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RIFT EXTENSION AND FAULT SLIP RATES IN THE SOUTHERN

SAN LUIS BASIN, NEW MEXICO

PAUL W. BAUER' anp KEITH I. KELSON?

"New Mexico Bureau of Geology and Mineral Resources, New Mexico Tech, Socorro, NM 87801
2William Lettis & Associates, Inc., 1777 Botelho Drive, Suite 262, Walnut Creek, CA 94596

ABsTRACT.—New estimates of a minimum, average slip rate on the Embudo fault zone (EFZ) and a minimum, average, east-
west, extension rate across the southern San Luis Basin of the Rio Grande rift for the last 3 m.y. yield values of 102 m/m.y. and
83 m/m.y., respectively. The estimates are based on the vertical offset of ca. 3 Ma Servilleta Basalt flows across the EFZ south-
west of the Village of Pilar, and an average slip vector for that segment of the fault zone. A previous estimate of 130 m/m.y.
average, east-west Quaternary (last 1.8 Ma) extension rate across the southern San Luis Basin was based on the slip rates on
the Sangre de Cristo and Los Cordovas faults. If these independent estimates of average east-west extension are approximately
correct, then the rate of extension across the southern basin may have increased slightly since the late Pliocene. Several other
published estimates of slip on the Sangre de Cristo fault can be used to approximate average extension rates as far back as
about 28 Ma. Although some of these estimates are poorly constrained, they can be used to speculate that: 1) average San Luis
Basin extension rates may have increased since rift inception; and 2) average extension rates may have been greater across the
southern San Luis Basin than across the central part of the basin near the Colorado border. The first speculation is difficult to
evaluate, as extension rates have certainly varied through time. The second speculation is consistent with published conclu-
sions that the cumulative amount of extension increases northward among rift basins, and that rifting has progressed northward

through Neogene time.

INTRODUCTION

The southern San Luis Basin displays some of the most
impressive fault-related topographic relief in the Rio Grande rift.
The Sangre de Cristo Mountains, including the highest point in
New Mexico (Wheeler Peak, 13,161 ft), tower 6000 ft above the
eastern rift valley (Fig. 1). The precipitous, 1000-ft-high Pilar
cliffs, and the 10,000+ ft high ridges of the Picuris Mountains
define the southern structural/topographic margin of the basin.
The dramatic topographic relief between mountains and basin
in the southeast San Luis Basin has been generated by Tertiary
and Quaternary tectonic activity along the Sangre de Cristo and
Embudo faults—activity that has continued into the late Quater-
nary. The geomorphology of the modern landscape represents the
interactions of erosion and the slip rates on these two primary
faults within the Rio Grande rift. Information on slip rates through
time is essential for assessing seismic source characteristics and
thus for evaluating seismic hazard and risks associated with large
earthquakes. An understanding of the long-term variability of slip
rates on rift-margin faults is also useful for interpreting the geo-
logic evolution of the Rio Grande rift.

A number of workers have estimated rates of extension across
the Rio Grande rift basins in northern New Mexico. The magni-
tude of Neogene (Miocene plus Pliocene) extension appears to
decrease northward from at least 28% in the southern Albuquer-
que Basin, to at least 17% in the northern Albuquerque Basin, to
only about 8 to 12% in the San Luis Basin (Kluth and Schaftenaar,
1994; Russell and Snelson, 1994; Chapin and Cather, 1994).

Most regional analyses of rift development utilize estimates of
slip rates on the major rift-bounding normal faults. Slip rates have
been determined in a variety of ways in northern New Mexico,
including summing the cumulative slip on faults for a given
period of time (Kelson and Olig, 1995; Menges, 1988, 1990),
mapping the offset of a well-dated geologic marker bed (e.g., a

distinct basalt flow; Miggins et al., 2002), or constructing restor-
able geologic cross sections from geophysical data (Kluth and
Schaftenaar, 1994; Russell and Snelson, 1994).

Kelson and Olig (1995) evaluated the average late Quaternary
rates of horizontal E-W extension in the Santo Domingo, Espa-
fola, and San Luis Basins by summing slip rates of the primary
faults in each basin. They concluded that each basin has experi-
enced an average late Quaternary extension rate of about 100 m/
m.y., and that no evidence exists for decreasing rates from south
to north during the late Quaternary. They noted that the possible
discrepancy between Neogene and Quaternary extension could
be related to inaccuracies in estimates of fault slip rates, or, alter-
natively, their results could be correct if indeed rifting has pro-
gressed northward from basin-to-basin during the Tertiary.

