrix) 
(Matrix) Dry Moist Wet 

Horizon 

A 0-6 lOYR613 lOYR414 I 1-2m.f ab so-lo vfr-lo vss, vps 2-5 as 57 41 2 1 anOhorizonontop 
BA 6-21 7.5YR514 7.5YR 3/4 I 1 c,m sbk: 1 m crb so-lo vfr-lo vss. vps 2-5 cs 57 39 5 dominantrootzone 

38 6o abundant bioturbation, 
filled insed b u m  

32 67 v1 s-ltmonprpf,filled 
insect burrows 

Bwl 21-37 7.5YR 5.514 7.5YR 4/4 si1 1 m pc 1-2 c,m sbk sh-so vfr-lo ss, ps 5-10 cs 

BAbl 37-61 lOYR513 lOYR313 si1 1 mpr: 1-2c,rnsbk sh-so vfr40 ss,ps 10-15 S-CW 

Bwbl 61-85 lOYR513 lOYR314 si1 1 mpc 1-2c,msbk sh-so vfr-lo ss, ps 10-20 cs 28 70 2 f i l ledinsectbum 

BCkbl 85-104 lOYR5/3 IOYR3/4 I 1 mpc 1-2c.msbk sh-so vfr-lo ss, vps-ps 

ABkb2 104-118 8.75yR 614 7.5YR 414 si1 1 m,f pc 2-3 m,f sbk h-sh vfr-fr ss. ps vlnpf 5-10 cs I 12 85 

2-8 cs I 15 80 5 scatteredECpumice Btkb2 118-141 7.5YR 614 7.5YR 414 si1 3-2 m*f pr. m'f sbk sh-h vfr sss, ps 

Btlb2 141-157 7.5YR614 7.5YR414 si1 1 m pr. 2-1 m.fsbk sh vfr ss, ps Inwpf, lnbr, lnpo 10-20 aw-ai 22 75 3 scatteredECpumice 
scattered EC pumice, 

Bt2b2 157-171 7.5YR 614 7.5YR 414 si1 m + 1 m.f sbk h-sh vfr-fr %PS Jkmkpo, 3kmkbr+co 20-30 as 44 52 4 lamellaesandy-pebble 
slopewash 

53 44 lamellae, sandy-pebble 
slopewash 

aw-ai I 21 77 krotovina, filled insect 
burrows 
truncated in places due 
to bioturbation 

lnpcpf, Inpo, 
vlmkpcpf +abk 

30-40 cs in-mkbr + po, 
Lam: 3n-mkbr + po Bt3b2 171-209 7.5YR 6/4 7.5YR 414 I rn + 1 m f  sbk h-Sh vfr SS, VPS-PS 

BCb2 209-222 7.5YR 714 7.5YR 416 si1 rn + 1 c,m sbk sh vfr ss,vps-ps vnPor 10-20 cs 47 51 2 sandy-pebbleslopewash 

BAb3 222-235 7.5YR714 7.5YR415 I 1-2 m.f sbk sh vfr ss.ps-vps vlnpo 10-20 cs 48 49 3 scatteredECpumice 
Btb3 235-257 7.5YR614 7.5YR414 si1 1 c,msbk h vfr-fr ss,ps-vps 2n-rnkpo, lnbr 10-20 aw-ai 45 52 3 scatteredECpumice 

EkW 257-264 10YR 7/3 8.75YR 514 si1 :i:L: m*f + h fr-fi vss, ps vlnpo + pf 2-5 as-aw I 34 64 
4mk-np0, 3n-mkpcpf, 2-5 cs I 32 66 2mk-nskeletanson BEtkb4 264-275 7 . m  615 7.5YR 416 si1 'Irn pr: c'm sbk + h f i  

4mk-np0.2n-rnkpr.pf. 2-5 cs I- 22 75 v l  n skeletans on pcpf, Btkb4 275-290 7.5YR614 7.5YR416 si1 3-2 m pr: 2 c,m abk h fr-fi ss, ps-p 2n-mkbk: 

4mkpo, 2n-mkpcpf, 5-10 cs Btlb4 290-314 7.5YR6/5 7.5YR46 si1 3-2mpr.2c'mabk+ h fi-fr ss. ps-p ln-mkbk:pf 

Inpcpf, lnpo, Bt2b4 314-329 7.5YR 614 7.5YR 4/4 si1 2-1 m pr. 2-1 c.m sbk sh-h fr-fi ss-vs, ps vlmk 

2n-mkpcpf, 2n-mkpo, Bt3b4 329-337 7.5YR 615 7.5YR 416 I 1-2 m pc 2 c,m sbk h-sh fi-fr ss, ps-vps ln-mkbk:pf 

In-mkprpf + po. Bt4b4 337-353 7.5YR 6/4 7.5YR 415 si1 1-2 m pr: 2 c,m sbk sh-h fr-fi ss, vps-ps 3n-mk pr.pf + 

Soil locally overlain by 
EC 

ps 2n-mkbk:pf pcpf abk 

lamellae 

30 65 5 incipient lamellae 

42 54 incipient lamellae, tuff 
sbk 

framents 

10-20 as- 49 48 3 stoneline 

5-10 cs 

5-15 cs 

36 6o lamellae, pebble layers, 
insect burrows 

5-10 cs 38 60 2 incipient lamellae Bt5b4 353-377 7.5YR 6.514 7.5YR 414 si1 2-1 m pr: 2-1 c.m sbk sh-h vfr ss, vps-ps 

BCtb4 377410 7.5YR 6.514 7.5YR414 si1 1-2 m pc 1 c,m sbk sh vfr ss, ps Lam: 3mk-nprpf+po 2-5 cs 35 63 2 incipient lamellae 
Cb4 410-430 7.5YR415 7.5YR415 si1 m so vfr ss,ps-vps 10-20 aw-ai 46 52 2 Tufffragments 
R 430+ 4mk-nco along top of tuff Fractured tuff, 

1 npcpf, 
Lam: 2n-mkpcpf + po 

- .  

unweathered 
*Soil texture of the 2mm fraction. Lam = lamellae EC = El Cajete pumice 
-Horizon Boundary. 
"secondary carbonate stage (Gile et ai.. 1965). 



