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QUATERNARY FAULTING ON THE RIO
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ABsTRACT—Analysis of long-term average bedrock incision rates along the Rio Salado-Jemez system using fluvial terraces can be used
to test and quantify the hypothesis that differential river incision reflects Quaternary fault slip during ongoing uplift of the Jemez and Na-
cimiento Mountains. Strath terrace flights, especially the 400630 ka oldest straths, were correlated from the Arroyo Pefiasco in the south-
western Sierra Nacimiento to the Rio Salado near the southern nose of the Nacimiento and along the Rio Jemez from San Ysidro to the Rio
Guadalupe confluence and Soda Dam. By focusing on highest/oldest (400-600 ka) river terraces, resulting bedrock incision values average
out ~16 glacial/interglacial cycles and are interpreted here to reflect differential uplift. For previously mapped and correlated terraces, we
applied high resolution topography (HRT) datasets (1-m lidar) to refine strath heights above river level. Terrace height alone cannot be used
for correlation across active faults, so we applied new and published dating based on U-series dating of travertine-cemented fluvial deposits,
tephrochronology on interbedded ash, and “°’Ar/*Ar dating of detrital sanidines to constrain terrace ages across the system. Significant ter-
race correlation uncertainties remain because of variable terrace flight preservation, need for additional age control, complexities of applying
maximum/minimum age constraints, and fault geometry. Our terrace correlation working hypothesis using new geochronology suggests that
Quaternary fault slip rates are similar to river incision rates, as expected in neotectonically uplifting regions. We conclude from differential
incision magnitudes that uplift of the Jemez Mountains and southern Sierra Nacimiento is taking place at ~150 m/Ma relative to the Rio
Grande rift and San Juan Basin over the past ~500 ka and that this surface uplift is driving some of the fastest fluvial bedrock incision rates
in New Mexico at the southern nose of the Sierra Nacimiento (~300 m/Ma) and at Soda Dam on the Rio Jemez (200-250 m/Ma). Quaternary
faulting is interpreted to be enhancing upthrown-side incision rates by ~100 m/Ma relative to downthrown-side bedrock incision rates of
~150 m/Ma at the confluence of the Rio Jemez and Rio Guadalupe. The proposed mechanisms driving this interaction of differential river
incision and Quaternary faulting is magmatic inflation of the Jemez Mountains and related reactivation of the network of Laramide and
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Miocene faults around the Nacimiento-Jemez uplifts.

INTRODUCTION

The Jemez lineament is a northeast-trending zone of late
Cenozoic (past ~10 Ma) dominantly basaltic volcanic fields
that has been considered an important tectonic element of
northern New Mexico (e.g., Aldrich, 1986; Chapin et al., 2004;
Cather et al., 2012). It extends from eastern Arizona (Springer-
ville volcanic field) along a southwest-northeast trend toward
the northeast corner of New Mexico (Raton volcanic field),
intersecting with the Miocene Rio Grande rift in the area of
the Valles Caldera (Fig. 1). The southern margin of the linea-
ment is collocated with a lithospheric boundary between the
Proterozoic Yavapai (1.7-1.8 Ga) and Mazatzal (1.6—1.7 Ga)
provinces that may have provided a path for magma to ascend
to the crust during Cenozoic volcanism (Magnani et al., 2004).

The Jemez lineament has been hypothesized to be a wide
zone of dynamic topographic uplift (Formento-Trigilio and
Pazzaglia, 1998; Wisniewski and Pazzaglia, 2002; Karlstrom
et al., 2012). Several studies (Cather et al., 2012; Nereson et
al., 2013; Karlstrom et al., 2016; Repasch et al., 2017; An-
derson et al., 2021) have suggested epeirogenic uplift of this
wide zone over the past 10 Ma that has driven differential river
incision. Cather et al. (2012) identified a broad uplift across

