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ABSTRACT.—The most-recent surface-rupturing earthquake on the southern Sangre de Cristo fault at the Taos Pueblo site
occurred about 10 to 30 ka, based on stratigraphic and soils relations in trench exposures. Detailed topographic surveys at the
site show that the primary fault scarp, which is formed on late Pleistocene alluvial deposits, has about 3 m of net vertical tec-
tonic displacement. A bevel in the scarp suggests that two surface ruptures occurred since deposition of the alluvial fan, each
with about 1.5 m of vertical displacement. These displacements imply the occurrence of earthquakes having magnitudes in the
range of M6.8 to M7.0. Stratigraphic relations exposed in a 30-m-long trench across the primary fault scarp show the presence
of middle Pleistocene eolian and alluvial deposits faulted against late Pleistocene alluvial and colluvial deposits on the eastern,
downthrown side of the fault. Stratigraphic evidence of surface-fault rupture includes scarp-derived colluvium and fissure-fill
deposits that probably were deposited immediately following the surface rupture. The main fault strand consists of a primary
west-dipping fault plane and secondary faulting in a 6-m-wide zone in the hanging wall. The fault zone contains multiple anas-
tomosing strands in pervasively sheared alluvium, and probably has lower permeability than surficial deposits east of the fault,
but higher permeability compared to deposits west of the fault. Calcium-carbonate cementation along fault planes in fine- and
medium-grained deposits may be indicative of preferential groundwater flow downdip along the fault. Thus, major strands of
the southern Sangre de Cristo fault probably provide preferential pathways for the downward flow of vadose-zone groundwater

in unconsolidated near-surface deposits.

INTRODUCTION

The southern Sangre de Cristo fault is the most prominent
rift-margin normal fault in the Rio Grande rift of northern New
Mexico, and it plays a major role in both the tectonic and hydro-
geologic setting of the Taos Plateau. The fault exhibits geomor-
phic evidence of several large earthquakes in late Quaternary
time (Machette and Personius, 1984; Menges, 1988, 1990), and
arguably is the most likely source of large earthquakes in north-
ern New Mexico (Kelson and Olig, 1995; Wong et al., 1996;
Machette et al., 1998). However, there are no detailed data on
the timing of large, surface-rupturing earthquakes on the fault,
although these data are critical for assessing the potential for
future large earthquakes and the overall seismic hazard in north-
ern New Mexico. In addition, the southern Sangre de Cristo fault
traverses the eastern margin of the Taos Plateau, and juxtaposes
crystalline and sedimentary bedrock in the mountains on the east
against unconsolidated rift-fill deposits on the west. As a result,
the fault is a primary structural discontinuity that likely affects
groundwater flow in both the deep and shallow subsurface. Our
trenching investigation described here provides information on
large, geologically recent earthquakes on the southern Sangre de
Cristo fault and documents fault characteristics in the shallow
subsurface that help evaluate how the fault influences vadose-
zone groundwater flow.

The 75-km-long southern Sangre de Cristo fault forms the
eastern border of the actively subsiding San Luis Basin and is
divided into five sections on the basis of fault-trace complexity
and mountain-front and fault-scarp morphologic data (Menges,
1988; Machette et al., 1998; Fig. 1). This study focused on a site
on the 14-km-long southern section of the fault (i.e., the Cafion
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FIGURE 1. Generalized location map of the southern Sangre de Cristo
fault in northern New Mexico, showing fault sections identified by
Menges (1988) and Machette et al. (1998). Section boundaries marked by
open triangles, and major volcanic centers marked by asterisks. Shaded
area shows uplifted regions, non-shaded area shows rift-related basins.
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section of Machette et al., 1998) (Fig. 1), where it shows geomor-
phic evidence of geologically recent, down-on-the-west surface
rupture, including scarps on alluvial fans of various ages, air-photo
lineaments, springs, and vegetation alignments. Topographic pro-
filing of scarps on the Caflon section by Machette and Personius
(1984) and Personius and Machette (1984) suggest a Holocene
age (within the past 11,000 years) for the most-recent movement.
Kelson (1986) mapped late Pleistocene alluvial deposits along this
section, and Menges (1988, 1990) conducted detailed morpho-
metric analyses of the range front and fault scarps. He suggested
the possibility of early Holocene to latest Pleistocene movement
along the Cafion section, with an estimated recurrence interval of
about 10 to 50 ky between large surface ruptures. However, prior
to our work, no paleoseismic trench investigations of the south-
ern Sangre de Cristo fault had been conducted, and the timing of
past surface fault ruptures was unknown. This study at the Taos
Pueblo site is the first trenching study of the southern Sangre de
Cristo fault in northern New Mexico, and it provides preliminary
information on the late Pleistocene to Holocene history of large,
surface-rupturing earthquakes on this part of the fault. We also
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document the fault’s near-surface characteristics where it dis-
places unconsolidated surficial deposits, and speculate on the role
the fault plays in shallow groundwater flow.

