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ABSTRACT
The Calabacillas fault is a 40-km-long, down-to-the-east normal fault that trends
N-S on the western edge of the Llano de Albuquerque, in western Albuquerque, New
Mexico. It is one of several east-dipping normal faults that define the western margin
of the Rio Grande rift at the latitude of Albuquerque. In the past 0.5–1 m.y., since
the abandonment of the Llano de Albuquerque surface by the Rio Puerco and Rio
Grande, vertical displacement on the Calabacillas fault has created a 27-m-high, eastfacing fault scarp on the western edge of the llano, equating to a long-term slip rate of
0.027–0.054 mm/yr. Our two trenches were located ~1 km from the south end of the
fault, where a 1-km-wide graben has formed east of the main fault scarp.
Trenching of the graben across the southern Calabacillas fault was 50% successful. The paleoearthquake event history on the 5.3-m-high antithetic scarp could not
be reconstructed in detail because a strong carbonate soil profile had overprinted
the entire 3-m-thick colluvial wedge deposit. It appears that numerous submeter displacements created this scarp, but the displacement was partitioned across several
faults, so no single free face was higher than 10–20 cm. Free faces so small did not create colluvial wedges, and thus faulting did not trigger the pattern of footwall erosion
and hanging-wall deposition needed to identify individual faulting events.
On the 27-m-high main fault scarp, a 60-m-long trench straddled a minor slope
break that overlies the main strand of the Calabacillas fault. The upper four soils
exposed in the trench could be correlated across the main fault and indicated displacements of 10 cm, 30 cm, 55 cm, and 20 cm in the latest four paleoearthquakes.
Six infrared-stimulated luminescence (IRSL) dates on eolian sands range from 14 ka
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at a depth of 0.5 m to 219 ka at a depth of 5 m. Secondary calcium carbonate has
accumulated in soils here at a rate of 0.17–0.35 g/k.y. The latest four faulting events
are dated at ca. 14 ka, 23 ka, 35 ka, and 55 ka. Thus, the displacement and recurrence times increase with increasing age, yielding relatively consistent slip rates of
0.011–0.028 mm/yr.
There is evidence at this trench for a late Pleistocene (14 ka) small faulting/cracking event, similar in displacement and timing to the youngest warping event interpreted for the County Dump fault, which lies ~5 km to the east. The displacements
measured in the main scarp trench are even smaller than those inferred on the County
Dump fault, despite the length of the Calabacillas fault (40 km) being similar to that
of the County Dump fault (35 km). If our trenches had been located farther north
toward the center of the Calabacillas fault, the displacements may have been larger.
The ages and recurrence intervals of the four events that occurred subsequent
to 55 ka are similar to those seen at the County Dump site. The youngest event on
the Calabacillas fault had only 5–10 cm of throw, which is considerably smaller than
the 20–55 cm throws of the three previous events. This situation parallels the County
Dump chronology, where the youngest warping event was abnormally small compared to earlier events.

INTRODUCTION
Purpose and Scope of Study
This study is part of a continuing effort by the U.S. Geological Survey’s National Earthquake Hazard Reduction Program
(NEHRP) to characterize the mid- to late Quaternary activity
of normal faults in the Rio Grande rift near and in Albuquerque, New Mexico. This study continues efforts begun in 1996
(McCalpin et al., 2006) to trench faults that displace the surface
of the Llano de Albuquerque (also known locally as West Mesa),
an abandoned valley floor of the Rio Grande valley that now
stands ~100–150 m above the Rio Grande on the western margin
of metropolitan Albuquerque. The fault scarps that traverse the
llano surface trend north-south and face east, ranging from 10 to
30 m high, but they have very gentle slope angles (typically less
than 5°).
During May 1999, we spent 3 wk excavating, logging, and
sampling two trenches on the southern end of the Calabacillas
fault on the Llano de Albuquerque (West Mesa) of the Albuquerque Basin. The trenches were oriented east-west and transected north-south–trending fault scarps on either side of a
north-south–trending, 1-km-wide graben (Fig. 1). The goal of
this trenching investigation was to reconstruct the chronology of
surface-faulting events on the Calabacillas fault since the abandonment of the Llano de Albuquerque as a depositional surface,
in the past 0.5–1 m.y.
The Albuquerque–Santa Fe area contains numerous late
Quaternary normal faults, but it has not experienced a surfacerupturing earthquake in the 146 yr since the first recorded New
Mexico earthquake (1849). However, there have been 10 historic
earthquakes of Modified Mercalli Intensity V or greater in the
urban corridor (Von Hake, 1975). The largest of these events

was the 18 May 1918 earthquake (MMI VII–VIII) at Cerillos
(near Santa Fe), during which people were thrown off their feet
and a break in the ground surface was noted (Von Hake, 1975).
These earthquakes, plus the presence of Quaternary fault scarps,
indicate the potential for larger, surface-rupturing earthquakes
(M >6.5) in the corridor.
Machette (1998, p. 89) stated:
Because the level of seismicity of the Rio Grande rift is generally low,
the populace (in general) believes that earthquakes do not pose a significant threat to them, whereas the presence of abundant young faults
tells a different story.… A myopic view of earthquake hazards posed
by individual structures (i.e., having recurrence intervals of 10,000 yr
or more) can lead to a complacent attitude that strengthens a perception of low seismic potential for the region. Without proper caution,
this attitude can be manifested in inappropriate construction styles,
building codes, land-use policies, and the siting (or relocation) of
important critical facilities.

Machette (1998) touches on three unique geologic situations that have led to the perception of low earthquake risk in
Albuquerque: (1) long recurrence intervals on Quaternary faults,
(2) the short, segmented nature of faults in the basin, and (3) the
large number of faults. Situation 2 and trench studies described
later herein suggest that most basin faults rupture in M 6.5–7
earthquakes near the threshold of surface rupture, resulting in
0.1–0.5 m of surface offset, rather than the >1 m observed on
longer range-bounding faults. Situation 1 means that these small
surface scarps are nearly obliterated by erosion in the long time
interval between events. Situations 1 and 2 explain why there
are hundreds of meters of cumulative vertical displacement of
the Tertiary rift sediments (Santa Fe Group) on many intrabasin
faults but fault scarps are unimpressive.
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Figure 1. Map showing faults with known and suspected displacements in Quaternary deposits near metropolitan Albuquerque,
New Mexico (light gray). Dark-gray pattern shows pre-Neogene bedrock of the Sandia and Manzano Mountains. Fault numbers
correspond to those in Table 1 of Personius et al. (1999). Faults with known displacements in the late Pleistocene (10–130 ka) or
Holocene (<10 ka) are shown with heavier line weight. Hollow bars on the East Paradise, County Dump, and Hubbell Spring faults
mark locations of previous detailed trench studies. Box labeled “study area” marks the site of the two trenches across the Calabacillas fault described in this report. Figure is from Personius et al. (1999).
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However, the aggregate hazard potential arising from 27
Quaternary faults within 40 km of downtown Albuquerque, even
if they are low-slip-rate faults, is considerable. This rather unique
situation suggests we should try to characterize the paleoearthquake history and surface deformation style of at least the closest
faults to the populated areas of Albuquerque, such as the Calabacillas fault.
Tectonic Setting
The Albuquerque–Belen Basin is one of the largest structural
depressions in the Rio Grande rift, measuring 135 km in northsouth dimension and up to 60 km in width (east-west dimension)
(Kelley, 1977). This basin, along with others in the rift, began
to form in the latest Oligocene–earliest Miocene, based on the
age of the oldest basin-fill deposits (Chapin and Cather, 1994).
Explosive andesitic volcanism and caldera formation accompanied the early and middle stages of rifting, with the latest major
caldera collapse at 1.2 Ma (Valles Caldera; Heiken et al., 1990),
whereas Quaternary volcanism has been basaltic (Lipman and
Mehnert, 1975).
The Albuquerque–Belen Basin is bounded by the steep range
fronts of the Sandia and Manzano–Los Pinos Mountains on the
east and by the Lucero and Ladrone Mountains on the southwest.
In a gross sense, the basin is an asymmetric east-tilted half graben
(Fig. 2). In 1994, Russell and Snelson (1994a, 1994b) proposed
that the west-dipping master fault in the northern graben, termed
the “Rio Grande master fault,” underlay the Holocene floodplain
of the Rio Grande River and became listric at a depth of ~10 km.
The numerous east-dipping faults found west of the river (County
Dump, Zia, Calabacillas, and Sand Hills fault zones; Fig. 2) were
interpreted to be antithetic to this master fault. The steep range
front of the Sandia Mountains is underlain by west-dipping faults.
These faults were interpreted to have defined the original eastern
rift boundary early in its history of development but were assumed
to be largely abandoned now (Lozinsky et al., 1991; Russell and

Snelson, 1994a, 1994b; Lozinsky, 1994). The inferred basinward
younging of normal faults from the Sandia range front to the buried Rio Grande master fault matches a trend documented elsewhere in rift zones (Rosendahl, 1987; Dart et al., 1995). Between
the “older” Sandia and Rincon faults and the newer Rio Grande
master fault, a secondary footwall block exists, termed the North
Albuquerque structural bench (“Albuquerque bench” on Fig. 2).
This bench is a pediment surface veneered with piedmont-facies
alluvial-fan deposits roughly 300,000 yr old. Most of suburban
Albuquerque lies on this bench.
The pattern of faulting in the Albuquerque–Belen Basin was
reinterpreted after acquisition of detailed gravity and magnetic
data in the late 1990s by Grauch (1999) and Grauch et al. (1999,
2002). The subsurface geometry is defined by three subbasins
(from north to south, the Santo Domingo, Calabacillas, and Belen
subbasins) separated by gravity highs or “shelves” (Fig. 3). As
shown by Connell (2001) and Connell et al. (2001), these subbasins have a rhomboid shape and are bounded by northwesttrending lineaments.
Figure 1 shows that the eastern margin faults of the rift
have been active in the “shelves” north (Rincon fault) and south
(Hubbell Spring fault) of the Calabacillas subbasin, in the
Holocene–late Pleistocene. The Rincon fault shows evidence of
two faulting events in the past ~100 k.y., the latest of which was
mid-Holocene in age (Connell, 1995, 2000). The Hubbell Spring
fault shows evidence of three late Quaternary events, with average vertical offsets of 1.6 m per event (Personius et al., 2000;
Personius and Mahan, 2003). In contrast, there is only weak evidence for late Pleistocene slip on the eastern margin of the Calabacillas subbasin (Sandia fault zone; McCalpin and Harrison,
2006). This lack of mid- to late Quaternary faulting between the
Rincon and Hubbell Spring faults defines a gap in recent faulting on the eastern side of the rift, termed the “East Heights gap”
(McCalpin, 2001). This gap may be a site of future faulting, if
the multiple post–300 ka slip events on the Rincon and Hubbell
Spring faults have transferred stress to this fault block.