Another technique for estimating rift extension utilizes date-
able marker horizons, such as basalt flows, that are displaced
across rift faults. If the age of the offset marker is known and
the fault slip vector can be estimated for that period of time, then
simple trigonometry yields an average extension rate. Two advan-
tages of this technique are that slip rates are measured rather than
estimated, and that the time frame is set by the age of the datum
rather than estimating the length of time that faults have been
active. A serious disadvantage is that a reasonable value of the
plunge of the slip vector is essential for calculating net slip rates
and rift extension rates. Such values are difficult to obtain with-
out excellent fault exposures and fault kinematic data.

In this paper, we present geologic data collected along the
Embudo fault zone (EFZ) in the southernmost San Luis Basin of
the Rio Grande rift to estimate a long-term net extension rate for
the basin. This estimate is based on well-constrained ages for dis-
placed rock units and measurable displacements along the fault
zone. This information provides an opportunity to extract the slip
history of a rift accommodation zone and estimate an average rate
of extension for the southern San Luis Basin for the last 3 m.y.
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FIGURE 1. Index map of the southern San Luis Basin in New Mexico,
showing the Embudo and Sangre de Cristo faults and the study area.
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BACKGROUND
Regional Geologic Setting

The San Luis Basin is the major structural element of the
northern Rio Grande rift. It is approximately 240 km long, and is
bordered by the Sangre de Cristo Mountains on the east, and the
Tusas and San Juan Mountains on the west (Fig. 1). In the Taos
area, the rift consists of a 30-km-wide, asymmetrical, Basin and
Range-style basin with the major flanking fault system along the
eastern border (Sangre de Cristo fault zone).

The southern part of the basin is a physiographically and geo-
logically unique terrain known as the Taos Plateau. The plateau
is composed principally of Pliocene basaltic rocks that have
been only mildly deformed by intrarift tectonism. Basalt flows
dip gently to the east and south. The plateau surface shows only
minor dissection, although the Rio Grande and its tributaries are
confined to deep canyons cut into the volcanic plateau. Near the
Gorge bridge, three well-defined flow packages are at least 200 m
thick. Basalt flows pinch out eastward and southward along the
edges of the basin. During Pliocene time, the Picuris Mountains
restricted southerly flowing lavas, and the rim of the Rio Grande
canyon downstream from Pilar displays only a single, 30-m-thick
package of basalt flows (Koning et al., 2004 this volume). Only
the youngest flows of the Servilleta Basalt traveled as far south
as the Picuris Mountains near Pilar, based on the “Ar/*Ar age of
2.8110.13 for a basalt flow along the Rio Grande near the Village
of Rinconada (Appelt, 1998).

Rift Extension

The eastern boundary of the San Luis Basin is the 160-km-
long, north-striking Sangre de Cristo fault zone (Fig. 1), which
has a total west-down throw of as much as 7 or 8 km (Lipman and
Mehnert, 1979). A series of prominent, segmented fault scarps
show evidence for significant Pleistocene and Pliocene normal
offset (Machette and Personius, 1984; Machette et al., 1998;
Bauer and Kelson, 2002; Kelson et al., 2004b, this volume). Indi-
vidual normal faults typically dip steeply westward, with slicken-
lines plunging down dip.

Lipman and Mehnert (1979) placed the beginning of rift-
ing at ca. 26 Ma in the San Luis Valley. Similarly, Brister and
Gries (1994) concluded that rift structures evolved after about
27 Ma in the northern San Luis Basin. Most recently, Miggins et
al. (2002) determined that the 24.96+0.11 Ma age of the Amalia
Tuff, erupted from the Questa caldera, is a more accurate esti-
mate of rift inception. However, there is evidence that the tran-
sition from Laramide-style contractional and dextral faulting to
rift-style extensional faulting was transitional over much of the
Tertiary; Erslev (1999) concluded that the latest phase of north-
south, strike-slip faulting is post-25 Ma in central and northern
New Mexico. Similarly, Bauer and Kelson (2004, this volume)
showed that strike-slip faulting was occurring in the Taos area
less than about 18 Ma.
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The Embudo Fault Zone