~ ~ 

0.53 0.38 patchy silans on p i  B w ~  27-56 10YR514 lOYR413 SI 1 c ,msbk s h  vfr so,ps-PO 10-15 aw 66 26 8 
e: 25-52 :"vp,,E'? $Qy%g!s s 83 i0 bfi SO. DO 5-59 IS 88 & 3 0.47 3.22 
c2: 69-90 ~ D Y R ~ I ~  ~ O Y R ~ E  s sg io io-vir so, PO &-IG CW 93 5 2 0.32 c.34 

c3 sQ-:os !CYR5/2 IOYR313 s sg [Q [e-vfr so, PO 
patchy coatings ~ri 

35-55 cs 94 5 1 0.28 0.32 CaC03 on clasts 
bottoms: Stage i- 
base of stream 
channel deposits io io-vir so, pa io-'u5 as-mi 35 4 1 0.26 O.?7 C4 703-130 lOYR512 lOYR4!3 S Sg 

Buried Soii 
o,43 truncated top of 

buried soil Btlb 130-151 10YR514 8.25YR4/3 s6 1 c ,msbk h-sh vfr s0,po-ps 2n-mkpf tpo  5-10 cs 66 24 10 0.49 

B e b  651-196 lOYR5!4 lOYR4/3 sl 1 c ,msbk h-sh vfr ss-so,po-ps In-mkpf+po 10-20 cs 64 9 27 0.44 0.44 abundant pumice 

BCb 196-236 fOYR513 IOYR4/3 St qhk Sh Wk SS-SO, PO-PS 10-20 cs no data rn + 1 c,m 

m + f c,m CBb 236-274 lOYR513 ZOYR4l3 IS shk Sh-SO vfr SS-SO, PO-PS 10-20 cs no data 
_I.. 

5 Cb 2?4-300+ 10YFt5/2 1OYR413 s 8 5-1 5 
'Soil texture (c2mrn fraction). 
"Particle-size data from Longmire e t  aL(1996). 
"Data from Longmire e t  aL(1996). CDB = dithionite extractabble Fe; OX = oxalate extractable Fe. 



Table 1-4. Morphology for the FM-1 soil, Stop 1-6. 

Bdy- Notes 
% Moist 

Argillans >2mm 
Horizon Depth Dry Color TA* structure Consistence 

A 04.5  IOYR412 10YRZI I c,rncrb sbk: so lo-vfr so, ps-PO 3-5 as 

(cm) (Matrix) (Matrix) 
Dry Moist Wet 

Bwl 4.5-16 IOYR513 lOYR313 I 1 rn.fsbk Sh-SO vfr so, ps-PO vlnco-pumice 4 - 6 c w  
Bw2 16-35 10YR614 10YR413 SI 1 rn,csbk so vfr so, ps-PO VI nco-pumice 5-10 CS 

5-10 as-cs BW3 35-49 IOYR 614 10YR 413 Is 1 c,rn sbk + sg so40 vfr-lo so, PO 

BC 49-60 10YR613 lOYR413 Is rnfsbk so-lo lo so, PO 2-6 aw 

2Bkqmbl 60-71 10YR811 10YR512 SI m vh-h efi so, PO 2-4 as CaC03 seams; weakly 

sg + 

Asn layer, platy, nonzontal 

Top of pumice, disseminated 

CaC03 in some voids 
2Btkbl 71-79 7.5YR416 7.5YR414 S Sg lo lo so, PO 3rnk-nco + br 90+ as CaC03 and needle-shaped 

2Btbl 79-139 7.5YR 314 7.5YR 313 s sg lo lo so, PO Lam: 2-ln-mkco + br 95+ ds Abundant lamellae 

2Cbl 139-267 IOYR 810 lOYR712 s sg lo lo so, PO 95+ Unaltered pumice 
~~ 

3BEb2 267-280 10YR6.513 IOYR413 I 2-3 c,rnabk pr: h-sh fi-fr ss, ps 2n-mkprpf Transtional E horizon, top of 
as buried soil, abundant charcoal 2-5 

3Btb2 280-300 7.5YR 614 7.5YR414 si1 2m*f + abk sbk sh-h fr ss, ps 2npf + br, 1 mk pf + br 40-60 aw Thin Bt horizon 

R 300+ Fractured tuff 
*Soil texture (<2rnrn fraction) 
*Horizon boundary. 

Lam : lamellae 



Table 2-1. Morphology for the WJR-5 and WJR-7 soik at Stop 2-2a and 2-2b. 

At 0-4  10YR412 IoYRZ3 I 1 c,m pl: 2 m sbk + crb so-lo vfr ss, ps 5-10 as 3n siians on pumice 
A2 4-1 1 lQYR 5i3 1OYR 3i3 Is 5 c,m sbk SO-& L f i  VSS, V ~ S  Z 0-25 aw 3: sl!zns on p m i e  

5tI 20-29 7.5YiZ 6i4 7.5YR 41% S C ~  T m sbk + sg so-lc vfr ss, vps 4 rnk br + cc) on pumice 20-30 aw pumice 
Bt2 29-71 7.5YR 6/4 7.5YR 4/4 SI 1 m sbk + sg so-lo vfr ss, vps 3 mk br + co on pumice 20-30 aw pumice 
BW 71-77 7.5YR 614 7.5YR 4/4 scl 1 m sbk + m sh-h vfr ss,vps 4rnk-kbr+co 15-25 as pumice 

E 11-20 IOYR7/3 IDYR5/3 I lCSbko+SQ IO-so io so, vps-po v l  nco on bottom of pumice 20-30 aw pumice 

top of pre- El Cajete 

lamellae 
2EBtlb 77-83 IOYR 614 1DYR 4/3 E 1-2 c,m pr: 1 c,m pl vheh vfi ss, ps 4n-m kp r: pf 1-3 as soil, colloidal stains as 