Figure 2. Cross section of the northernmost Albuquerque Basin based on seismic and well data. The line of section trends E-W just north of
Rincon Ridge. Although the rift is shown as a nearly symmetrical graben at this latitude, it becomes more an east-tilted half-graben to the south.
Figure is from Russell and Snelson (1994b).
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On the western margin of the Calabacillas subbasin, previous trenching studies have documented late Quaternary faulting
events. These include three events in the past 120 k.y. on the
County Dump fault (at ca. 30, 45, and 80 ka; McCalpin et al.,
2006); three events in the past 286 k.y. on the East Paradise fault
(Personius and Mahan, 2000); and four events in the past 55 k.y.
on the Calabacillas fault (this paper).
EAST TRENCH
Location and Local Geology
The east trench is located in the north-central part of the
Llano de Albuquerque in the west-central part of “The Volca-

5

noes” quadrangle (USGS 7.5-minute topographic map series)
(Figs. 3 and 4). The Llano de Albuquerque represents an abandoned constructional surface that marks the highest level of
basin aggradation in the Santa Fe Group west of the Rio Grande,
and it represents a local top of the Miocene–Pliocene basin fill
(Santa Fe Group). Most of the Llano surface is mantled with a
thin or discontinuous cover of Holocene–late Pleistocene eolian
sand. Beneath the sand, a strong carbonate-rich paleosol up to
2 m thick (the “Llano de Albuquerque soil”) is developed on
the fluvial sands and gravels of the uppermost Santa Fe Group
(Machette, 1978). The study area is located at the southern end of
the Calabacillas fault, which terminates against the Loma Colorado transfer zone of Hawley (1996). The trench site is at the
northern margin of the City of Albuquerque Soil Amendment

Figure 3. Gravity map of the Albuquerque Basin, showing the three subbasins (white lettering) separated by shelves (from Grauch et al.,
1999). Thin red lines show 7.5ʹ topographic
quadrangle boundaries; thicker black line outlines metropolitan Albuquerque. Our study
area (labeled) is at the southern end of the
Calabacillas fault.
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Figure 4. Perspective slope map of The Volcanoes and Calabacillas Arroyo quadrangles, showing fault scarps and the
1999 trench sites. Warmer colors (red) indicate steeper slope angles; cooler colors (blue) indicate gentler slopes. This
image was produced from the 10 m digital elevation model of the Albuquerque area provided by U.S. Geological Survey in Denver. The southern end of the Calabacillas fault is clearly truncated by the Loma Colorado transfer zone of
Hawley (1996). South the Loma Colorado zone, there is an area of deranged topography containing small isolated hills
and depressions with ephemeral lakes. At the latitude of our two 1999 trenches, the Calabacillas fault is expressed as an
asymmetrical, 1-km-wide graben. The western boundary is formed by the 27-m-high main (east-facing) scarp, which is
fronted by a 0.6-km-wide apron of alluvium (coalescing alluvial fans) that descends eastward into the graben axis. The
eastern boundary is formed by the 5.3-m-high antithetic scarp. The graben axis is a series of closed depressions up against
the eastern scarp.

Facility (SAF). At the SAF, sewage sludge from the city’s sewage
treatment plants is tilled into the eolian sand that fills the graben
of the Calabacillas fault. Presumably, this site was chosen for the
SAF because the graben is a closed depression here, and runoff can be controlled. The 7.5ʹ topographic map of the Volcano
Ranch quadrangle (renamed in 1995 to The Volcanoes quadrangle) shows three ephemeral lakes in the axis of the graben.
Geomorphology
The graben is bounded on the west by the broad 27-m-high,
250-m-wide (from crest to toe) main scarp of the Calabacillas
fault, and on the east by a 5.3-m-high, west-facing (antithetic)
scarp (Fig. 4). It is this smaller scarp that is transected by our east
trench. The fault scarp is relatively linear and sharp compared
to other scarps on the llano, but it is still subdued compared to
most Quaternary normal fault scarps. The scarp is 5.3 m high but
215 m wide, and it attains a maximum scarp slope angle of only
2.5° (Fig. 5). The profile is relatively symmetrical, and the main
fault exposed in the trench underlies the central, steepest part of
the scarp profile, as is typical for normal faults.

Stratigraphy and Soils
The east trench is 130 m long, up to 8 m wide, and 6 m deep,
and it was dug in a benched design (Fig. 6). The eastern and
western thirds of the trench are composed of a single bench level
above a 1-m-wide inner slot, with each of the two vertical wall
levels 1.5 m high, for a total depth of ~3 m. The central third
of the trench had to be deeper to expose the fault zone and the
Miocene–Pliocene Santa Fe Group beneath the colluvial wedge
sequence, so it is composed of two bench levels above the inner
slot. The maximum depth reached in this section is 6 m.
The most striking feature of this trench is the strong stage
IV (Gile et al., 1966) carbonate soil that underlies the ground
surface across the entire scarp. On the upthrown block, this soil
is 2.5 m thick, but it thickens to engulf the entire 4.5-m-thick
colluvial deposit abutted against the fault plane. The strong soil
development made distinguishing different parent materials difficult. Nevertheless, we did define five major parent materials units
(numbered 1–5, where 1 = oldest), three soils (the surface soil
and two buried soils) containing 17 horizons, and krotovinas of
five different ages (kr0–kr2, where kr0 = oldest).
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Figure 5. Topographic profile of the antithetic fault scarp at the site of the east trench.

Figure 6. Photograph of the east trench, looking east. Excavator is
deepening and widening the trench at the main fault zone.

The unconsolidated parent materials exposed in the trench
fall into five groups (Fig. 7). These groups are, from oldest to
youngest: (1) well-stratified sands and gravels belonging to the
Santa Fe Group, which underlies the entire llano and is Pliocene–
Pleistocene (?) in age; (2) a transitional unit between the Santa
Fe Group and the younger Pleistocene eolian sand blanket that
covers the llano (found only on the upthrown block); (3) scarpderived colluvium and correlative distal colluvium/slope wash
that lies directly atop the Santa Fe Group on the downthrown
block; (4) a thick sand deposit totally engulfed by soil K horizon
development on the downthrown block; and (5) a thin (0.5–1 m)
blanket of Holocene or latest Pleistocene eolian sand that blankets the scarp.
The Santa Fe Group (parent material 1) is divided into four
subunits (1a–1d). Unit 1a is composed of well-stratified mediumcoarse sands and small pebble gravels that are unaffected by pedo-

genesis. This stream alluvium represents the last phase of deposition by the ancestral Rio Puerco as it flowed on the Llano de
Albuquerque surface, before the beginning of incision in the
early to mid-Pleistocene. Unit 1b is a poorly stratified mediumcoarse sand that is transitional with underlying unit 1a. Unit 1c
is an unusual unit, composed of poorly stratified sand that contains pebble-sized clasts of pure white carbonate. We interpret
the clasts as retransported remains of a stream-bottom carbonate
deposit, i.e., a precipitate that formed beneath channels of losing streams due to infiltration of carbonate-rich water. According to Sean Connell (New Mexico Bureau of Mines and Mineral
Resources, Albuquerque, 1999, personal commun.), such pure
carbonate beds are common in the Santa Fe Group. Unit 1d is a
poorly stratified sand similar to unit 1b.
Unit 2 occupies all the stratigraphic section on the upthrown
block above the Santa Fe Group and below the thin blanket of
Holocene eolian sand. This parent material has been so strongly
affected by the accumulation of pedogenic carbonate that it is
difficult to infer its original sedimentology. The K11 and K12
horizons contain 59% and 51% carbonate by weight, indicating
that more than half of the present volume of unit 2 is a precipitate. We infer that parent material 1 (Santa Fe Formation) on the
upthrown block grades upward into eolian sand that was deposited on the llano surface over a period of many hundreds of thousands of years. Due to soil formation and physical mixing of the
two parent materials (bioturbation), it is no longer possible to
map this Santa Fe Group–eolian parent material boundary. Unit 2
and its contained soil profile span the entire time period from the
abandonment of the llano (0.5–1 Ma?) to the deposition of the
Holocene eolian blanket.
Unit 3 exists only on the downthrown block and in the fault
zone. It lies directly atop unit 1d, and its stratigraphic position
indicates it is either the youngest part of the Santa Fe Group
alluvium or the oldest part of the overlying, llano-wide eolian
deposit. However, the geometry of unit 3 within 2 m of the main
fault zone (at 67 m on the horizontal scale of the trench log, or