the Jemez lineament defined by facies analysis of the Ogallala
Formation in the Great Plains. Nereson et al. (2013) identified
a northeast-trending zone of stream profile convexities and dif-
ferential incision to support uplift of the zone relative to the
Great Plains, with denudation rates of 90—114 m/Ma. Repasch
et al. (2017) suggested long-term incision rates at Black Mesa
and in the Taos volcanic field of 50-100 m/Ma with variations
along the river due to fault-enhanced/dampened rates. Near the
confluence of the Rio Chama and Rio Grande, Dethier (2001)
reported an incision rate of 180 m/Ma for the 105-m terrace
that contains the Lava Creek B ash; but this is the tread height,
such that the bedrock incision rate for the Rio Chama is 150—
160 m/Ma, using its strath height of 95—-100 m and an updated
LCB age of 630 ka (Jicha et al., 2016). Channer et al. (2015)
reported incision rates across the Rio San José that varied from
19 m/Ma to as much as 288 m/Ma, with periods of accelerated
incision from 2 to 4 Ma during construction of Mt. Taylor. The
regional variations raise questions about what causes differen-
tial river incision along and across the Jemez lineament.

A key area to further test the hypothesis of differential uplift
and incision is the Jemez Mountains (Fig. 1). This locality fea-
tures the dynamic interaction of young volcanic systems with-
in the Jemez lineament, Rio Grande rift faulting, and bedrock


mailto:creed5@unm.edu
https://doi.org/10.56577/FFC-74.237

238 REED, KaARLSTROM, RODRIGUEZ, IVERSON, HEIZLER, ROSE-C0sS, CROSSEY, CoX, JEAN, PoLY4AK, AND ASMEROM

'10‘741° —1(?7“ —10?,9“ —10|6,8° '101648° —10|5,7° '10?.6° —10?,5“ '10?4“ —10|5,3° '10?3“

@ Terrace targets (this study)
~/ USGS Quaternary faults

5

FIGURE 1. High topography of the Jemez and Sierra Nacimiento, major riv-
ers, and faults (USGS and NMBMMR, accessed 2024, red lines). Red hexa-
gons indicate the three high terrace localities that form the main topic of this
paper: (1) Rio Salado terraces on the south plunging nose of the Sierra Na-
cimiento; (2) Lava Creek B-aged (630 ka) terraces near the confluence of the
Rio Jemez and Rio Guadalupe; (3) Travertine-cemented gravels on the Rio
Jemez at Soda Dam.

river systems draining high topography. Within our study area
near the confluence of the Rio Guadalupe and Rio Jemez, Rog-
ers (1996) reported incision rates of 120 m/Ma from 1.62 Ma
(Otowi Member of Bandelier Tuff) to present and 150 m/Ma
from 630 ka to present. This paper synthesizes and provides
new incision rate data for three river systems that surround the
southwestern side of the Jemez Mountains: Rio Jemez, Rio
Salado, and Rio Puerco. We characterize the uplifted terrains,
examine and compare their river profiles, and correlate and
date their terraces with emphasis on the oldest/highest terraces
to derive long-term rates.

METHODS

We use diverse methods in this study to measure incision
rates, characterize the landscape, and synthesize datasets.
Methods used here are similar to those used by other workers
in correlating and dating fluvial terraces in tectonically active
terranes (Wegmann and Pazzaglia, 2009; Aslan et al., 2019),
tracing detrital sanidine to ignimbrite sources (Heizler et al.,
2021), quantitatively analyzing river profiles (Whipple and
Tucker, 1999; Wobus et al., 2006; Kirby and Whipple, 2012;
Perron and Royden, 2013), parsing Quaternary fault slip by
measuring differential incision across faults (Fig. 2; Pederson
et al., 2002; Karlstrom et al., 2007; Crow et al., 2014), and
testing for potential surface uplift driven by magmatism (Karl-

strom et al., 2012).

This study targets mainly strath terraces, and reported
heights are of the terrace strath—the bedrock bench carved by
a paleoriver system during periods of incision and capped by
bedload gravels and sands. A strath terrace tends to be thin rel-
ative to the size of the river that created it, typically less than
10 m thick (Pazzaglia, 2013). Near the confluence of the Rio
Guadalupe and the Rio Jemez (La Junta), the strath terrace is
buried as the basal layer of thick fill terraces and loess. Ter-
race formation frequently reflects alternating cycles of river
incision and aggradation associated with climatic cycles (Bull,
1991; Rogers, 1996; Love and Connell, 2005; Bridgland and
Westaway, 2008). Within the Rio Jemez, Rogers (1996) and
Rogers and Smartt (1996) proposed a climate-driven model for
incision, aggradation, and equilibrium of the Rio Jemez. In the
Sierra Nacimiento, Formento-Trigilio and Pazzaglia (1998) in-
vestigated the roles of epeirogenic uplift and drainage integra-
tion, and Frankel and Pazzaglia (2006) proposed that incision
was due to distant base-level fall and northward-propagating
knickpoints.