2EBt2b 83-92 IQYR 614 10YR 4/3 sil 2-1 c,m pr vheh vfi ss, ps 3n-mkpr:pf i-3 as 
2Btl 61 92-101 7.5YR 6/4 7.5YR 414 si1 1 c,m pr h fr ss* PS 3npr:pf 2 -4  cs former BA-Bw horizon 
2BGW 101-1 17 7.5YR 6!4 7.5Y4 5!4 si! 1 TT! pr: 1-2 c,??? sbk h fF-5 SS, pS 4n-mkp0; TRpf 3-6 
2Bt3bl 117-132 7.5YR 6/4 7.5YR 514 I 2 m pr: 2 c,m sbk f abk h €i ss, p 2n-mkpf, 1 n-mkpo 5-15 cs 
2Bt4bd 132-155 7.5YR 6/4 7.5yR 514 cl 2-3 m pr: 2-3 m abk + sbk h fi ss, P 4mkpcpf, 4mk-nbk:pf, 4mk-npo 10-20 cs-cw stongest Bt in profile 
2Bt5bl 155-203 7.5YR 6/4 7.5YR 514 I 1-2 c,m pr: 2-1 c,m abk + sbk h fr ss, P 4n-mkpr:pf, 4mk-npo, 3n-rnkbk:pf 15-30 cs-gs abundant large clasts 
2Btlb2 203-234 7.5YR 6/4 7.5YR 514 si! 2-1 m pr. 2-1 c,m sbk h fi ss, p 4mk-npr:pf, 4mk-npo, 3n-mkbk:pf 5-10 cs 1 pr:pf rnangans 
2Bt2b2 234-266 7.5YR 614 7.5YR 514 si1 2 m ps: 2-3 m abk + sbk h-vh fi ss, P 4rnkpr:pf, 4n-mkbk:pf, 4mk-npo 2-5 ai 1 prpf mangans 
2Bt3b2 266-276 7.5YR 614 7.5YR 5i4 I 1-2 rn Sbk h-vh fr ss, p-ps 4mkbr+ co, 4mkpo 15-30 ai pressure faces on pf 
'Soil texture of the < 2mm fraction. 
"Field estimates of gravel % by volume 
-Horizon boundary. 

Lam: lamellae 



Table 2-2. Laboratory data for the WJR-5 and WJR-7 soils at Stop 2-2a and 2-2b. 

Horizon Depth Sand Silt Clay Bulk Density 
(cm) (% wt.)* (%wt.) (% wt.) PH (g/cm3)x* 

WJR-5 
34 61 5 5.5 1.13 

61 9 5.6 I .33 
58 13 5.5 1.40 
51 24 5.7 1.56 

25 54 21 6.0 1.40 
57 22 6.1 I .23 
53 17 6.4 1.26 
14 17 6.5 0.71 
9 21 6.6 0.62 

74 12 14 6.7 n.d. 
48 18 6.8 1.83 
55 19 6.9 I .72 
57 20 7.1 1.66 

20 59 21 7.1 1.56 

A 0-4 
Bw 4--23 30 
Btl 23--39 30 
Bt2 39--61 25 
B t3 61 --84 
B t4 84--106 21 
Bt5 106--132 31 
2Btl 132-1 48 69 
2Bt2 148-203 70 
2Bt3 203--221 
3EBtb 221 -230 33 
3BEtb 230--243 26 
3Btl b 243--268 23 
3Bt2b 268--308 

WJR-7 
46 45 8 5.2 1.03 
84 9 6 4.9 0.78 

49 11 5.1 0.73 
18 33 5.9 0.87 

73 7 19 6.0 0.87 
52 20 28 6.2 1.03 

44 16 6.2 1.74 
60 15 6.3 1.63 

28 60 12 6.5 1.71 
54 15 6.6 I .64 
45 22 6.8 I .73 

A I  0--4 
A2 4--11 
E 1 1 --20 40 
Btl 20-29 49 
Bt2 29-71 
Bt3 71 -77 
2EBtl b 77-83 40 
2EBt2b 83--92 25 

2Bt2bl 101--117 31 
2Btl b l  92-1 01 

2Bt3bl 1 17-4 32 33 

2Bt5bl 155-203 44 
36 37 27 6.9 I .79 

34 22 7.1 1.59 
2Bt4bl 132-1 55 

51 18 7.1 I .86 
14 63 23 7.2 1.74 
42 35 23 7.4 1.67 

2Btlb2 203-234 31 
2Bt2b2 234-266 
2Bt3b2 266--276 
*Particle-size distribution measured using standard pipette method. 
**Bulk density measured by wax-coated clod method or by in-situ measurement of soil volume. 



Table 2-3. Pyrophosphate, oxalate, and dithionite selective dissolution results for soiis in mixed coEiuvium and fan cieposits, western scarp area.  
nspth GI'- &= =&M7 [AIo-Aip)! %u6f 

%Aip %A19 Yo Fes Yo Fed % si0 Harizen (sm) Fe2QSo FeZQSd 3im4 A i  i** 

A$ 0-4 0.18 0.33 0.33 0.34 0.13 0.19 0.49 0.38 1.18 0.94 
A2 4--: 1 C'2G 0.39 0.26 0.28 8.28 0.75 0.41) 0.37 2.2c q.12 
E 7 1 -29 c-.:4 0.34 0.35 0.27 8.18 8 20 0.39 0.51 1.22 1.17 
BtS 20-29 6.55 0.57 c.35 0.67 0.30 G.21 0.95 0.22 0.06 2.13 
Be 29-71 G.25 0.48 0.30 0.36 0.25 0.?7 0.52 0.33 0.90 7.80 
Bt3 71 --77 6.56 0.60 0.37 0.55 0.30 0.2: G.78 3.27 3.35 2 ' ; s  
2EBtl b 77-43 0.77 0.38 3.58 0.69 2.23 0.33 e.$$ 0.34 0.93 4.61 
2EBt2b 83-92 Q.'I 1 0.26 0.34 0.73 6.78 0.19 a .05 u. I9 0.85 7 2 5  

0.08 0.22 0.28 0.65 0.17 0.16 0.93 0.17 0.75 1.23 
2gabq iOq--s.jT o.<< 8.24 5.3; 2.82 3.:8 u. 1 I c.3e c.2c c.7: ? .?,! 
2BtZ bZ 92-2 Q I  