Figure 7. Log of the east trench.
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67 m H) shows that this unit dips ~10° west and unconformably
overlies the Santa Fe Group on both the upthrown and downthrown blocks. This angular unconformity indicates that unit 3
is a scarp-derived deposit of sand that was deposited on a gently
sloping fault free face developed in loose sand. This free face
must have exposed unit 1c, because white carbonate clasts are
found scattered throughout unit 3. In addition, several small faults
on the upthrown block are truncated by the bottom of unit 3, confirming that it was deposited after a faulting event. Therefore, we
interpret unit 3 proximal to the fault as retransported sand derived
from a degraded free face in sandy Santa Fe Group. The part of
parent material unit 3 farther from the fault is a massive sand that
could be wash-facies colluvium, alluvium, or eolian sand.
Unconformably overlying unit 3 on the downthrown block,
there is a 3-m-thick strong carbonate soil (unit 4). K horizons
of this soil contain 40%–52% carbonate by weight, the precipitation of which has obscured the original sedimentology of the
parent material. However, most of the noncarbonate volume of
this deposit is sand, so we infer that most of this parent material
is part of the 1–2-m-thick eolian deposit that covers the entire
llano. As such, it is partly time-correlative with unit 2 on the
upthrown block, but it may also contain components of scarpderived deposits (like unit 3) that have been obscured by K horizon development.
The youngest parent material exposed in the trench (unit 5)
is a thin (0.5–1 m thick) blanket of eolian sand. This parent material is ~0.5 m thick on the upthrown block and ~1 m thick on the
downthrown block. This deposit clearly lies unconformably atop
the K horizon developed on unit 4 and carries a much weaker soil
(described in the next section).
The trench walls expose many areas where the K horizons
have been removed and replaced by much younger, weakly
calcareous, reddish sand. These pockets of sand are labeled as
“krotovinas” on the trench log, but they probably have several
origins. For example, most of the krotovinas on the upthrown
block (0–60 m H on the log; see Fig. 7) are elongated in the horizontal plane, have irregular margins, and are not associated with
faults; these are probably true rodent burrows. In contrast, the
upward-flaring krotovinas overlying the main normal fault at
67 m H (Fig. 8) grade downward into the fault plane, have very
sharp subvertical sides, and are probably tectonic fissures that
were later filled with sand. The krotovinas at 63–65 m H overlie secondary normal faults and are elongated vertically, yet they
have irregular shapes. These may represent tectonic fractures or
fissures in the K horizons that were enlarged later by burrowing
rodents. Another indication of the tectonic inheritance of some
krotovinas is the increase in density of krotovinas in the footwall
progressively closer to the main normal fault zone.
The “krotovinas” fall into three broad age categories. Unit
kr0 represents very old krotovinas that predate the formation of
the soil horizons in unit 4 (i.e., the soil horizons of unit 4 are also
developed through these krotovinas; see Fig. 7). Unit kr1 represents younger filled krotovinas. Unit kr2 represents the youngest
krotovinas, some of which are younger than the bottom half of
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Figure 8. Enlarged log of the main fault in the east trench.

parent material unit 5 (Fig. 7). These krotovinas are filled with
very loose sand with no detectable soil development other than a
red color staining.
Soils
The main map units in the east trench are soil horizons. The
surface soil is defined as occupying only unit 5, the Holocene–
late Pleistocene eolian sand blanket, and is composed of AB, Bk,
and Bk2 horizons (Figs. 7 and 8; Table 1). The AB horizon contains 5%–6% carbonate by weight, and the Bk horizons contain
8%–11% carbonate by weight (Table 1). Cumulative secondary
carbonate in these horizons is 6.8–6.9 g cm–2 column.
The uppermost buried soil (buried soil 1, or b1) is developed
on parent material unit 2 on the upthrown block and on parent
material unit 4 on the downthrown block. The top of this soil is
marked by the abrupt appearance of stage III–IV carbonate. In
several places, the uppermost horizon in this soil (typically the
K11 horizon) has a rubblized texture. We interpret this rubblization to represent a period of past dissolution of the top of the K
horizon, probably due to removal of the overlying soil horizons
and subaerial exposure. This rubblization is only observed on the
upthrown block, where it is reasonable that a period of postfaulting erosion may have stripped off the loose eolian surface sands
to expose the top of a hard K horizon.
The uppermost buried soil on the upthrown block extends
from 63 cm depth to 4.71 m depth and is developed on parent
material unit 2 (horizons 2K11b1, 2K12b1, 2K2b1, 2K3b1) and
parent material unit 1 (horizons 1dCk1b1, and other Ck horizons
developed on other subunits of unit 1). Cumulative secondary
carbonate in buried soil 1 at 11 m H is ~94 g cm–2 column.
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% CaCO3

1.59

1.37

3.38

1.74

1.72

1.82

1.55

1.69

1.74

1.78

1.69

1.57

1.40

1.51

1.44

1.71

1.68

1.76

1.70

1.74

1.74

1.77

1.72

1.65

1.68

1.34

1.51

1.61

Bulk
density

12.59

3.07

1.54

5.57

8.11

6.88

1.81

0.81

0.50

0.77

0.85

1.71

0.59

0.19

0.13

27.23

0.46

0.51

6.31

6.96

3.85

0.51

2.41

1.29

0.84

3.65

0.25

0.15

0.03

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

Total
Orig.
CaCO3 (g) % CaCO3

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

Orig.
bulk
density

1.81

0.54

0.20

0.60

0.50

2.01

0.46

0.38

0.30

0.32

0.34

0.26

0.54

0.44

0.16

5.71

0.34

0.50

0.60

0.48

0.42

0.30

0.70

0.44

0.60

0.48

0.16

0.52

0.14

8.88

7.08

6.53

6.33

5.73

5.23

3.22

2.75

2.37

2.07

1.75

1.41

1.15

0.60

0.16

5.71

5.37

4.86

4.26

3.78

3.36

3.06

2.35

1.91

1.31

0.82

0.66

0.14

10.78

2.53

1.34

4.97

7.61

4.87

1.35

0.43

0.19

0.45

0.51

1.45

0.05

–0.25

–0.03

21.52

0.12

0.01

5.71

6.47

3.43

0.21

1.71

0.85

0.23

3.17

0.09

–0.37

–0.11

Orig. Cumulative
CaCO3
orig.
Secondary
CaCO3 (g) CaCO3 (g)
(g)

36.49

25.71

23.18

21.83

16.87

9.26

4.39

3.03

2.61

2.41

1.96

1.45

0.00

0.00

0.00

21.90

21.79

21.78

16.07

9.60

6.17

5.96

4.25

3.40

3.17

0.00

0.00

0.00

Cumulative
secondary
CaCO3 (g)

TABLE 1. SUMMARY OF SOIL ANALYTICAL DATA FROM THE WEST AND EAST TRENCHES OF 1999

216.00

55.60

32.20

14.00

IRSL
age
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139.28

131.20

101.35

55.60

46.19

36.26

33.13

31.70

28.38

24.62

14.00

52.41

32.20

26.59

24.82

24.01

18.21

20.01

14.00

67.93

32.19

22.26

19.13

17.70

14.38

10.62

14.00

EstiEstiEstimated mated mated
age
age
age
(ka)
(ka)
(ka)
Method Method Method
3
2
1

5.49 216.00

4.49

4.15

NA

Age
trend
k.y./g*
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98
35
35
18
12
25
50

WMF45 W4 17Bkb3

WMF46 W4 16K1b4

WMF47 W4 16K2b4

WMF48 W4 16K3b4

WMF49 W4 16Ck2b4

WMF50 W4 15Ckb4

WMF51 W4 14Ckb5

AVG

426

25

WMF44 W4 18Bkb2

SUM

15

WMF43 W4 18Bwb2

18

WMF41 W4 20C
6

24

WMF40 W4 20 Ck

WMF42 W4 19Bkb1

8

WMF37 W4 20BtK

15

18

WMF36 W4 20Bt2

WMF39 W4 20 K2

8

WMF35 W4 20Bt1

WMF38 W4 20 K1

3
13

WMF34 W4 21AB

AVG

110

28
52

WMF32 W3 13 bk2b5

WMF33 W3 13Ckb5

SUM

30

WMF31 W3 13Bk1b5

(Continued)

#W4

#W3

AVG

520

25

SUM

53

WMF30 W2-11Ck2b7

Thickness
(cm)

WMF29 W2-11Ckb7

Soil
profile
no. Lab no. Sample no.