GEOLOGIC SETTING OF THE TAOS PUEBLO SITE

Detailed geologic mapping (Bauer and Kelson, 2002) indi-
cates that the Taos Pueblo site is one of the best places to assess
the earthquake history and near-surface characteristics of the
southern Sangre de Cristo fault. We chose this site for investiga-
tion because: (1) geomorphic relations constrain the location of
the main fault strand; (2) late Pleistocene alluvial deposits are
preserved on the mountain-front piedmont; and (3) cultural dis-
turbance is minimal. The site is on the west-sloping piedmont
that flanks the Sangre de Cristo Mountains and consists of an
alluvial apron derived from large and small drainages in the range
(Fig. 2). The alluvial deposits are composed primarily of gravel
and sand derived from erosion of Pennsylvanian-age sandstone,
siltstone, and minor conglomerate and limestone in the Sangre de
Cristo Mountains (Bauer and Kelson, 2002). Notably, the pres-
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FIGURE 2. Geologic map of the western flank of the Sangre de Cristo Mountains near Taos showing location of the Taos Pueblo trench site. Geology
from Bauer et al. (2001); map units are: af = artificial fill, Qal = Holocene alluvium, Qfy = Holocene and latest Pleistocene alluvial deposits (multiple
fan lobes shown), Qfu = Pleistocene alluvial deposits, undifferentiated (light stipple), Qt2 = middle to early (?) Pleistocene alluvium, P = Pennsylvanian
bedrock (dark stipple). Values shown are displacements based on fault scarp topographic profiles.
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ence of limestone clasts in the alluvial deposits (albeit as a minor
component) provides a source of calcium carbonate that, in addi-
tion to eolian influx, probably influences the morphology and rate
of development of calcic soils at the site.

Near the site (Fig. 2), the southern Sangre de Cristo fault con-
sists of three main fault strands, including: (1) an eastern strand
delineated by a break-in-slope at the base of the bedrock range
front east of the site; (2) a central strand marked by a prominent
west-facing scarp at the trench site, and (3) a western strand asso-
ciated with a broad, west-facing scarp about 0.6 km west of the
trench site (Bauer and Kelson, 2002). Based on geologic mapping
and scarp geomorphology, the central strand is the primary fault
strand that has been active in late Quaternary time. Trench T-1
crossed the prominent west-facing scarp on the central strand.
Directly south of the trench site, this strand splits into two strands
and is marked by a subtle splay fault east of the trench site (Fig. 2).
Detailed field mapping shows that fault scarps on late Quaternary
deposits are discontinuous on the eastern strand, and scarps on
the western fault strand (west of the trench site, Fig. 2) are subtle,
broad, and much less prominent than the scarp at the trench site.
Based on the geomorphic expression of the three scarps near the
trench site, we consider the central strand to be the strand that has
been most active in late Quaternary time in the site vicinity.

The prominent fault scarp at the site is on “undifferentiated
Pleistocene alluvial-fan deposits” (map unit Qfu, Bauer and
Kelson, 2002), which consists of coalescent alluvial fans (Fig. 2).
These deposits are distinguished from “young alluvial-fan depos-
its” (map unit Qfy, Fig. 2), which are topographically inset into
unit Qfu, have less soil development, and generally are associated
with present-day arroyos or areas of active alluviation. Bauer and
Kelson (2002) estimated that unit Qfy is Holocene to latest Pleis-
tocene in age, and that unit Qfu is middle to late Pleistocene in
age. Near the trench site, fault scarps are present on three dif-
ferent alluvial surfaces associated with unit Qfu, each of which
is displaced a different amount. Detailed topographic surveys of
the site using a differentially corrected global positioning satellite
system shows that the primary scarp has about 3 m of net verti-
cal tectonic displacement (NVTD) (Fig. 3). Topographic profiles
show that the alluvial surface 300 m north of the trench site has a
NVTD of 7 £ 1 m, and the fan surface about 400 m north of the
site has a NVTD of 9 + 1 m (Fig. 2; Bauer et al., 2001). These
greater scarp heights on progressively older fan deposits are evi-
dence of multiple late Quaternary surface ruptures on the central
fault strand.

The main scarp at the Taos Pueblo site has a distinct bevel that
may indicate it was formed by multiple surface-rupturing earth-
quakes. As shown on Figure 3C, a steep, central part of the scarp
is flanked by sections that are less steep. Projecting the gradi-
ents of these bevels suggests that the central part of the scarp has
about 1.5 m of NVTD, whereas the NVTD for the entire scarp
is about 3 m (Fig. 3C). These relations suggest that two surface
ruptures have offset the alluvial surface, each having about 1.5
m of NVTD. On the basis of these data, we speculate that two
past surface ruptures have occurred since the deposition of the
late Pleistocene alluvial fan. These displacements are consistent
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FIGURE 3. Topographic profiles across the southern Sangre de Cristo
fault at the Taos Pueblo trench site, showing net vertical tectonic dis-
placement (NVTD). Profiles AA’ through CC’ show progressively more
detail across main fault strand. A bevel in profile CC’ may be evidence
of multiple surface ruptures.

with large earthquakes having magnitudes in the range of M6.8
to M7.0 (Wells and Coppersmith, 1994).

TRENCH STRATIGRAPHY AND STRUCTURE

Trench T-1 was excavated across the west-facing fault scarp on
late Pleistocene alluvial deposits (unit Qfu, Fig. 2). To assess the
characteristics of near-surface soils on both sides of the fault, we
excavated two test pits: T-2 on the downthrown (western) side of
the fault and T-3 on the upthrown (eastern) side of the fault (Fig.
2). Faulted alluvial deposits and scarp-derived colluvial deposits
exposed in these excavations provide information on the number
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and timing of surface ruptures and thus the late Quaternary his-
tory of the fault (Kelson et al., 2004).