2Bt3bl 1̂$7-4332 0.29 O.27 0.29 0.54 0.24 G.j? 0.78 0.21 0.74 3.75 
2Bt4bT 132-155 0.11 0.34 0.29 0.59 0.30 0.47 0.84 0.20 0.78 2.13 
2Bt5bl I55--203 0.08; 0.27 0.29 0.56 0.24 0.16 0.80 0.20 0.79 1.72 
2BtIb2 283-234 0.07 0.26 c.37 0.58 0.23 0.21 0.83 0.25 0.83 1.66 
2Bt22b2 234-266 0.07 0.29 0.24 0.58 0.28 0.74 0.63 0.77 0.8: 1 .99 
2Bt3b2 266-276 0.05 0.29 0.27 0.52 0.25 0.15 0.75 0.20 0.96 1.77 

n *  

n 4 9  

WJR-6: Soil formed in -Holocene fan deposits, Canon de Vaile 
A 0--5 0.26 0.31 0.37 0.41 0.07 0.21 0.59 0.36 0.75 0.53 
Bwl 5-1 8 0.20 0.28 0.41 0.28 0.09 0.24 0.40 0.68 0.94 0.65 
Bw2 18-57 0.1 1 0.22 0.44 0.18 0.09 0.25 0.26 0.95 1.19 0.62 
BC? 57-1 00 0.16 0.28 0.64 0.22 0.12 0.36 0.31 1.17 1.05 0.84 

c2  119-149 0.14 6.26 0.45 n.d 0.12 8.25 n.d n.d 1.01 0.85 
c3 149--187 0.20 0.25 0.61 n.d 0.13 0.35 n.d n.d 0.43 0.92 
Notes: 

c1 100-119 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

p = Pyrophosphate extraction (0.1 M Na-pyrophosphate) 
o = Acid-oxalate extraction (0.2 M oxalic + 0.2 M ammonium oxalate). 
d = Dithionite-citrate extraction (0.3 M sodium citrate + Na-dithionite f Na-bicarbonate) 

*Estimated AI/Si atomic ratio for allophane/irnogolite (Parfitt and Childs, 1988). 
"Estimated concentrations for allophane and imogolite as a function of % Si0 (Parfitt and Childs, 1988). 



Table 2-4. Morphology for the WJR-6 soil formed in alluvial fan deposits at Canon d e  Valle. 

Horizon Depth Dv Color ~ a *  stnrctufe Sand Silt Clay 
Notes ("hwt) (%wt) (%wt) 

Bdy- %" 
>2mm 

Moist 
Consistence 

(Matrix) Dry Moist Wet 
(cm) (Matrix) 

A 0-5 IOYR 3.512 IOYR 311 SI Sh-SO vfi ss, ps 20-15 as 57 36 8 

so,vps 35-50 cs 36 55 8 In silans co clasts Bwl 5-18 10YR613 10YR412 si1 I m s b k  so vfr 
so,vps 40-60 cs-gs 74 23 3 3n silans co clasts Bw2 18-57 lOYR7/2 10YR412 Is 1 m sbk so vfi 

BCl 57-100 10YR612 10YR412 s Sg lo lo so, PO 40-60 cs 87 9 3 In silans co clasts 

2-3 c,m 
sbk + crb 

oxidized coatings on 
clasts c1 100-119 10YR614 1OYR616 s sg lo lo so, PO 70-80 cw 88 9 

c 2  119-149 10YR612 10YR412 S Sg lo lo so, PO 89 8 3 
c 3  149-187 lOYR612 10YR412 s Sg lo lo so, PO 90 7 3 
*Soil texture ( ~ 2 r n m  fraction) 
"Field estimates of gravel % by volume 
"Horizon boundaly 



Estimated 
& e m  

l-Ieii ght 
Above Gorczalez Wong McDonald 

S tram Channel & Gardner et al. et al. This 
Tca.2tclce (m)* ( L !,!IO) ( 1995) (1996b)** Guidebook *** 

I I Ql la 42, 32 ? 

11,7 60- 11 30 20- 100 70-80 67-74 
Q6 6.5, 5 60- 1 30 - 9.6- 10 .O 
vt4 

4.5, 4 6-25 6-7 5.2-7.0 5.7-7.9 
( 3 7  2.1, acl.6 6-25 2-3 3.2 3 .O-4.6 

0.5-1.1 0.5-1.7 Qt8 0.7, q<-0.4 <6 

VI 1 32,22 180-250 150-300 - >102- 160 
Of2 27,21 180-250 100-200 105-180 102-160 

- 

-lS___l___- _ P I - - I _ / I I I . " - U I 1 _ " - I U - Y Y I  I- - tr--U--I.-..IIIYI----,-P 

Notes: 
* Heights are the Lo]) and bottom of gmvelly stream deposits, as measured at. 
sites between the Guaje Mountain €adt zone and Cabra Canyon, except Tor Qtla 
which shows the range in obseived hoights of gravels associated with several 
buried terrrace remnants. (Note that heights and thicknesses of stream deposits 
vay  longitudinally within the canyon.) 
** Holocene ages in McDonnld et al. (199th) are uncalibrated 14C dates from 
soil pits used in developing the itiitial soil chronofumction. 
*** Holocene ages presented here are calibrated 14C ages indicating probable 
ages f o r  the primary stream dcposits asmciatcd with each terrace. Many terrace 
units iriclude mulliple discrete sedimentary packages and/or multiple terrace 
levels 1 hat are closely spaced in tinic: or that have similar heights above the 
channel, avid which have not becn brokcw out as separate mapping units. Soil- 
based age estimales use a chronofunction that has been revised slightly from 
McDonald et al. ( I996b), arid incorporates soil descriptions from additional pits 
excavated in 1996. 



Table 2-6. Morphology for representative soils on the Holocene Qt8, Qt7, and Qt6 surfaces. 
Depth Dry Color Moist Color Txt* structure 

(Matrix) (Matrix) 
Horizon 

(cm) 
% %wt. %wt. %wt. 

