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The Hubbell Spring fault (HSF) is near the eastern margin of the Albuquerque-Belen basin in the
central Rio Grande rift, and is one of the most active faults in the region. Recent mapping and
geophysical studies indicate that the fault geometry is more complex and longer than previously
thought, with two dominant west-dipping splays (western and central) extending for over 40 km
south of Albuquerque. An enigmatic eastern splay appears buried along its southern 2/3 and may
be older than late Quaternary, with possibly a much longer history of deformation than the rest of
the HSF. We conducted a paleoseismic investigation of the Carrizo Spring trench site on the
central HSF that included mapping, trenching drilling and luminescence analyses. We found
structural, stratigraphic, and pedologic evidence for the occurrence of at least 4, and probably 5,
large earthquakes that occurred since deposition of piedmont deposits on the Llano de Manzano
surface about 83.6 £ 6.0 ka. All of these events included warping across a broad deformation
zone, whereas the 3 largest events also included discrete slip across five fault zones. Behavior
appears non-characteristic, with preferred vertical displacements per event ranging from 0.4 to
3.7 m. Fault-related deposition was dominated by eolian rather than colluvial sedimentation,
similar to previous trench studies of other faults in the region. The total down-to-the-west throw
of piedmont deposits is 7.3 = 0.5 m. Luminescence ages indicate that the timing of the 4 largest
surface-deforming events on the central HSF overlaps with the timing of the four youngest
faulting events on the western HSF, suggesting coseismic rupture of the central and western
HSF. Displacement data and correlation between sites of buried soils on event horizons also
supports coseismic rupture. The smallest warping event on the central HSF does not appear to
correlate to any events on the western HSF, indicating that independent rupture of the central
HSF also does occasionally occur. However, we estimate that over 96% of the late Quaternary
strain on the HSF occurred as coseismic rupture of the western and central splays. The average
recurrence interval for coseismic rupture over the past 3 complete seismic cycles is 19 (+5, -4)
ky, consistent with recurrence intervals estimated for individual cycles, which are 17 ky, 27 ky,
and 14 ky. Assuming the eastern splay is no longer active, we estimate a cumulative average
vertical slip rate for the past 4 complete seismic cycles on the HSF of about 0.2 mm/yr, making it
one of the most active faults in the region. In comparison, slip rates for individual complete
seismic cycles vary by an order of magnitude, ranging from 0.044 mm/yr to 0.46 mm/yr. This is
due to noncharacteristic behavior, a finding that may have significant implications for seismic
hazards elsewhere in the rift. Estimated paleomagnitudes range from My 7.0 to 7.5 for
coseismic rupture events versus from My 6.6 to 7.0 for rupture of the central HSF alone.
Additional investigation is needed to determine how activity on the HSF may relate to nearby
faults along the eastern rift margin, including the Palace-Pipeline to the west, the Manzano fault
to the east, and unnamed faults on the Llano de Manzano to the south.

Cover Photographs: Top — Looking east at the Carrizo Spring trench across the Central
Hubbell Spring fault with Bosque Peak of the Manzano Mountains in the background,; Middle —
Bruce Allen and David Love operating the New Mexico Bureau of Geology and Mineral
Resources drill rig;, Lower — Steven Forman collecting luminescence samples from Unit 4 in the
Carrizo Spring trench.
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SECTIONONE Introduction

The Hubbell Spring fault (HSF) is one of the most active faults in the Albuquerque-Belen basin
in central New Mexico (Personius et al., 1999; Figure 1). It is the most significant seismic
source to the southern Albuquerque area, particularly to the rapidly growing communities of Los
Lunas and Belen (Wong et al., 2000). Recent mapping, geophysical and paleoseismic studies
have shed some new light on this complex fault zone, but these studies have also raised
significant questions about its late Quaternary behavior and earthquake potential, which are
discussed further below. This study answered many aspects of these questions through a
paleoseismic trench investigation of the previously untrenched central trace of the HSF.

11 GEOLOGIC SETTING

The HSF is a north-striking, west-dipping, intrabasin normal fault zone that lies near the eastern
margin of the Albuquerque basin in the central Rio Grande rift of New Mexico (Figure 1). The
rift is a physiographic and structural depression that is now recognized as a continental rift zone
(e.g., Keller and Cather, 1994). It consists of a series of north trending, en echelon structural
basins that are flanked by mountain ranges or uplifted plateaus, extending for about 1,000 km
from central Colorado, through central New Mexico, and into west Texas and Mexico (Chapin,
1971). The namesake river, the Rio Grande, follows this seismically, tectonically and
volcanically active depression, which is actually part of the Basin and Range Province (Hawley,
1986). The Rio Grande rift is characterized by: (1) late Cenozoic extension accommodated by
faulting and volcanism that is as young as Holocene; (2) shallow (< 13 km) diffuse background
seismicity that generally is not associated with specific structures except for some zones that may
be correlated with magmatic activity; (3) focal mechanisms that indicate a mix of normal and
strike-slip faulting, and a horizontal least principal stress direction of WNW-ESE; (4) high heat
flow; (5) deep asymmetric half grabens, and grabens that tend to show opposing symmetries
(tilting to the west versus tilting to the east); and (6) large negative gravity anomalies (Chapin
and Cather, 1994; Keller and Cather, 1994; Morgan et al., 1986; Sanford et al., 1991).

The Albuquerque basin is nearly 120 km long, 40 to 60 km wide, and is the largest and deepest
rift basin in New Mexico (Hawley et al., 1995). Clastic deposits (alluvial, colluvial, eolian,
lacustrine and volcaniclastic sediments) and volcanic rocks comprise the Santa Fe Group, the
Plio-Pleistocene syn-rift sedimentary fill of Rio Grande rift basins (e.g. Hawley et al., 1969).
These basin fill deposits are as thick as 4,570 m (15,000 ft) in the Albuquerque basin (Hawley
et al., 1995). Although extension in the region initiated 27 to 32 Ma, rift basins were not
integrated by the through-going ancestral drainage of the Rio Grande until much later. The axial
fluvial and tributary deposits of the ancestral Rio Grande in the Albuquerque basin are part of the
Sierra Ladrones Formation of Machette (1978), and were deposited from 7 Ma to sometime after
1.2 Ma (Connell et al., 2001). The top of these deposits formed a Pleistocene basin floor that is
now 100 to 200 m above the present Rio Grande, indicating substantial subsequent incision that
left extensive alluvial surfaces abandoned (Machette and McGimsey, 1983; Machette, 1985).
Based on recent mapping and stratigraphic studies, Connell ef al. (2001) estimate that the Rio
Grande initiated this incision sometime between 0.7 and 1.2 Ma.

The Albuquerque basin is flanked on the east by the east-tilted, fault-block uplift of the Sandia,
Manzanita, Manzano and Los Pinos Mountains (Kelley, 1977). These ranges expose
Precambrian plutonic and metamorphic rocks that are unconformably overlain by Paleozoic
limestones, sandstones and shales. The resulting structural relief is as much as 8,500 m
(Woodward 1982). The basin is flanked to the west by the lower-relief uplifts of the Colorado
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SECTIONONE Introduction

Plateau. Based on seismic lines, drill holes and gravity data, Lozinsky (1994) and Russell and
Snelson (1994) separated the Albuquerque basin into two subbasins: one north of Tijeras Canyon
with at least 17% extension and basin fill tilted to the east, and a subbasin to the south of Los
Lunas (including most of the HSF) that has 30% extension and basin fill sediments dominantly
tilted to the west. They postulated that the Tijeras accommodation zone, a buried west-southwest
extension of the Tijeras fault, separated these subbasins. However, subsequent investigators
(Maldonado et al., 1999) following Hawley et al. (1995) have suggested a buried northwest-
trending structure, the Mountain View fault zone, likely separates the subbasins (Figure 2).
Regardless, the HSF appears to transect both subbasins and clearly is an intrabasin fault, lying 3
to 10 km west of the basin-bounding Manzano fault, cutting the Tijeras-Cafioncito fault zone
near its northern end, lying along-strike of the less-active Sandia fault to the north, and
subparalleling the newly discovered Palace-Pipeline fault that lies 2 to 10 km to the west (Figure
2).

Even though the HSF is an intrabasin structure, its prominent geomorphic expression, structural
relief, and relation to adjacent faults suggest it forms the active rift margin (Machette and
McGimsey, 1983). Fault scarps of the HSF extend for over 43 km along the Llano de Manzano,
an early to late Pleistocene alluvial surface that extends for over 90 km south of Albuquerque
between the Rio Grande to the west and the Manzano Mountains to the east. This gently west-
sloping surface was considered by Machette (1985) to be graded to an alluvial terrace that lies 92
to 113 m above the modern Rio Grande. Based on soil studies, and geomorphic and stratigraphic
relations, he estimated an age on the order of about 300 ka. Based on more recent detailed
mapping, and stratigraphic studies, Maldonado et al. (1999) broke out two additional older
surfaces, the Sunport and Canada Colorado, north of Hells Canyon Wash. They estimate a
Pliocene age for the Cafiada Colorado and early Pleistocene ages for the Sunport and Llano de
Manzano surfaces. As an extension of these studies, Connell ez al. (2001) consider the Llano de
Manzano to be a complex surface of a basin fill succession that includes middle Pleistocene
piedmont deposits shed off the Manzano Mountains, overlying and truncating axial Rio Grande
deposits. They provisionally assign these deposits to the Sierra Ladrones Formation of Machette
(1978). Pending further investigation, we follow that nomenclature here. Blanketing much of
the Llano de Manzano and other surfaces in the region are eolian cover sands. These eolian
sands are particularly significant to fault studies because they tend to dominate over colluvial
sedimentation along faults (eg., Personius and Mahan, 2003), they complicate age estimates of
the many alluvial surfaces in the region, they mute the geomorphic expression of faults, and they
are excellent candidates for luminescence dating.

Despite the eolian cover, scarps of the HSF are as high as 40 m on the Pliocene Cafiada Colorado
and as high as 25 m on the Pleistocene Llano de Manzano (Machette and McGimsey, 1983). In
addition, Permian, Triassic and Tertiary rocks are exposed in some portions of the footwall of the
HSF, indicating unusually substantial structural relief across this intrabasin fault (Reiche et al.,
1949; Kelley, 1977; Love et al., 1996). Stark (1956) estimated a total throw of =2,256 m (7,400
ft) across the central HSF based on footwall bedrock exposures and logs of the Grober No. 1 well
that he thought bottomed in the Triassic Chinle Formation on the downthrown side of the fault.
However, Hudson and Grauch (2003) reinterpreted this drill hole and concluded it bottomed in
Neogene basin fill, not the Chinle Formation, which suggests that the total throw is likely
greater.
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1.2  PREVIOUS WORK AND UNRESOLVED ISSUES

Read et al. (1944) first mapped the HSF and named it the Ojuelos fault for Los Ojuelos Springs
on the central HSF about 4 km south of our trench site. Several early investigators also used this
name (eg., Reiche et al. 1949; Stark, 1956; Titus, 1963), but through time “Hubbell Spring(s)”
was added, or replaced “Ojuelos” in the name (eg., Kelley, 1977; Machette, 1982; Machette &
McGimsey 1983), and so Machette et al. (1998) used the name Hubbell Spring fault, and we
retain that nomeclature here.

Machette and McGimsey (1983) mapped, profiled and analyzed fault scarps of the HSF,
describing them as “perhaps the most spectacular fault scarps in the central Rio Grande rift.”
They mapped a complex, anastomozing series of three dominant splays that converged to the
north and had a total length of 34 (their text and Table 2) to 43 (their map) km, with only the
central trace extending south of Los Lunas (Figure 1). They measured scarp heights of 2 to 40 m
on Pliocene to late Pleistocene deposits, with larger offsets on older surfaces clearly indicating
recurrent Quaternary movements. Reiche et al. (1949) suggested movement was youngest along
the southern portion and possibly Holocene. Based on their morphometric analyses, Machette
and McGimsey (1983) also concluded movement was younger to the south, breaking the fault
into northern and southern segments. However, based on comparison to 5-ka and 15-ka scarps
studied elsewhere in the Basin and Range, they concluded that youngest faulting on the HSF was
late Pleistocene, but probably considerably older than 15 ka.

More recent detailed mapping of late Cenozoic sediments along the northern HSF in the Isleta
Indian Reservation (e.g., Love et al., 1996; Love, 1998; Maldonado et al., 1999) suggests that
the fault geometry is even more complex and some traces are much longer than previously
mapped by Machette and McGimsey (1983; cf. Figures 1 and 2). In particular, Maldonado et al.
(1999) map several anastomosing, discontinuous fault traces that still form three dominant north-
south trending fault splays (western, central and eastern), and merge together to the north (Figure
2). However, Machette and McGimsey (1983) showed the western and eastern traces dying out
northeast of Los Lunas (Figure 1), whereas Maldonado et al. (1999) extend these traces at least
another 15 kilometers to the south (Figure 2). Although they mapped the three splays of the HSF
extending south of Hells Canyon, the eastern splay is somewhat enigmatic as it appears to show
down-to-the-east offset in the subsurface, but has down-to-the-west scarps that die out south of
Hells Canyon. The eastern splay may actually have a longer more complicated kinematic history
than the rest of the HSF, with only the northern portion having been reactivated during
Pleistocene extension. Additionally, the newly identified Palace-Pipeline fault (Love, 1998) is a
zone of faults located just west of the western HSF (Figure 2) that was not included in the
Quaternary fault compilation of Machette et al. (1998) (Figure 1). This fault zone strikes north-
south and offsets the Pleistocene Sunport and Llano de Manzano surfaces down to the west by as
much as 15 m (Maldonado et al., 1999). Maldonado et al. (1999) extend the Palace-Pipeline fault at
least as far south as El Cerro Tome, making it at least 18 km long. Recent airborne aeromagnetic
surveys (Grauch, 2001) support Maldonado et al.’s mapping and suggest that the eastern and
western splays of the HSF and the Palace-Pipeline fault potentially extend even farther south, up
to 45 kilometers or more, and are as long as the central HSF (Figure 3). However, additional
mapping is needed south of the Isleta Indian Reservation to confirm how far south Quaternary
fault scarps actually extend.

This raises questions about which is the most dominant and active fault splay of the HSF, or if
the three splays all rupture coseismically. Based on available evidence, previous studies have

m W:\X_WCFS\HUBBELL SPRING FAULT\DELIVERABLES\FINAL TECH REPORT\CHS PALEOSEISMIC INVEST_FINAL.DOC\26-JAN-04\\OAK 1—3



SECTIONONE Introduction

suggested that the central HSF forms the active margin along this portion of the Rio Grande rift
(Machette et al., 1998). Overall, the central HSF has the most prominent geomorphic expression
on the Llano de Manzano, forming the Hubbell bench on the upthrown side of the fault.
However, this may be partly due to the fact that the central splay is the only trace with bedrock
exposed in the footwall along much of its length, and thus it’s prominent geomorphic expression
may not necessarily be indicative of the greatest late Quaternary rate of activity. The central
HSF is also most closely associated with a strong north-south trending gravity gradient along the
Hubbell Bench (Figure 2), however, recent gravity and aeromagnetic modeling studies suggest
that the major basement offset is actually > 2 km west of the central HSF (Grauch and Hudson,
2002). Although Machette and McGimsey (1983) measured scarp heights of 4 to 25 m on early
to late Pleistocene deposits along the central HSF, very little is know about its paleoseismic
behavior. Similarly, nothing is known about the Quaternary behavior of the eastern HSF.
Despite the prominent aecromagnetic signature of the eastern HSF (Figure 3), it has a poor
geomorphic expression, no associated gravity gradient (Figure 2), and may actually be a relict
fault from a pre-Quaternary period of extension.