Soil profiles described in the test pits and the trench provide
a means to correlate deposits across the fault and to estimate
deposit ages (Gile et al., 1981; Machette, 1985; McFadden et al.,
1989). We described the soil-profile morphology using a standard
system of diagnostic criteria and nomenclature developed by the
Soil Conservation Service (Soil Survey Staff, 1992, 1993), with
modifications after Birkeland (1999). Geomorphic and soil-based
alluvial chronologies in the region provide correlative age con-
straints to help estimate ages of soil-bounded alluvial deposits in
our excavations (e.g., Gile et al., 1981; Machette, 1985; Kelson,
1986; Pazzaglia and Wells, 1990; McDonald et al., 1996; Connell
and Wells, 1999; Drakos and Reneau, 2003). Soils in the study
area contain horizons with secondary accumulations of pedo-
genic clay and carbonate. The carbonate accumulations range
from disseminated calcium carbonate to stage I to III+ carbon-
ate morphology. In general, soils that exhibit stage I to II car-
bonate morphology are considered to be early Holocene to latest
Pleistocene in age, and soils that exhibit stage III and I'V carbon-
ate morphology are considered to be middle Pleistocene in age
(e.g., Machette, 1985; Kelson, 1986; Pazzaglia and Wells, 1990;
McDonald et al., 1996).

Trench Stratigraphy

Trench T-1 exposed a sequence of Pleistocene and Holocene
alluvial, colluvial, and possibly eolian deposits (Fig. 4; Appendix
A). Deposits east of the fault scarp consist of primarily massive
silty sand (of probable eolian and minor fluvial origin), which is
overlain by coarse alluvial deposits from the Sangre de Cristo
Mountains. For ease of description, we herein refer to the pos-
sible eolian deposits as unit 1 and the coarse alluvial deposits
collectively as unit 2 (Fig. 4). On the western side of the fault,
the deposits consist of coarse- and fine-grained alluvial depos-
its (units 3 and 4), which are overlain by carbonate-cemented
alluvium or colluvium (units 5 and 6). Units 7 and 8 are ver-
tically oriented and may be fault gouge or fissure fills related
to surface ruptures. Overlying these deposits is scarp-derived
colluvium, including a coarse proximal colluvium (unit 9) that
grades upward into finer-grained distal colluvium (unit 10). The
uppermost deposit in the trench is a coarse- to medium-grained
gravelly and sandy colluvium that is a result of active transport of
material down the fault scarp (unit 11). At present, we do not have
numerical or correlative age-estimates for the deposits exposed
at the Taos Pueblo site, so we base rough age estimates for the
surficial deposits (as given below) on the characteristics of soils
in the deposits (Appendix B), their stratigraphic position, and the
site geomorphology.

Unit 1, the oldest deposit in the trench (Fig. 4), consists pri-
marily of massive silt and clay (Appendix A) that we interpret as
eolian deposits along the Sangre de Cristo mountain front. The
uppermost part of unit 1 contains thin clayey sand beds, sug-
gesting minor re-working of the deposit by small channels. On
the basis of its stratigraphic position, we interpret unit 1 to be at
least middle Pleistocene in age. Unit 2 consists of coarse-grained
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gravel that fills several alluvial channels cut into the underlying
eolian sand, and has crudely imbricated sandstone and siltstone
clasts as much as 36 cm in diameter. In test pit T-3, this older allu-
vium is the parent material in which a carbonate-cemented soil
horizon with stage I1I+ morphology has formed (Appendix B).
Locations of the gravel channel margins in both walls of trench
T-1 suggest northwesterly to northerly flow directions that are not
related to modern channel orientations or incised-channel topog-
raphy. These deposits represent proximal to medial piedmont
alluvial deposits derived from the Sangre de Cristo Mountains to
the southeast. On the basis of well-developed soil characteristics
and stratigraphic position, we interpret unit 2 to be middle Pleis-
tocene in age.

Units 3 and 4 are alluvial deposits exposed only on the western
(downthrown) side of the fault in trench T-1 and test pit T-2 (Fig.
4). Unit 3, which is the lowest stratigraphic unit exposed on the
downthrown side of the fault, consists of sandy gravel with clasts
as much as 30 cm in diameter, grading upward into gravelly sand
(Appendix A). Unit 3 grades upward into unit 4, which is a silty
sand that has few or no gravel clasts. Unit 4 contains an inter-
secting pattern of subhorizontal and subvertical calcium-carbon-
ate stringers that likely are related to vadose-zone groundwater
flow. Collectively, units 3 and 4 comprise a fining-upward allu-
vial sequence that probably was deposited as part of the alluvial
apron flanking the Sangre de Cristo Mountains. These deposits
have moderately developed calcic soils with stage 11l carbonate
morphology (Appendix B) and are inferred to be middle Pleisto-
cene in age.

Units 5 and 6 are exposed only on the western (downthrown)
side of the fault in trench T-1 and test pit T-2 (Fig. 4) and consist
of a second fining-upward alluvial sequence. Unit 5 consists of
sand and gravel, with a greater number and size of clasts adja-
cent to the main fault strand (Fig. 4b; Appendix A). Unit 5 also
contains slightly more clasts directly west of the secondary fault
strand (Station 21 m, Fig. 4b). Unit 5 grades upward into unit 6,
which is a light pink-colored clayey sand with locally discontinu-
ous stone lines. Unit 6 is strongly effervescent and pervasively
cemented with calcium carbonate. Units 5 and 6 likely also rep-
resent deposition as part of the alluvial apron along the piedmont
of the Sangre de Cristo Mountains. However, we also consider
the possibility that these deposits were shed from a fault scarp
formed by surface fault rupture. In this case, unit 5 is the coarse,
proximal scarp-derived colluvium, and unit 6 is the relatively
fine-grained distal colluvium. The Sangre de Cristo fault clearly
displaces both of these deposits, and well-defined fault planes are
marked by rotated clasts and shear fabric in these units. Stage
11+ carbonate morphology in the soil developed in these deposits
(Appendix B) suggests that the deposits are middle or possibly
late Pleistocene in age.