Sand Silt Clay Consistence Argillans ,2mm* 
Dw Moist Wet 

Qt8 RCT8-2 
A I  0-9 1 OYR 413 1 OYR 2/2 I 1 m sbk:l-2 m,fcrb sh-so vfr so, PO 3-8 60 32 8 
A2 9-14 IOYR 412 IOYR 211 SI 1 m sbk:l m,fcrb sh-so vfr so, PS 3-8 77 17 6 
BA 14-26 10YR 412 IOYR 312 SI 1 m,fsbk so vfr so, PS 5-10 77 18 5 
Bw 26-39 10YR 4.512 lOYR 312 Is 1 msbk sh-so vfr so, vps 5-10 83 19 3 
CB 39-54 lOYR513 10YR412 Is sg so-lo lo so, vps 10-20 90 8 2 
c1 54-85 lOYR 5.512 10YR 412 s sg lo lo 
c2 85-140 1 OYR 613 1 OYR 412 s sg lo lo so, PO 25-40 97 2 1 

2 1 so, PO 25-40 98 

Qt7 RCT7-1 
C 0-8 1 OYR 514 1 OYR 413 I 1 m,f pl sh fr vss, ps 2-4 39 50 11 

BWl 17-26 10YR 512.5 10YR 313 SI 1 c,rnsbk so vfr vo, pss 10-25 77 19 4 
Bw2 26-69 IOYR 512.5 IOYR 312.5 SI 1 c,m sbk so vfr-lo vo, pss 15-25 76 21 4 
CB 69-95 IOYR 513 IOYR 312.5 SI m + 1 c,m sbk so vfr-lo vo, pss 15-25 77 20 4 
C 95-1 55 10YR 513 IOYR 313 Is sg lo lo so, PO 40-60 86 12 2 

A 8-1 7 10YR 312 10YR 2/1 SI 1 m,fsbk sh-so vfr vss, ps 5-15 72 22 6 

Qt6 RCT6-2 
A 0-8 10YR 5.513 IOYR 312 si1 1 m pr:lc,m,f sbk so vfr ss, PS 3-8 40 51 9 

Bwl 15-27 10YR513 1OYR412 si1 1 msbk h fr-vfr ss, ps 3-8 60 30 11 
Bw2 27-60 1 OYR 512 1 OYR 312 I 1 c,msbk sh vfr ss, ps-vps vff  br 20-30 66 25 9 
BW3 60-79 1 OYR 613 1 OYR 412 SI 1 c,msbk sh vfr so, vps 25-40 81 14 5 
BC 79-1 16 IOYR 5.513 IOYR 413 Is sg so-io vfr-lo so, vps-PO 15 5 
c1 116-165 1 OYR 612 1 OYR 412 s sg lo lo so, PO 50-70 86 13 1 
c2 165-205 1 OYR 612 1 OYR 412 s sg lo lo so, PO 5-15 98 2 0 

BA 8-1 5 8.75YR 513 8.75YR 412 si1 2 rn pl:l m sbk sh vfr s-ss, p-ps 3-8 19 64 16 

35-50 80 

"Soil textural class 
"Field estimates of gravel % by volume 



Table 2-7. Radiocarbon Ages From Rendija Canyon Soil Pits 
Fieid :4c Caiibrated 

soii Sample Age Age Depth{sj 
Fit Number@) [yr B.P.! (ea! yr; E&) **- Em! Notes 

RCT8-2 GM-38, GM-39 

Qt7 Terrace 
RCT7-1 GM-29: GM-41 

Qt6 Terrace 
RCR-? GM-28 
RCT6-2 GM-35 
RCT6-3 GM-53 

Qt4 Terrace 
RCT4-2 GM-46 

Qt2 Terrace 
RCT2-I RCT2-1 

3400-3440 (3350-3480) 

77?0 (7580-79-iOj 
6000-6260 (5920-62601 
5750-5850 (5650-5920) 

a 6,570 (a 6,340-1 6,800) 

2,790 /I 2,590-1 2,970) 

0.7: 2.7 

0.3, 0.7 

0.6. 2.: 

0.6, 2.5 

7.6 
1 .o 
I .4 

1.15 

0.7 

average of 2 statistically indistinguishable dater from upper 
and lower pads of channel deposit 

average of 2 statistically indistinguishable dates from sandy 
ftoodptair; deposit and underlying gravelly channel deposit 

fbodplain deposit and basal channel delsosit 
zieia;E of 2 sta:ls:tc~i$ inclisting~l~h&te dates ~ : G E  ~ 2 n d y  

(aver  pa^ of gtziieiiy chai?net deposit 
uppermost channel deposit 
upper channel deposii 

CaCO3-rich horizon in buried soil, below HoPocene 
colluvium 

lower part of upper colluvial deposit 
~~ 

Notes: 
* Shown are "best estimates" for ages of soils at specific pits used in developing soil chronofunction. For sites with multiple dates, these are 

either: I )  an average of 2 statistically indistinguishable dates; or 2) the stratigraphically highest date, except in cases where the  uppermost 
date is suspect. All radiocarbon dates are AMs analyses on disseminated charcoal fragments, and are corrected for 6 l  3C. Uncertainties in 
original date are qcr values reported by laboratory, or that obtained after averaging 2 similar dates. 

** Calibrated ages use computer program CALI5 3.03 of Stuiver and Reimer (1993), with error multiplier of20 and 20 uncertainty. Ages in ( ) are 20 
range. 



Table 2-8. Drainage Basin Parameters For Cabra and Rendija Canyons 

Tschicoma 
Drainage Channel Formation Mean Basin 

Drainage Area Gradient Outcrop Elevation Relief 
Basin Ikm2) (deg.) ** I%) *** (m) (m) 

Notes: 
* Values for Rendija Canyon are for part upstream of confluence with Cabra Canyon. 
** Channel gradient measured for reach immediately upstream of confluence of Cabra 
and Rendija Canyons. Number in parentheses for Cabra Canyon is estimated channel 
gradient at ca. 3.2 ka (see Fig. 2-33). 
*** Percentage of drainage basin underlain by Tschicoma Formation dacite, based on 
map of Smith et al. (1970). Remainder of basins underlain by Bandelier Tuff, 
pumice beds and alluvium of Cerro Toledo interval, and Quaternary alluvium. 