The southeastern margin of the San Luis Basin is delineated by
a major Cenozoic rift accommodation zone, called the Embudo
fault zone (EFZ), which separates the east-tilted San Luis Basin
from the west-tilted Espafiola Basin and Picuris Mountains base-
ment block. A number of different interpretations of the geometry,
kinematics, and timing of the fault have been published (Miller et
al., 1963; Kelley, 1978; Manley, 1978, 1979; Muehlberger, 1979;
Aldrich, 1986). Chapin and Cather (1994) stated that the EFZ
developed where the north-trending rift intersected the pre-exist-
ing Jemez lineament of probable Proterozoic ancestry. Our recent
work documents late Quaternary northwest-down, left-oblique
normal slip along multiple, near-vertical fault strands (Kelson et
al., 2004a, this volume, 1996, 1997; Bauer and Kelson, 1997;
Kelson and Bauer, 1998; Bauer and Kelson, 2000). Our map-
ping indicates that the fault zone is several kilometers wide, and
extends between the basement rocks of the Picuris Mountains
into the basin to the north (Fig. 1). In general, our mapping shows
that the oldest rocks (Proterozoic) display the most intense brittle
deformation, and that the EFZ exhibits evidence of late Pleisto-
cene, and possibly Holocene, surface faulting. Clearly, the history
of faulting along the EFZ is one of episodic reactivation.

Northeast of the Village of Pilar, the EFZ is a complex system
of left-oblique, north-down, strike-slip fault strands that is over
two kilometers wide. West of Pilar, along the Pilar cliffs, the
surface exposure of the fault zone is limited to a wide zone of
brittle deformation in the Proterozoic strata of the cliffs, as the
principal fault strands are hidden beneath the Rio Grande and
landslides mantling the valley walls (Fig. 2). Several slickenlined
fault planes and other kinematic indicators (see Kelson et al.,
2004a, this volume) exist along the EFZ in rocks that range in
age from Proterozoic to Miocene. Nearly all such faults are near-
vertical with slip lines that plunge shallowly (generally 20°+£5°) to
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FIGURE 2. View southwest along the Embudo fault zone from Pilar
mesa. The Pilar cliffs are composed of south-dipping Paleoproterozoic
supracrustal rocks. The cliffs are separated from the Taos Plateau vol-
canic field by the Embudo fault zone, which is buried beneath the Rio
Grande and surficial deposits flanking the Rio Grande valley.
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~Rio Grand

View Southeast

FIGURE 3. View southeast across the Rio Grande to Proterozoic quartz-
ite of the Pilar cliffs that is highly faulted and fractured along the Embudo
fault zone. Kayaker for scale. The large, planar quartzite surface in photo
center, above the scree slope, is a 10-m-long vertical fault plane that is
dramatically striated. Slickenlines plunge approximately 20° westward.
Such faults, with gently west-plunging slickenlines, document north-
down, sinistral strike-slip movement on the Embudo fault zone.

the southwest (Fig. 3). Lower-angle fault planes with only minor
slip, such as the reverse faults described by Muehlberger (1979),
exist locally, although we do not consider such faults to be rep-
resentative of the kinematic behavior of the EFZ. Kelson et al.
(20044, this volume) present several lines of evidence that the
fault is dominated by left-lateral slip, including fault kinematic
indicators in roadcut and stream bank exposures, the presence
of possible left-deflected drainages along the fault, changes in
geomorphic expression coincident with changes in fault strike,
and the presence of local reverse faulting within a small right-
restraining stepover near Pilar Mesa. Reverse fault and other
secondary structures, such as positive flower structures, are typi-
cal of complex strike-slip fault zones. For the purpose of this
paper, we assume an average slip vector of 20° towards S60°W
on the EFZ between the villages of Pilar and Rinconada. Clearly,
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however, the EFZ contains a variety of geometrical/kinematic
domains along its northeastern extent (Kelson et al., 1997), and
the characteristics of these domains also may have varied through
time. The regional gravity map shows a strong gradient along
the northern flank of the Picuris Mountains, indicating that the
EFZ separates basement from basin fill over a narrow, sub-verti-
cal deformational zone with a large amount of throw (T. Grauch,
personal commun., 2004). Muchlberger (1979) estimated that
throw on Proterozoic rocks across the fault is at least 3050 m
(10,000 ft).