Unit 7 consists of two separate, near-vertical bodies of sand
and gravel similar in size and sorting to units 4, 5 and 6, and is
associated with strands of the Sangre de Cristo fault in trench T-1
(Figs. 4 and 5). Along the main fault strand (Stations 25 to 26 m;
Fig. 5), unit 7 is loose, pervasively sheared and most clasts have
near-vertical orientations. This unit likely is fault gouge produced
by shearing and tectonic deformation of units 2 and 5. Along the
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secondary fault strand (Station 21 m, Figs. 4 and 5), unit 7 likely
is fault gouge associated with deformation of units 4, 5 and 6
during movement along the secondary fault strand. Alternatively,
unit 7 at Station 21 m may be fill deposited in an open fissure that
formed during a surface rupture.

We interpret units 8, 9 and 10 to be local deposits that accu-
mulated along the fault scarp following the most-recent surface
rupture. Unit 8 consists of discontinuous sand and gravel depos-
its adjacent to either primary or secondary fault strands. Gravel
clasts in this unit commonly have near-vertical orientations and
are similar in size and rounding to those in adjacent deposits (i.e.,
units 2 or 6), which are the likely sources of unit 8. The cross-sec-
tional shape of unit 8 suggests that it was deposited in open fis-
sures or depressions along the fault, and we interpret this unit to
be a fissure-fill deposit derived from adjacent units 4 to 7. Unit 8
grades upward into unit 9, which pinches out to the east and buries
the lower and middle parts of the old fault scarp (Fig. 4). Near the
fault, the base of unit 9 is sandy gravel, but it is finer upward and
away from the fault. The size and rounding of the gravel clasts is
consistent with derivation from the older alluvium that forms the

scarp crest (unit 2), and unit 9 clearly is coarser where it directly
overlies this alluvium (Fig. 4). Gravel clasts within unit 9 are
oriented parallel to the depositional slope, which also supports
our interpretation that this deposit is the proximal scarp-derived
colluvium. Unit 9 grades upward into unit 10, which contains
fewer gravel clasts and is confined to the downthrown side of the
fault. We interpret unit 10 to be distal scarp-derived colluvium.
The moderately developed soil in units 9 and 10 includes a Btk
horizon and stage I calcium-carbonate morphology (Appendix
B). These soil characteristics suggest a latest Pleistocene age for
these deposits, and we speculate that they are on the order of 10
to 30 ka.

The uppermost deposit in trench T-1 is unit 11 which uncon-
formably overlies unit 2 east of the fault and units 9 and 10 west
of the fault (Fig. 4). This unfaulted deposit consists of silty sand
to clayey sand with some gravel clasts. The gravel distribution in
unit 11 directly reflects local underlying units, such that unit 11
contains abundant gravel where it overlies gravelly units 2 and
9, and contains few clasts where it overlies fine-grained unit 10
(Fig. 4). We interpret unit 11 to be late Holocene hillslope collu-
vium that is in transit on the present-day fault scarp.
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Trench Geologic Structure

Trench T-1 exposed the primary strand of the Sangre de Cristo
fault, which is approximately 6 m wide and contains a well-devel-
oped west-dipping eastern fault strand and a secondary, near-ver-
tical zone of fault gouge and fissure-fill deposits (Figs. 4 and 5).
These two zones of deformation likely merge at a shallow depth
below the trench. The eastern fault strand (at about Station 26 m)
dips about 70° west, and juxtaposes middle Pleistocene eolian
deposits and alluvium on the east (units 1 and 2) against middle
to late Pleistocene alluvium (units 5 and 6) on the west (Figs. 4
and 5). Gravel beds in unit 2 are warped into the fault zone and
are subparallel to the fault at lower structural levels. Within the
fault zone, alluvium is sheared and mixed; unit 7 at Station 26 m
is mapped as fault gouge developed in the unconsolidated alluvial
gravel. The fault zone contains multiple anastomosing strands in
the sheared alluvium, with individual strands commonly border-
ing lenticular bodies of sheared sediments. In addition, the fault
zone includes multiple vertical strands in units 1 and 2 in the
footwall (Fig. 5b), which progressively decrease in density and
degree of shearing to the east.

The western zone of deformation (at about Station 21 m) has
about 40 cm of vertical displacement of units 5 and 6 (Figs. 4 and
5). Although the western fault strand does not displace unit 8, this
unit is spatially associated with the western fault strand. On the
southern wall of the trench, unit 8 is a loose, near-vertical tabular
body that we interpret as a fissure fill. On the northern wall of
trench T-1, unit 8 has a triangular shape, suggesting that the fis-
sure was laterally discontinuous along the fault rupture. As noted
above, none of the fault strands exposed in Trench T-1 extends
into unit 8 or overlying surficial deposits, indicating that this fis-
sure opened during the most-recent faulting event.

The northern trench wall exposed a complex pattern of defor-
mation on the downthrown block (Fig. 5a). Near Station 25 m,
a near-vertical down-on-the-west fault juxtaposes units 5 and 6.
In addition, at about Station 24 m, the trench exposed a loose,
mixed zone that we mapped as a series of animal burrows and
fissure fills (unit 8). In this area, unit 5 has a net down-on-the-east
displacement, indicating the presence of a 1.5-m-wide graben in
the downthrown block adjacent to the eastern fault. In the graben,
unit 5 contains abundant near-vertical stringers of calcium car-
bonate that probably reflect preferential groundwater percolation
along fractures and/or shear planes in the sediment. On the south-
ern trench wall, there is no evidence of this graben, because the
base of unit 5 extends continuously across the entire exposure.
The absence of the graben on the southern trench wall indicates
that it is a laterally discontinuous feature formed during a sur-
face-rupturing earthquake.