–31.40

–4.26

–3.76

–3.51

–3.39

–3.21

–2.86

–2.51

–1.53

–1.28

–1.13

–1.07

–0.89

–0.65

–0.50

–0.42

–0.24

–0.16

–0.03

–1.98

–1.10

–0.58

–0.30

–37.64

–5.20

–4.95

Depth
(m)

102.87

6.80

5.76

3.17

5.74

13.13

19.79

3.34

2.31

2.02

2.23

2.15

4.43

6.73

9.52

7.89

3.18

4.53

0.15

20.52

7.01

1.74

11.77

95.16

4.52

8.81

% CaCO3

1.79

1.70

1.72

1.77

1.82

1.76

1.82

1.67

1.62

1.67

1.74

1.57

1.66

1.72

1.53

1.53

1.53

1.48

1.72

1.57

1.78

1.67

1.72

Bulk
density

48.01

6.09

2.45

0.65

1.83

8.36

12.19

5.96

0.96

0.49

0.22

0.67

1.67

1.68

1.31

2.17

0.39

0.90

0.01

13.32

6.27

0.76

6.29

55.06

1.89

8.03

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

1.50

Total
Orig.
CaCO3 (g) % CaCO3

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

Orig.
bulk
density

8.56

1.01

0.50

0.24

0.36

0.70

0.70

1.97

0.50

0.30

0.12

0.36

0.48

0.30

0.16

0.36

0.16

0.26

0.06

2.21

1.05

0.56

0.60

10.45

0.50

1.07

8.56

7.56

7.06

6.81

6.45

5.75

5.05

3.08

2.57

2.27

2.15

1.79

1.31

1.01

0.84

0.48

0.32

0.06

2.21

1.17

0.60

10.45

9.95

39.44

5.08

1.95

0.41

1.47

7.66

11.49

3.99

0.46

0.19

0.10

0.31

1.19

1.37

1.15

1.81

0.23

0.64

–0.05

11.11

5.22

0.20

5.68

44.61

1.38

6.97

Orig. Cumulative
CaCO3
orig.
Secondary
CaCO3 (g) CaCO3 (g)
(g)

44.31

38.63

33.55

31.60

31.19

29.72

22.06

10.57

6.59

6.13

5.94

5.83

5.52

4.33

2.96

1.81

0.00

0.00

0.00

11.11

5.88

5.68

44.84

43.46

Cumulative
secondary
CaCO3 (g)

151.00

55.60

32.20

14.00

IRSL
age
(ka)

TABLE 1. SUMMARY OF SOIL ANALYTICAL DATA FROM THE WEST AND EAST TRENCHES OF 1999 (Continued)
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3.93
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NA
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trend
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age
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(ka)
(ka)
Method Method Method
3
2
1
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23
15
37

WMF69 E2 U2 E2.06

WMF70 E2 U3 E2.07

WMF71 E2 U4 E2.08

–2.39

–2.24

–2.01
8.04

10.18

8.33

40.34

52.70

40.76

183.42

30

WMF68 E2 1Ck E2.05

–1.71

–1.13

–0.59

6.68
11.38

276.00 –13.26

58

WMF67 E2 K2 E2.04

SUM

54

WMF66 E2 K12 E2.03

–0.07
–0.36

10.86
209.63

5.01

23

WMF65 E2 K11 E2.02

–4.96
–31.10

8.19

13.53

8.02

11.52

19.40

13.35

51.28

59.35

8.28

5.85

% CaCO3

–2.76

7
29

WMF63 E2 AB E2.00

496

WMF64 E2 Bk E2.01

AVG

SUM

–4.71

–4.41

–3.76

–3.38

–3.28

–2.78

–1.73

–1.18

–0.63

–0.28

Depth
(m)

*Age of sample divided by secondary carbonate.

#E2

38

WMF59 E1 1.5Bk E1.08

25

10

WMF58 E1 1Ck E1.07

WMF62 E1 unit2 E1.11

50

WMF57 E1 1K3 E1.06

65

105

WMF56 E1 K2 E1.05

30

55

WMF55 E1 K12 E1.04

WMF60 E1 1.5Ck1 E1.09

55

WMF54 E1 K11 E1.03

WMF61 E1 1.5Ck2 E1.10

28
35

WMF53 E1 Bk E1.02

Thickness
(cm)

# E1 WMF52 E1 AB E1.01

Albuquerque East Trench

Soil
profile
no. Lab no. Sample no.

1.50

1.57

1.59

1.66

1.49

1.40

1.40

2.10

1.57

1.84

1.71

1.63

2.09

1.96

1.72

1.58

1.84

1.57

1.93

1.50

Bulk
density

108.04

2.78

1.89

3.72

4.15

34.86

39.84

13.12

6.93

0.73

182.19

5.00

4.20

14.34

6.37

2.26

16.68

22.15

51.90

51.25

5.59

2.46

1.50

1.50

1.50

4.50

1.50

1.50

1.50

1.50

1.50

4.50

4.50

4.50

4.50

4.50

1.50

1.50

1.50

1.50

1.50

1.50

Total
Orig.
CaCO3 (g) % CaCO3

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

1.34

Orig.
bulk
density

6.75

0.74

0.30

0.46

1.81

1.17

1.09

0.46

0.58

0.14

16.72

1.51

1.81

3.92

2.29

0.60

1.01

2.11

1.11

1.11

0.70

0.56

6.75

6.01

5.71

5.25

3.44

2.27

1.19

0.72

0.14

16.72

15.22

13.41

9.49

7.20

6.59

5.59

3.48

2.37

1.27

0.56

101.28

2.04

1.59

3.26

2.34

33.70

38.76

12.66

6.35

0.59

165.46

3.49

2.39

10.42

4.08

1.65

15.68

20.04

50.79

50.14

4.89

1.89

Orig. Cumulative
CaCO3
orig.
Secondary
CaCO3 (g) CaCO3 (g)
(g)

101.28

99.25

97.66

94.39

92.06

58.36

19.60

6.94

0.59

165.46

161.97

159.58

149.17

145.09

143.43

127.75

107.72

56.93

6.78

1.89

Cumulative
secondary
CaCO3 (g)

IRSL
age
(ka)

TABLE 1. SUMMARY OF SOIL ANALYTICAL DATA FROM THE WEST AND EAST TRENCHES OF 1999 (Continued)
Age
trend
k.y./g*

EstiEstiEstimated mated mated
age
age
age
(ka)
(ka)
(ka)
Method Method Method
3
2
1
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On the downthrown block, buried soil 1 is up to 3 m thick.
This thickening is due to carbonate accumulation within parent
material unit 4 (horizons 4K1b1, 4K2b1, 4K3b1, 4Ckb1). Cumulative secondary carbonate in buried soil 1 at 67 m H is 138 g
cm–2 column, or ~47% more carbonate than in buried soil 1 on
the upthrown block. This greater amount of carbonate resulted
from: (1) erosion of carbonate from upthrown block soils and
redeposition as “recycled” parent material on the downthrown
block, after faulting events, and (2) greater infiltration of carbonate dust on the lower half of the scarp than on the upper half, due
to a progressive increase of downslope sheetwash and increased
permeability due to brecciation of the soil. This catena effect
has been observed on many normal fault scarps (McCalpin and
Berry, 1996; Birkeland, 1999).
The oldest buried soil (buried soil 2) is developed only on
parent material units 3 and 1 on the downthrown block. This
relatively weak soil represents soil formation that occurred on
proximal and distal colluvium after the initial faulting event on
this scarp.
Structure
The east trench is dominated by the main normal fault zone,
which is located at 64–67 m H, exactly beneath the scarp midpoint, and which consists of four west-dipping normal faults.
Together with a smaller fault zone at 32 m H, normal faults in
the footwall have a cumulative throw of ~3 m. The main normal
fault plane at 67 m H is responsible for most of this throw, and
it consists of a 10-cm-wide zone of sheared sand and gravel that
dips 75°W (Fig. 8). The main fault juxtaposes very loose sandy
gravels of the uppermost Santa Fe Group against eolian-derived
colluvium heavily impregnated with calcium carbonate. Within
2 m (west) of the main fault, there are four secondary normal
faults in the footwall that dip 70°W and have an aggregate throw
of 30 cm. The western two of these faults do not extend upward
into unit 3, suggesting that they predate that unit.
The main normal fault grades upward into a 30-cm-wide
filled fissure on the middle 1.5-m-high trench wall (Fig. 8),
and that fissure in turns grades upward into a 1-m-wide krotovina in the upper 1.5-m-high trench wall. The planar, subvertical margins of the fissure and krotovinas strongly suggest that
they were defined by tectonic fractures. Because these margins
extend upward through all of unit 4 (up through horizon 4K1b1),
it appears that some fault movement is younger than unit 4 and its
soil (Fig. 7). In fact, several prominent fractures associated with
the large krotovinas extend upward into unit 5Bk, although they
do not offset the lower contact of that unit. It is unclear whether
these fractures are tectonic or pedogenic. If they are tectonic, they
imply that some type of fracturing event occurred after deposition of at least the lower half of parent material unit 5.
In the hanging wall the Santa Fe Group in the bottom of the
trench, there appears to be warp of 1 m up-to-the-west between
90 and 100 m H (Fig. 7). There are no up-to-the-west faults visible in this warped area, so it is unclear whether this warp overlies
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faults beneath the trench floor (i.e., it is a drape fold), or whether
the warp is a depositional feature. However, the warped area is
overlain by a huge carbonate-filled void that extends through the
entire thickness of parent materials units 3 and 4 (Fig. 7). This
void appears to be a large burrowed-out area where animals took
advantage of fractures caused by the warping.
Finally, unit 3 is anomalously tilted down-to-the-west by at
least 1 m between 120 and 123 m H, at the far western end of the
trench (Fig. 7). This tilting also affects the 4Bk3-4K1 contact,
although not as much. Small groups of east-dipping fractures at
120 m H and 125 m H may overlie better-defined faults that lie
beneath the trench floor. If these faults have the same east dip
as the fractures, they would have an apparent reverse geometry.
Such “reverse” faults were observed in the 1996 County Dump
trenches (McCalpin et al., 2006) and in the 1999 west trench
described later.
Geochronology
Because the east trench did not contain a good stratigraphic
record of faulting events, we did not collect any radiocarbon or
luminescence dating samples from it, preferring to concentrate our
limited dating budget on the west trench. However, we did analyze
the amount of secondary calcium carbonate in two soil profiles,
one in the footwall at 11 m H and one in the hanging wall at 68 m
H (Fig. 7). The entire soil profile exposed in the trench contains
101 g cm–2 column in the footwall and 165 g cm–2 column in the
hanging wall (Table 1). If we apply the carbonate-accumulation
rates of 0.25–0.5 g cm–2 column k.y.–1 cited by Machette (1985)
for long time periods (pluvial plus interpluvial), we can calculate
a soil age of 202–404 ka for the footwall soil and 330–660 ka for
the hanging-wall soil. The footwall soil has probably been periodically eroded after faulting events, so its soil-age estimate should
be viewed as a minimum. The hanging-wall soil has been augmented by carbonate eroded from the footwall, so its carbonate
content is greater than that of an equivalent-age soil on a stable
geomorphic surface, such as the surfaces from which Machette’s
(1985) calibration curve was derived. Accordingly, the estimates
of 330–660 ka for soil formation should be viewed as maximum
age estimates.
Interpretation
Our preliminary interpretation is that individual faulting events on this 5.3-m-high scarp only averaged ~0.2–0.5 m
of throw distributed across several faults. The free faces above
each fault were developed in loose eolian sand, which quickly
collapsed to form thin, amorphous colluvial deposits; no gravel
of the Santa Fe Group was ever exposed in the free face. The
thin colluvial wedge was then impregnated by pedogenic carbonate accumulation from the surface. As a result, despite
repeated surface-faulting events in the past 500 k.y. on the fault,
the resulting carbonate soil was cumulic on the colluvial wedge
parent materials and indurated itself into a 4.5-m-thick massive
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carbonate soil composed of multiple K horizons. Due to this carbonate overprinting effect, we were not able to distinguish discrete colluvial wedges except for unit 3.
The main lesson to be learned at this trench is that, in order
to distinguish individual colluvial deposits, scarp-derived colluvial deposits must be thick enough to escape cumulic soil formation and soil “welding.” Conversely, if vertical displacement
is <<0.5 m, as probably occurred on this antithetic fault, then
soil overprinting prevents identification of individual colluvial
wedge deposits. This phenomenon of small free fault faces being
created on an eolian-dominated landform was also documented
by McCalpin et al. (2006) on the Llano de Albuquerque, and by
Personius and Mahan (2003) on the Llano de Manzano on the
eastern margin of the rift.