A BASALT PIERCING PLANE
Field Relations of Basalts

Along the northwestern flank of the Picuris Mountains,
between the villages of Pilar and Rinconada, the EFZ is topo-
graphically distinguished by precipitous cliffs that parallel the
Rio Grande and NM-68, juxtaposing Proterozoic rocks against
Pliocene rocks (Fig. 2). North of the Rio Grande, approximately
30 m (100 ft) of Servilleta Basalt caps the Taos Plateau and is

Taos Plateau e .

Bssalt @

(6800°)

—

Qal Alluvium
Cal
[1Qp Playa deposits
[C1Qc  Colluvium

[ Qe Eolian deposits

I Tb  Servilleta Basalt
Landslide deposits [ Tce Chama - El Rito member of Tesque Fm

[ZXN Xhr Rinconada Fm of Hondo Group
Xho Ortega Fm of Hondo Group

FIGURE 4. Geologic map of the northwestern Trampas quadrangle,
showing the Servilleta Basalt exposures that are offset vertically by the
Embudo fault zone. Map has been generalized from Bauer and Helper
(1994).

175

well exposed along the rim of the Rio Grande gorge (Fig. 4).
The basalt overlies sandstone and conglomerate of the Chama-El
Rito member of the Tesuque Formation, which contains clasts of
Tertiary volcanic rocks (including the 25 Ma Amalia Tuff) and
pebbles of Paleoproterozoic quartzite. Between these basalt out-
crops along the gorge rim and the EFZ, late Quaternary depos-
its (i.e., landslides, alluvium, colluvium) mantle the valley walls
and floor, and conceal bedrock and the EFZ. However, in the
Pilar cliffs on the southeastern side of the EFZ, Bauer and Helper
(1994) identified a small outcrop of Servilleta Basalt (in S 13 and
14, T23N, R10E; see Fig. 4) at an elevation of 7094 ft. The basalt
is an erosional remnant of Servilleta Basalt that flowed across
the EFZ and onlapped the Proterozoic and Miocene rocks of the
Picuris Mountains. Subsequently, the Rio Grande incised through
the basalt, stranding the basalt remnant 366 m (1200 ft) above
the modern river. This is the only outcrop exposure of Servilleta
Basalt known to exist on the south side of the EFZ, and therefore
provides the sole field datum for estimating the post-Servilleta
Basalt vertical component of slip (throw) across the EFZ.

The 4-m-thick outcrop consists of a single, flat-lying flow of
vesicular to massive tholeiitic basalt, indistinguishable in the field
from outcrops of Servilleta Basalt north of the river. This basalt
flow also overlies the Chama-El Rito member of the Tesuque
Formation, as on the north side of the Rio Grande. Between the
base of the basalt flow and the Tesuque Formation is a thin, gray
gravel composed mainly of large (up to 50 cm) rounded quartzite
boulders. The origin of the gravel is unknown, but similar grav-
els unconformably cap high-level erosional surfaces elsewhere in
the Picuris Mountains. No gravel clasts are present on top of the
basalt flow.

Basalt Geochronology

We sampled the base and top of the basalt remnant south of
the river (samples T-7.31.02-3 and T-7.31.02-2, respectively) for
“Ar/*Ar geochronology, and submitted the samples to the New
Mexico Geochronology Research Laboratory at the New Mexico
Bureau of Geology and Mineral Resources. Both groundmass
analyses yielded fairly well-constrained ages of 3.41+0.50 Ma
for the base, and 3.06+£0.33 Ma for the top of the flow package
(L. Peters, New Mexico Geochronological Research Laboratory
Internal Report #NMGRL-IR-344). The low radiogenic yields of
both samples decreases the confidence in the precision of these
eruptive ages. Therefore, for the purposes of this study, we assign
the top of the lone basalt exposure (7094 ft elevation) an approxi-
mate age of 3 Ma.