In comparison, the western HSF exhibits some of the highest scarps on the youngest deposits and
may actually record the greatest late Quaternary activity. A recent paleoseismic investigation of
a 7-m-high scarp on the western HSF near Hubbell Spring at its northern end (Figure 1) revealed
evidence for four surface-faulting events that occurred since deposition of fan deposits on the
Llano de Manzano (Personius et al., 2001) probably around 92 + 7 ka (Personius and Mahan,
2003). These events resulted in 5 to 8 m of throw and average displacements per event of 1 to 2
m (Personius et al., 2001). The luminescence ages of colluvial /eolian deposits associated with
faulting indicate that the most recent, penultimate and antepenultimate events occurred around 12 +
1 ka, 29 £ 3 ka, and 56 + 6 ka, respectively (Personius and Mahan, 2003). The age of the oldest
event is poorly constrained but it occurred prior to the antepenultimate event and some time after 92
+ 7 ka.. The relatively large per event displacements supports either longer rupture lengths for
the western HSF, as mapped by Maldonado et al. (1999), or coseismic rupture with the central
HSF, or possibly both (a longer length for the western HSF and coseismic rupture with the
central HSF).

In summary, recent studies raise several questions about the late Quaternary behavior and
earthquake potential of the HSF, including: were all of the traces (western, central, and eastern)
equally active, did they rupture coseismically or independently, and were late Quaternary
ruptures on the central HSF as large as on the western HSF? These questions are all important to
assessing seismic hazards in the region (Wong et al., 2000).

1.3  PURPOSE AND SCOPE

The purpose of this study was to develop a better understanding of the late Quaternary
paleoseismicity of the central HSF fault through a detailed trench investigation. Our study
included: (1) interpretation of black and white stereo aerial photographs of the trench site at
different scales (=1:41,000-scale 1996 NAPP, and ~1:52,000-scale 1953 AMS photographs);
(2) detailed mapping of the surficial geology at the trench site; (3) topographic profiling of fault
scarps; and (4) excavation, interpretation and logging of trench and soil pit exposures; (5)
description of soil profiles and lithologic units; (6) luminescence analyses of samples to
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SECTIONONE Introduction

determine numerical ages; and (7) drilling, logging, and interpretation of three shallow boreholes
at the trench site.
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SECTIONTWO Results for the Carrizo Spring Trench Site

21  SURFICIAL GEOLOGY

The Carrizo Spring trench site is located near the along-strike midpoint of the central HSF, about
16 km south-southeast of Los Lunas and the Rio Grande (Figure 1), three kilometers south of
Meadow Lake, and one kilometer north of Carrizo Spring (Figure 4). The site is about 11 km
due west of Bosque Peak, which at 2929 m is the third highest peak in the Manzano Mountains.
In contrast, the site is at ~1646 m elevation along the Hubbell Bench of the Llano de Manzano
surface, which is about 175 m above the Rio Grande. At this latitude, discontinuous and
anastomasing fault scarps of the western HSF lie about 7 km to the west of the central HSF and
offset the Llano de Manzano, whereas the eastern HSF appears to be buried by late Pleistocene
piedmont deposits of the Llano de Manzano about 2 km to the east.

Near the trench site, the central HSF is marked by an alignment of springs along a well-defined
but broad, single, simple, west-facing scarp on the Llano de Manzano (Figure 4). There is no
evidence for any antithetic faults or backtilting along this section of the fault. Scarp heights
range from 3 to 15 meters, decreasing to the north as the fault splits into multiple scarps near the
town of Meadow Lake. To the south the fault continues as a single scarp, increasing in height
and becoming more dissected as it transects the Tome Land Grant, and eventually (roughly 5 km
south) exposes Triassic and Permian sedimentary rocks in the footwall, becoming a bedrock-
alluvium fault contact. Immediately to the north and south of the trench site, ephemeral
drainages have incised 1 to 11 m into the Llano de Manzano, generally showing greater incision
on the upthrown side of the central HSF. For example, the drainage along Maes Spring is the
largest locally (Figure 4) and is incised 7.6 to 10.7 m in the footwall, versus 4.6 to 6.1 m in the
hanging wall. However, all of the local drainages are relatively small and are not incised
extensively. Thus, they appear to be graded locally to the Llano de Manzano and not to the Rio
Grande (Connell et al., 2001). Some very small drainages have small Holocene fans formed at
the base of the central HSF scarp, such as the small drainage and fan immediately south of the
trench site (Figure 4). Overall, the Llano de Manzano in the area is underlain by late Quaternary
piedmont alluvium shed off the Manzano Mountains, which is blanketed by a thin cover of
eolian sand, creating a remarkably uniform surface (except for drainages and fault scarps) that
slopes gently (2° to 4°) westward. The dominant wind direction is from the southwest and eolian
deposits have built up to form small local dunes (Unit H, on Figure 4), particularly where
deposits have banked up against fault scarps such as at the trench site. Based on age analyses
from the trench (discussed in Section 2.2), these loose eolian sands likely span a range of ages
from mid-Holocene to modern. Deposits not shown on Figure 4, but which turned out to be
important to this study, are small localized spring deposits along the fault. These are visible as
light-colored patches of concentrated carbonate on the surface, and are most prominent around
Carrizo and Maes Springs, but notably small patches are visible in a gully just north of the trench
site and also exposed in the drainage to the south.

The Llano de Manzano provides a good datum on which to measure long-term late Quaternary
offsets from topographic profiles. A very long topographic profile (P1 on Figure 4) measured
across the central HSF at the trench site yielded a net vertical tectonic displacement of 7.5 + 1.0
m down-to-the-west (Figure 6a, inset) and a maximum scarp angle of 12°. The profile shows no
evidence for antithetic faults or backtilting of the hanging wall toward the fault. The scarp crest
is very broad and is located about 35 m east of the maximum scarp angle that forms the only
bevel on the scarp face. No net offset was apparent across two small swales occupied by
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SECTIONTWO Results for the Carrizo Spring Trench Site

ephemeral drainages located about 115 and 220 m east of the scarp crest. Another scarp profile
measured at our alternate trench site about ¥ km to the south (P2 on Figure 4), yielded a net
vertical tectonic displacement of 7.0 £ 1 m down-to-the-west. Here, eolian dune sand is banked
up over the scarp crest. The scarp crest is still broad, but the profile shows a double bevel and a
maximum scarp angle of only 8°.

2.2 SUBSURFACE INVESTIGATIONS

We excavated one trench across the fault (Figures 4, 5, 6a, and 6b) and one soil pit located about
43 m west of the trench (inset on Figure 6a). We also augered three shallow boreholes in the
hanging wall of the fault (B1, B2, and B3 on Figure 6a inset). The trench was over 60 m long
and 4”2 m deep. The soil pit was nearly 3 m deep and about 5 m long. Boreholes were between
5.7 (B3) and 10.4 m (B1) deep. Boreholes were augered with a SIMCO 2800 HS drill rig
provided and operated by the New Mexico Bureau of Geology and Mineral Resources (Middle
cover photograph). Samples were continuously collected on the 4” diameter auger stems.
Except for some sloughing in limited zones, this method worked relatively well for holes B1 and
B2. Unfortunately, challenges with keeping the hole vertical for B3 resulted in significant
sample disturbance for much of the hole, making stratigraphic interpretations from B3 less
reliable. Both the trench and soil pit were excavated with a rubber-tire backhoe using a 3-foot
(0.9 m) wide bucket. Walls were scraped and cleaned to remove bucket smear. The trench was
logged at a scale of 1 inch = 1 meter (=1:40 scale) on a planimetric grid (Figures 6a and 6b),
whereas only a profile was logged for the soil pit (Figure 7). In the trench, we strung level lines
and marked stations at one-meter intervals to provide reference lines. Locations of samples,
faults, and stratagraphic and pedologic contacts were marked with nails and/or spray paint, and
measured relative to a level line to the nearest centimeter. Total errors of measured points on the
logs are estimated to be < 5 cm. Original trench logs were then simplified during drafting,
primarily by reducing detail in clast fabrics and using generalized patterns for some units
(Figures 6a and 6b).

We collected 11 samples from the trench for luminescence analyses to provide numerical age
constraints for faulting events (Figures 6a and 6b). However, we only had enough funds to
analyze 8 samples (Table 1). Successful application of thermoluminescence dating of sediments
in paleoseismic studies of normal faults began in the 1980s (e.g., Forman ef al., 1988) and recent
developments have made applications even more robust. Thermoluminescence is the release of
light when mineral grains are heated above 150°C and sediments acquire thermoluminescence
from background radiation. Thermoluminescence in sediments increases steadily with time and
age estimates are made by determining the ratio of the equivalent dose (proportional to the
luminescence signal accumulated since burial) to the dose rate (or background radiation at the
sample site) (see Forman et al., 1999, for further discussion). Thus, analyses provide the time
since deposition and burial. Thermoluminescene is released during exposure to sunlight.
Therefore, during transport the “thermolumenescence clock™ is reset if enough sunlight reaches
individual grains, such as for eolian deposits and fine-grained slopewash. These types of
deposits are excellent candidates for luminescence dating. The recent development of using
infrared stimulated luminescence (IRSL), which measures luminescence of the infrared portion
of the light spectrum, has some significant advantages for paleoseismic applications (Spooner et
al., 1990; Forman, 1999). Measuring this portion of the spectrum generally provides smaller
errors and broader applications to a greater variety of depositional environments as this portion
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of the spectrum is zeroed or reset very quickly. For example, in comparison of traditional
thermoluminescence analyses and IRSL analyses of a modern dune near the Hubbell Spring
trench, Personius and Mahan (2003) found that the IRSL analyses had smaller errors and an
order-of-magnitude smaller residual or inherited signal (~300 vs. 2,000 years) than the
thermoluminescence analyses.

Samples for IRSL analysis for this study were collected by first scraping the trench wall back 20
cm, driving a PVC sampling tube into the wall, extracting the tube and sealing the ends with duct
tape. During sampling, care was taken to avoid obviously bioturbated areas, including insect and
animal burrows and large roots. In the laboratory, samples were extracted, the ends shaved and
discarded, and IRSL analyses were completed on the 4-11 micron polymineral fraction of the
sample. The resultant blue emission is isolated by 5-58 and GG-400 Corning filters and
measured by a standard photomultiplier tube. The total bleach method was used with the
residual level defined by 1 hour sunlight exposure. An exponential or linear fit were used to
model the additive dose response with the interpolation to the residual level <20% of the highest
applied beta dose. The equivalent dose was calculated for 3 to 90 seconds after initial exposure
to infrared excitation (880 + 80 nm). The precision of analysis was very good, with dispersion in
additive dose response usually < 10%. Dose rate estimate was calculated from alpha counting to
determine U and Th content (assuming secular equilibrium) and elemental analysis to provide for
*K component. Moisture contents of 5 + 2% and 10 + 3% were assumed in the final age
calculation (Table 1). Errors of 1 ¢ are reported for all IRSL ages.

2.21 Trench Exposure

The trench exposed piedmont alluvium, slopewash colluvium, playa deposits, and eolian sands
that included several buried soils throughout the section (Figures 6a and 6b). A broad
deformation zone consisting of fractures, faults, and warping, offset these deposits down to the
west. Several of the stratigraphic units and buried soils that were exposed in the footwall could
be traced across the deformation zone and into the hanging wall. However, units and particularly
soil horizons were generally thicker in the hanging wall. Also, some units and soils were
partially or entirely eroded away in the area of maximum deformation and some soil catenas
showed dramatic differences in properties downslope. In addition, the trench and soil pit were
not deep enough to expose the oldest buried soil (S;) on the downthrown side of the fault.
Therefore, we drilled three shallow borings (B1, B2, and B3) in the hanging wall to measure the
throw on this oldest buried soil.

Despite all of the complexities, the trench, soil pit, and boreholes revealed stratigraphic,
pedologic, and structural evidence for the occurrence of at least 4, probably 5, large earthquakes
on the central HSF. All of these deformation events included warping down to the west,
however, only the three largest events showed definitive discrete slip across faults. The evidence
for all events, along with their timing, is described in detail in the following sections. We refer
to these events with reversed alphabetical labels; Event Z being the youngest and Event V the
oldest.

2.2.1.1 Stratigraphy

We logged 14 stratigraphic units in the trench exposure with Unit 1 being the oldest and Unit 14
the youngest. Abbreviated unit descriptions are shown on Figure 6b and detailed descriptions
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are shown in Appendix A. The stratigraphic units included 7 buried soils (S; through S;) and the
tops of these catenas are shown on Figures 6a and 6b. Detailed soil profile descriptions for
several locations (Figures 6a and 6b) are included in Appendix B. The following descriptions
summarize characteristics relevant to deciphering the faulting history.

Unit 1 consists of older piedmont deposits of the Llano de Manzano and is the oldest unit
exposed in the trench. It is clearly warped and faulted, and was only exposed east of st. 41 m in
the trench (Figures 6a and 6b). It includes three subunits (1a, 1b, and 1c) as well as a stage II
buried soil (S;). Unit 1a consists of fluvial channel gravels interbedded in Unit 1b, and was only
exposed locally mid-trench near the deformation zone. Clasts are dominantly pebble-sized, but
range as large as boulders. They are sub-angular to rounded and dominantly composed of
granitic, gneissic, greenstone, and other metamorphic rocks, with rare limestone and sandstone
clasts. Smaller granitic clasts are generally grussified (crumbling to the touch) and some of the
metamorphic clasts are also extremely weathered to clays so that we could slice through them
with a soils knife. Clasts are stratified and weakly imbricated to the northeast. Based on its
stratigraphic characteristics, we interpret Unit 1a to have been deposited by streams draining the
Manzano Mountains east of the trench site, where dominantly Precambrian granitic and
metamorphic rocks are exposed at the base of the range front, with Paleozoic limestones exposed
near the tops of peaks (eg., Bosque Peak; Karlstrom et al., 2001).