PALEOSEISMOLOGIC INTERPRETATIONS

On the basis of the stratigraphy in Trench T-1, units 8, 9 and 10
were deposited locally along the scarp following the most recent
surface rupture. The location and character of unit 8 suggest that
it was deposited soon after the surface rupture, and filled surface
fissures, cracks, and depressions locally along the base of the fresh
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fault scarp. Similarly, unit 9 was deposited soon after the rupture,
as the steep, fresh scarp degraded and shed colluvium to the west.
This colluvium included coarse gravel derived from uplifted older
alluvium (unit 2) that was exposed in the scarp face, and perhaps
remnants of units 5 and 6 if they were present on the scarp at the
time of the earthquake. Further degradation of the scarp produced
unit 10, and later unit 11. The moderately developed soil on units
9 and 10 suggests a latest Pleistocene age for the deposit, which
we speculate to be on the order of about 10 to 30 ka. Because
these units probably were deposited within several hundreds to a
few thousands of years after the surface rupture, the most-recent
large earthquake on the southern Sangre de Cristo fault at the
Taos Pueblo site probably occurred between about 10 to 30 ky
ago. Refining this age estimate requires additional studies that are
beyond the scope of our initial study described here.

On the basis of detailed topographic profiling (Fig. 3), we
estimate that the most-recent surface rupture produced approxi-
mately 1.5 m of NVTD at the site. This amount is consistent with
stratigraphic relations mapped in trench T-1. For example, the
thickness of the scarp-derived colluvium (units 9 and 10, Figs.
4 and 5) is about 0.6 to 1.2 m, or roughly half of the estimated
down-on-the-west NVTD. We interpret units 5 and 6 to be older
scarp-derived colluvium, but because the age of these deposits is
poorly constrained, the trench provides no conclusive informa-
tion on the timing of surface ruptures that occurred prior to the
most-recent surface-rupturing earthquake.

HYDROGEOLOGIC INTERPRETATIONS

The geometry and style of deformation in the fault zone may
influence the flow of shallow groundwater along or across the
Sangre de Cristo fault. Characteristics of deformed sediments in
the trench include: (1) clasts that are rotated to be subparallel to
the fault; (2) foliations in clay and clayey sand; (3) drag and incor-
poration of strata into the fault zone; and (4) tectonic mixing of
different sediment types. In addition, calcium-carbonate cement
is common along fault planes in fine- and medium-grained depos-
its and as intersecting subhorizontal and subvertical stringers that
likely are related to vadose-zone groundwater flow.

Based on these observations, we believe that the hydrologic
properties of the Sangre de Cristo fault are grossly similar to other
faults in the rift that have been studied in detail, such as the Sand
Hill fault near Albuquerque, New Mexico (Rawling et al., 2001).
Drag and mixing of sand and clay in the fault zone creates a het-
erogeneous fault-zone material that is generally less porous than
the original, undeformed deposits. Usually the hydraulic conduc-
tivity of such a fault zone in saturated conditions (i.e., below the
water table) is less than the conductivity of adjacent sediments,
especially gravel and coarse sand (Rawling et al., 2001). Alterna-
tively, in well-cemented sediments, the saturated hydraulic con-
ductivity of a fault zone may be higher than adjacent undeformed
material because of tectonic fractures (such as in unit 6, Figs. 4
and 5). In vadose-zone conditions (i.e., above the water table),
the reduction of porosity in poorly lithified sediments resulting
from fault deformation commonly results in higher unsaturated
hydraulic conductivity relative to adjacent gravels and coarse
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sands (Sigda and Wilson, 2003). In this case, the fault may be a
preferential pathway for downward-percolating surface waters to
flow through the vadose zone.

In trench T-1, the uppermost part of the fault zone places unit
6 on the west against unit 2 on the east (Figs. 4 and 5). Unit 6
is pervasively cemented with pedogenic calcium carbonate and
probably has low permeability, whereas unit 2 is loose alluvium
locally that probably has high saturated permeability. The fault
zone in trench T-1 is a mixture of these sediments (unit 7), which
probably has variable permeability as a result of tectonic mixing
and incorporation of blocks and clasts of the adjacent sediments.
In general, the fault zone probably has a lower saturated perme-
ability than undeformed parts of the loose alluvial gravel (unit 2),
but higher saturated permeability than the undeformed cemented,
fine-grained alluvium on the western side of the fault (unit 6;
Figs. 4 and 5). In unsaturated conditions, the fault-zone perme-
ability may be higher than that of unit 2. Thus, the fault zone may
be a preferential flow pathway downward from the surface under
both saturated and unsaturated conditions. In addition, the bulk
permeability of the fault zone is likely to be anisotropic, such
that saturated permeability is lower across the fault than down
the fault’s dip, because elongate pods of coarse sediment in the
fault may provide high permeability, down-dip pathways. Local
cementation along the fault in trench T-1 may be evidence of
preferential flow along the fault.

In the upper part of the trench, the throw on the fault is small,
but at greater depths the fault zone has experienced multiple rup-
tures and fault-zone structures are likely to be better developed.
In particular, if a continuous, relatively impermeable clay-rich
gouge zone has formed at depth, the gouge will be a significant
barrier to horizontal groundwater flow (Rawling et al., 2001).
Based on the distribution of cementation in trench T-1, percolat-
ing waters probably flow preferentially down-dip along the fault.
Also, where the fault is traversed by active arroyos developed on
the alluvial fan, these drainages probably provide surface water
to the fault zone during flood events. Where active arroyos cross
the fault, surface water and shallow groundwater that encounter
the fault zone are likely diverted downward because the fault is a
relatively permeable conduit.