lineament and exposed a large normal fault directly beneath the
slope break.
The scarp face has been incised by widely spaced gullies
that end at the slope break and become the loci of the heads of
low-gradient alluvial fans. The topographic profile of the scarp
(Fig. 9) shows that although the scarp is very gentle (maximum
scarp slope angle is 5°), the scarp face is composed of two elements of subequal height. The steeper lower scarp face averages
4°–5°, compared to the gentler upper scarp face, which slopes
3°–4°. The scarp crest is fairly abrupt and gives a good vantage
point that looks eastward over the graben. We noticed abundant
Paleoindian stone artifacts lying on the surface at the scarp crest,
as if ancient hunters had established lookouts there. We did not
notice any such artifacts elsewhere on the scarp face.

WEST TRENCH

Stratigraphy

Location and Geomorphology

Parent Materials
The west trench is 67 m long, up to 8 m wide, and 5.7 m
deep (Fig. 10). The trench exposes Santa Fe Group (parent material unit 1) on the upthrown block and a series of eolian, colluvial, and alluvial deposits (parent materials units 11–19) on the
downthrown block (Fig. 11). In addition, the entire surface here
is mantled with a 1–1.5-m-thick blanket of late Pleistocene and
Holocene eolian sand (parent material unit 20).
The oldest deposits in the trench are beds of sandy and
gravelly alluvium of the Santa Fe Group (unit 1) exposed in
the footwall. We subdivided unit 1 into eight subunits (1a–1h)
based on differences in grain size and sorting (see descriptions in Appendix 1). Although six of the eight subunits were

The west trench is located on the western side of the graben across the main (east-facing) fault scarp of the Calabacillas
fault. The western margin scarp is composed of a 250-m-wide,
low-angle scarp face fronted by a 0.6-km-wide apron of lowgradient, coalescing alluvial fans (Fig. 4). There is a fairly sharp
break in slope between the scarp face and the head of the alluvial apron (Fig. 9). The steepest slope segment on the scarp face
appears to be at this break in slope, and at the west trench site, a
line of anomalously large shrubs trends north-south at this slope
break, suggesting a linear subsurface moisture anomaly. We
centered our 60-m-long trench on this slope break–vegetation

Figure 9. Topographic profile across the main scarp of the Calabacillas fault at the west trench site. Upper part shows the true-scale profile; lower
part has 3× vertical exaggeration
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composed of clast-supported channel facies (sandy gravels and
gravelly sands), two thin beds were much finer grained (units 1e
and 1f) and appeared to be floodplain overbank or marsh deposits. These extremely hard clay-rich beds apparently constitute
ground-penetrating radar (GPR) “basement” on the upthrown
block (described at the end of this chapter).
The next youngest parent materials are units 2–4, which
form westward-tapering wedges in the footwall directly west of
the main normal fault (F2, Fig. 11). These three parent materials
unconformably overlie unit 1 and appear to be the remains of
scarp-derived colluvial wedges similar to unit 3 in the east trench.
The only parts of the unit 2–4 wedges that are still preserved
are “perched” in the footwall; their equivalents in the hanging
wall are assumed to lie far beneath the trench floor, based on the
presumed 27 m of throw on the main fault (required to create the
27 m of scarp height observed here).
The next youngest parent materials in the trench are found in
the hanging wall, in a fault-bounded structural block between the
main normal fault (32 m H) and a zone of reverse faults (25–27 m
H). We numbered these parent materials as units 11 and 12. This
jump in the numbering system indicates our inference that this
parent material is younger than the remnants of wedges in the
footwall (units 2–4), and that an unknown number of units exists
beneath the trench floor between unit 11 and the correlatives of
units 2–4 in the hanging wall. We do not mean to imply that there
are six of these buried units, because we have no idea how many
additional colluvial/alluvial strata exist beneath the trench floor in
the footwall. Our jump from single-digit unit numbers (footwall)

Figure 10. Photograph of the west trench, looking east. The logged
walls are at right. The spoil pile of the east trench is visible in the
distance at upper left. At upper center, three of the Albuquerque volcanoes appear on the horizon. The City of Albuquerque Soil Amendment
Facility’s main shed is visible just below the right-hand volcano. This
shed lies just east of the antithetic fault on the eastern margin of the
graben, so a line between the east trench and the shed approximates the
eastern margin of the graben. In the far distance at top are the Sandia
Mountains. Photograph was taken by J.P. McCalpin on 1 June 1999.
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to double-digit unit numbers (hanging wall) simply indicates
that there are some unexposed strata between parent materials 4
and 11. Units 11 and 12 are both strongly affected by K horizon
development, so parent material properties are obscured. However, the sandy texture suggests that both units represent eolianderived sands that were probably transported by sheetwash to
their present location.
Units 11 and 12 are overlain by three parent materials (units
13–15) that can be traced from the center to the eastern end of the
trench. Unit 13 projects beneath the trench floor at 14 m H and
pinches out to the west at 27 m H. Likewise, both units 14 and
15 pinch out to the west, the former at 19 m H and the latter at
12 m H. Unit 13 contains abundant floating pebbles in a massive
sandy matrix. The pebbles and lack of stratification suggest that
unit 13 is a colluvium derived from a scarp free face that exposed
gravels in the Santa Fe Group. To expose Santa Fe gravels today
in a free face would require a fault scarp higher than 3.5 m, that
being the combined thickness of eolian and colluvial units now
covering the Santa Fe Group at the main fault. Clearly, when the
free face was created that shed unit 13 colluvium, the Santa Fe
Group in the footwall was not deeply buried by an eolian blanket
(units 16–20), as it is today.
Unit 14 also contains rare floating pebbles, but it is much
sandier and softer than unit 13. The difference in hardness results
from the weak carbonate soil development in unit 14 (Ck) versus
that in unit 13 (K). Unit 15 is a nearly pure medium sand of probable eolian origin. At 10 m H, unit 15 forms a funnel-shaped mass
that protrudes downward through units 14 and 13. This feature
looks like a sand dike caused by liquefaction. Units 13, 14, and 15
are all erosionally truncated by the basal contact of unit 16, which
is marked by a prominent concentration of gravel. The overall
geometry suggests that units 13–15 originally extended across the
reverse fault (F1, Fig. 11) and possibly across the main normal
fault, but they have subsequently been removed by erosion.
Unit 16 is the only parent material in the hanging wall that
is clearly a stream deposit rather than eolian-colluvial deposit.
The lower one quarter to one third of the unit is a clast-supported
small-medium pebble gravel, which fines slowly upward into a
gravelly sand. The basal gravel is the coarsest and has clearly
truncated the underlying, east-dipping strata. Between 8 m H and
25 m H, the unit thickens in the trench wall and has the appearance of a broad, flat-floored channel. Perhaps unit 16 represents an ephemeral stream that flowed parallel to the base of the
fault scarp.
Units 17–21 are all eolian sands that apparently blanketed
the scarp and that do not contain any evidence of a scarp-derived
colluvial component. The only effect of faulting on these units is
to thicken them on the downthrown block. For example, unit 17
is 40 cm thick in the footwall and 80–100 cm thick in the hanging wall, and unit 18 is 20 cm thick in the footwall and 40–60 cm
thick in the hanging wall. In contrast, unit 20 thickens less across
the fault, from 80 cm in the footwall to 120 cm in the hanging
wall. Unit 19 is a thin lens of eolian sand at the far eastern end of
the trench that pinches out at 12 m H.