Fortuitously, the rim basalts north of the river (S11, T23N,
R10E) were sampled and dated by Appelt (1998) in the New
Mexico Geochronology Research Laboratory as part of his study
of the Taos Plateau volcanic field. He sampled basalt from near
the base of the rim exposure (sample RA-061; 2.81+0.13 Ma iso-
chron age; moderate confidence of age) and near the top (sample
RA-060; 3.39+£0.32 Ma isochron age; low confidence of age).
Obviously, the stratigraphically lower basalt is not younger than
an overlying flow, and so we discount the low-confidence age of
the top of the outcrop. Therefore, for the purposes of this study,
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we assign the base of the rim exposure (6800 ft elevation) an
approximate age of 2.8 Ma. Furthermore, we surmise that 3 Ma
basalt, equivalent to the basalt remnant south of the river, is prob-
ably buried by landslide and talus material below the base of the
rim exposure, perhaps at an elevation of approximately 6750 ft.
If this is correct, then the basalt flow is a 3 m.y. timeline that is
offset approximately 105 m (344 ft) by the EFZ.

ESTIMATES OF SLIP RATES AND EXTENSION RATE

Assuming an average slip vector of 20° on a vertical, sinistral,
north-down fault, we calculate the average vertical and horizontal
components (throw and heave) of slip, and the net slip across this
segment of the EFZ during the past 3 m.y. (Fig. 5):

Average vertical component of slip on EFZ for past 3 m.).
(throw or uplift rate of Picuris Mountains relative to San Luis
Basin)

=105 m/3 m.y. =35 m/m.y.

Average horizontal component of slip on EFZ for last 3 m.}.
(equivalent to the map separation of Servilleta Basalt across the
EFZ)

Horizontal slip (288 m / 3 m.y.)

7094

g

=

g

3|~

£| e
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6750' L=

A. Calculation of slip on Embudo fault zone based
on 105 m vertical offset of 3 Ma Servilletta basalt
along 20° plunging slickenlines.

SLB E-W extension rate (83 m / m.y.)

B. Calculation of average east-west extension rate across
the southern San Luis Basin for the last 3 Ma from
slip estimates on the Embudo fault zone.

FIGURE 5. Schematic showing the vectors used to calculate slip on the
Embudo fault zone (A) and east-west extension on the southern San Luis
Basin (B).
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=105m/tan 20°/3 m.y. = 288 m /3 m.y. = 96 m/m.y.

Net average slip rate on EFZ for last 3 m.y.
=105m/sin 20°/3 m.y. =307 m /3 m.y. = 102 m/m.y.

Using the EFZ horizontal slip rate of 96 m/m.y., and the N60°E
strike of the fault, and assuming that these values are representa-
tive of the entire northeast segment of the EFZ, we calculate an
east-west extension rate across the southern San Luis Basin (Fig.
5):

Average east-west extension rate across the
southern San Luis Basin
= (96 m/m.y.) (cos 30°) = 83 m/m.y.

DISCUSSION AND SPECULATION
Slip Rates on the Embudo Fault Zone

Our 3 m.y. average slip rate of 102 m/m.y. is a minimum esti-
mate, as it does not account for any strain that was partitioned south
of the basalt remnant on the southeastern side of the Rio Grande.
For example, slip may have occurred on northeast-striking, sinis-
tral, north-down, en echelon faults located 2 km southeast of the
basalt remnant (Bauer and Helper, 1994). For that fault set, Hall
(1988) calculated 840 m (2756 ft) of net slip, 539 m (1768 ft) of
vertical slip, 643 m (2110 ft) of horizontal slip (post-Proterozoic),
and concluded that these faults are part of the EFZ. The amount
of slip on these faults since 3 Ma is unknown, although one of the
faults appears to offset part of a Pliocene(?)/Pleistocene gravel in
the Copper Hill area (Bauer and Helper, 1994).

The above calculations are sensitive to the plunge value
assigned to the slip vector on the EFZ. For example, increasing
the plunge from 20° to 25° changes the EFZ slip rate from 102
m/m.y. to 83 m/m.y., and the extension rate from 83 m/m.y. to
65 m/m.y. Decreasing the plunge to 15° results in a slip rate of
135 m/m.y. and an extension rate of 113 m/m.y. However, based
on field measurements of slickenlines along the Pilar cliffs, we
believe that 20° is a reasonable plunge estimate.