Table 2-9. Morpholngy fgr representative soils on the Pleistocene Qt4, Qt2, and Q l l  surfaces. 

Qt2 RC'h2-2 
*. 

b 4  2849 i0YR 5i3 8.75% 313 sii f-2 m pr  :E-% c,m sbk sh %-;=vf; ss,ps 3-8 59 67 i 5  
Bw2 49-63 lOYR 5.513 lOYR 312 si1 2-2 rn pr 2-1 c,rn sbk Sh Cr-vfr SS, PS 3-8 19 67 14 

24 63 13 
Btlbl 77-90 10YR 613 8.75YR413 si1 1-2 rn pr: 1-2 rn pi+l-2 c,m sbk h fr-fi s, p 3n-rnkpf, 3n-mkpo 2-5 24 58 18 

0-IO ?OYR5!3 ?WR2.5!2 ctI 4 m Shk so ;ifr s, Fs 2-5 28 6a 73 
BA i 0-28 '1 W R  5i3 7 OYR 312 si! 2-2 c,m sbk Sh fr ss, ps 2-5 I I  86 :s 

B w ~  63-77 1GYR613 iOYR4!3 si! '-2 m pr: 2 c,m sbk h fr s, ps vZnco + po 3-8 

28 5a 13 
Etkb2 107-623 IOYR 513 fOYR4/3 si! 7 C,G pr: ?-2 C,X abk vh ti SS, P-PS 4mkpf + FO 2-5 I 33 57 10 
BEtkh2 123-543 IOYR 613 IOYR 4i3 si! 1 c,rn pr: 1-2 c,m abk vh vti ss, ps 4n-rnkp0, 4npr:pf 2-5 I 36 55 9 
B t l b l  143-177 7.5YR 514 6.25YR413 si1 2-f m,fpr: 3-2 c,rn abk h f r  s-ss, p 4mkpf + PO 10-20 28 50 22 

A T  

6 f b i  S0-iO7 :OYR8/3 ?WR4!3 si! 2--I m pr: 2 c,m atrk + sbk h f i  ss, p-ps 4rnkpf + po 2-5 

Bt2b2 177-214 7.5YR 5/4 6.25YR4/3 si1 2 rn pr: 2 c,rn abk + sbk h fi-fr ss, p 4rnkp0, 4n-rnkpr:pf, 3n-rnkbk:pf 15-25 33 50 16 
Bt3b2 214-257 7.5YR 5.514 7.5YR 414 I < m pr: 2-2 c,m sDk h fi-fr ss, p-ps 4n-rnkpo, 3n-rnkpr:pf, 1nbk:pf 10-20 38 49 14 
Bt4b2 257-278 7.5YR 614 7.5YR 414 I 1 c,rnsbk h-Sh fr s, ps-vps 3n-rnkpo, Pnbr, 1npf 10-20 43 44 13 

47 40 12 Bt5b2 278-319 tOYR6i4 8.75YR413 I 1 c,msbk+rn h-sh fr-vfr ss, Q 3np0, 2nbr 2 5 4 0  
BCb2 319-348 lOYR 614 lOYR 414 sl rn h fr-vfr SS,VPS 2fa0 15-25 64 30 6 

Qtl RCTI-2 
A 0-6 8.75YR 513 7.5YR 3i3 I 1-2 m p!: 1-2 rn,f sbk sh vfr ss,ps 2-5 48 43 9 
BA1 6-1 9 8.75YR 5M 7.5YR 313 I 1-2 m,f pl: 1-2 rn,f sbk so vir ss,ps 2-5 37 49 ?4 
BA2 19-43 7.5YR 614 7.5YR4i3 I 1-2 rn pl: 1-2 c,rn sbk sh vk-fr ss, ps 1npr:pf 2-5 41 46 14 
Bti 41-51 7.5YR 614 7.5YR 414 I 1-2c,rnsbk Sh-h k ss, ps 2n-rnkpf 2-5 45 39 16 
Bt2 57-68 7.5YR614 7.5YR413 si1 1-2 rn pl: 1-2 c,m abk + sbk h fr ss, ps 3n-rnkpo, 3n-rnkpf 5-1 0 32 50 17 

Btkl 85-96 6.25YR4!4 5YR4/4 SI 1 c,rnsbk h fr-vfr ss-s, ps 4n-rnkbr, 4n-rnkbr 3 0 4 0  I 59 27 14 
Btk2 96-111 6.25YR414 5YR414 SI 1-2 c,rn sbk h fr-vfr ss-s, ps 4rnkpo 3 5 4 5  I 58 24 17 

Btkqm 68-85 8.75YR 613 7.5YR 413 si! 1-2 c,m pr: 2-1 c,m pl wh efi ss, ps 3npo,3npr:pf 10-30 II 38 56 11 

Btk3 111-137 7.5YR614 7.5YR414 IS rn h fr-vfr ss, ps Znbr, Larn:3n-rnkbr 25-35 I 78 21 1 
Btk4 137-190 7.5YR614 7.5YR3.514 IS m h Cr-vfr ss, ps lnbr, Dam:Sn-rnkbr 2 5 4 0  I- 80 13 7 
BC 190-217 8.75YR 614 7.5YR414 Is rn sh-h fr-vfr vss, vps lnpo 2-5 84 16 1 

10-15 86 10 3 
CBl 217-245 8.75YR614 7.5YR514 s rn sh vfr so, po l n m  3 0 4 0  a9 9 2 

"Fie!d estimates of gravel % by volume 
"Secondary carbonate stage (Gile et al., 1996). 



Table 2-10. Summary of soil B horizon thickness, PDI results, and estimated ages for non-dated surfaces. 