Figure 11. Log of the center of the west trench showing the main fault zone.
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Soils

Structure

Soils in the west trench generally conform to the previously
described parent materials, especially in the upper parent material units 17–21. In these eolian-blanket deposits, soil horizons
parallel parent material contacts, which in turn parallel the modern ground surface. The surface soil is contained within parent
material units 20 and 21 and contains eight horizons (AB, Bt1,
Bt2, Btk, K1, K2, Ck1, Ck2). Parent material unit 19 contains its
own soil, which is numbered “b1” (buried soil 1). Parent material
units 17 and 18 each contain their own soil, composed of one Bk
horizon each (unit 18Bkb2, unit 17Bkb3). We have labeled these
two units as separate buried soils (b2 and b3) because there is
an apparent parent material unconformity between units 17 and
18. This unconformity has two manifestations: (1) unit 17 thins
in the footwall directly west of fault F2, and unit 18 correspondingly thickens, as if free face erosion had occurred between
their deposition, and (2) horizon 17Bkb3 contains an extensive
angular network of carbonate-filled fractures that generally do
not extend upward into horizon 18Bkb2. We suspect that this
network of fractures records a deformation event that affected
unit 17 but not unit 18. Finally, the displacement of these two
units across fault F2 is significantly different, as described in the
next section.
Below buried soil b3, buried soils in the footwall and hanging wall are developed in parent materials of different ages. This
happens because strata are missing in the footwall due to interfaulting erosion, whereas the stratigraphic sequence is more complete in the hanging wall. For example, the fourth buried soil in
the hanging wall is developed in parent material units 14–16 and
contains the uppermost strong (stage III–IV) K horizon in the
hanging wall (horizon 16K1b4). In contrast, this same strong K
horizon in the footwall is developed on parent material unit 4
(horizon 4K1b4), which is a much older deposit. We thus infer
that buried soil 4 developed when the ground surface here was
underlain by unit 16 in the hanging wall and unit 4 in the footwall. In a similar manner, the fifth buried soil in the hanging wall
is developed in parent material unit 13, whereas its footwall correlative is developed in parent material unit 2. However, beneath
unit 13 in the hanging wall, there are two additional soils, buried
soil 6 developed on unit 12 and buried soil 7 developed on unit
11, both of which contain K horizons. The time span represented
by these soils (and additional soils beneath the floor of the trench)
must be partly correlative to the time span represented by the soil
developed in parent material unit 2 in the footwall. Accordingly,
we have numbered the horizons developed on parent material
unit 2 as 2K1b5–7 and 2K2b5–7, indicating that the period of
soil formation probably overlapped with that of soils b5, b6, and
b7 in the hanging wall.
When traced west of 35 m H, parent material unit 2 thins,
pinches out, and then reappears at 44 m H. In this area, buried
soil 5–7 is thicker than the remaining part of unit 2, so the lower
part of buried soil b5–7 extends down into parent material unit 1
(Santa Fe Group).

The west trench exposes three major deformation zones,
labeled F1–F3 on Figure 11. The main normal fault zone (F2)
abuts Santa Fe Group units in the footwall against colluvial units
11 and 12 in the hanging wall. The zone contains two parallel normal faults ~30–40 cm apart, and the block between these faults
contains eastward-tilted beds correlative with footwall strata.
The western fault has 1.4–1.6 m of throw, whereas the eastern
fault has more throw and is the main fault strand. The total throw
across both fault strands is probably in the tens of meters, if this is
the fault responsible for creating the 27-m-high scarp of the Calabacillas fault. However, there could be additional fault strands
beneath the scarp face farther west of our trench (see Fig. 9). The
eastern fault plane in this zone is fronted by a 60–80-cm-wide
zone of disturbed sand (unit 1d) that contains floating blocks of
cohesive footwall units such as 1e and 1f. It is unclear whether
this material is debris-facies colluvium, fissure fill, or merely
blocks of footwall strata that have been rotated and internally
deformed by normal faulting.
The previous description applies only to fault zone F2 in
the lowest of the three walls of the trench. In the middle wall
(between the two benches shown on Fig. 11), the fault zone is
completely obliterated by a 40–60-cm-wide krotovina. This krotovina is filled with reddish sand derived from units younger than
unit 17. The irregular margins of the krotovina indicate that it was
probably shaped by burrowing animals, but the overall vertical
shape and location of the krotovinas at the fault suggest that the
animals were burrowing in a fractured zone softened by faulting
or fissuring.
The character of F2 changes again on the uppermost trench
wall, where there is a single vertical fault strand with short, westdipping faults splaying off and dying out upward into unit 20.
The upper 60 cm of the fault are made up of a krotovina or fissure
fill bounded by fairly linear fractures.
The displacement of parent material units 17–20 across
fault F2 can be measured directly because those units are preserved on both sides of the fault. For older units, we must rely
on our correlation of buried soils (such as b4) across the fault.
Figure 12 shows fault zone F2 and the differential displacements measured on the bottom contacts of units 20Btk, 18Bwb2,
17Bkb3, and soil b4 (developed on unit 16 in the hanging wall
and unit 3 in the footwall). The vertical displacements on these
contacts increase downward, from 10 cm to 40 cm, 95 cm, and
115–145 cm, respectively. We use the cumulative throw of the
bottom of each soil (b2, b3, b4) as a measure of the cumulative
throw of the soil, because in each case, the soil on the upthrown
block was thinned by postfaulting erosion, so throws measured
on the top of a given soil are minimum values. These differential displacements suggest four successive faulting events with
throws of (from youngest to oldest) 10 cm, 30 cm, 55 cm, and
20–50 cm each.
The second largest fault zone in the trench is fault zone F1, a
zone of five faults between 25 and 27 m H (Fig. 11). These faults
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Figure 12. Slip history diagram based on the four differential offsets
shown in Figure 11 and the infrared-stimulated luminescence (IRSL)
age estimates.

drop units 11 and 12 from 2 m above the trench floor to beneath
the trench floor, indicating a minimum down-to-the-east throw
of 2 m. The faults are either vertical or dip steeply west, with the
latter having the geometry of reverse faults. However, we believe
that the westward dips of these faults result from eastward toppling of step-fault blocks into the hanging wall, with the blocks
farthest east having subsided the most. This structural style has
been observed on other Quaternary normal faults in the United
States (County Dump fault—McCalpin et al., 2006; Pajarito
fault—McCalpin, 2005; Wasatch fault zone—McCalpin, 2002),
in Greece (Mercier et al., 1979), and in Italy (Fucino fault—Blumetti et al., 1988). Movement on fault zone F1 has created an
intermediate structural block between faults F1 and F2, which
is relatively upthrown compared to the rest of the hanging wall.
Faulting here must have uplifted units 13–15, after which the
fluvial channel of unit 16 beveled off the top of the fault block,
removing units 13–15 from most of the block. There is no evidence for movement on these faults subsequent to deposition of
unit 16.
The third fault zone (F3) is located in the footwall at 35–39 m
H. This zone only affects the lower part of the Santa Fe Group
that is exposed (units 1a–1g; Appendix 1), indicating that movement ceased before the end of Santa Fe deposition here (0.5–1
Ma?). The down-to-the-east normal faults in this zone parallel
those in fault zone F2, but the total throw across the zone (based
on unit 1c) is less than 50 cm.

Two samples were dated by both multi-aliquot, polymineral
fine-silt thermoluminescence (TL) and infrared-stimulated luminescence (IRSL), and five samples were dated by only IRSL,
at Glenn Berger’s laboratory at the Desert Research Institute,
Reno, Nevada. Laboratory methods are described by Berger and
Péwé (2001) and Berger and Doran (2001). The samples were
collected at night to prevent sunlight exposure, to which IRSL
samples are very sensitive. The samples yield a sequence of ages
from 14 ka to ca. 200 ka, in correct stratigraphic order (Fig. 12;
Table 2).
The five IRSL ages were then used to calculate the rate of
secondary carbonate accumulation with time (Table 1, three columns at far right). The advantages of constructing a graph of soil
carbonate versus age are twofold: (1) It permits us to estimate
the ages of all soil horizons, even those that are not amenable
to luminescence dating, and (2) by comparing the proportion of
carbonate in various soils, we can proportionally assign each soil
a fraction of the total age of the exposure, as was done in the
pioneering study of Machette (1978) on the County Dump fault.
We used three methods (Table 1) to calibrate the secondary carbonate values against IRSL ages. Method 1 assumes that carbonate stopped accumulating at 14 ka, because beds younger than
14 ka (units 20Bt2 and higher) contain no carbonate. Method 2
assumes that the carbonate between unit 18Bkb2 and the ground
surface accumulated at a constant rate between 32 ka and the
present. Method 3 assumes that carbonate accumulated up to the
present, but at variable rates between the IRSL ages of ca. 14 ka,
32.2 ka, and 55.6 ka. Because we have no reason to prefer one
of the models over the other, their age range adds a “provenance
error” to the analytical uncertainties in the ages of the soil horizons. In addition, the soil ages cited in the last three columns on
the right of Table 1 are the ages at which soil formation began in
each horizon. In other words, it is the age of the parent material at
the bottom of each horizon.
Figure 13 shows the increase of secondary (pedogenic) carbonate with IRSL age for soil profiles at 11 m H (soil profile 4)
and at 27 m H (soil profile 2). The latter profile is missing units
13–15 (eroded off the intermediate fault block), so their carbonate amounts are missing from the total. Figure 13 shows that the
average accumulation rate for secondary carbonate in the (relatively) uneroded soil profile 4 was 0.35 g/k.y. between ca. 151
and 55 ka. Between 55 and 32 ka, the accumulation rate was
lower, 0.17 g/k.y. Both of these computed accumulation rates
assume that no carbonate has been eroded from the hanging wall
at 11 m H, and this is certainly not true for unit 15, the upper two
thirds of which were eroded by unit 16 here. These accumulation
rates can be compared with rates calculated at the County Dump
fault (McCalpin et al., 2006) and cited by Machette (1985) for
numerous locations in the western United States. At the County
Dump fault, TL ages define a carbonate accumulation rate of 0.26
g/k.y. over the time period 4–82 ka, and of 0.54 g/k.y. between
82 and 293 ka. These rates can be compared to those computed
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TABLE 2. LUMINESCENCE AGE ESTIMATES FROM THE WEST TRENCH
Sample no.
AWT99-1
AWT99-2