Here we provide additional geochronological data for this
area to evaluate terrace flights (Fig. 2) that record the past
1.6 million years of bedrock incision. This long-term anal-
ysis averages numerous glacial-interglacial cycles and can
help test whether incision has been steady in a given reach,
implying epeirogenic uplift (Wisniewsky and Pazzaglia, 2002;
Karlstrom et al., 2012) and whether differential river incision
reach-to-reach can be used to quantify Quaternary fault slip
(Karlstrom et al., 2008).

Data required for incision rate studies include the height of
the terrace strath above the modern bedrock strath or above
river level (ARL) when the thickness of bedload gravel in the
modern floodplain is unknown, and the age of the terrace strath
is usually a constraining age from the overlying terrace fill or
from higher or lower terraces in the same flight. Strath heights
were measured accurately using 1-m lidar. New and compiled
dating relied on various methods, with the most robust being
the presence of a tephra that is reworked into a terrace fill such
as the Yellowstone Lava Creek B ash (LCB, 630 ka; Jicha et
al., 2016); this is datable using sanidine “°Ar/*’Ar and/or teph-
rochronology (both were used in this study). U-series (U/Th)
dates on travertine that cements river gravels can provide a
near-direct age on gravel deposition in some instances (e.g.,
Crow et al., 2014) or a minimum age when veins invade older
travertine or gravels (e.g., Jean et al., 2024). This is sometimes
difficult to determine and is discussed case by case below. De-
trital sanidine (DS) can be used on “cryptic” ashes—ash pres-
ent as grains reworked into sediments—where the youngest
DS grain provides a maximum depositional age (MDA; Hei-
zler et al., 2021).

Terrace flights can yield strath-to-strath age difference to
test the magnitude and variability of incision rates through the
river’s history (Rogers, 1996; Karlstrom et al., 2016; Aslan,
2019; Anderson et al., 2021; Crow et al., 2021; Heizler et al.,
2021). Rivers flowing across faults may show relationships in
which a higher rate of bedrock incision in upthrown blocks
equals the incision rate on the downthrown block plus the fault
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FIGURE 2. (A) Sketch of a generalized river terrace flight with the presence of multiple chronometers and strath terraces. For this study, geomorphic terrace
nomenclature and correlation was from Rogers and Smartt (1996), Formento-Trigilio (1997), Pazzaglia et al. (1997), Formento-Trigilio and Pazzaglia (1998), For-
mento-Trigilio et al. (1998), and Kelley et al. (2023). (B) Tephrochronology was used to correlate glass compositions to known Lava Creek B (red line, 630 ka per
Jicha et al., 2016) tephra compositions; other techniques for age control include detrital sanidine analyses and U-series dating. (C) Parameters utilized for calculating
elevation-relief ratio and the hypsometric integral within a drainage (Pike and Wilson, 1971; modified after Ritter et al., 2002). (D) Terrain analysis involved hypso-
metric integral (HI) (Jaiswara et al. 2020 after Ohmori 1993), and (E) roughness analysis showing surface unit vectors that have similar orientations in smooth terrain
and variable vectors in rough terrain, roughness calculated by the terrain ruggedness index of Riley et al. (1999) that calculates difference in elevation between cells
in a moving window (figure from Hobson, 1972 modified).
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slip rate (Howard et al., 1994; Whipple and Tucker, 1999; Ped-
erson et al., 2002; Tucker and Whipple, 2002; Karlstrom et al.,
2007, 2008; Whittaker et al., 2008; Crow et al., 2014; Repasch
et al., 2017). This method allows for the determination of the
magnitude of slip across faults, including those with low rates
on the margins of the Colorado Plateau and Rio Grande Rift
(e.g., Thompson Jobe and Chupik, 2021).