Site Specific Age Range Estimated Age Mean Age (ka) 
Total Bw Total Bt 

Soil Soil # Thickness Thickness PDI Mean PDI 
(cm) (cm) 

(ka) Using Using PDl- 
PDl- Age (ka)* (ka)" 

Qt8 

Qt7 

Qt6 

H C W  

Post- 
EC"" 

Qt4 

Qt2 

Qtl 

RCT8-1 
RCT8-2 
RCT8-3 

RCT7-1 

RCT6-1 
RCT6-2 
RCT6-3 

RCT4-1 -H 
RCT4-2-H 
RCT2-1-H 
RCT2-2-H 

WJR-5 

RCT4-1 
RCT4-2 
RCT4-3 

RCT2-1 
RCT2-2 
RCT2-3 
RCT2-4 
RCT2-5 

RCT1-1 

16 
12 
19 

52 

67 
64 
68 

61 
85 
45 
49 

23 

41 
RCTI-2 

*Radiocarbon dates from Table 2-8. 
**Range for: (1)QtS-QtS from -30 radiocarbon dates from Rendija Canyon (Reneau, unpubl., 1995), (2) HCW from Table 2.8, 

"Soil ages calculated from linear regression results in Fig. 2-46. 
""Soils formed in Holocene colluvial cap overlying Qt2 and Qt4 soils. 
""*"Soil formed in colluvium and loess overlying the ca. 50-60 ka El Cajete Tephra. Date for El Cajete from Reneau et al. (1 995) 

(3) Qt4-Qtl from Wong et al. (unpubl., 1995) based on relative comparisons of soil development. 

13 

182 

157 
124 
174 

276 
291 
202 
253 
21 1 

149 
189 

3.9 
4.3 
4.4 

7.6 

18 
13.8 
16.1 

22.1 
22.6 
21.4 
22.1 

69.4 

76.0 
71.4 
77.9 

95.0 
128.3 
115.3 
l l O . 1  
105.8 

71.7 
99.5 

4.2+0.3 

7.4 

16.0+2.1 

22.1+0.5 

75.1+3.3 

11 0.9+12.3 

85.6+19.7 

9.4 
5.2 
9.4 

3 

7.7 
6.1 
5.8 

46.6 
12.8 

50-60 

>I 6.6 

0.5-1.7 
0.5-1.7 
0.5-1.7 

3.04.6 

5.7-7.9 
5.7-7.9 
5.7-7.9 

12.8, 46.6 
12.8, 46.6 
12.8, 46 .6  
12.8, c16.6 

50-60 

20-1 00 
20-1 00 

100-200 
100-200 
100-200 

150-300 
150-300 

74.9 
67.5 
76.7 7359.8 

102.7 
159.7 
136.5 
127.5 
120.3 129542.0 

>>67.9 
>>109.9 



Table 2-1 1. Results of st!lei:tive dissolution pH atid clay mineralogv for select soils formed along Rendija Canyon. - .- _.--._-.__..I__.. I _ _ _ I  I_.I__ -----I__-_---. ~ _I-..-_--_._.---- 

Wc'T8-1 
C 
A 
t3W 
BC 
c4 
62 

RCT7-1 
c 
A 
Bwl 
Bw2 
E3c 
C 

RCT6-2 
A 
BA 
Bwl 
Bw2 
Bw3 
BC 
C1 
c 2  

RCT4-1 
A 
Bwl 
Bw2 
Bw3 
Btl  b 
Bt2b 
Btkl b 
Btk2b 
Btk3b 
Etk4b 
6th 
BCb 

RCT2-I 
A 
BA 
Bwl 
BW.2 
Btkl b 
Btk2b 
Btk3b 
Btk4b 
t3tl b 
Btab 
BtJb 
Bt4b 

0-1 0 
'I 0-20 
20-36 
36--54 
!i4--84 

84-1 74 

0-8 
8-1 7 
'I 7-26 
26-69 
69--9!i 
9!i--l55 

0-4 
8-1 5 
'15-27 
27-60 
60-79 
70--116 
1l6--165 
165--205 

0-8 
8-34 
:34--52 
!52--69 
69--90 
90--109 
109-1 26 
126-182 
1132-1 72 
1'72--198 
198-228 
266--274 

0-7 
7--20 

20-41 
51-65 
65-75 
75-92 
92-1 07 
107-1 3 1 
131-.-180 
180-206 
206-234 
234-296 

0.06 0.64 
0.05 0.43 
0.06 0.24 
0.04 0.23 
0.03 0.17 
0.03 0.33 

0.36 0.46 
0.07 0.38 
0.06 0.34 
0.07 0.37 
0.06 0.38 
0.05 0.34 

0.14 0.26 
0.19 0.32 
0.07 0.30 
0.08 0.28 
0.05 0.26 
0.04 0.25 
0.04 0.'19 
0.04 0.18 

0.16 0.25 
0.09 0.33 
0.12 0.36 
0.10 0.28 
0.05 0.30 
0.06 0.35 
0.07 0.36 
0.07 0.39 
0.06 0.30 
0.05 0.30 
O.Oti 0.44 
n.d. 0.32 

0.14 0.23 
O.O!i 0.:36 
O.O!i 0.37 
0.06 0.34 
O.O!i 0.46 
0.04 0.40 
0.06 0.50 
0.013 0.41 
n.d. 0.38 
n.d. 0.38 
n.d. 0.34 
n.d 0.35 