Unit 1b is a greenish to pinkish sand with discontinuous pebbly, silty, or clayey lenses. It is
weakly-stratified, overall fining upward, and is interpreted to be interbedded overbank,
slopewash, and eolian deposits. This subunit is stratigraphically continuous with Unit 1c, but is
distinguished by the lack of carbonate nodules characteristic of the buried soil S;, developed in
Unit 1c east of st. 29 m. Indeed the carbonate in S; appeared dissolved from Unit 1b, as
evidenced by “ghost” nodules (nodular-shaped zones of silt that did not react to HCL) between
st. 28 and 30 m, and the intense amount of manganese oxide and limonitic staining between st.
28 and st. 40 m. Additionally, although fractures and warping are evident where S; dies out near
st. 29 m, no stratigraphic offsets or significant shearing are evident in Unit 1a or 1b, so S; is not
cut out by faulting. However, some of the soil carbonate does appear to have been remobilized
and precipitated into fracture networks within the deformation zone. These fracture networks are
characterized by numerous vertical and bedding-parallel fractures similar to those observed by
Personius ef al. (2001) at the Hubbell Spring trench site. As estimated from the trench and
boreholes, the total apparent throw of S; was about 7.3 £ 0.5 m down to the west.

Two samples from Unit 1b (CHSF02-3 and CHSF02-4 on Figure 6b) yielded an average IRSL
age of 83.6 £ 6.0 ka (Table 1). These are the first absolute ages for Llano de Manzano piedmont
deposits and it is noteworthy that they are much younger than the early to middle Pleistocene
ages estimated by previous studies (eg., Machette, 1985; Maldonado et al., 1999; Connell et al.,
2001). This suggests that either the Llano de Manzano surface is much younger than previously
thought or, more likely, spans a broader range of ages from early to late Pleistocene.

Unit 2 is only locally present on the downthrown side of of FZ3. It pinches out to the east at st.
37 m, and is faulted and warped down at its west end below the base of the trench west of st.
43.5 m. This dark brown sandy silty clay overlies Unit 1b and is overlain by Unit 3a and Unit 4.
It is weakly bedded with fine sand partings, mottled with MnO staining, and generally lacks
carbonate. Based on its location, and limited extent, and stratigraphic characteristics, we
interpret Unit 2 to be a sag pond deposit at the base of a normal fault scarp created during Event
V by warping and offset on faults (FZ1, possibly FZ2, and FZ3 on Figure 6b). Due to the
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subsequent dissolution of carbonate in Unit 1b, stratigraphic relations are unclear as to whether
Unit 2 was deposited before or after development of S;. However, an IRSL sample from Unit 2
(CHSFO02-1 on Figure 6b) yielded an age of 65.2 £ 5.6 ka (Table 1), which is consistent with the
IRSL ages from the underlying Unit 1 and the degree of intervening soil development of S,
suggesting that S; developed before Event V occurred and before deposition of Unit 2.

Unit 3 is dominantly a pink fine sand that is faulted, warped down to the west, and appears to
have been eroded away west of st. 38 m. We interpret Unit 3 to be younger piedmont deposits of
the Llano de Manzano, and similar to Unit 1, Unit 3 includes two subunits, 3a and 3b, with the
latter distinguished by a buried soil, S;. Subunits 3a and 3b are similar to and unconformably
overlying Units 1b and 1c, respectively. Unit 3a is a pinkish silty sand that contains some small
gravel stringers and intraclasts. This unit is similar to the upper portion of Unit 1b and we
interpret it be a mix of slopewash and eolian deposits. Unit 3a is stratigraphically continuous
with Unit 3b, but lacks the carbonate of the Stage II nodular buried soil (S;) included in Unit 3b.
Similar to S;, the carbonate in S, appears to have been dissolved from Unit 3b west of st. 28 in
the deformation zone. East of st. 18 m, the carbonate in S, increasingly overprints the
underlying S; buried soil and they became indistinguishable east of st. 11 m. The total apparent
throw on S, as estimated from the trench and boreholes is 6.5 + 0.5 m down to the west.

Unit 4 unconformably overlies the buried S, soil, and Units 3 and 2. Although it is warped and
cut by fractures in the deformation zone, Unit 4 did not appear offset by faults. This reddish
coarse to fine sand contains discontinuous coarser beds. It thickens on the downthrown side of
faults, where sediments are generally coarser and include some intraclasts. Based on these
characteristics, we interpret Unit 4 to be colluvium and eolian sediments deposited after a
faulting event, Event W. However, similar to observations made by Personius ef al. (2001) in
the Hubbell Spring trench, this post-faulting unit is dominated by eolian deposition, and thus
does not show many of the typical characteristics of fault-scarp derived colluvial wedge deposits
along normal faults, such as distinct debris and slopewash facies forming wedged-shaped
deposits (Nelson, 1992). An IRSL sample from Unit 4 (CHSF02-6 on Figure 6a) yielded on age
of 30.2 £ 2.2 ka. This sample was collected from an eolian dominated portion in the footwall
because sediments in the deformation zone showed undesirable characteristics for luminescence
dating (intraclasts, coarser sand, and extensive FeO and MnO staining). Thus, although the
eolian sediments that were sampled clearly post-date faulting, they may have been deposited well
after faulting and their age may not provide a close minimum limiting-age for Event W.

Unit 5 is a well-sorted reddish fine to medium eolian sand that contained faint planar
laminations, little carbonate, and extensive FeO and MnO staining. It conformably overlies Unit
4 and includes a buried soil, S;, which apparently extended nearly the full length of the trench.
However, the S; catena varies considerably across the trench exposure (cf., Soil Profiles CS2,
CS5, and CS1, Appendix B), probably due to the different soil forming conditions across the
slope of the fault scarp. Ss, extends from st. 0 to st. 8 m and is characterized by a mottled Btk
horizon with a stage II to III carbonate morphology. Carbonate coatings on peds suggests
overprinting of the original Bt horizon, likely similar to Ss;,, by carbonate related to development
of overlying buried soils, Ss and possibly Se. S; is apparently eroded away between st. 8 and st.
9 m. Ss, extends from about st. 9 m to about st. 35 m and is characterized by a Bt horizon that is
up to 0.5 m thick and well-cemented with sesquioxides. Ss is stripped away between st. 35 and
st. 37. S;¢ extends from about st. 37 to the west end of the trench and is characterized by a
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mottled Btk horizon similar to S;, but more disseminated. S;. entirely overprints Unit 5 and the
top of Unit 4, obscuring the contact between these units in the hanging wall.

Although Unit 5 is cut by fractures and warped down to the west with a total apparent throw of
2.8 £ 0.6 m down to the west (as measured in the trench and boreholes), we observed no
discernible fault offsets of this unit. However, Unit 5 thinned dramatically between st. 30 and 38
m. The top, including Ss, is clearly stripped at the crest of the zone of maximum warping. The
angular discordance between the base of Unit 5 and overlying stratigraphic and pedologic
horizons suggests that this erosion occurred after a warping event, Event X.

Unit 6 unconformably overlies Unit 5. Unit 6 is a buff colored silty very fine eolian cover sand
that is very well-sorted and relatively homogeneous, lacks carbonate, and has some faint planar
laminations. It appears to have been eroded away east of st. 9 m. West of st. 35.5 m, it is
overprinted by carbonate from the overlying soil horizon, Ss, and became indistinguishable from
underlying and overlying units. Two IRSL samples from Unit 6 (CHSF02-5 and CHSF02-7 on
Figures 6b and 6a, respectively) yielded an average age of 26.8 + 2.4 ka (Table 1).

Unit 7 is a pinkish tan clayey silty fine sand that conformably overlies Unit 6, extending from
about st. 17 m to st. 32 m. This very well-sorted eolian cover sand is similar to Unit 6, but
includes a weakly developed buried soil horizon, S4, that varies between a Bw and Btj horizon.
Both Units 6 and 7 are cut by fractures and warped, but we observed no discrete fault offsets in
these units. In the deformation zone, both Units 6 and 7 are overprinted, in angular discordance,
by carbonate from the overlying buried soil horizon, Ss, developed in Unit 8. We believe this
angular discordance was created by a small warping event, Event Y(?), as Ss appears to have
formed on a slope that was steeper and higher than the slope where Units 6 and 7 were deposited.
Regardless, it is likely that Unit 8 in the hanging wall includes Units 6 and 7 near its base but
stratigraphic characteristics and contacts are obscured by soil formation in Ss.

Indeed, Unit 8 is entirely characterized by a buried K horizon, Ss, that obscured most of the
original depositional characteristics of this pinkish-white, silty sand with clay that is likely
primarily an eolian deposit. It is present in the footwall and hanging wall but locally missing
below the crest of the scarp, from about st. 17 to 28 m, probably due to stripping. Although Unit
8 is cut by fractures, warped down to the west with a total apparent throw of 2.1 £ 0.5 m, and the
top appears backtilted in the hanging wall and locally deformed adjacent to FZ5, no through-
going faults with definitive discrete slip were discernible in this unit. This is somewhat
surprising as the abrupt upper contact with the overlying Unit 9 makes a distinct marker that does
not show discrete slip on FZ5, even though Unit 10 above is clearly offset by FZ5. Unit 8 varies
from a stage II to III+ carbonate morphology, but is dominantly a stage III. It is also more than
double in thickness in the hanging wall (over 1 m), where it appeared more disseminated than in
the footwall and contained large zones that were punky and friable in texture. It also contains
irregular shaped carbonate nodules, some as large as cobbles, that weathered out of the trench
wall easily in places due to apparent partial dissolution of carbonate in the surrounding matrix.
We believe Unit 8 has been extensively affected by ground water and/or spring water upwelling
along the faults and fractures in the deformation zone. This would not only explain the unusual
textures, but also the apparently incongruous large amount of carbonate accumulation in a
horizon that is younger than 30 ka, as indicated by luminescence ages from Unit 6.

Unit 9 is a silty clayey sand that is locally present only on the downthrown side of the
deformation zone between st. 32 and 56 m. It is characterized by a buried soil, S¢, that consists
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of a mottled, friable, Btk horizon, with a stage II- to Ill-carbonate morphology. However,
similar to Unit 8, we believe the carbonate in Unit 9 may not all be pedogenic, and thus the
morphology is not a reliable indicator of age. Unit 9 contains reworked carbonate nodules,
apparently from Unit 8, which generally decrease downslope. Based on these characteristics and
its limited extent on the downthrown side of the deformation zone, we interpret Unit 9 to have
been scarp-derived colluvium and eolian material deposited after the warping event Y.
Unfortunately due to the extensive carbonate accumulation and soil development, Unit 9 was not
a good candidate for luminescence age analyses. Unit 9 was also cut by faults of FZ5 during the
most recent event, Event Z. Additionally, Unit 9 shows weak planar laminations in places and
these are tilted and warped on the downthrown side of FZ5.

Unit 10 is a silty sand with clay that is characterized by the youngest buried soil in the trench, S;.
This soil is a stage II- nodular carbonate horizon that extends the full length of the trench except
where it was broken up by faults of FZ5 during Event Z and disturbed by krotovina between st.
39.5 and 41.5 m. Additionally, Unit 10 appears slightly backtilted toward the east on the
downthrown side of FZ5. The total apparent throw on S5 is about 1.7 + 0.3 m down to the west.
Similar to Unit 9, the carbonate accumulation and soil development in Unit 10 prevented
luminescence age analyses.

Unit 11 is a light brown silty sand that contained blocks of Unit 10 and reworked carbonate
nodules. It is a wedge-shaped deposit that unconformably overlies the buried soil on Unit 10. It
is not offset by any faults, and is present only on the downthrown side of FZ5. Based on these
characteristics, we interpret Unit 11 to be primarily fault-scarp derived colluvium with minor
eolian material deposited after the youngest faulting event, Event Z. An IRSL sample (CHSF02-
8 on Figure 6b) yielded an age of 5.5 £ 0.4 ka for the distal and eolian dominated portion of Unit
11.

Units 12 and 13 are respectively silty and coarse sand deposits that are dominantly eolian
sediments with some slopewash. These lenticular-shaped deposits are cut by open fractures, but
did not appear faulted or warped. They conformably overlie Unit 11 and appear to be filling the
topographic depression that was likely created during faulting Event Z, although, it is possible
that deposition of Units 12 and 13 was related to another younger, minor warping event that
could have occurred subsequent to Event Z and deposition of Unit 11. However, given the lack
of any other evidence for this hypothetical event, we believe it is much more likely that the open
fractures were related to non-tectonic processes (such as settlement, bioturbation, freeze-thaw,
etc.) and that the deposition of distinct eolian packages was related to non-tectonic causes, such
as climate change. An IRSL sample (CHSF02-10 on Figure 6b) yielded an age of 6.0 £ 0.4 ka,
which is stratigraphically consistent (within 1 o error) with the age for the underlying Unit 11
and the overall lack of soil development in Units 11 through 13. Finally, Unit 14 is a loose, tan,
fine sand that drapes the scarp. This eolian sand includes the modern soil, which is characterized
by roots in a weakly developed By horizon.

2.2.1.2 Structure

The broad deformation zone exposed in the trench is characterized by: (1) a zone of warping
down to the west, that is coincident with the scarp face; (2) a narrower zone of near vertical and
bedding parallel fractures, between st. 28 m and st. 41 m, that does not show discernible discrete
slip (shown in black on Figures 6a and 6b); and (3) a series of five west-dipping to subvertical
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fault zones (FZ1 through FZ5, shown in red on Figures 6a through 6b) that offset strata down to
the west, and are roughly coincident with the zone of fractures, the maximum zone of warping,
and the maximum slope angle on the scarp.

Although warping appears to have deformed Units 1 through 10 in a broad zone (i.e., from the
crest of the scarp westward), there is a more concentrated zone of warping between st. 28 and 42
m that is coincident with faulting and the maximum scarp angle. Within this zone, older units
are generally warped more than younger units but differential warping and distinct events are
much more difficult to distinguish than differential offsets and events on faults. However, a
progression of warping (and faulting) events is still evident from: the overall thickening of many
units and soils in the hanging wall, the erosion of several units and soils in the zone of maximum
deformation, and the angular discordances between some units and overlying units and soils, as
discussed in the previous section. Based on these relations and total differential offsets on buried
soils (Si, S, S3, Ss, and S7) (discussed in Section 2.2.4), it is evident that warping occurred
during all of the deformation events on the CHSF, albeit to various degrees.

Fault terminations at the top of buried soils and differential offsets on faults provide evidence for
3 separate faulting events. Fault zone orientations and dip-slip measurements are shown on the
trench log (Figure 6b). Faults FZ1 and FZ2 both cut Units 1 and 3, terminating at the top of Unit
3a, the stratigraphic equivalent to the top of the buried soil S, and the event horizon for Event W.
Differential offset between Units 1 and 3 suggest that FZ1 and FZ2 were both active during
Events V and W. However, given the uncertainties in measurement, larger offsets of Unit 1 may
be partially due to the listric geometry of FZ1. Similar to FZ1 and FZ2, FZ3 cut Units 1 and 3,
terminating at the top of Unit 3, although fractures (without offset) extended into Unit 4. Small
differential offsets between Units 1 and 3 were apparent but not definitive on FZ3, given the
warping and complex fault geometry of this zone. FZ4 also cut Units 1 through 3 terminating at
the top of Unit 3, with associated fractures that extended upward into Unit 5. However, no
differential offsets were observed on FZ4, suggesting this fault was only active during Event W.
FZ5 is somewhat unusual in that it definitively offsets Units 9 and 10 but does not appear to
offset underlying units. However, the top and bottom of Unit 8 are clearly warped and deformed
near this fault (at st. 39.5), and may have even been faulted, with slip transferring to the east on
FZ4 in underlying units and any fault or fractures in Unit 8 having been obscured by carbonate
accumulation and overprinting of Ss soil development. The upward termination of FZ5 is at the
top of the buried soil S; in Unit 10, the event horizon for Event Z, with open fractures extending
into Units 11 and 12. No differential offsets were observed on FZ5.