Unit

Dose rate (Gy/yr)

Age estimate (ka, ±1σ) and method

13K1b5
12Kb6

2.50 ± 0.11
2.75 ± 0.11

103±15 (TL & IRSL)
196 ± 18 (TL & IRSL)

AWT99-3

12Kb6

2.54 ± 0.12

219 ± 64 (IRSL)

AWT99-4

13K1b5

3.00 ± 0.37

151 ± 35 (IRSL)

AWT99-5

16K1b4

3.123 ± 0.0095

55.6 ± 2.9 (IRSL)

AWT99-6

18Bkb2

3.474 ± 0.088

32.2 ± 1.5 (IRSL)

AWT99-7

20Bt2

3.574 ± 0.094

13.99 ± 0.67 (IRSL)

Note: TL—thermoluminescence; IRSL—infrared-stimulated luminescence.

Figure 13. Secondary CaCO3 as a function of infrared-stimulated luminescence (IRSL) age, west trench.

elsewhere in the southwestern United States (Machette, 1985),
and they fall closest to cited rates from Las Cruces, New Mexico of 0.25 g/k.y. for pluvial climates in the Pleistocene, and 0.5
g/k.y. for interpluvial climates.
Interpretation
The four differential displacements across fault zone F1
(Fig. 12) suggest four small-displacement events with earthquake
horizons at the top of soil horizons 20Btk, 18Bwb2, 17Bkb3, and
buried soil 4. Using the luminescence age estimates and average
accumulation rates of secondary carbonate, we can estimate the
ages of these four earthquake horizons (Table 1, right-hand columns), as follows:

Event Z displaces the top of horizon 20Btk and is overlain
by 20Bt2. Horizon 20Bt2 is undated; for horizon 20Btk, the top
is 14.0 ka according to IRSL. Therefore, event Z has a one-sided,
close maximum age constraint of ca. 14 ka.
Event Y displaces soil 18 by 38 cm and is overlain by horizon 20Ck2. A close minimum age constraint on event Y is the age
of the bottom of horizon 20Ck2 (19–25 ka based on carbonate
content; Table 1); a rather loose maximum age constraint is the
carbonate-based age of the base of horizon 18Bwb2 at 22–27 ka
(Table 1). Therefore, our preferred age estimate for event Y is the
average of the overlap of the minimum and maximum age ranges,
i.e., ca. 23.5 ka.
Event X displaces soil 17 by 95 cm and is overlain by horizon 18Bkb2. A close minimum age constraint is provided by the
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age of the bottom of horizon 18Bkb2, which is 32.2 ± 1.5 ka by
IRSL (Table 2); a very loose maximum age constraint is provided by the age of the bottom of horizon 17Bkb3, which is 55.6
± 2.9 ka by IRSL (Table 2). Due to the asymmetrical dating constraints, we rather arbitrarily place this event at ca. 35 ka, with
large uncertainties.
Event W displaces the bottom of soil “b4” by 115–145 cm
(depending on whether the small footwall unit 3Bkb4? is considered to be part of soil b4) and is overlain by horizon 17Bkb3.
A close minimum age constraint is provided by the bottom of
horizon 17Bkb3, which is ca. 52–68 ka by carbonate content
(Table 1); a close maximum age is that of the top of horizon
16K1b4, dated at 55.6 ± 2.9 ka by IRSL (Table 2). The overlap
of these age ranges is ca. 52–56 ka, so our preferred age for event
W is ca. 55 ka.
In summary, our preferred ages for the earthquake horizons for events Z through W (i.e., the tops of horizon 20Btk,
and buried soils b2, b3, and b4) are 14 ka, 23.5 ka, 35 ka, and
55 ka, respectively. These ages form the basis for the slip history diagram shown in Figure 12 (see also Table 3), in which
each closed seismic cycle is named after the event that ends it.
Over the latest three seismic cycles, the slip rate at this site on
the Calabacillas fault has been 0.011 mm/yr (Z), 0.026 mm/yr
(Y), and 0.028 mm/yr (X). These rates are comparable to the
overall post-llano slip-rate estimate for the southern Calabacillas
fault of 0.027–0.054 mm/yr, based on the 27-m-high scarp on a
0.5–1 Ma surface.
The slightly lower slip rates of the latest three events on
fault zone F1, compared to the long-term average for the southern Calabacillas fault, may have several causes. First, fault zone
F1 may not have been the only fault to experience movement in
these latest three events; there may be other, unanalyzed, fault
strands beneath the 250-m-wide scarp face farther west of our
trench. However, if such strands exist, they have not produced
any visible surface relief, which suggests that their cumulative
throw would be quite small. Second, event W (and presumably
earlier events) produced movement on fault zone F2, so earlier
events may have ruptured both faults F1 and F2, with a corresponding increase in net throw per event. Third, if our trench successfully captured the total slip in the latest three events, then it
appears that slip has been progressively decreasing in the latest

three events. It may also be true that slip has been progressively
decreasing on the entire Calabacillas fault from 0.5 to 1 Ma to
present, such as has been observed for the Pajarito fault farther
north (McCalpin, 2005).
The Ground-Penetrating Radar Experiment
After the trench was back filled, we measured a GPR profile adjacent to the south wall of the west trench. The purpose
of this experiment was to determine whether GPR could detect
faults in unconsolidated Quaternary deposits. Similar studies on
strike-slip faults have been successful in detecting fault planes
in unconsolidated deposits and vertical offset of reflectors (e.g.,
Anderson et al., 2003; Green et al., 2003; Slater and Niemi,
2003). In this experiment, we already knew the location of all
faults, fissures, and stratigraphic contacts because the trench
had previously been logged. Two different antennas were used,
a 50 MHz antenna, which gave deeper penetration but poorer
resolution, and a 100 MHz antenna. Only the 100 MHz results
are described herein.
The GPR profile (Fig. 14) imaged a series of reflectors down
to an estimated depth of ~3.6 m, below which there were no
returns. This GPR “basement” evidently represents two different
strata in the footwall and hanging wall. In the hanging wall, the
basement coincides with a thin bed of silty clay (unit 1e) in the
upper part of the Santa Fe Group. In the footwall, GPR basement
coincides with the top of a series of old (150–220 ka) buried soils
(units 12, 13) overlain by weaker, younger (50 ka) soils. Thus, it
appears that even thin deposits with a high percentage of clay, or
thicker, dense soils with abundant calcium carbonate, can absorb
GPR energy.
The GPR profile also shows a prominent subvertical discontinuity in its center, correlative with the main normal fault
exposed in the west trench (Fig. 14). This discontinuity shows
significant vertical offset in the lower part of the imaged stratigraphic section and little or no vertical offset in the upper layers.
This geometry is the same as that exposed in the trench. Without
reference to the trench log, H.C. Tobin made some preliminary
correlations of reflectors across the discontinuity, merely based
on their similarity on the GPR profile. His upper (yellow) correlation line probably represents the top of unit 17Bkb3, which is

TABLE 3. SUMMARY OF THE FOUR LATEST SEISMIC CYCLES
INTERPRETED FOR THE SOUTHERNMOST PART OF THE CALABACILLAS FAULT
Seismic cycle*

Throw
Approximate start of cycle
Approximate end of cycle
Mean length of cycle
(cm)
(ka)
(ka)
(k.y.)
Z
10
23.5
14
9.5
Y
30
35
2 3. 5
1 1. 5
X
55
55
35
20
W
20–50
<<151
55
Unknown
*Named for the paleoearthquake that ends the cycle.
†
This slip rate only represents the southernmost end of the fault and may not apply to the entire fault.
§
NA—not applicable.

Estimated slip rate
(mm/yr)
0.011
0 . 02 6
0.028
§
NA

†
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offset 40 cm both on the GPR profile and in the trench. His lower
correlation line (blue) represents very different beds in the hanging wall versus the footwall.
Based on this limited experiment, it appears that GPR can
image buried faults in weak late Quaternary paleosols developed
on eolian sand, at least to a depth of 3.6 m. This ability is suffi-
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cient for GPR to be a useful tool for locating trenching targets, so
that trenches do not extend hundreds of feet merely “searching”
for the main displacement zones. The fact that there is ambiguity
about the correlation of reflectors in the subsurface is not critical,
because these strata will be exposed in the trench anyway and
their correlation can be determined directly.