0.28 
0.26 
0.14 
0.15 
0.13 
0.23 

0.19 
0.17 
0.19 
0.21 
0.23 
0.23 

0.13 
0.17 

11.11 
0.16 
0.18 
0.15 
0.14 

0.16 

0.13 
0.18 
0.22 
0.17 
0.19 
0.23 
0.23 
0.26 
0.22 
0.20 
0.28 
0.21 

0.12 
0.20 
0.72 
0.22 
6.30 
0.29 
0.35 
0.28 
0.25 
0.22 
0.20 
0.19 

0.4!J 
0.42 
0.40 
0.38 
0.35 
0.3% 

0.50 
0.54 
0.50 
0.46 
0.35 
0.36 

0.14 
0.14 
0.14 
0.15 
0.13 
0.1 9 
0.14 
0.13 

0.30 
0.33 
0.35 
0.33 
0.35 
0.34 
0.36 
0.32 
0.19 
0.16 
0.17 
0.15 

0.23 
0.29 
0.20 
0.26 
0.32 
0.26 
0.20 
0.15 
0.12 
0.13 
0.11 
0.12 

0.68 
O.!jO 
0.39 
0.40 
0.37 
0.29 

0.72 
0.50 
0.41 
0.39 
0.38 
0.46 

0.29 
0.43 
0.28 
0.34 
0.26 
0.2'7 
0.17 
0.14 

0.78 
0.92 
0.95 
0.83 
0.83 
0.83 
0.83 
0.12 
0.59 
0.55 
0.72 
0.45 

0.63 
0.75 
0.78 
0.77 
0.80 
0.70 
0.72 
0.64 
O.!B 
0.49 
0.16 
0.43 

0.72 
0.84 
1.04 
0.96 
0.93 
1.10 

1.35 
1.09 
1.20 
1.18 
0.92 
0.80 

0.50 
0.33 
0.49 
0.44 
0.49 
0.70 
0.83 
0.93 

0.39 
0.36 
0.36 
0.40 
0.42 
0.41 
0.43 
0.44 
0.32 
0.28 
0.24 
0.33 

0.37 
0.38 
0.37 
0.34 
0.40 
0.37 
0.28 
0.24 
0.21 
0.26 
0.25 
0.28 

1.72 
1.49 
1.34 
1.23 
1.10 
1.34 

0.54 
I .87 
1.48 
1.41 
1.45 
1.24 

0.87 
0.80 
1.38 
1.27 
1.29 
1.18 
1.01 
0.99 

0.27 
0.51 
0.76 
0.58 
0.67 
0.87 
0.83 
0.82 
0.77 
0.80 
0.89 
0.81 

0.39 
0.86 
0.88 
0.83 
0.89 
0.90 
0.87 
0.81 
1 .oo 
1 .oo 
1 .oo 
1 .oo 

1.97 
1 .[I3 
0.97 
1.09 
0.90 
1.61 

1 .:I5 
1.19 
1.35 
1.52 
1 . G I  
1.66 

0.95 
1.22 
1.16 
1.21 
1 .'i4 
1 .no 
1.07 
0.99 

0.89 
1.30 
1.80 
1.24 
1.38 
1.64 
1.67 
1 .a9 
1.58 
1.40 
1.98 
1.48 

0.85 
1.46 
1.58 
1.58 
2.18 
2.10 
2.50 
2.01 
1 .a1 
1.60 
1.45 
1.35 

6 
6.1 
6.3 
6.6 
6.7 
6.7 

6.1 
6.4 
6.6 
6.8 
6.9 
7 

5.4 
5.5 
5.8 
6 

6.2 
6.3 
6.4 
6.3 

5 
5.8 
6.3 
6.2 
6.4 
6.9 
7.4 
7.6 
7.6 
7.6 
7.6 
7.6 

5.6 
6.2 
6.4 
6.8 
7.3 
7.5 
7.6 
7.7 
7.6 
7.6 
7.5 
7.4 

X 

xx 

X 

X 

X 

X 

xx 

X 

X 
X 

X 
X 

X 

xx 

X 

xx 

X 

X 

xx 

X 
X 

xx 

X 

X 
xx 

X 
xx 

xx 

xx 

X 

X 

X 

xx 

X 

X 

I 

I 

I 

, 

- BC 296-3~41 n.d. 0.17 0.11 0.21 0.29 0.72 1 .oo 0.81 7.3 xx xx 
Notes: 

I . - - - _ _ . - Y I - . . I - Y m s U - . . ~ -  

p = Pyrophosphate extraction (O.'IM Na-pyropho!;phate) 
o = Acid-oxalate extraction (0.2 M oxalic: + 0.2 M amnionium oxalate). 
d = Dithionite-citratu extraction (0.3 M sodium citrilte + Na-dithionite + Na-bicarbonate) 

"Estimated Al l3  atomic ratio for allophant~liniogolite (Parfitt and Childs, 1988). 
**Estimati?d concentrations for allophane arid imogolite as a function of YO :;io (Parfitt and Childs, 1988). 
"""Preliminary XRI:, results: I := illite, K = kaolinite, I-S = illitc.srriectite interstratified clay. X = moderately to slightly abundant; 

XX = strongly abundant. 



Appendix A-1. Key to symbols used in Tables of soil morphology. 

Structure 
Grade 
1 =weak 
2 = moderate 
3 = strong 

- Size 
c = coarse 
m = medium 
f = fine 

Consistence 
BY Moist 
lo = loose 
so = soft 
sh = slightly hard 
h = hard fi=firm 
vh = very hard 

lo = loose 
vfr = very friable 
fr = friable 

vfi = very firm 

Argillans (Mangans, Skeltans) 

Abundance Thickness 
VI = very few (< 5%) 
1 = few (2 - 25%) 
2 = common (25 - 50%) 
3 = many (50 - 75%) 
4 = nearly continuous (go%+) 

n = thin 
mk = moderately thick 
k = thick 

Horizon Boundary 
Thickness Topoaraphv 
a =abrupt (< 2cm) 
c = clear (2 - 5cm) 
d = diffuse (> 5 cm) 

s = smooth 
w = wavy 
i = irregular 

IYtE Other 
sbk = subangular blocky 
abk = angular blocky 
pr = prismatic 
PI= platy 
sg = singles grain 
m = massive 

: = parting to (e.9. pr:pf) 

Wet - Stickiness 
so = non sticky 
vss = very slightly sticky 
ss = sticky 
s = sticky 

Wet - Plasticity 
PO = non-plastic 
vps = very slightly plastic 
ps = slightly plastic 
p = plastic 

LocationlTvpe 
PO = along pores 
co = coating gravel, ped faces 
br = bridging grains 
pf = along ped faces (co + br) 
pr:pf along prismatic ped faces 
bk:pf along blocky ped faces 
Lam = lamellae 
si = silt coatings 

Texture 
s = sand 
Is = loamy sand 
SI = sandy loam 
I = loam 

si1 = silt loam 
scl = sandy clay loam 
sic1 = silty clay loam 
cl = clay loam 
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