2.2.2 Soil Pit

The soil pit exposed an extensively bioturbated package of dominantly eolian sand with minor
alluvium that included three buried soils underlying the modern soil on loose eolian sand (Figure
7). The lowermost soil is a disseminated K horizon developed on a sandy silt to silty sand with
gravel. It contains the most carbonate (stage II to III) and lacks the clay, mottling, and peds that
were characteristic of S; in the trench. Therefore, we think this soil most likely correlates to Ss
in the trench.

Overlying the K horizon is a mottled, silty very fine sand with a buried disseminated Bk horizon.
This soil may correlate to S; on Unit 10 in the trench, although it was much more disseminated.
Overlying the Bk horizon is sandy alluvium with a thin Btjk horizon that does not appear to
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correlate to any units in the trench. It appears to be the deposit of a small drainage that incises
the fault scarp north of the trench.

Due to the extensive bioturbation and more disseminated character of the buried soils exposed in
the soil pit, correlations to soils in the trench were slightly ambiguous. However, it is clear that
neither of the buried soils, S, or S, nor the channel gravels of Unit 1 were exposed in the soil pit,
and presumably these soils and deposits are at a greater depth below the pit exposure. Indeed, as
discussed in the next section, S; and S, were observed at greater depths in the drill holes.

2.2.3 Boreholes

The locations of the three drill holes projected onto the scarp profile are shown on the inset of
Figure 6a. Logs of borings are included in Appendix B. Boring B1 was located just south of the
st. 60 m at the west end of the trench. It was the deepest hole (total depth 10.39 m) and provided
relatively good correlations to stratigraphy exposed in the trench, except for some uncertainties
due to sloughing at depths around 1.5 and 2.5 m.

At a depth of 5.6 m, boring B1 encountered a buried carbonate soil horizon that was mottled and
appeared nodular. It was developed on a gravelly sand that coarsened downward to a clean
sandy gravel with clasts of gneiss, quartzite, and other dark metamorphic rocks. Based on these
characteristics, we correlate these sandy gravels to the channel deposits of Unit 1 in the trench,
and the soil to S; in the trench. At a shallower depth of 3.85 m, boring B1 encountered another
mottled carbonate soil horizon that appeared nodular. Our preferred interpretation is that this
soil correlates to S, in the trench. Alternatively a thin, clayier mottled carbonate horizon
encountered at 4.5 m depth possibly correlates to S,.

Boring B2 was located 46 m southwest of B1 and was 7.22 m deep. B2 encountered a mottled
carbonate soil horizon at 2.53 m depth that we believe correlates to S, in the trench. Underlying
that was another mottled carbonate horizon at 4.76 m depth that we correlate to S; in the trench.
Underlying S; in both B1 and B2, was a thick (> 1 m) pinkish well-sorted silty fine sand.
Borehole B3 was located between B1 and B2. Samples from the upper 2 m of B3 were disturbed
due to drilling problems. However, a carbonate soil horizon developed on a sandy gravel with
metamorphic clasts was encountered at a depth of 4.95 m and we correlate this soil and gravel to
S; and Unit 1 in the trench. At a shallower depth of 3.7 m, another carbonate soil horizon was
encountered in B3, which we tentatively correlate to S, in the trench. Unfortunately, at the
bottom of B3, we could not punch through Unit 1 and presumably into the underlying pinkish
silty fine sand that was encountered in boreholes B1 and B2.

2.2.4 Deformation Event Summary and Chronology

This section summarizes the evidence for, and timing constraints on, the faulting and warping
events at the Carrizo Spring Trench site. Differential offsets provide important evidence for
identifying events and information about event size. Due to the extensive warping at the Carrizo
Spring site, we knew that we needed to look beyond just differential offsets on individual faults
and compare the total down to the west throw (including fault slip and warping) between event
horizons. Using observations from both the trench and boreholes, we were able to measure the
apparent total throw on key marker horizons, buried soils: S;, Sy, Ss, Ss, and S;. The tops of
these buried soils are the respective event horizons for Events V, W, X, Y(?), and Z. We refer to
these total throw measurements as ‘“apparent” because our correlations of units across the
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SECTIONTWO Results for the Carrizo Spring Trench Site

deformation zone rely heavily on pedogenic characteristics and soils can form on pre-existing
slopes such that all of the vertical relief we measured may not be related to offset that occurred
after the soil formed. However, given the nature of the channel gravels comprising Unit 1a, it’s
likely that these streams beveled off any pre-existing scarp before S; formed. Given this, and
that the vertical relief measured on each event horizon is progressively larger for each older
event, we infer that this vertical relief was all tectonically created as we see no other likely cause
for repeatedly creating new relief on a north-trending scarp at this location, especially given the
nature of all the overlying deposits, which are all fine-grained eolian and slopewash sediments.
This interpretation is supported by the independent stratigraphic, pedologic, and other structural
evidence for the occurrence of each of the deformation events.

Table 2 summarizes the total apparent throw on the tops of the buried soils (S;, Sz, S3, Ss, and S7)
respectively forming the event horizons for Events V, W, X, Y(?), and Z. The resulting
differential offsets can be used to estimate the net vertical tectonic displacements (NVTD) per
event. The NVTD is the measure of vertical slip at the fault that accounts for backtilting and
antithetic faulting that is common along normal faults (Swan et al., 1980). Although some minor
backtilting was apparent for a couple of events, more importantly at the Carrizo Spring site, this
measure also includes the effects of warping. Preferred estimates of NVTD per event range from
0.4 to 3.7 m (Table 2), indicating highly variable and non-characteristic behavior (discussed
further in Section 3.1). The displacements are smallest for the two warping events, X and Y(?).
Indeed, due to the small preferred offset for Event Y(?), and because independent stratigraphic
and pedologic evidence is not as strong for this event, we recognize the uncertainty in the
occurrence of this probable warping event by explicitly using a query in referring to it. Except
for the youngest event, Z, uncertainties for displacements per event are large due to the
difficulties in projecting horizons across the broad deformation zone, and the cumulative effect
for calculating differential offsets. This results in a minimum estimate of 0 m for three of these
events (V, X, and Y[?]). However, with the possible exception of Event Y(?), we believe that
the independent evidence for the occurrence of Events V and X argues for some minimum offset
larger than 0 m for these events.

It is also worth pointing out here that the cumulative throw on S; is 7.3 £ 0.5 m, similar to the 7.5
1+ 1.0 m of NVTD measured across the Llano de Manzano surface on the scarp profile. At first
glance this seems somewhat surprising in that offsets measured from scarp profiles on normal
faults might be considered minimums due to expected post-faulting erosion of the footwall and
deposition in the hanging wall. However, the stratigraphic record preserved in the Carrizo
Spring trench shows little evidence for preferential erosion of the footwall aside from at the crest
of the deformation zone. Additionally, although fault scarps provide excellent local sediment
traps for eolian sands in the region (eg., Personius and Mahan, 2003; McCalpin et al., in press),
deposits can also blanket scarps, so that sediment is not only accumulating in the hanging wall
but in the footwall too (eg., Units 4, 5, 6, and 7). These types of cover sands and intervening
buried soils are likely present elsewhere on the Llano de Manzano surface and would provide
excellent stratigraphic markers for paleoseismic studies of other faults scarps. The “down” side
of these deposits is that they mute the geomorphic expression and can even bury faults, making
fault scarps appear much more discontinuous and difficult to map. However, in retrospect, the
geomorphic expression of the central HSF at the Carrizo Spring trench site is very consistent
with the paleoseismic record exposed in the trench, with a very broad scarp resulting from a
broad deformation zone of faulting and warping. Additionally, the maximum scarp angle was
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SECTIONTWO Results for the Carrizo Spring Trench Site

located at the zone of most concentrated faulting and warping. Scarp heights appear subdued
due to little backtilting and a “bulge” of eolian deposits at the scarp base. The low maximum
scarp angle and single bevel on the scarp profile may at first seem inconsistent with the 4 to 5
late Pleistocene events observed in the trench, but the single bevel is actually consistent with the
dominant deformation style of warping and the small maximum slope-angle of 12° is likely more
related to the angle of repose for deposition of eolian sand on the scarp rather than degradation of
an older fault scarp. Thus, using morphometric comparisons of scarp height and maximum slope
angle (eg., Bucknam and Anderson, 1979) do not appear to be reliable indicators of fault-scarp
age in this environment. However, our observations also suggest that scarp profiles can still
provide useful slip estimates despite the extensive eolian deposition.

A summary discussion of the structural, stratigraphic, and pedologic evidence for each surface-
faulting/deformation event and the timing of events follows.

Event Z — Compelling structural, stratigraphic and pedologic evidence for this youngest surface-
faulting event includes: (1) offset (including discrete slip on fault FZ5 and warping) of the top of
Unit 10, and the buried soil S7, 1.7 £ 0.3 m down-to-the-west; (2) fault terminations at the top of
S7; (3) an overlying unfaulted, colluvial-wedge deposit (Unit 11) adjacent to the maximum zone
of faulting, which contained reworked carbonated nodules from Unit 10, blocks of Unit 10, as
well as eolian sediment banked against the scarp created by Event Z; and (4) slight backtilting of
Unit 10 to the east toward fault FZ5. Event Z occurred sometime before deposition of the distal
portion of Unit 11 about 5 to 6 ka, and well after Unit 6 was deposited 24 to 29 ka, as not only
were Units 7 through 10 deposited subsequently, but three intervening buried soils (S4, Ss, and
S¢) formed. However, as previously discussed some of the carbonate accumulation observed in
Ss and S¢ may be related to non-pedogenic processes, and so unfortunately the carbonate
morphology of these soils are likely not reliable indicators of their age. Regardless, the general
lack of soil development in Units 11 through 14 also suggest that Event Z occurred closer to 6 ka
than 24 ka and is likely less than 15 ka.

Event Y(?) — The evidence for the penultimate event, Event Y(?), is strong but not conclusive as
the apparent deformation associated with this event was limited to minor warping of Unit 8 and
the buried soil, Ss about 0.4 m down-to-the-west (Table 2). No discrete slip on any faults was
observed. However, the angular relation between the buried soil Ss and the underlying Units 6
and 7 suggest that this soil formed on a slope that was steeper than the one Units 6 and 7 were
originally deposited on. This, and the apparent increased differential offset between S; and Ss
strongly suggests that this deformation event occurred after Ss formed, but before Unit 9 was
deposited. Indeed, Unit 9 appears to be a mix of scarp-derived colluvium (including reworked
carbonate nodules) and eolian sediment banked up against the scarp after Event Y(?) occurred.
The timing for Event Y(?) is very poorly constrained. The Btk horizon of S¢ formed on Unit 9
suggests that Event Y(?) was somewhat older than Holocene, and of course it is younger than
deposition of Unit 6 about 24 to 29 ka.

Event X — Although Event X did not result in any apparent discrete slip on faults, fracturing and
warping of Units 1 through 5 did result in 0.7 m of overall differential down-to-the-west NVTD
between the tops of buried soils S; and Ss (Table 2). Additionally, stripping of S; and the top of
Unit 5 locally at the crest of the zone of maximum warping, along with the angular discordance
between the base of Unit 5 and the overlying stratigraphic and pedologic horizons, also indicates
that erosion occurred after a warping event of Unit 5 and Ss, but before deposition of Unit 6.
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SECTIONTWO Results for the Carrizo Spring Trench Site

Based on previously discussed luminescence ages for Units 4 and 6 (Table 1), Event X occurred
between 26.8 + 2.4 ka and 30.2 £+ 2.4 ka.

Event W — Compelling stratigraphic and structural evidence for Event W includes: (1) discrete
offset of Units 1 through 3 along faults FZ1 through FZ3 along faults FZ1 through FZ4 with
multiple fault terminations at the base of Unit 4 (the stratigraphic equivalent to the top of the
buried soil S;); (2) warping and faulting resulting in large differential down-to-the-west offset of
3.7 m between the top of buried soils S, and S; (Table 2); and (3) thickening and coarsening of
Unit 4 on the downthrown side of faults FZ1, FZ2, and FZ3. Despite the large NVTD indicated
for Event W, displacements on individual faults are small and distributed across multiple splays
forming wide zones. Additionally, similar to other events, warping is also evident across a wide
zone. One somewhat anomalous stratigraphic relation is the apparent thinning of Unit 4 west of
st. 38 m, on the downthrown side of FZ4. This may be due to the presence of buried faults west
of st. 43 that were not exposed in the trench. Alternatively, it may be due to stratigraphic
uncertainties as the contact between Units 4 and 5 becomes more diffuse and affected by
overprinting of soil carbonate west of st. 37 m. Regardless, our estimated 3.7 m of NVTD for
Event W based on drill hole and trench data includes any offset on those potential buried faults.
The timing of Event W is not tightly constrained, but it occurred sometime before deposition of
Unit 4 (about 30.2 + 2.2 ka), but well after deposition of Unit 2 (65 + 6 ka), and after subsequent
deposition of Unit 3 and formation of the Stage II carbonate horizon of S; on Unit 3.