CONCLUSIONS

The primary goals of this investigation were to: (1) develop
information on large, geologically recent earthquakes on the
southern Sangre de Cristo fault; and (2) document shallow sub-
surface characteristics of the fault to help evaluate the influence
of the fault on vadose zone groundwater. The southern Sangre de
Cristo fault has clear geomorphic evidence of geologically recent
surface rupture, including scarps on alluvial fans of various
ages, air-photo lineaments, springs, and vegetation alignments.
Detailed topographic surveys of the site show that the primary
fault scarp across the late Pleistocene alluvial surface has about
3 m of net vertical tectonic displacement. Progressively greater
displacements of older alluvial surfaces suggest that the fault has
produced multiple surface ruptures during the late Pleistocene. In
addition, a distinct bevel in the scarp profile at the trench site sug-
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gests the occurrence of two surface ruptures since deposition of
the alluvial fan, each having about 1.5 m of vertical displacement.
These displacements are consistent with large earthquakes in the
range of M6.8 to M7.0 (Wells and Coppersmith, 1994).

Stratigraphic relations in the trench across the fault scarp
show that middle Pleistocene eolian and alluvial deposits on the
eastern, upthrown side of the fault are faulted against probable
late Pleistocene alluvial and colluvial deposits on the western,
downthrown side. Stratigraphic evidence of surface-fault rup-
ture includes scarp-derived colluvium on the downthrown side
of the fault, which includes fissure-fill and proximal colluvium
that probably were deposited shortly after the surface rupture.
We interpret that the moderately developed soil on this colluvial
package, including soil Btk horizons and stage I calcium-carbon-
ate accumulation, represents about 10 to 30 ky of soil develop-
ment. Thus, our trench at the Taos Pueblo site suggests that the
most-recent surface rupture along the southern Sangre de Cristo
fault occurred between about 10 and 30 ka. Geologic evidence
of previous faulting exists in the form of well-developed fault
gouge, an older sequence of possible proximal and distal scarp
colluvium, and fault-scarp morphology, but the timing of this ear-
lier deformation is unconstrained.

The main fault strand at the trench site consists of a primary
west-dipping fault plane and secondary faulting within a 6-m-
wide zone in the hanging wall. The trench exposed a local graben
at the base of the scarp. The primary fault zone consists of mul-
tiple anastomosing strands within the sheared alluvium, with
strands commonly bordering lenticular bodies of sheared sedi-
ments. Pervasive shearing in the fault zone probably generated
a zone of low saturated permeability compared to coarse allu-
vium east of the fault, but a zone of high saturated permeability
compared to cemented alluvial deposits west of the fault. Bulk
permeability in the fault zone likely is anisotropic with greater
permeability downward rather than across the fault. Several near-
vertical fractures in the fault zone are associated with calcium-
carbonate accumulations, suggesting that meteoric water prefer-
entially percolates downward along the fractures. Thus, relations
in the trench suggest that major strands of the southern Sangre
de Cristo fault can be preferential pathways for the downward
flow of vadose-zone groundwater in unconsolidated near-surface
sediments.
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APPENDIX A: DESCRIPTIONS OF TRENCH UNITS

Unit 11: Holocene colluvium; (7.5YR4/4) SILTY SAND to CLAYEY SAND.
Fine to coarse sand; subrounded to subangular gravel as much as 5 cm; 20 to 30%
gravel between stations 26 and 29 m; < 5% gravel west of station 215 m grading
to no gravel west of station 21 m; poorly sorted; dry, slightly hard to loose;
bioturbated; footwall exposures contain clasts of underlying pedogenic stage
11T soil of unit 2; upper 10 to 20 cm contains no pedogenic calcium carbonate;
lower part ranges to stage 1; locally overlies hearth and deposit containing black
smudge-ware potsherd; (ACTIVE HILLSLOPE COLLUVIUM).

Unit 10: Late Pleistocene colluvium. Brown to light brown (7.5YR 5/4 to 7.5YR
6/4) SANDY CLAY. Fine to coarse sand; subrounded to subangular gravel as
much as 10 cm; as much as 5% gravel, with more gravel closer to fault and in
upper parts of unit; locally contains discontinuous, gently west-dipping gravel
stone lines; poorly sorted; dry, slightly hard to hard; contains as much as stage
I+ calcium carbonate (soil Btk horizons); calcium carbonate nodules; slightly
effervescent; gradual smooth basal contact; (TECTONIC SCARP-DERIVED
DISTAL COLLUVIUM).

Unit 9: Late Pleistocene colluvium. Reddish yellow (7.5YR 6/6) SANDY CLAY
to SANDY GRAVEL. Fine to coarse sand; subrounded to subangular gravel as
much as 40 cm; 20 to 30% gravel in eastern part of unit (near stations 24 to 28
m); 5 to 15% gravel in western part of unit (west of station 24); slightly smaller
gravel clasts progressively westward; smaller gravel clasts progressively upward,
especially near stations 23 to 26 m (adjacent to primary fault); clast rounding,
size, lithology, and location suggests derivation from unit 2 on hanging wall;
locally contains discontinuous, gently west-dipping gravel stone lines; poorly
sorted; dry, hard; contains stage I+ calcium carbonate (soil Btk horizon); slightly
effervescent; unit is not faulted by primary or secondary faults in underlying
deposits; grades upward into unit 10; clear smooth basal contact; (TECTONIC
SCARP-DERIVED PROXIMAL COLLUVIUM).