High-Resolution Topographic Data and River Profile
Analysis

Quantitative parameters used to investigate erosion of land-
scapes by bedrock rivers include chi (y) and k | steepness indi-
ces (Howard 1994; Whipple and Tucker 1999), which may
help reveal disequilibrium within a stream that can cause vari-
able incision rates, for example, variations due to knickpoint
migration, rock-type erodibility differences, or differential up-
lift. The normalized steepness index (k_ ) is quantified using a
power law relationship between channel gradient (S) and the
upstream drainage area (A) given the reference concavity (0,
often 0.45; Flint, 1974; Kirby and Whipple, 2012), as described
by Equation 1 (Kirby and Whipple, 2012):

S =kg,A™®

When in steady state, the erosion rate of a stream is equal to
the rock uplift rate (£ = U), whereby K is the erosional effi-
ciency factor that accounts for lithology, climate, channel ge-
ometry, and sediment supply (Howard et al., 1994; Whipple
and Tucker, 1999), and the m/n ratio represents stream power
per unit area or other channel dynamics (Tucker and Whipple,
2002), as demonstrated by Equation 2 (Sklar and Dietrich,
1998):

-m

vl -m
Se - (E)HA n

x (chi) is the integral of the reference drainage area (Ao)
divided by the relative drainage area (the area above a given
upstream distance, Ax) raised to the exponent of the m/n ratio,
as given in Equation 3 (Perron and Royden, 2013):

Chi is used to examine the influence of rock uplift rate and

x= fb (Afé;))i ax

erodibility (U and K) across different stream profiles even if
their profiles are not in steady state and if U and K are spatially
variable.

x disequilibria across basin divides indicates a migration of
the divide from lower to higher y values unless maintained by
differences in lithology or uplift (Willett et al., 2014). y analy-
sis of the Rio Salado and Rio Puerco basins provides informa-
tion to determine whether any significant transient Quaternary
disturbance exists along divides of the basins and will help
identify whether the Rio Salado-Jemez system is in equilib-
rium or actively adjusting, for example to bedrock variations,
geomorphic forcings like stream capture, or tectonic forcings

like differential uplift.

Simple morphometric tools to evaluate landscape matu-
rity and evolution include the hypsometric integral (HI) and
roughness. To demonstrate the HI, a schematic drainage basin
is presented in Figure 2C. In this figure, H is the total vertical
relief in the basin; total surface area of the basin is represented
by A, while area (a) is the surface area above a given elevation
(h). The hypsometric curve plots the relative drainage area of
a basin above a relative elevation and represents the cumula-
tive frequency distribution of elevations within the landscape
(examples of different curves that reflect different-aged land-
scapes are shown in Fig. 2D). The hypsometric integral is the
area below the hypsometric curve (Strahler, 1952; Fig. 2C and
2D) and is identical to the elevation-relief ratio (Pike and Wil-
son, 1971). The elevation relief ratio is defined as mean eleva-
tion minus minimum elevation divided by relief and is calcu-
lated in a moving window of a defined radius (Pike and Wilson,
1971). Landscapes that have reached maturity generally have
lower HI and concave-up hypsometric curves, while youthful
landscapes have higher HI and hypsometric convex-up curves
(Strahler, 1952). By plotting the HI value of a moving window,
it is easier to visualize areas consistent with young relief versus
areas of preserved stability. Roughness, or the ruggedness in-
dex, quantifies the mean absolute difference in elevation from
one cell to the next (Fig. 2E) and can clearly display young
geomorphic features like scarps and offsets better than a tradi-
tional hillshade.

TopoToolbox, a MATLAB-based plug-in software for geo-
morphic modeling (Schwanghart and Scherler, 2014), was
used to conduct these analyses. A 10-m DEM of the study re-
gion was used rather than 1-m lidar to allow more efficient
processing with similar results for k_ analysis (Purinton and
Bookhagen, 2017). Analysis of roughness and hypsometric
integral (HI) were completed using TopoToolbox with a 1000-
cell (10-m) radius moving window. Ruggedness was calculat-
ed according to the topographic ruggedness index (Riley et al.,
1999) in TopoToolbox from a 10-m DEM. y analysis was done
using ChiProfiler (Gallen and Wegmann, 2017) that utilizes
TopoToolbox in the Matlab environment.