Recent work by Koning et al. (2004, this volume) along the
EFZ to the southwest yields another minimum estimate of slip.
Near Velarde, slip is partitioned onto four major faults whose
cumulative displacement yields a minimum vertical slip rate of
45 to 62 m/m.y. for the past 7.7 to 8.4 Ma. He noted that this ver-
tical slip rate is less than that on the Pajarito fault, (70 to 120 m/
m.y.), but suspects that the lateral component of slip is being con-
verted to vertical slip to the south, as the Pajarito fault is mostly
a normal fault.

Regional gravity data suggest that Proterozoic basement is
buried at a depth of approximately 2134 m (7000 ft) just north
of Pilar (Cordell, 1978). Using these data, Muehlberger (1979)
inferred that the structural relief across the EFZ is at least 3000 m
(10,000 ft), because the Proterozoic peaks of the Picuris Moun-
tains are over 3000 m (10,000 ft) above sea level. If so, and assum-
ing an age of 30 Ma for initiation of the EFZ, the average rate of
vertical displacement is 100 m/m.y. for the life of the accommo-
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dation zone. In contrast, for the last 3 Ma, we estimate a vertical
component of slip for the Picuris Mountains of only 35 m/m.y.
Consequently, either: 1) the estimate for the depth to Proterozoic
basement is too high; 2) our estimate of vertical separation is
too low; 3) the Embudo fault has been active for longer than 30
Ma; 4) the uplift rate of the Picuris Mountains was considerably
greater in the past; or 5) some combination of the above. It should
be noted that Kelley (2004) deduced that some of the elevation
of the Picuris Mountains was probably attained in the Laramide,
although it is not known whether that included differential offset
between the Picuris Mountains and the San Luis Basin (along
the EFZ). However, assuming that the above estimates are rea-
sonable, and that the EFZ is predominantly a Neogene feature,
the pre-3 Ma vertical separation rates on the EFZ probably were
much greater than our post-3 Ma rate of 35 m/m.y.
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Extension rates across the San Luis Basin
Summary of existing data on extension rates

In this paper, we translate the estimated net slip rate on the
EFZ into an east-west rate of extension across the San Luis
Basin, and compare this rate with extension rates derived pri-
marily from the rift-margin Sangre de Cristo fault. Because the
San Luis Basin is east-tilted with most of the brittle extensional
strain concentrated along the 60° west-dipping Sangre de Cristo
fault (Kluth and Schaftenaar, 1994), estimates of net slip on this
fault (Menges, 1988, 1990; Kelson and Olig, 1995) and net dis-
placement (exhumation or uplift) across the fault (Miggins et al.,
2002 and references therein) can be used to estimate east-west
extension rates across the rift. Figure 6 summarizes the published