Event V — Stratigraphic, structural, and pedologic evidence from the trench and boreholes
indicates that the oldest event, Event V, resulted in about 0.8 m of NVTD of the top of S;, the
buried soil developed on Unit 1. Deformation is characterized by warping fracturing and
discrete normal slip on FZ1, FZ2, and possibly FZ3. In addition to differential offsets, a slight
thickening of Unit 3a on the downthrown side of faults FZ1 and FZ2 also supports minor slip on
these faults during Event V. However, much of the deformation associated with Event V
appears to have been accommodated by warping of Unit 1 and S,, creating a depression at the
base of the scarp where a sag pond deposited Unit 2. The timing of Event V is constrained to be
well after Unit 1 was deposited (about 84 + 6 ka), and the S; soil subsequently formed, but likely
shortly before deposition of Unit 2 about 65.2 + 5.6 ka.
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Table 1

Infrared Stimulated Luminescence (IRSL)' Age Data for the Carrizo Spring Trench Across the Central Hubbell Spring Fault

Lab Polymineral | Moisture Dose Rate | IRSL Age
Field No.” | Sample Stratigraphic Unit U (ppm) Th (ppm) K,0 (%) | IRSL4-11 £ | Content (Grays)’ (ka)"g Comments
No. De (Grays) (%) y
CHSF02-11 | Not Unit 14 — — — — — — — Post-dates Event Z
Analyzed | Eolian sand
CHSF02-10 | UIC1088 | Unit 13 2.55+041 [8.08+1.16 |2.16+£0.02 |24.30£0.18 5+2 |4.02+0.19 {6.0+0.4 |Post-dates Event Z
Eolian sand
CHSF02-8 | UIC1056 | Unit 11 3.53+£0.40 |6.42+0.75 [2.13+0.02 |22.66 +0.24 542 [3.66+0.17 |5.5+0.4 |Post-dates EventZ
Scarp-derived
slopewash colluvium
CHSF02-9 | Not Unit 11 — — — — — — — Post-dates Event Z
Analyzed | Scarp-derived
slopewash colluvium
CHSF02-5 |UIC1054 |Unit6 6.14£0.59 [9.64£1.31 |1.98+£0.02 | 124.84 £0.82 5+2 [4.47+020 |24.9+1.7 | Post-dates Event X and
Loess pre-dates Event Y(?)
CHSF02-7 | UIC1089 | Unit6 5776 £0.76 | 11.29+2.06 [2.05+0.02 | 158.90 +1.12 5+2 |544+0.22 |28.7+2.4 |Post-dates Event X and
Loess pre-dates Event Y(?)
CHSF02-6 | UIC1055 |Unit4 309+£043 |7.78+1.19 [1.93+0.02 | 122.12+0.48 542 [3.60+0.16 |30.2+2.2 | Post-dates Event W
Eolian sand
CHSF02-1 |UIC1091 |Unit2 5.58+0.75 |11.29£2.09 [2.46+0.02 [362.43+1.12 | 10+3 |5.56+0.23 | 65.2+5.6 | Post-dates Event V and
Sag pond deposit pre-dates Event W
CHSF02-2 | Not Unit 2 — — — — — — — Post-dates Event V
Analyzed | Playa
CHSF02-3 | UIC1090 | Unit1b 3.10£0.36 |5.00£0.91 |2.02+0.02 {300.34+297 | 10+3 [3.56+0.16 | 84.6+ 6.0 | Pre-dates Event V and
Eolian sand buried soil, S;, on Llano
de Manzano
CHSF02-4 | UIC1053 | Unit1b 2.86+038 | 7.21+1.09 |2.1440.02 |315.00+1.16 | 10+3 |3.60+0.17 | 82.5+6.0 | Pre-dates Event V and
Slopewash and S, on Llano de
Manzano

1

2 Sample locations shown on Figures 6a and 6b.

3 All errors are at one sigma and calculated by averaging the errors across the temperature range.

4

Ages are rounded to the nearest 100 years and all errors are at one sigma.

All IRSL measurements were made using a multiple aliquot additive dose (MAAD) method, measuring blue emissions on the 4 to 11 micron polymineral fraction.

URS
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SECTIONTWO

Results for the Carrizo Spring Trench Site

Table 2
Estimates of Displacements Per Event on the Central Hubbell Spring Fault*

Event Estimated Net
Surface Horizon Vertical
Deformation Tectonic Basis for Estimate Style of Deformation
Event Displacement
(m)
Event Z Top of buried 1.7 Total apparent throw on Normal slip on FZ5
soil S; (on top of S; (1.7 £ 0.3 m) .
Unit 10) (1.4,2.0) Warping
Fracturing (?)
Backtilting (in FZ5
hanging wall)
Event Y(?) Top of buried 0.4 Differential offset Warping
soil Ss (on between total apparent )
Unit 8) ©0,1.2) throw on top of Ss (2.1 Fracturing
+ 0.5 m) and top of S, Backtilting (?)
Event X Top of buried 0.7 Differential offset Warping
soil S; (on o between total apparent )
Unit 5) (> 0%, 1.8) throw on top of S5 (2.8 Fracturing
1 0.6 m) and top of S;
Event W Top of buried 3.7 Differential offset Normal slip on FZ1
soil S, (on (2.6,4.8) between total apparent through FZ4 (and
Unit 3) T throw on top of S, (6.5 buried faults west of st.
+ 0.5 m) and top of S; 43 m?)
Warping
Fracturing
Event V Top of buried 0.8 Differential offset Normal slip on FZ1,
soil S; (on (> 0%, 1.6) between total apparent FZ2, and possibly FZ3
Unit 1) T throw on top of S; (7.3 (and buried faults west

+ 0.3 m) and top of S,

of st. 43 m?)
Warping

Fracturing

*  All displacements are down to the west.
**  See text for discussion.

URS
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SECTIONTHREE Rnalysis of Paleoseismic Parameters and
Discussion of Fault Behavior

3.1 RUPTURE HISTORY AND BEHAVIOR

The paleoseismic record of surface faulting and warping events that we deciphered for the
central HSF at the Carrizo Spring site is summarized in Figure 8, including timing constraints
and preferred NVTDs per event. We found stratigraphic, structural, and pedologic evidence that
indicates at least 4, probably 5, surface-deforming earthquakes (Events V through Z) occurred
since a stage II buried soil carbonate horizon formed on sediments that were deposited on the
Llano de Manzano about 84 + 6 ka. Also summarized on Figure 8 is the record of surface-
faulting events deciphered by Personius et al. (2001) and Personius and Mahan (2003) for the
western HSF at the Hubbell Spring site. They found evidence for 4 surface-faulting events that
occurred after carbonate rinds formed on fan gravels about 92 + 7 ka.

The available paleoseismic data for the HSF suggests complex rupture behavior that includes
both independent rupture of the central HSF and coseismic rupture of the central and western
splays of the HSF. Although the timing constraints are poor for the 1st Event on the western
HSF and Events Y(?) and W on the central HSF, comparison of the paleoseismic records (Figure
8) indicates that the timing of the four largest events on the central HSF (Events Z, X, W, and V)
overlaps with the timing of the past four events on the western HSF (4th through 1st Events,
respectively), suggesting coseismic rupture of the western and central splays during larger
events. The relatively large displacements for these events (1 to 2 m on the western HSF and 0.7
to 3.7 m on the central HSF), and the similar amounts of total throw since the oldest event (5 to 8
m on the western HSF versus 7.3 £ 0.5 m on the central HSF) also supports coseismic rupture of
the two splays. Additionally, the buried soils that formed before each surface-deforming event
appear to correlate between sites (e.g., our soil S; correlates to the buried soil on Unit 2 at the
Hubbell Spring site, etc.), which also supports coseismic rupture. However, given the resolution
of ages, even for the events with better age constraints (e.g., Event X on the central HSF and the
3rd Event on the western HSF), we acknowledge that we cannot preclude the possibility that the
events on each splay may have occurred separately. Regardless, the smallest event on the central
HSF, Event Y(?) does not appear to correlate to any events on the western HSF. Assuming that
this event did indeed occur and that the record deciphered for the western HSF is complete, this
indicates that the central HSF also does occasionally rupture independently from the western
HSF in smaller events.

Further comparison of the two sites also reveals additional similarities and differences in the
paleoseismic records that warrant discussion. Some of the more significant stratigraphic and
structural similarities between the sites are: (1) the domination of eolian sedimentation along the
scarps; (2) the wide distributed deformation zone of many faults across a single scarp; and (3) the
box-like network of slope-parallel and subvertical carbonate-filled veins within the deformation
zones. In regard to the first similarity, this study adds to a growing body of evidence (e.g.,
McCalpin et al., in press; Personius and Mahan, 2003) for a stratigraphic signature along normal-
slip intrabasin faults in the Rio Grande rift that is different than typical range-bounding normal
faults. That is, deposits along intrabasin rift faults generally: (1) lack debris facies that are
typically proximal to scarps of normal, range-bounding faults; (2) are dominated by eolian
sediments banking up against the scarp rather than colluvial sediments derived from the scarp;
and (3) are more lenticular-shaped and can extend completely across the scarp as compared to
the classic triangular, colluvial wedge deposit that is primarily limited to the downthrown side of
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the fault. The success of luminescence dating the eolian and colluvial sediments at both HSF
trench sites is promising for applications elsewhere in the Albuquerque basin, not only for fault
studies but for all types of Quaternary studies, particularly where additional absolute age
constraints are sorely needed to understand complex diachronous surfaces.

There are also important stratigraphic, pedologic and structural differences between the two HSF
trench sites. One such difference is the greater degree of warping, including events that were
solely characterized by warping (Events X and Y), at the Carrizo Spring site. These warping
events have smaller displacements, suggesting smaller associated paleomagnitudes (discussed in
Section 3.3).

Another important related structural difference between the two sites is in the displacements per
event. Estimated displacements per event for the western HSF ranged between 1 and 2 m
(Personius and Mahon, 2003). In contrast, displacements per event on the central HSF showed
much more variability, ranging from 0.4 to 3.7 m (Figure 8). This indicates non-characteristic
behavior for the central HSF and likely for the HSF overall, which has important implications for
recurrence models used in probabilistic hazard analyses (Wong ef al., in press).

As originally defined by Schwartz and Coppersmith (1984), the characteristic recurrence model
was based on paleoseismic observations along the San Andreas and Wasatch faults of similar-
sized displacements per event. The characteristic model predicts fewer moderate-size events and
generally results in lower hazard estimates than the traditional Gutenberg-Richter exponential
frequency-magnitude relationship. Thus, the large variability in displacements for the central
HSF implies non-characteristic behavior and higher associated hazard. We recognize that it is
also possible that along-strike variations in displacement on the western HSF are such that a
trench on this splay at the same latitude as the Carrizo Spring site would reveal complimentary
displacements per event that would result in total displacements per event for both splays that
were more similar in size. However, observed variations between displacements per event are so
large that non-characteristic behavior is still strongly suggested regardless of possible along-
strike displacement variations. For example, 2.6 m is an absolute minimum estimate for Event
W (see Table 2, and assuming the 3rd Event shows little or no displacement on the western HSF
at the latitude of the Carrizo Spring site). In contrast, assuming Event Y(?) did not occur on the
western splay, 1.2 m is a maximum estimate for this event (Table 2), which still implies non-
characteristic behavior for the fault zone overall.

Another difference between the sites that is worth noting is that since the youngest event
occurred, sedimentation appears to have been more continuous and greater at the Carrizo Spring
site. In contrast, the surface stabilized for some time at the Hubbell Spring site, allowing a stage
I to II carbonate soil to form on Unit 6. We observed very little soil development since the
youngest event occurred at the Carrizo Spring site and a more continuous rate of eolian
sedimentation.

Finally, the most striking difference between the two sites is the probable occurrence of an
additional event (Event Y) on the central HSF, and the more complex stratigraphic and pedologic
sequence that predates and postdates this small warping event at the Carrizo Spring site. This
highlights the long-recognized complex seismogenic relation between faults in the rift and the
need for additional paleoseismic studies so that we can compare fault behavior both across
transects and along strike in the rift. We need these coordinated studies to better understand
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rupture patterns for more accurate modeling in hazard evaluations, which presently use very
simplistic rupture models due to the lack of data (Wong et al., in press).

3.2 RECURRENCE AND SLIP RATES

Since we believe that the central HSF has ruptured both coseismically with, and independently
from the western HSF, ideally we should calculate rates of activity for both types of behavior.
First, we calculate recurrence intervals between coseismic rupture events. As timing constraints
are best from the Hubbell Spring site for the youngest three events and from the Carrizo Spring
site for the oldest event, we use this combination of data to determine the following intervals.
Assuming a preferred age of 70 ka for Event V at the Carrizo Spring site, we calculate a
preferred average recurrence interval between the past 4 coseismic ruptures of about 19 ky
[—70¥<y—12ky=19_3kyJ , with a range of 15 ky [—59ky—13ky=15.3kyJ to 24 ky
3intervals 3intervals
[84 ky—11ky

FrS— =243 ky]. For individual recurrence intervals we cannot improve on the original
mtervals

estimates of 17 and 27 ky by Personius and Mahan (2003) for the two youngest intervals (Figure
8). For the interval between the 1st (= Event V) and 2nd (= Event W) Events, we estimate a
preferred recurrence interval of 14 ky, assuming Event V occurred 70 ka and Event W occurred
56 ka (Figure 8).

Although there is evidence for temporal clustering of surface-faulting events on many faults in
the Rio Grande rift (e.g., Foley et al., 1988; Machette, 1998), we see no evidence for clustering
of coseismic rupture events along the HSF. Individual recurrence interval estimates of 14 to 27
ky are similar to average intervals of 19 (+5, -4) ky, and soils developed between events are
consistent with these intervals.

Given only one observation for an independent event on the central HSF, we cannot calculate
recurrence intervals for this type of behavior. However, we can provide some constraints and
insights into the frequency of these events. The occurrence of independent events on the central
HSF is obviously less frequent than coseismic ruptures of the western and central splays, with
recurrence intervals apparently having exceeded 60 ky based on the minimum amount of time for
the open interval before the occurrence of Event Y(?).

For comparison, and because seismic hazard analyses often do not consider rupture behavior
alternatives (e.g., Frankel et al., 2002), we also calculate the average recurrence interval between
all surface-deforming events on the entire HSF, regardless of the type of behavior. For this
estimate, we simply include Event Y(?), which adds another interval. This yields a preferred
average recurrence interval between all surface-deforming events of 15 ky, with a range of 12 ky
to 18 ky. These recurrence interval estimates are not significantly shorter than those between
coseismic rupture events, especially given the uncertainties.

Calculating cumulative slip rates for the HSF is complicated by the fact that the two trench sites
are located over 18 km apart along-strike, and displacements on a fault can vary significantly
along strike. Assuming that the displacements measured at each trench site are representative
averages for each fault splay, we can simply add displacements from each site to estimate
cumulative slip rates for the entire HSF. However, another complication arises from the lack of
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data on the eastern HSF. Although this splay shows no evidence of late Quaternary offset at the
latitude of the Carrizo Spring site, this is not necessarily the case further north, at the latitude of
the Hubbell Spring site. Therefore, all of our cumulative slip rate estimates should be considered
minimums, pending further investigation, as our estimates do not consider late Quaternary slip
on the eastern HSF.

First, we estimate the average vertical slip rate over the past 4 complete seismic cycles for the
entire HSF. Again, assuming the oldest event (Event V) occurred 70 ka, we estimate a preferred
$7m+17m+04m+3.7 mJ . Of the 10.5 m of vertical slip

70ky-12 ky
associated with these complete seismic cycles, over 96% (10.1 m) occurred as coseismic rupture

of the western and central splays, yielding an average slip rate of 0.21 mm/yr for the past 3
complete seismic cycles of coseismic rupture.

rate of 0.18 mm/yr for the HSF overall [

Next, we can calculate slip rates for individual seismic cycles. These rates for the past 4
complete seismic cycles are shown in the slip rate diagram in Figure 9. Note that we consider a
complete seismic cycle to include the time interval of strain build-up preceding an event with the
strain release (or displacement) for that event. This is consistent with Reid’s model of elastic
rebound theory for earthquake occurrence on faults. Note that since we do not know the time
interval of strain build-up associated with the 2.8 m of displacement in the oldest event (0.8 m on
the central HSF and 2 m on the western HSF), this is not a complete seismic cycle and we do not
calculate an associated slip rate. Thus, the first (and oldest) complete seismic cycle is the 14 ky
interval of strain-build associated with 4.7 m of strain release, the combined displacements for
Event W on the central HSF and the 2nd Event on the western HSF. The preferred slip rate for

_ATM | This is nearly double the average rate but is still
70ky -56 ky

not as high as the preferred rate calculated for the youngest (4th) complete seismic cycle, which

is 0.46 mm/yr [ﬁ} In contrast, preferred rates for the 2nd and 3rd complete seismic
Y- y

this seismic cycle is 0.34 mm/yr [

1.7m

cycles are as much as an order of magnitude lower at 0.063 | ———
56 ky-29ky

] and 0.044

[ﬁ} mm/yr, respectively. We note that low slip rates are associated with both types of
Y- Y

rupture behavior (independent and coseismic) and result regardless of the timing uncertainties for
Event Y(?). Thus, although recurrence intervals have remained relatively consistent through
time, cumulative slip rates for the HSF appear to have varied significantly due to large variations
in displacements per event, or non-characteristic behavior. —This may have important
implications for hazard evaluations in the rift.