Unit 8: Late Pleistocene fissure fill / fault gouge. Reddish yellow (7.5YR 6/6)
SAND WITH GRAVEL. Fine to coarse sand; subrounded to subangular gravel
as much as 10 cm; 10 to 20% gravel; map unit consists of several separate,
triangular-shaped bodies along the primary fault near station 25 and associated
with secondary faults near stations 21 and 24 m (northern wall only); contains
gravel clasts having vertical orientations that are sandstone clasts similar to those
in unit 2 and CaCO,-rich sand similar to that of unit 6; all subunits appear to be
basal parts of overlying unit 9; poorly sorted; dry, hard; clear irregular lateral
margins.

Unit 7: Late Pleistocene fault gouge. Reddish yellow (7.5YR 6/6) SAND WITH
GRAVEL. Fine to coarse sand; subrounded to subangular gravel as much as 30
cm but commonly < 10 ecm; 10 to 20% gravel; map unit consists of two separate,
near-vertical bodies, one along primary fault near station 25 m and one associated
with secondary fault near station 21 m; both contain gravel clasts having vertical
orientations; eastern sub-unit (within primary fault zone) is pervasively sheared
and contains sandstone clasts similar to those in unit 2; western subunit (near
secondary fault zone) does not appear to be sheared, and contains only subangular
clasts of CaCO,-rich sand similar to unit 6; poorly sorted; dry, hard; clear smooth
lateral margins.

Unit 6: Middle to Late(?) Pleistocene alluvium/colluvium. Pink (7.5YR 8/4)
CLAYEY SAND. Fine to coarse sand; subrounded to subangular gravel as much
as 15 cm; 5% gravel, locally within discontinuous beds that dip gently eastward
toward the primary fault (on southern wall near station 24 m) or toward the
secondary fault (on northern wall near station 20 m); poorly sorted; dry, hard;
contains stage III calcium carbonate (soil Bkm horizon); pervasive calcium
carbonate throughout deposit; strongly effervescent; unit is sheared and faulted
adjacent to faults near stations 21 and 24 m; gradual irregular basal contact.

Unit 5: Middle to Late(?) Pleistocene alluvium/colluvium. Very pale brown (10YR
7/3) SAND WITH GRAVEL. Fine to coarse sand; subrounded to subangular
gravel as much as 20 cm, with larger clasts adjacent to primary fault near station
25 m and adjacent to secondary fault near station 21 m; 10% gravel directly
west of primary fault zone near station 25 m and directly west of secondary fault
zone near station 21 m; lower percentage (<5%) of gravel elsewhere; massive;
poorly sorted; dry, hard; contains stage III calcium carbonate (soil Bkm horizon);
effervescent; unit is sheared and faulted adjacent to faults near stations 21 and 25
m; clear smooth basal contact.

Unit 4: Middle Pleistocene alluvium. Very pale brown (10YR 7/3) SILTY SAND.
Fine to coarse sand; subrounded to subangular gravel as much as 5 cm; <5% gravel,
massive; dry, hard; contains subhorizontal and subvertical stringers of calcium
carbonate (likely related to vadose groundwater precipitation); effervescent; clear
wavy basal contact.

Unit 3: Middle Pleistocene alluvium. Light brown to brown (7.5YR 5/4 to
7.5YR 6/4) SANDY GRAVEL, grading upward to very pale brown (10YR 7/3)
GRAVELLY SAND. Fine to coarse sand; subrounded to subangular gravel as
much as 30 cm in lower part; effervescent; massive; dry, hard; basal contact not
observed.

Unit 2: Middle Pleistocene alluvium. Strong brown (7.5 YR 6/4 to 7.5YR 6/6)
pebble to boulder GRAVEL; 40 to 60% subrounded to subangular gravel clasts
as much as 36 cm; locally map unit contains finer gravel sub-units with clasts <
10 cm, and very coarse gravel sub-units with clasts ranging from 10 to 36 cm;
lower exposures loose; upper part pedogenically modified and cemented pebbly
sandstone and conglomerate; strongly effervescent; extensively bioturbated; stage
TIT pedogenic calcium carbonate horizon near top. Lower part includes irregular
bodies of gravel, loose to well cemented with calcium carbonate; carbonate appears
concentrated in subvertical pipes and fingers below the pedogenic carbonate and
in subhorizontal bedding; gravel clasts locally cemented by white (N 8/0) 1- to
2-mm-thick calcium carbonate rinds. Clast and matrix-supported gravel exhibits
horizontal- to low-angle cross-stratified beds to 2 m thick; well bedded; thinly
bedded to laminated in sets 3 to 5 cm thick; abrupt basal contact.

Unit 1: Middle Pleistocene intermixed alluvium and loess. Strong brown
(7.5YR 4/6 to 7.5YR 5/6) SAND, SILT, and CLAY (divided into upper (1b) and
lower (1a) sub-units). Sub unit 1b: Pinkish white (7.5YR 8/2 to reddish yellow
(7.5YR 6/6) SANDY SILT with CLAY; slightly hard; moderately effervescent
to noneffervescent; subvertical carbonate filled fractures taper from 4 cm to fine
cracks as much as 55 cm long are exposed between stations 33 and 32 m and
between stations 39 and 40 m; clear smooth basal contact. Sub-unit 1a: Reddish
yellow (7.5YR 6/6) to strong brown (7.5YR 4/6) CLAYEY SILT; dense, weakly
to noneffervescent; locally contains 1 cm diameter cicada burrow casts; locally
contains 3- to 30-cm-thick silty sand beds with low-angle cross beds; poorly
sorted; 10-15% of lower unit locally; base not exposed.
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APPENDIX B: FIELD-DETERMINED SOIL CHARACTERISTICS, TRENCH T-1

Description of Pedon 1B, east of Sangre de Cristo fault. Symbols and nomenclature after Birkeland (1999), Munsell (1992) and Soil Survey Staff (1993). Soil
descriptions by S. Connell on June 12, 2003.