Reported Components of Slip Time Period (m.y. to | San Luis Basin Average E-W
Rates (m/m.y.) present) Extension Rate (m/m.y.)
Fault System Area Reference Data Source Vertical Notes
ertical ) . Reported by )
Net |(Exhumation| Horizontal| Reported | Assigned Author Our Estimate
Rate)
- E lLRan%e in slii)' rattesd
S o ) Offset 3 Ma 65-113 ased on estimate
uﬂ: S This paper Servilleta basalt. 83-135 35 75-130 3 (median 83) EFZ slip vector
° [ = range from 15-20
S g 2] degrees plunge.
3 N
[ = ﬁ Summed vertical Data are not
w 8 Koning, 2004 | offset across 4 fault| 45-62 7.7t08.4 na na suitable for
= 2 strands. extension estimate.
Vertical separation .
The range of slip
gitr\ﬁ;?gr?]grzzzogf rate values reflects
This paper | Petersen (1969) 31-150 28 (me1 dﬁgﬂ) o uncertainty in
and Picuris Fm of epstimates in the
Bauer and Kelson Taos graben
(2004 this volume) graben.
Menges states that
slip rates from the
° Estimates of young Middle(?) to scarps are difficult
=] slip on Sangre de 30-60 late 04 | nonereported |  2.85.6 to estimate. We
H Cristo fault scarps. . believe that these
. Pleistocene N
o Displacement rate. extension rates are
3 Menges, 1990 geologically
- iy unreasonable.
3 ) Machette et al.
I} -
; tsfrﬂrgﬁéesnoéfﬁgre 115-261 Post-Pliocene 4.3 none reported el (Li??glaiijggzd :
® de Cristo fault : P (median 109) | RSS P IbCEne 896
6 scarps. Slip rate. data 9
g Summed estimates Assuming 60
[ Kelson and of fault slip on degree west fault
S
g, Olig, 1995 Sangre de Cristo 220 Quaternary ca. 1.8 ca. 130 dip. Time period is
s plus Los Cordovas approximate
n fault systems. .
r(g:f;:?t\g);%aﬂlﬁs Vertical slip rate is
A 58 25 none reported 33 reported as an
Hills and Culebra exhumation rate
s Ranae. i
E Earlier estimates of
@ Miggins et al., slip in this area
° Offset 4.7 Ma
'_g' 2002 Servilleta basalt at w&;emrgﬁd;zy
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—g : Machette (1984).
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. Approximate 500 m . A
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FIGURE 6. Summary of published estimates of slip and extension on the Embudo and Sangre de Cristo fault systems. If the authors reported net slip
rates or vertical slip rates, we translated them into average extension rates using the reported or estimated time periods. Our calculations of extension
rates assume that all extension was by brittle deformation that is orthogonal to the north-striking, 60° west-dipping Sangre de Cristo fault.
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FIGURE 7. Summary chart (A) of the seven best-constrained estimates of average, east-west extension rates for the central and southern San Luis
Basin. Graph (B) of average extension rates from data in 7A, coded according to geographic area and fault system. Two speculative trends can be seen
on the graph. Average rates of extension appear to have increased during the last 28 Ma, and average rates have been higher in the southern part of the

basin than the central part (triangles versus circles).

work on slip and extension in the southern half of the San Luis
Basin. In a number of cases, previous workers reported net slip
or slip rates or exhumation rates, without estimating extension
rates. Where we could reasonably ascertain the time periods
involved, we calculated extension rates or ranges of rates. In all
cases, we assumed that all extension was by brittle deformation
that is orthogonal to the north-striking, 60° west-dipping Sangre
de Cristo fault. We consider only well-constrained estimates of
extension that are based on a well-dated datum that is offset by
the entire suite of faults along the eastern rift boundary, as sum-
marized below (Figs. 6 and 7A).

Based on offset of middle(?) to late Pleistocene surfaces and
scarp morphology in the Taos area, Menges (1988, 1990) inferred
a late Quaternary displacement rate of approximately 30-60 m/
m.y. for the Sangre de Cristo fault (Fig. 6). However, he stated
that slip rates from Sangre de Cristo scarps are difficult to esti-
mate. We suspect that the resulting extension rates of 2.8-5.6
m/m.y. for the last 0.4 ka are geologically unreasonable, and
we have not included them in Figure 7. Menges (1988, 1990)
also estimated post-Pliocene slip rates of 115-261 m/m.y. on the
Sangre de Cristo fault in the Taos area, rates that are two to eight
times greater than his late Quaternary rates. He noted that the
differences could be due to sampling a complex seismic system,
or it could actually reflect a waning of fault activity in the late
Quaternary.

Kelson and Olig (1995) used an averaged vertical slip rate on
the Sangre de Cristo fault of 200 m/m.y. (from Menges, 1988,
1990), plus an estimated average long-term vertical slip rate of 20
m/m.y. for the Los Cordovas faults, to determine a net east-west
Quaternary (post-1.8 Ma) extension rate of 130 m/m.y. for the
San Luis Basin at the latitude of Taos (Fig. 6). They acknowl-
edged that their calculation is strictly a first approximation.

Personius and Machette (1984) originally reported minimum
average rates of uplift of 60-120 m/m.y. for basalts displaced by
the Sangre de Cristo fault for the past 3-4 Ma near the Colorado
border. Recently, Miggins et al. (2002) refined that work, and
reported exhumation rates of 58 m/m.y. for the last 25 Ma, and
87 m/m.y. for the last 4.7 Ma. We use their exhumation rates to
calculate extension rates across the central San Luis Basin. The
exhumation rate of 58 m/m.y. translates to a horizontal east-west
extension rate of 33 m/m.y. for the last 25 Ma. The exhumation
rate of 87 m/m.y. translates to a horizontal east-west extension
rate of 50 m/m.y. for the last 4.7 Ma (Fig. 6).