Interestingly, order of magnitude variations in slip rates through time have been observed on
many faults throughout the Rio Grande rift (McCalpin, 1995; Machette, 1998). McCalpin (1995)
observed that short-term slip rates are generally much higher than long-term rates for dozens of
faults. These variations have possibly been attributed to variations in the frequency of
occurrence of earthquake events (i.e., temporal clustering) or even variation in the quality or type
of data being used (e.g., Wong and Olig, 1998; Machette, 1998). Results from this study indicate
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that non-characteristic fault behavior can also cause order-of-magnitude variations in slip rates
through time. Perhaps other faults in the rift also show large slip-rate variations through time
due to non-characteristic behavior. If so, we are underestimating the hazard along these faults as
recurrence models used in hazard analyses typically favor characteristic behavior (e.g., Wong et
al., in press) or even exclude non-characteristic models altogether for individual faults (Frankel
et al.,2002).

3.3 PALEOMAGNITUDE ESTIMATES

Many empirical relations have been developed to estimate paleomagnitudes from various fault
parameters, such as length and displacement per event (see for example, dePolo and Slemmons,
1990 for discussion). Table 3 shows paleomagnitude estimates for the HSF using various recent
empirical relations based on surface-rupture length (L), average (AD) or maximum (MD) along-
strike displacement per event, and slip rate (SR). Paleomagnitude estimates for ruptures of the
entire HSF vary from M,, 7.0 to 7.5, whereas estimates for independent rupture of the central
HSF alone vary from My, 6.6 to 7.0.

The estimates for rupture of the entire HSF are slightly higher than previous M or My, estimates
of 6.8 to 7.1 by Personius and Mahan (2003). This is due to our results suggesting coseismic
rupture of the western and eastern splays, which generally results in larger displacements
depending on how site data are considered. This is discussed further below, but first we note a
caveat on paleomagnitude estimates based on length. Recent mapping (Maldonado et al., 1999)
and geophysical studies (e.g., Grauch, 2001) suggest that the western and central plays of the
HSF may be longer than previously recognized (see Section 1.2 for discussion). This implies
that our paleomagnitude estimate of My, 7.0 based on surface rupture length alone (Table 3) may
be best considered as a minimum, especially for coseismic rupture events.

Development of empirical relations used to estimate paleomagnitudes from displacements did
not explicitly consider or account for zones of subparallel faults with multiple splays, such as the
HSF. Therefore, it is not clear whether adding displacements per event for each splay is
appropriate or not, but it does seem the most logical approach to estimating paleomagnitudes for
coseismic rupture of the western and central HSF. Cumulative displacements for the four
coseismic ruptures are (oldest to youngest): 2.8 m, 4.7 m, 1.7 m, and 3.7 m. Assuming 1.7 m is
a minimum estimate and 4.7 m is a maximum estimate for the cumulative AD for the entire fault
zone results in paleomagnitudes of My, of 7.1 to 7.5, respectively (Table 3). Assuming a MD of
4.7 m yields an estimated My, of 7.2. In comparison, assuming an AD of 0.4 m yields an
estimated M,, of 6.6 for independent rupture of the central HSF alone.
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Table 3

Paleomagnitude Estimates for Surface-Faulting

Earthquakes on the HSF
Fault Parameter' Moment Magnitude (M,,)
Wells and Coppersmith(1994)2 Anderson et al. (1996)3
L=43 km* 7.0
L=43 km, SR=0.2 mm/yr’ 72

MD=4.7 m° 7.2
AD=1.7m’ 7.1
AD=4.7 m® 7.5
AD=0.4m’ 6.6

All surface rupture lengths (L) measured straight line, end to end. Slip rate (SR) is average vertical rate.

2 Relations for all type of slip: Mw=5.08+1.16*log (L)o, ©=0.28; Mw=6.93+0.82*log (AD), ©=0.39;
Mw=6.69+0.74*log (MD), 6=0.04.
’ Mw=5.12+1.16*log (L)-0.20 log (SR).

Based on mapping by Machette and McGimsey (1983) and is applicable for both the entire HSF and central
HSF.

Based on data in Section 3.2.

Maximum observed displacement for coseismic rupture of the western and central HSF; here assumed to be
representative of the maximum along-strike displacement.

Minimum observed displacement of coseismic rupture of the western and central HSF; here assumed to provide
a lower bound of AD.

Maximum observed displacement for coseismic rupture of the western and central HSF; here assumed to
provide an upper bound of AD.

Preferred displacement for Event Y(?); applies to independent rupture of central HSF only.
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-5 (morphology, structure and carbonate die-out) to west.
However, horizons and host stratigraphy do not
appear faulted, but rather carbonate appears to have
been dissolved. = b
2 0
2
Well-stratified channel gravels with cobbles and boulders.
Some granitic and metamorphic clasts are extremely weathered
-6 — (grussified). Fractures do not appear to offset top or base.
South Wall - Panels 1 and 2 No shear fabric evident in gravels.
Logged by S. Olig, M. Eppes and N. Bailey, Note: See Figure 6b for explanation of
5-22-02 through 06-04-02 units and symbols.
i
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
DISTANCE (meters)
Project No. 26813901
EASTERN HALF OF Figure
Hubbell Soring Fault CARRIZO SPRING TRENCH LOG 6a
ubbell spring Fau CENTRAL HUBBELL SPRING FAULT
51-F0111035.00-00000/041103/gos
26813901.00000
EXPLANATION
East Symbols Units West
@ Filled burrow (krotovina) T— T T Topofburied carbonate soil, dashed @ Older piedmont deposits of Llano de Manzano @ Red coarser sand - slopewash and eolian sediments ﬁ;{;yggg"e‘n ?;g?g'ﬁgﬁ;ﬁi?gﬁﬁ e ol
© . .
g \ 1a- Cigzgg?lﬁe%frsg:’%a{peggve| in Unit 1b. Only locally C Red to pink med to fine sand. Top marked by buried but thickens to west downslope of deformation
) | ﬁ Carbonate-cemented krotovina <+~ + Base of buried carbonate soil ‘b FC)E ish and b -k d- ] y | soil, S3 zone
2 s To of buried Bt horizon ) anrc?%?lsscor?t?nuglﬂs ;ﬁg c\?gyeyegggg.?ntgrigég\ézs @ Buff eolian cover san?d - well sorted, silty sand with no @ Scarp colluvium and eolian sand L,
o __— Stratigraphic contact, dashed 53 P fluvial, slopewash and eolian deposits with the latter carbonate, reduced ?
= R where gradational or approximate, . increasing upward. Only locally distinguishable from i i i i hori Light brown silty sand, slopewash and eolian
% l-r i querried where inferred - . I';Jilajllttéc?%Srr?r?fgzrrmg&er:r%mrgﬁg\jvagierlgcﬁon Unit 1c near mid-trench. @ Pink eolian Cjover s.,and with weak .BtJ horizon, 5.4 @ deposit, only locally present near deformation
= AT TS R ) i ) - of movement 1c - Includes oldest buried soil, S1, developed on Unit 1b {Rcltu_des b;”c?d soil, Sg, chara;:ter:jz?ﬁ_ t:(y K horlz;)nf zone
| Stage I1 lose Unit () into Soil Profile CS4 - Fine laminations in eastern half of trench at is eroded near scarp crest and thickens west o _
base of K Forizon 0 to 397cm depth : - ; deformation zone, including a friable zone of punky @ Brown-gray coarse sand, slopewash, in west end
S,4-BYj horizon ' ——— CHSFO21 & e == == High-angle fracture, dashed where @ Sag pond deposit of dark brown sandy clay carbonate nodules only
8 Contact: e Ty CHSFOZ1 Luminescence sample location approximately located or inferred, no . ) ) . . .
o ~ 15 195° 12°W T == SN~ i i apparent offset, usually carbonate-filled @ Younger piedmont deposits of Llano de Manzano @ ﬁll\tzecélfg% g’:rI]d with buried Btk horizon, Sg, present Youngest eolian sand with modern soil |,
Top of Sz is 1 =i~ ~ Moderm o= surface disturbed Sy Buried soil N ) ] 3a - Pink fine sand with no carbonate in matrix y
;r}ﬁrea:(ljnt%ly == _,fo'_’ by backhoe large roots (Sq is oldest, Sg is youngest) \\\§ fBr:gtduTegs-pr?c")azlalel’ ;aernbtogf?stggf'"ed 3b - Includes buried soil, S, with a Stage Il nodular horizon
wegtpand . r= T~ e e open fractures (mes‘,qwte) ’ PP : on Unit 3a
bottom S7-Stage 11 r~ZK) TR
Boundary —y [l =¥ — — — cneroT Soil Profile CS1 (ctd.) Soil Profile CS1
ecomes T _ Sang ) S , ‘@ CHSF02-11 — —=—= —— 370 to 430cm depth 0to 370cm depth
diffuse > @ \ m s TS~ 2 e
icarbonate\ R GORISEE N e | S5k p £ Srgponinoiaiiioniid i i TE— =
cemented \ Lol T g R SRR R ) = e ST
0 .fractures<y _____ B L S
Q CHSF02-9¢D (D CHSF02-8 St tos a0 laminations
q) .
£ pinkish fine C T -9 S3 becomes 1t 1T T 1 1T active burrow
~ sand-no COg indistinct from Sg laminations —
w -5 — -5 n
©] LI S § ;\ >
<ZE 7~  Contact: <:> _— g
= oy NB5° 32°W ——T =
0 \ X <) M
BN A2 ™ N T 2 =
—— friable punky zone in carbonat = ' ‘ o -
-6 — - riable punky zone in carbonate \ T ; / 6 )
—-—— o 3
—— T T T T T T -7 % /»%
large K (?)-more v N\ -
S3c X < J§O3 cemented v, ~ —
~ L. loam
@ ! T I
! K K sandy loam @ Lo ' S3c ! e e .
-7 — i . and (Indistinguishable due to — — -7
| fggo"lagl fault R . soil development of S3;)
I 48°- 52°W network of - :
| carbonate-filled : —-—  —— coarser lenses of pebbly
: FZ1 splay fault: vertical fractures and - ‘. ‘/ sand-may correlate to red
| 145° play @ bedding parallel Contact: '—|—' @or @ N> coarse sand interbed in @
- 65° - 73°W fractures 160° 30°W o sandier@ 2 coarse sand
| FZ5: 12 to 15 cm dtw dip slip on base of, @
! FZ1 Total dip slip: FZ2:351°to 11° FZ4 : 192° 87°E warping dtw in underlying units, but no S2? -Mottled Btk horizon
-8 — | Top of (a) 45-50 cm dtw (down-to-west) ~ (splays into 3 strands on north wall) no apparent offset on top of (5), apparent discrete slip with carbonate overprinting — -8
. Top of (ib) 43-56 cm diw FZ2 Total dip slip: top of (2) offset 6 cm dtw redox features
| Top of () 77 cm diw Top of Ga)15-20 cm dtw @
Top of (1) 42 cm dtw
‘ FZ3: 167° 70-85°W
| South Wall - Panels 3 and 4 19 cm dtw dip slip on top of Ga)
i Logged by S. Olig, M. Eppes and A. Tillery, (on north wall is 25 cm dtw)
! 5-29-02 through 06-04-02, 10-21-02
-9 | — -9
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

DISTANCE (meters)
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WESTERN HALF OF Figure
URS Hubbell Soring Faul CARRIZO SPRING TRENCH LOG o
ubbell Spring Fault CENTRAL HUBBELL SPRING FAULT

51-F0111035.00-00000/042503/gos
26813901.00000




Depth

(meters)
0 VvV VvV V
- 'Tan, Silty Fine Sand "
BtkHonzon
. Pink Silty Sand with Clay -
1
2

el

R

_ .A; _Silty Sand with Gravel ~
© toSandySilt

(modern soil on loose eolian sand, ev*t+)

= clear, wavy contact

(ev, pores, roots, peds form weak sbk
structure, faint clay films, slightly sticky,
slightly mottled, stage I, extensively
bioturbated, grades coarser downward)

Near base are discontinuous, small
lenses of coarse sand and pebbles
interbedded in medium to silty sand, e~

clear, wavy to
irregular contact

(ev*, pores roots, more carbonate stringers
and reworked (?) carbonate nodules than

above, Stage II-, still bioturbated but less

than above)

: abrupt, irregular contact

(weak K horizon, S5 ? - more disseminated

carbonate than in trench and highly variable,

due to extensive bioturbation with “floating”
carbonate nodules and rare pebbles
[metamorphic, gneiss], mottled, pores, ev*,
undisturbed areas Stage II to III")

grades into less carbonate but
even more bioturbation near base

Project No. 26813901

URS

Hubbell Spring Fault

SOIL PIT LOG

CARRIZO SPRING TRENCH SITE

SOUTH WALL

Figure

26813901.00000/041103/gos




CENTRAL HSF WESTERN HSF*
Carrizo Spring Site Hubbell Spring Site
Y \ Y \

Unit 14 Eolian sand Unit 7 Young slopewash

Unit 13 Slopewash deposited
6.0+ 0.4 ka ! ! I I T T T

< Stage | to Il + Bk

Unit 12 Eolian sand and
slopewash Unit 6 Scarp colluvium and
eolian sediments
deposited 11 to 14 ka

(pref. 11.9 £ 0.3 ka)

Unit 11 Scarp colluvium and
eolian sediments

deposited 5.5 + 0.4 ka

EventZ 4th Event

Shortly before 6 ka = 12+ 1ka =
and after 15 ka (1.7 m) —TT T T T (~2m) —T
7 <
Unit 10  Stage Il Bk, Stage Il Bk,
Eolian sand/colluvium
| I | ;tse III Btli | “j}‘@
Unit 9 age b 8 i
EventY (?) => —  Eolian sand/colluvium §",: Unit 5
Well before Event Z T T T L T T 3c Scarp colluvium and eolian
and after 24 ka Unit 8 Staae K K E, sediments deposited 28 to 32 ka
(0.4 m - warping only) =08 Eolian sand/colluvium = (pref. 28.6 £ 0.8 ka)
T T T TS 12 T T v
Unit 7 4 =B,
Eolian sediments
Event X Unit6  Eqjian sediments 3rd Event
ited 26.8 + 2.4 ki
Shortly before 27 + 2 ka —> deposited 20,8 2.4 ka 29+3ka —r
and after 30 + 2 ka 7 7 7 7557 7 7 (~1m) T T T T T T T
(0.7 m - warping only) .
Units " Bb o Z Stage Il to Il Bk,
Eolian sand §i .
5 Unit 4
5T : :
i 3> Scarp colluvium and eolian
Unit 4 e L sediments deposited 36 to 69 ka
Scarp colluvium and eolian sand {}_ (pref. 55.6 £ 1.3 ka)
deposited 30.2 + 2.2 ka
Event W 2nd Event
Before 30 + 2 ka and 56 + 6 ka