Figure 14. Comparison of ground-penetrating radar (GPR) profile with trench log on the main scarp of the Calabacillas fault. (A) 100
MHz GPR profile. The yellow and blue lines indicate preliminary correlations made by H.C. Tobin without reference to the trench log.
(B) Trench log, mirrored and stretched to match the scale of the GPR profile. Black dashed lines are benches. The yellow line from part
A represents the top of the orange unit on the trench log and thus is a confirmed correlation. The blue line represents different beds on
the upthrown and downthrown blocks and so represent an example of a miscorrelation of a GPR reflector. Further work is necessary to
determine why such miscorrelations occur.
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CONCLUSIONS
Our trenching of the graben across the southern Calabacillas fault was 50% successful. The paleoearthquake event history
on the 5.3-m-high eastern boundary scarp (east trench) could not
be reconstructed in detail, because a strong caliche soil profile
had overprinted the entire 3-m-thick colluvial wedge deposit. Our
interpretation is that numerous decimeter-size displacements had
created this scarp, but the displacement was partitioned across several faults, so no single free face was higher than 10–20 cm. Free
faces this small did not create colluvial wedges, and thus faulting
did not trigger the pattern of footwall erosion and hanging-wall
deposition that is required to identify individual faulting events.
On the 27-m-high western main fault scarp our 60-m-long
trench straddled a slope break that turned out to overlie a major
normal fault; we believe that this is the main strand of the Calabacillas fault, although conceivably other strands could exist
farther west. The upper four soils exposed in the trench could
be correlated across the main fault and indicated per-event displacements of 10 cm, 30 cm, 55 cm, and 20–50 cm in the latest
four events. We did not use these displacements to estimate the
magnitude of the paleoearthquakes (e.g., Wells and Coppersmith,
1994), for two reasons: (1) We could not identify or measure individual event displacements on the antithetic fault, so we could
not compute the net vertical displacement across the Calabacillas fault graben in the latest four paleoearthquakes, and (2) all
displacements were measured at the extreme southern end of the
fault, so they are probably less than the average displacement per
event, and much less than the maximum displacement per event,
that occurred during each paleoearthquake.
Seven IRSL dates on eolian sands came out in correct stratigraphic order and range from 14 ± 0.7 ka at a depth of 0.5 m
to 219 ± 64 ka at a depth of 5 m. Secondary calcium carbonate
has accumulated in soils here at a rate of 0.17–0.35 g/k.y.. The
latest four faulting events are dated at ca. 14 ka, 23.5 ka, 35 ka,
and 55 ka. Thus, the displacement and recurrence times increase
with increasing age, yielding relatively consistent slip rates of
0.011–0.028 m/k.y. This pattern would also result, however, if we
missed evidence for some earlier events and our earlier seismic
cycles were in fact composed of two events. However, that would
not change the slip rate estimates.
Event Z (14 ka) was a small faulting/cracking event, different than the earlier four events. This event is similar in displacement and timing to the youngest warping event interpreted for
the County Dump fault (McCalpin et al., 2006). The displacements for all four paleoearthquakes measured in the west trench
are smaller than those inferred on the County Dump fault, despite
the fact that the length of the Calabacillas fault (40 km) is similar
to that of the County Dump fault (35 km). Perhaps the displacements are smaller because the 1999 trench was located only 1 km
from the southern end of the Calabacillas fault, and displacements on normal faults are typically less than average that close
to the fault’s end (McCalpin, 1996; McCalpin and Slemmons,

1998). If our trenches had been located farther north toward the
center of the Calabacillas fault, the displacements may have been
larger; however, our target graben feature only existed at the
southern end.
This study documents four faulting events in the past ~55 k.y.
on the Calabacillas fault, which forms the western margin of the
Calabacillas subbasin of the Albuquerque–Belen Basin. In contrast, the latest Quaternary faulting on the eastern margin of the
Calabacillas subbasin has been dated at 53–67 ka (Sandia fault
zone; McCalpin and Harrison, 2006). Thus, in the past 55 k.y.,
the Calabacillas subbasin has experienced most of its surface
faulting on its western margin, implying an overall tilt to the west
due to faulting. In contrast, in the same time period, the rift subelements to the north (the shelf containing the Rincon fault) and
to the south (shelf containing the northern Hubbell Springs fault)
have experienced most of their surface faulting on the eastern
margin, implying an eastward tilt.
These changes in tilt direction of rift subelements over space
and time in the Albuquerque–Belen Basin may represent an
ongoing example of “seesaw” subsidence, as described by Smith
et al. (2001) for the Santo Domingo subbasin. In that basin, Neogene basin-fill strata and the location of the axial Rio Grande
channel indicate a west tilt (Miocene to early Pliocene), then an
east tilt (late Pliocene and early Pleistocene), and then a west tilt
(middle Pleistocene to present). This geometry suggests that the
fault along which most basin subsidence was accommodated (the
active basin margin) has shifted from one side of the basin to the
other, with a periodicity of several million years. We hypothesize
that the Calabacillas subbasin may also undergo seesaw subsidence. The rift cross section (Fig. 2) and gravity data (Fig. 3) indicate that the Calabacillas subbasin is roughly symmetrical, yet
almost all the post–55 ka displacement has been on the western margin faults, and the eastern margin fault has been scarcely
active in that time (McCalpin and Harrison, 2006). The most
reasonable explanation is that eastern margin faults were once
active and will become active again at the end of this episode of
westward tilt.
From a seismic hazard perspective, we would like to know
how long the current episode of westward tilt might last, because
during that episode, seismic hazard will be high for the western
margin faults and low for the eastern margin faults, which are
much closer to urban Albuquerque. In the Santo Domingo basin,
there have been only three tilt episodes since ca. 7 Ma, so each
one lasted 2–3 m.y. Considering that recurrence times between
paleoearthquakes on the Calabacillas fault average 10–20 k.y., a
2–3 m.y. tilt episode would encompass 100–300 characteristic
earthquakes. In other words, a tilt episode includes so many seismic cycles that, for estimating the probable character of the present seismic cycle, we should assume that we are in the same tilt
episode as portrayed by the past few characteristic earthquakes.
For the Calabacillas subbasin, this assumption indicates that seismic hazard for surface faulting in the near-term will be higher on
its western margin and lower on its eastern margin.
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APPENDIX 1. UNIT DESCRIPTIONS, WEST TRENCH
(UNIT 1 SUBUNITS ONLY)

Unit 1a—Buff gray, alternating lenses of gravelly sand and
sandy gravel; for sandy gravel, clasts are 50% of volume, 10 cm
maximum, 1 cm average, subangular to subround; moderately
sorted; matrix is medium-coarse sand, slightly cemented; beds
average 15 cm thick; crossbeds; slight CaCO3 coatings on bottoms of some clasts; for gravelly sand, clasts 10% by volume,
maximum 1 cm, average 3 mm, subangular to subround; well
sorted; matrix mostly medium sand; weakly cemented; crossbeds; alluvium of the Santa Fe Group (Pliocene–Pleistocene).
Unit 1b—Buff to pinkish gray, gravelly sand; 5% clasts by
volume, maximum 1.5 cm, average 3 mm, subangular to subround; poorly sorted; matrix is fine-medium sand; friable; no
apparent stratification except for thin clay beds 1 cm thick;
occasional mud balls; slight oxidation; alluvium of the Santa Fe
Group (Pliocene–Pleistocene).
Unit 1c—7.5 YR7/3 (top) to 7.5YR7/2 (bottom) gravelly
sand; clasts 5% by volume, maximum 2 cm, average 3 mm, subangular to subround; poorly sorted; matrix is fine-medium sand,
slightly hard, contains Bw horizon over Bk horizon, the latter
with stage I CaCO3; contains conjugate fractures; alluvium of the
Santa Fe Group (Pliocene–Pleistocene).
Unit 1d—10YR7/3 (salt-and-pepper) gravelly sand; clasts
5% by volume, maximum 2 cm, average 2 mm, subangular
to subround; moderately sorted; matrix is fine-medium sand,
slightly hard; some CaCO3 cement; contains conjugate fractures;
alluvium of the Santa Fe Group (Pliocene–Pleistocene).
Unit 1e—7.5YR7/4 silty clay; clasts <1% by volume, maximum 2 cm, subangular; well-sorted clay, very hard; small root
casts ~1 mm thick; manganese nodules and some CaCO3 along
fractures; overbank floodplain or marsh deposit of the Santa Fe
Group (Pliocene–Pleistocene).
Unit 1f—7.5YR8/1 silt; no clasts; very hard to extremely
hard; coarsens upward to fine sand in places; sparse manganese
coatings on fractures; overbank floodplain or marsh deposit of
the Santa Fe Group (Pliocene–Pleistocene).
Unit 1 g—Buff gray gravelly sand; clasts 2%–10% by volume, maximum 10 cm, average 2 cm, subangular to subround;
moderately to well sorted; matrix is fine-medium sand, slightly
hard; beds 1.5–3 cm thick, large crossbeds; CaCO3 induration;
contains conjugate fractures; alluvium of the Santa Fe Group
(Pliocene–Pleistocene).
Unit 1h—7.5YR7/3 gravelly sand with lenses of sandy
gravel; for sandy gravel, clasts are 50% of volume, 10 cm maximum, 4 cm average, subangular to subround; moderately
sorted; matrix is fine-coarse sand, slightly cemented; no induration but slight CaCO3 coast on bottoms of some clasts; for
gravelly sand, clasts 15% by volume, maximum 3 cm, average 3 mm, subangular to subround; poorly sorted; matrix
fine-medium sand; alluvium of the Santa Fe Group (Pliocene–
Pleistocene).
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