A second long-term exhumation rate can be calculated based
on the offset of the pre- to early-rift Picuris Formation, at the
latitude of Taos. Bauer et al. (1999) and Bauer and Kelson (2004)
presented an east-west structural cross section through the south-
ern San Luis Basin that depicts the geometry of the Taos graben
based on the geophysical depth-to-basement estimates of Keller
et al. (1984). They also describe the Picuris Formation as a sec-
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tion of volcaniclastic sandstones and conglomerates dated at ca.
28 Ma that contain only clasts of Tertiary volcanic rocks, and
concluded that such rocks exist at depth in the Taos graben. Very
similar rocks (named the Carson Conglomerate) were described
by Petersen (1969) at an elevation of about 2750 m (9000 ft) on
the crest of the mountain range east of Taos. We propose that the
Carson Conglomerate is equivalent to the Picuris Formation, and
we calculate that the unit is offset across the rift boundary by 900-
4000 m (ca. 3000-13,000 ft), depending on their depth in the Taos
graben. This yields an average, east-west, extension rate of 18-87
m/m.y. (median is 53 m/m.y.) for the last 28 Ma (Fig. 6).

We have chosen not to include the apatite-fission track exhu-
mation/uplift rates that have been published for the Taos Range
(Kelley and Duncan, 1984; Kelley et al., 1992: Pazzaglia and
Kelley, 1998) due to the uncertainties related to assigning time
values to those rates. The AFT data may record cooling of the
Latir volcanic field in addition to cooling associated with exhu-
mation.

Discussion of extension rates

Chapin and Cather (1994) envisioned a broad, three-phase his-
tory of rifting in the northern rift basins, consisting of: 1) late
Oligocene to early Miocene slow extension with modest strain
rates; 2) middle to late Miocene rapid extension; and 3) Pliocene
to Recent slow extension. Those phases of rifting are shown on
Figure 7B, a graph of the most robust estimates of San Luis Basin
extension rates. The seven rates fall into two time domains, earli-
est rift (>25 Ma) and Pliocene (<5 Ma). This distribution is due
to the relative ease of dating and correlating the volcanic rocks
of the San Juan/Latir volcanic field and the Pliocene Servilleta
Basalt. While keeping in mind the general lack of precision inher-
ent in estimating extension rates in structurally complex basins,
there are two notable trends. First, the two average early rift rates
are generally lower than the five average Pliocene rates. Second,
the two northern rates from Miggins et al. (2002) are lower than
their southern old and young counterparts. Miggins et al. (2002)
noted that in the central San Luis Basin the average Pliocene/
Quaternary exhumation rate is greater than the average rate for
the entire 25 m.y. history of rifting.

Although possible trends suggested by Figure 7B are intrigu-
ing, we acknowledge that the amount of uncertainty in the esti-
mates of slip rates and extension rates could be large. We note
that, if early rates were very low (e.g., less than 20 m/m.y.), then
the extension rates of the two long-term points at 25 Ma and 28
Ma will have been skewed downward, representing the effect of
averaging slow phase one extension with fast phase two exten-
sion, plus moderate phase three extension.

If the five Pliocene rates are broadly accurate, and Chapin and
Cather’s (1994) model of the three phases is correct, then we can
infer that rates of extension during phase two (ca. 18-5 Ma) were
probably considerably higher than the mean of the Pliocene rates,
which is approximately 90-100 m/m.y. of east-west extension.
In a qualitative way, this is supported by the Chapin and Cather
(1994) interpretation that the most rapid phase of regional exten-
sion was middle to late Miocene. Similarly, Miggins et al. (2002)
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concluded that the central San Luis Basin experienced a major
episode of uplift and block faulting during the middle Miocene
(around 15 Ma).

If extension rates have been faster in the southern San Luis
Basin than the central San Luis Basin, this supports the general
perception that rifting has progressed northward through Tertiary
time (Chapin and Cather, 1994). Such a trend is also consistent
with the observation that net extension decreases northward from
rift basin to rift basin (Chapin and Cather, 1994).
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