I I I

well after 65 ka (3.7 m) T T T TS,
Z Stage Il Bk,

(~1m) T T T T T T T
< Stage | to Il Bky,

N Unit 3
g< Interbedded alluvium .
§§,-r slopewash and eolian sediments Unit 3
5% Scarp colluvium and eolian
8¢ - sediments
4 é Unit 2
\V Sag pond deposited
Event V 65.2 + 5.6 ka

Shortly before 65 + 6 ka [

and well after 84 + 6 ka T

ist Event —>
After 92 ka

I I I I I

(0.8 m)

TS, | T T
1

Unit 1 Stage Il + Bk,

Interbedded channel, slopewash

and eolian sediments deposited

83.6 £ 6.0 ka

(~2m) ! '<
Stage Il to Il Bk, formed
70 to 244 k (pref. 92 + 7 ka)

Unit 2

Alluvial fan gravels

TOTAL THROW=7.320.5m TOTAL THROW =5t0o 8 m

* Data Sources: Personius et al., 2001; and
Personius and Mahan, 2003

Project No. 26813901 COMPARISON OF THE PALEOSEISMIC

RECORDS OF THE
CENTRAL AND WESTERN HSF

Figure
8

URS

Hubbell Spring Fault

26813901.00000/111903/gos
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Hubbell Spring Fault

v 10
4th seismic cycle:
0.46 mm/yr
3 8 _
2nd seismic cycle: 3
0.063 mm/yr =
6 o
1st seismic cycle: 3rd seismic cycle: DIC
0.34 mm/yr 0.044 mml/yr =
\/ 4
/ 2
¥ T T T 0
80 60 40 20
THOUSANDS OF YEARS AGO
Project No. 26813901
URS CUMMULATIVE VERTICAL SLIP RATES Figure
FOR THE HSF 9

26813901.00000/112003/gos
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UNIT DESCRIPTION

 ysee NEHRP Initials: 550 /Av
5i- Fontoas.o0 ol
: . 10 066600 Date: 6 ->-oe. -
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. ' N v Lo 99
Uﬂlt: \'&J i . () .y« N_?: £

" Genetic Name: _Fluvial Q\an ned Cronedes rnteeddodk 14 Un +1b

% Total Rounding Composition
PSA: 720w Boulders Ot S poinded

Cobbles ﬁ éz 15 oob-c
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Silt. b 5710 mﬁrﬂ:)(f(,/g,{<ﬂl?£nr;’\/ ?b /OMJ S
Clay . | o _
Max Size:: . AR (*ym o Average Size:_rv1¢cl. et .

USCS: Q@&?'ff}é«ﬂi sandd 4 ;f”ém.»f!\f"f»’i bo/% boud Q[ch‘b Fza) 55(7/)0(41 gronved
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Color: TOYR ¢/¢ reddicl ydim | 2.5NR s/ ;S\m? bredu,
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Project: (Cpa)es\ Wy Sp«:no} Lol

UNIT DESCRIPTION

Tl S R e -

Init_ials: AT
. Date: ¢,:3. 62

Location: Cm'\'i 10 < E(c as ’r"et\ak

Depth:

Unit:

Lo (s & w ady wi el

st 3]

Genetic Name: (3¢

Rounding

Lfooters of

rd fo s0b. e, 4.,+d7 v m/bemfrh nocide =

% Total

PSA: Boulders =0
Cobbles 0
Gravel _haw
Sand 7585
silt ‘>15,25
Clay .. .

2 fiopa e /mv des [ mico.

g N gk
/V'a}ﬂx /5 /OQ/Y') >

ARG 15E A (g0 e,rwc,{,a\
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UNIT DESCRIPTION

sty Ce oo e Injtialsd A
Project: Coukvo\ ~ Hlowbel  Spr LN Lok Date: (o2 2
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UNIT DESCRIPTION
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UNIT DESCRIPTION
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UNIT DESCRIPTION
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UNIT DESCRIFTION,

r———— o I;{tials: AT
Project: Cendrol  Hobbell S?r'ma\) oot Date: &'2 o2
Location: Cocei 70 Spfmab ’TrcacL “Depth:
Unit: My /belaw \WM’ E\w s::sf‘végf'é - olove %f-%g,.,:j 4 22 ;
Genetic Na;ngg&}ih ;Pu'w 2nnd ks cbor=e intecbeds L slo a s

% Total Rounding  Composition ¥ %2:2;

_P_S_A_ Boulders )

Cobbles 6

Gravel Y

Sand a0 ota [/W»w?ur)?\&m? [ soma. gukes

Silt T C

Clay

) ] bimodal: (/22 mm) coar st
Max. Size: %\m;.\c,f”‘a ZweD LK em Average Size: & fine oar

USCS: 54/70/ L2 g = Szmci\,i [ﬂb&.r\,\
| Dry | Wet

Color: 15 \’fli\ 6/4 re Aedish 7¢1\n\3 3.5 yﬂ\ 5/@ S}rc:m = Ly S

Plasticity: ey 5| %k\r Dry Strength: \’3 Dilatency: . 2o d

Bedding: KME\\ A\ \minwl—ﬁms; Arsrerattonrs = Qoar slro

bé&éﬁ /&é{‘jf“fY/:/’)UHC_ﬁrv é%m,()n o /o\cjar) _
Sorting: modascote Clast om&pported

Contacts: AT RN

/ | v_
Thickness: 20 fo @O wunr (%'wa« i W of Fz2)
o wea Fthecs gt o)

'Cementa_tion: (W= pat casce—~ #1ar) . HCIrx: rone.

ovér ¥ unw%,nﬂ un{‘ré

Carbonate: visne

j ' I of=
Other: Roots Rootlets Root Pores Organics . ¢Sfaining > limonieic,
Vesicles ' Pedogenic Horizons Mg
* (oY ier Zanes A / MNore  wi \'arc, e i F %s ‘h}ﬂ-f z\“ ‘hé’ér U?\éﬁ“{ﬁw" o louder V*" Yo ’*ﬁx
: 1) ~ . v \E \
a0 opm bhick  hergon  of welles  Vwewka  sYetine  sbowe loses coafest,
— < 7 — )
be catpas _ proove S \a\%wm%' Yo candadallon c.i'n."-\_i:

sheldipess S pone . — <l \QH‘

- fors of 4 dpes: no+ apee ﬁ;u/%/d
¢ %/c/camzs o~ c/ﬁWr);“;‘z/zDz«Jr”) é/cé.e, 0?0 W?ﬂ%
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UNIT DESCRIPTION

B

' Irvii't;f\'alﬁs: AT B

Project: Codenl  \obble Ssg;afmj.t« Faoty ~ Date: L20%
Location: Cactto Sertnes  “Treadh Depth:

- P shos ‘2—"1
Unit: 5 Chepl bl doellay aoks) !

Geﬁeﬁc Name: red  eslizn, 20 w{' é;a:s\\ Sa. oesc.r'@r_w is c:\,\ Paven ma-‘:ﬁx)

o % _Total Rounding Composmon
PSA: Boulders D

Cobbles D
Gravel D ) 4 o
Sand 0495 rd '—8}&

Silt : > L SR
Clay

Max. Size: ) OcC. Coarsb. Sanc/ Averége Size:

USCS: Sane (o) to s0/ky clasey sand Loam

Dry Wet
Color:. 15R Zg/’“» hgk} Lronom, 1Y YR (Ls;/vl _Brown
Plasticity: S Dry Strength: h _ Dilatency: n:?e:uo/ .

Beddm° &”‘X £l lews

Sorting: Noes 2l cml A ' Clast omSupported
oL Fo ey :

v,-f/’<< m::;n gt’jf{ Yc: 7" 7‘0 /x,hrauz’/‘ /07,()//‘ Oq//br/(aﬁ“dn&/j

C‘orit‘a'c_t\s

Thickness: , - .
Céﬁlentétion’ W R HCI_rx: Do (lower. }@p@m}v

Carbonate - otsset {1 «a\a waap‘sawh ﬁa&%\e&
Other:  Roots Rootlets o

Vesicles ‘
ek Agidd e by

Root Pores

csone  oolld  beeseh olmalan X '«ia; oo ok o leour hetroin
e c’r‘cu»m& 2vap, : ,;\, P\?} Qua\x -‘“Sf&mm o u\??‘ . kK S0,

: OLCES\DV\Q\ ‘\M ¥, \.‘;\ ;\: °,“'A"‘(\‘“«"§' ;\)'\r‘& %»\Q‘J){

. rb\c/ TEAA 2 2MmM,
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UNIT DESCRIPTION
Initials: AT
Proiect: C (J,w{ el \f\\,\a‘b\e’ g_%Lmzﬁ& fw_\l— Date:&z:ﬂ»_@?_,
Location:(oecza  Sptings Trench ~ Depth:
Uit b (oo s ddn) X+
Genetic Name: [ P =an C/

% Total Rounding ~ Composition
PSA: Boulders e ()
Cobbles 0
Gravel —
Sand
Silt
Clay 5
Max. Size:__¢parse é@,{){:( Average Size:__\ [ veru Sne. sarie
o ; L foam >
Color: _ IGYR. F/Y VLSt Pa brvon \OI\ZK"I‘/L dK //oi\meB\'\ }omvsV\\

Ak /S'bk'm.w sl

Plasticitv: S Dry Stre_n\gﬁh: S0 | Dilatencyv: w d -romd
Beddmg %&} /C‘\ﬂi?’ iﬁm - mgg%y kamw},@mm onid

_ {L_()m}/’/\;@r jcD(,(ji jn. wind ' _ _

Sorting: vecu _.;,;e;.\:\_ é_wi\i’m} v N _Clast ior@m;l'pported
bropk Lsmssth . _ , | ,’
Thickness: Yuglser b gosk 25 & %\ incle Mty bhun oids o dusad scers

Cementatlon Ly v HCIrx frore.

‘ Other R ; RO"o'ts o Rootlets . (Root Por ‘ Organics
Pedogemc Horxzons Fe@

cra.i_\*o A rf\f?ﬁ\ﬁﬂ"—s

Contacts: _»

» Carbonate

.e cles"wwmu\_ »

2. QCCam ma\ M i B‘z:m WA

J\MNI‘ hemo%ﬂe«ws q\m.@ﬁ%, h@;:«?‘;g{\ i

- in;kjr sk }\w‘
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UNIT DESCRIPTION |
’ _Initials: AT

Pl'Oie_Ct: /e.n‘f r'a\ Hu :‘o\c_ Slprlr)og; ?"—a,u\\' ‘ Date: bR o7
Location: Covize Sor RINAS Teach Depth:
Unit: 3 (belo Dur‘»?\e. Jw;‘/, while  doks $HiZH

~ Genetic Name: }p[n , /'s 12 60[{,&1/7 C’\/ﬂr 50?/)()[ W

% Total .  Rounding Composmon Wéﬂ/k bon ed .
soil (6@) hontor

PSA: Boulders O

Cobbles 0

Gravel N ,

Sand 55 2%& Liorn._opmics!

Silt : 25

Clay L5 .

Max. Size:_ (rysse. 60/)/‘/ Average Size:_\/Z P! f Lsng sanof
USCS: .-C //},(4,6!/ ik /'7LCI “‘*Mﬂ/ (Comese ( s*:\}q‘ c,\‘t\j l@’%’i"‘,\

Drv Wet
Color: YR (&M \'xﬁh\' o v , [0 YR2 /% v/i»\\ca‘s‘v\ Brauon
Plasticity: pS Dry Strength: _So Dilatency: ined - slowy

Bedding: hon e

Sorti_ng: NI ' ol serked _ Clast or mupported

Contacts: A Smoc\»L

Thickness: e \ o ?taéji‘ { e«vséi ﬁmmig 'qnd) nese  exed dn (aest

Cementation: (- | HCIrx: wod - shrone
,xCafbonatgz oupaienal gmall M cocbonolte  peddel N ,_
Other: Roots ~ Rootlets f,"oot "Por(>’° %C_rgamcs Staining
: Stlasine\ fowaman Peddééﬁlc Honzo} Fe Mg
crore Ama;? rcg\’g \5

\5).1;&\(”\ 7 , ) v v 7 ) A
9 ‘2\1’\\1\\,\]. a.SN-K N é . h\)ﬁ%é t e > ot L/ (U{M“*‘ /ﬂ l“é PH>
X (Coses Jo ;\L’k S{ur*b\ér d?\ g\g;g\w ,
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N UNIT DESCRIPTION |
Initials: SO

Project: Contral Hubhbeoll ﬂanna ‘Q‘UAH Date: |0-20-O2-
Location: Carriz.0 Snn/‘)cz 772/:(',/\ , * Depth:
Umt < m» - be. ‘\J ge dofs
Genetxc Name: Ru,'e c/ K. /’) orazen - (S 5>.
| % Total Rounding Composition

PSA: Boulders O

Cobbles O

Gravel <

Sand o otz ¥oxides A

Silt ‘ 0 4

Clay -

Max. Size: i Average Size:__ ", /R e ;;&z/?@/
USCS: _=or /%\)q 5&/:’&/ with Cj%—\&){ /Tmaf‘%f /@m)

AT ke o FW Wet
mottled bBloc W .
Color: /0 yA 8/2. 8/ /,oamA 7.5 YR ‘7/3 p:.nk

7.5YR e’/_% prok
Plasticitv: ILO : Drv Strength: A % V/) Dilatency:.«3 /(*7 (/\}

Bedding: o e a;p/—pof//x i

Sorting: .z0e /- sorted Clast ormﬁSupported
Contacts: (e, Sty

Thickness: (2 3~ /: elae)

Ceme_n‘tation:v AN~ oS- HCI rx: eN/ =+

Carbonate: 5/

ok

O'thﬂer: ( 2001 vRoot Pores Organics Staining
Vesicles @edogemc Hor@ < :55 Fe Mg

o Prtzent in FW ¥ du) But  locally wrnol
below scarp  cp st

0 @/J%& ,h ’ oz 4 L - L v
rlogt at LTOVYAR.% 7
. X r‘/,//,uiz A 22N loa # -

6 L¥-7 /) OZLTCD/M/IQLr{‘m fz@n,ﬁ) fb&-/wm st 3Jamd 27)
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'UNIT DESCRIPTION ™ -

T R— Initials: At
Project: GenJra\ \AULLM Qp«’mm ‘fm\\* Date: &3 oo
Location: Caecmo. Smﬂmm {rench Depth:

Unit: A4 - {l% “mgt,wtbaw @ru;m_m/wkefé> b

Genetic Name: Buﬁmﬂ a0/l in “z/*f'V\/ ( ‘Sr\ on _eolion and
tolluni al sand

% Total Rounding Composntlon

PSA: Boulders

Cobbles

Gravel \-S ol -one 7 ;?\;u@r%zi&%

Sand S5O 5

Clay ﬂ

Max. Size: IS vy Average Size: VEL,  liamee 2l el '

. ) 50%%3/7a>/“ blrrlﬂ"(ﬂ-//
USCS: =//4y olauniee Sam o
, - 0

Dry Wet

Colots 15 YR 3/ K 1.5 7R G/
" Plasticity: P (sﬁo +a Drv Strength 5% Dilatency:
Bedding: {\»% \mes 0 S‘\do_ 2L iy »«‘m» vee N e Ly S%I‘D‘L—J
e wn@/@& Foa k- F 24 oo tipopes Covmdn ~F)
Sorting: nedecate Clast or(M@fSupported
Contacts: %/’ %@m% ex ot rlar FZ-5
Thlckness U\w)—{?z@ e is.»v z:J L% d% ST, fﬂxm '\'b uﬁf:}(
/ ¢ cortA
Cementation: C\w 7 HCIrx: e+ 4 ey [ust H 0! )
) I+ wfbonai’e o) Fr
Carbonate zofﬁl%% {‘:jVBM»B /mg \haw : fﬂ Y\aflu a\ (Un bo \Smm,\ CA,\CAS;» mw\mwsﬁw’*foo
Other: Roots | @ | . Organics , Staining '
@~£om Popipeepler Pedo?“‘emc‘Horlzons )BH< =S, Fe Mg

’ ﬁ‘al’ \Bm'r- }w_/{ (,DU\/ﬁ\ Wtdaz, B&Q\\"b\/\ // §<> Loaw; J’u_,(:fa(a, _
_onk ek ?mmi S;&‘n""h\d../\i.t —'ecepn” w/ km "N §c&ﬂi (Sﬁx
! &\EAMM Q,sa\w‘&@s M%‘\' z\:pa\(\?‘heé
a g\-‘g\,\\( p"‘\(\k{/«f}(&ﬁ{’\«b"\ Msa»i\\nj:) i\ol( TCc\ C_Y.b\f\Q\lS
worke d u,r\ar\p\aﬁ Lup )("3 2 Ly
. \ !
¢ DO AL Yorras
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UNIT DESCRIPTION
- Initials: AT

Project: (" m{ra\ Hu\o\va«( S o@as f@a& Date: 402

Location:  »e cizo S?f@a \  “Trepch Depth:

Unit: 1O /\/op arted /34,{ bla(/k)

Genetic Name:’ %74/1 ed’ Sor/ S 5 on rolion sasr Ad
% Total Rounding  Composition

PSA: Boulders &

Cobbles @)

Gravel Frace .

Sand 75 ‘gz‘:zc, yeo ,Zc/[%zg oz oxiole s

Silt : 25

Clay /

Max. Size: : Average Size: V‘&QL; tene van o/
USCS: 20./h,  sbn ol posth clacy

Drv | Wet

Color: 7.5 }//Q (»9///‘/ /.‘35% b 7.5 R 5;/4/ bmu./:)n

Plasticity: O (-::niv 1«4\) Dry Strength: h o \//) Dilatency:

Bedding: hqns 3 xmw,/\\( - a\/w;;rm\c& u\,,,; g:u}oc;jemm

Sorting: widl  sacked Clast or M?t'r}zS\upported
Contacts:

Thickness: fhy ke, in%mHv; b eod  hobl n ecendel d;;d‘ij by modon. sol ok ed eden
Cementation: () HCIrx: eyt

Carbonate: poctulda— e €. L ¢ b ; c/ N

Other: Rodfs Rootlets Root Pores Organics Staining
- Vesicles %i; (Pedogenic Horlzohs S B Fe Mg
. Preserd in FW & B lpok= st fry bac b ffbecl i1 HW
K well &Vle?gcl Ssl_ _ aviawe) 9’\\(6\\3{6?‘7 Quecer «Al’ui -

Soe cad &mscv—‘\x\aBr'.hm %of" dfb}{c‘h
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UNIT DESCRIPTION

o i Wmm T——— “Initials: AT
Project: Coules)  HNobkle Sories, Fauld Date; /0
Location:( zepizo Cm«,m\ “Treach : Depth:
Unit: 1\ (elow iy 790 Sestrehd @ sl 43

 Genetic Name: At scacp  collusiung and colian Sand

% Total  Rounding Composition

PSA: Boulders
A %Méo of 5EqD ﬁfﬁbﬁwﬁoﬁ %_;“?iw warE
Gravel WP ) tvoce- Some. ch ot Sem)
Sand 55-65 zfi?ziiijmp mica feana,
Silt \/ 25-30D >
Clay '
Max. Size:__ 7 ¢ Average Size: ery 17 c,-./ *A
USCS: :6:‘/7’3 cand pudh  armvel fo! m/fuj ﬁ;anrf . i
Dry “ o Wet Y
Color: 7.8 YK 6/ o leabdt 7.5 YK 5/ 4 brown
bioLor : )

s iah .
Plasticity: 21 HE,) Drv Strength: S }'\ Dilatency:

Bedding: {awl ;w\«./ ,Ci”b\f\r Xmm‘u\m\'i%m to et

i VeraA Pe st e locdes -
Sorting: poorls Yod dpwoord = of Uit 10 Clast om;xpported
Contacts: a_\om;fg-b Wregad a_g

Thickness: \,,)ml?:);a {Mﬁ, B sk d lh;;.\-(e:s-\" & Y7 ;ﬂmrifw\ awgf“ et b lach ) o 3
' J

Cementation: yery el HCIrx: yorw sk—ronjj
Carbonate: some  Swell nodde mQLJ — -
Other: (Roots) m Root Pores Organics Staining
Vesicles edogemc Horlzo® Feard, Fe Mg
ALY \QOS\US\ &5‘\\ -3 Jee 30*\\ cﬁmfm On S
; .
custe — Bebpeon sh yisda - b (o onit jué%en}) rodzin  many  leree fZ_'BmD
. . ) feu’M{gﬁW (08 IR Vs - &
, \'Gv:)(ﬂ'k’»ox ‘Qaw’bwﬁ(u naa\soz.d Ax)l\sf,},\ ]0 Crenme. b gike— 4 mlgr‘y\ar\ﬁ'\

A&»M é}\a, .Q‘mosaov ( (Zévdczré L\)”BL\ /I ﬂL/V:; dawna/DD@)
lm“rf) of km‘ﬁ)\n(\cx ; 4’297/1)0 el {" near LUQ/}E) i
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Max. Size:

UNIT DESCRIPTION .

L. M . ' Initials: AT o
Project: Conkes)  Hibble  Sornay Faolk Date: 6oL e
Location: Caccizo g,\:;r'\nq\ Teench Depth:

Unit: 12 (helos QK areen) |
" Genetic Name:  ¢colidn Sar o
% Total Rounding _ Composition

PSA: Boulders O

Cobbles o ‘

Gravel )

Sand A ¢l cods ¢ mits, corbond noddu, ot

Silt ?ﬁﬁ

Clay

bimodal ol skl T

Average Size: ;e me sand 0 fine
sand matrix

oo,

USCS: 4/ /Fu 5@/30/ i odau

qaﬁ({wj

2y Wet
Color: _1OMR 49/6 browoash, el 10 Ir Hjy oK »’/c\\wnk S
Plasticity:  po Drv Strensth: <k Dilatency: pio 2 -rewd
Bedding: (i b"@\':v\,lj "‘ﬁkm\ Yoy - &g\’\?;m; ask . A\\;:\’:aam)( a\:(‘; = 267
Sorting:  bimeds) S 0L e fL Clast orcMatrix Supported

N7 !
Contagsz clesrs o smookh

//m/)fk tuncli ookl ¥ con ﬁarma/;r{f .)

Thidat Yheys,

‘u)@{iﬁ@ vw‘&f&;r" freme SN

Thickness: Psvlicw  peor Sk
H 3 J ’ ]

A"
Cementation: ¢,y — HCI rx: \ory  dXcoms
. R J
Carbonate:  coma  ojreia poalaas 4 & Syrel) (L) noduley
B W ] BEGAE N
Other: ¢ _ Root Pores Organics Staining
- v [ pooty fomed Pedogenic Horizons Fe Mg

nsre. Lo o

Y

{
R
]
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UNIT DESCRIPTION

Imtlals AT
. ¢ Paul
Project: (‘avv\(a\ \JALXL S’%Dv'\wzt;\ Pau“’ Date éo"\'ol - ke,
Location: Coczpe  Soeira  “Vreach Depth:

Unit: 3 (boolon and. e dk green)
' Genetic Name: S/ooau)afx/v Mr/ eoliary san
PSA: Boulders 3

Cobbles ®) .

Gravel %D"Zzo b;‘iﬁ@ / Yz ) 125 ‘
‘Sand 15~ 85 ChéﬂL @f“?,. SOl NAC O, ML
sit . _J0-15 wnd Fesg

Clay S0

Max. Size: f’me, grove] /4/ mm) Average Size: Wdf uf,m,zi
USCS:  cunof /bza?\ fo My exeened

Dry Wet
Color: 7,5 YYR S’/‘J Brapsn 7.5 YR A//‘7’ "//la br@wn o
. nome o o 6/?%'5/7
Plasticity: ,4/,5\//\ Dry Strength' wz,a,k Dilatency: Wﬂj mcy/
Bedding: =5/ f/ﬁz vol _rato B wwbordks #ﬁ‘“ paradled ba.

L2571, )
Sorting: mmfﬂfajﬁda 4&/5%0/ / y,zjww!—/ last ormupported

stred W 10 -2° é"’@/
Contacts: /oa)&f(/' Waﬂ\ r/ea/- 2 OOFF Unit 17 fletlen s o hor

. aunsf- O 1 agaw\sl— LAY 10 DVEer~ U rui |
Thickness: Dey \J.,\b aroued s{' aﬁHZ,/ M)c&sg o peas o \zi Thiclo=a fﬁujpu'g;/
. . o SCMP
Cementation: o v / MO /w:\ e HCI rx: f;vcro-nc,
Carbonate: ﬁf/ 666/)/7//1@12([ n LAY, = 0uA YL nooly I8 >

Organics ' Staining

Other: M /
/”V?S@ 0%&4’6]‘:@

0rizons e 7o se: Fe Mg
Craolos uﬂmafol ‘Q@Ym /*;) -

//(]ﬂ&(a,e« ff/fquQJ (a‘nLu /;1 Hf/\/ a)‘“ l’)r-s/é 2 éf/a./;ff.) —
simillar # Urat /2)
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UNIT DESCRIPTION
) Initials: AT

Project: Cevxjnfe\ Hobbl gm;m‘.\ Rm\%- _ Date: ¢+ o1
Location:  Cac cno Eé;.:ar: nf:’} ’”’i’;fan { Depth:
Unit: |4 Ahove — neow Sresn
Genetic Name:  \s/a X ?;M‘ or ’53./ s\ eoliarm 6Mc:’:§(
% Total Rounding Composition .

PSA: - Boulders _ ()

Cobbles O -

Gravel dmeo carbonots podides

Sand __ 20 - /&/7['7/ sl as o iAo =

Silt 15 —_

Clay 5 ,

Max. Size:_ ¢ Qm/u coosr=¢, Average Size: f U (ﬁﬂe 54/3:7@
USCS:  silty  sand] gard J Dandy  [osn,

by Wet |
Color: 2.5 YR & /Y f.»jm by own oM S5/8 vllcl(owwb bisai
Plasticitv: s Dry Strength: <) Dilatency: \’dx’m‘m{

Bedding: 'Fb’m)p ’ !:;ab»}\ Llok  loms

T

Sorting: e dlauna Clast o{m&pported
Contacts: ogrzdyu\ / PEPE |

Thickness: -7}t mec ob b - dosbeibs  pege  shedme W3 pinghss ool o\ af S2
Cementation: v | % HCI rx: Sjwoﬂ? Calla

Carbonate: sVl noddes [/ o re cmxwzj;{ _

R oot Pores _96“ Orgamcs Staining

Other: Rootsswers] (Rootle ‘ »
‘Ma-x'\\f nm,Pgdogemc Honzons ****** Fe Mg

4’ [/\Z,S \)N>( [ Méva}( !«ui l\*{ federm > J% :

fS@/ZYa\ :

kg
QUB Yo\ \a%gr [2em)) nedols  pesr  base o% soi\
. { - . i
o8] Ow\) )Nwﬁq}ur‘ crdiontaa Loy te 2 00da, LS i ts(%ﬁ’ﬂ“v‘s é;v‘t‘wie&i -
T . ,
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Anpendix B
Soil Profile Descriptions



et

__\_{ + Elevanon
; L)

Soil Description:

Site No.

i

Seoi Pm(:t\e, b@zﬁUlth CSSL

Tabie-k-z‘—-—Work sheet for reoordmg soil propemes in the field
- [In the note column, one can record propernes not universal to all soils. Courtesy of D. Jorgenson, 1989]

Appendix 1)

P lef2

Date

Location N\GL( W "‘\‘\

Co\((’\fgo q;rww\ 3:*(»%@(« C$\

Time

Slope Aspect

aren( Matenal(s)

'm\wm Swdl sfme ww,t\

Vegetatlon

Geomorphuc Surface

Descrlbed by

Depth

v Color _' :
Structufe

(cm) Hoﬁzon

] Gravel

Conststence -
Wet Motst Dry

g Textu’re ]

AL

= U
ﬂOleS

. molst / dry . ,%-..

S SlCL

= COJ Birned ﬂmw

m\ma cm: %P 1

T

1

!
e %rau:@ Ccmmcn‘\}\

'é

\\
iSoe atz@;;ee

. 25 ! »
T

Connt ) %rm

S SiCL
Ls . sil |
| si
SCL SiC
L c
cL s¢

S SACL
LS Sil

cF
oL sic.

L ¢
ol sC.

cobr

Sik
@S| s
Tisc sic |
%
CcL SC

T8 ScLl

‘ Cm(‘in{i Sond |

SM/W\-Q

S SiCL
LS

{ st 8
scLsic

wlLr ¢

Lo %€

\g:c\}‘\
5\0\3!% i
M“*t"”v’“f el
c(,.dooth* ’ '

§ SicL
) LS. siL
1 st si
scL SxC




Appendix .B

oo P

Soil Description: Location M . 7. | ] ' CSL

Date ____ . Time e
. Aspect

Structure |

gt
pl
pr |




o

e

Appendix B

?CK»\J}?\

for racording soil pt

g soil properties in the fielc
orsal 16 all soils, Courtesy of D. Jorgenson, 1989]

Soil’ Description: Location D = ‘?D’LW\@’ 2/5M’
site No. _____ Date . Time .. Vegstafion__._ . _ . :
_ ‘Geomorphic Surface .
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