Horizon  Depth Color Texture  Structure dry Moist Clay Gravel Pores  CaCO, Bndry Cmnts
(cm) (dry/moist) sticky plas (%)
7.5YR 4/4
A 0-3 SL Sg lo lo n.o. <1 n.o. eo as Unit 11
7.5YR 3/4 Ss ps
7.5YR 4/4
Btk1 3-14 SCL  2m<csbk  so lo 1nco <2 i ©s cs  Unit 11
7.5YR 3/3 (dissem)
Btk2 14-26 7-SYR 43 SCL 2m sbk 1nb <2 1f () Unit 11
- ms SO SO nbr es cs ni
7.5YR 3/3
Bk3 26-43 7SYR 52 LS 1m sbk h fi 1 <5 1f. | Unit 11
7 5YR 4/4 ms s i vinco m es (l) cs ni
2BKib 4359 YR8/ LS 1m abk sh fr n.o 10 1#-m  ev(lll) cs Unit 2
- .0. g v i
7.5-10YR 7/3 ss po
7.5YR 8/1-2 lo lo ;
2Bk2b 59-101 SL sg-1m sbk n.o. 30-40 n.o. ev (II+) cw Unit 2
7.5YR 5/3 SO po
101- 7.5YR 8/1 lo lo .
2Bk3b SL S n.o. 10 n.o. ev (Il+ as Unit 2
113 7.5YR 8/2-7/4 9 SO po (1)
113- 7.5YR 7/4 h Vi 1vf ;
2Bkmb 17 7 5YR 5/4 LS m sh po n.o. 5 260 ev (ll+) as Unit 2
117- 7.5YR 8/1 lo lo i
2Bk1b LS S vinco 40 n.o. ve (I as Unit 2
162 78YR 8/2.74 9 so po o
162- . lo lo 1mkpf .
2Btk2b 206 7 5YR 4/3 LS sg so po 1nco 60 n.o. es (I+) aw Unit 2
226- 7.5YR 4/6 2fpr sh fr i
3Btb 246 7 5YR 4/4 C 1m-cabk s mp-p 3mkpfpo 0 2f eo cs Unit 1
246- 7.5YR 5/6 sh vfr 2co .
3Bb1 267 7 5YR 4/6 C 2m-cabk s mp-p n.o. 0 15 eo cs Unit 1
267- 7.5YR 5/6-4 sh vir .
3Bb2 279 7 5YR 4/4 C 2mabk s mp-p vinpo 0 1vf eo n.o. Unit 1

Description of Pedon 1C, west of Sangre de Cristo fault. Symbols and nomenclature after Birkeland (1984), Munsell (1992) and Soil Survey Staff (1993). Soil
descriptions by S. Connell and D. Love.

Horizon  Depth Color Texture  Structure dry Moist Clay Gravel Pores CaCO, Bndry Cmnts
(cm) (dry/moist) sticky plas (%)
7.5YR 4/4
B 0-11 7 5YR 3/3 SiCL 2-3c abk z: \‘;fsr Vinco 1-2 1f eo cs Unit 11
7.5YR 5/4
Btk1 11-29 sicL  2-3mcsbk O vir vinpo <2 1f ve-e cs  Unit11
7.5YR 4/3-4 S ps-mp 1ncopf
7.5YR 5/4 2m-c abk sh vir Unit
Btk2 29-44 C 1npopf <2 2vf-f el cs
7.5YR 5/4 3fpr s mp pop Y O 10
7.5YR 6/4 3fpr h fr Unit
Btk3 44-66 7 5YR 5/4 C 2m abk s mp 1npf <2 2vf-f es (I+) gs 10
66- 7.5YR 6/6 3fpr h fr Unit
Btk4 101 7 5YR 5/6 C 2m-c abk s mp 1nbrpf <2 1vf-f e (I+) cs 10
101- 7.5YR 6/6 sh vir .
Btk5 125 7 5YR 5/6 C 2m-c abk s mp 2mkbrpf <5 1vf ve (I+) aw Unit 9
125- 7.5YR 8/4 h vir

2Bkmb1 C 1f-m abk n.o. <2 2vf-f ev (Il) cw Unit 6
145 7.5YR 7/4 mp

145- 10YR 7/3 vfr ) .
2Bkmb2 197 7 5YR 7/4 C 1f abk mp n.o. <2 2f ev (Ill) gi Unit 6

[}
%]

n »n
n =

. 10YR7/3
2Bkmb3 o7 C 1f-m abk so vir n.o. <5 v ev(ll)  cw  Units
215 10YR6/6 ss mp
215 10YR 8/3 1f-m abk h vir - -
2Bkmb4 233 10YR 7/3 SCL sbk ss ps 1npf <5 n.o. ev (Ill) ci Unit 4
. 75YR6-5/4
3Bkb 233 scL sg-1f sbk sh vir vicopf 20 n.o. e no.  Unit3

248 7.5YR 4/3

(9]
2]

ps