RESULTS
Terrain Analysis

Figure 3A shows the hypsometric integral from the eleva-
tion-relief ratio (per Pike and Wilson, 1971), processed for the
landscape around the Jemez Mountains and Sierra Nacimiento
from a 10-m DEM. This evaluates the relative development
stage of topography (Strahler, 1952; Ohmori, 1993; Jaiswara
etal., 2020). Low values represent extensive level surface with
isolated relief features, like floodplains, whereas high values
canreflect broad, level surface broken by depressions or incised
features (Pike and Wilson, 1971; Fig. 3A). The elevation-relief
ratio of the area surrounding the Jemez Mountains and the Si-
erra Nacimiento may demonstrate the relative youthfulness of
the high topography in contrast to the well-adjusted and in-
cised front of the Sierra Nacimiento and Rio Jemez floodplain.



DirrFERENTIAL RIVER INCISION DUE TO QUATERNARY FAULTING ON THE R10 SALADO-JEMEZ SYSTEM 241

(oneu yaijel uoneas|e) |H

120

100

Jemez
Mountains

Sierra Nacimiento

rugged mountain fronts

CdSD
Rio Grande rift

Colorado Plateau
Sangre de Cristo
(19L) xepu| ssaupabbny ulels]

@
g

High Plains

1 1 1 1 1 1 1 1
32 34 36 38 4 42 44 46
x10°

FIGURE 3. Terrain analysis. (A) Hypsometric integral (HI) map, calculated using the elevation-relief ratio method of Pike and Wilson (1971), shows the extent of
broad high topography incised by narrow canyons in the combined Jemez-Nacimiento uplifts. The Jemez-Nacimiento uplift hypsometry is filtered through a 200
cell (10m) radius moving window and is consistent with relative youthfulness of the mountains due to uplift and emplacement of the 1.6 and 1.2 Ma, >100 m thick
Bandelier tuffs related to Jemez Mountains volcanism. (B) Roughness map shows high roughness in what we interpret to be neotectonically uplifting topography.
The similar dimensions and geomorphic states of the Quaternary Jemez Mountains and the Laramide Sierra Nacimiento suggests the possibility that Quaternary and
ongoing uplift of the Jemez Mountains is driving renewed uplift of the southern Sierra Nacimiento. Elevated roughness gradients in the Sangre de Cristo clearly
trend across mountain front faults and harder lithologies. CdSD is San Diego Canyon.
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The Sierra Nacimiento and Jemez Mountains in this view are
difficult to decouple and have similar north-south dimensions
of high and incised topography, raising the possibility that both
are responding to a Quaternary landscape perturbation caused
by volcanism (e.g., deposition of >100 m of Bandelier Tuff)
and the cumulative surface uplift of the Jemez Mountains due
to volcano construction plus potential epeirogenic uplift.

In roughness (Fig. 3B), the Jemez Mountains and Sierra
Nacimiento are both rugged landscapes relative to the San
Juan Basin to the west and the Rio Grande rift to the southeast.
The roughness map (Fig. 3B) is similar to Figure 3A in high-
lighting major tectonic features, such as the 80-km-long Sierra
Nacimiento uplift bounded by the Nacimiento fault zone and
the closely corresponding elevation, diameter, and roughness
between the Sierra Nacimiento and Jemez Mountains. Incised
features such as Cafion de San Diego (CdSD in Fig. 4) are
clear in both images, reflecting rapid Quaternary incision that
is leaving high topography stranded.

x values (Fig. 4A) and k_ (Fig. 4B) of the Rio Jemez ba-
sin and adjacent rivers show over-steepened reaches caused by
lithologic and tectonic controls. y, a measure of basin divide
stability, can assess basin-level rather than stream-level dis-
equilibrium (Willett et al., 2014). y analysis (Fig. 4A) reveals
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significant disequilibrium across two divides: Rio Puerco-Rio
Salado and Arroyo Pefiasco-Rio Salado. The Arroyo Pefias-
co-Rio Salado basin has higher y than neighboring basins,
suggesting that lithology and/or tectonic controls are main-
taining high y values across the southern nose of the Sierra
Nacimiento. This analysis may also reflect the capture of the
Arroyo Pefasco by the Rio Salado that was interpreted to be
due to erosional variability of lithology (Formento-Trigilio and
Pazzaglia, 1998).

Within the k  map, steeper normalized channel gradients
are collocated with major faults and lithologic changes (Figs.
4B and 5). The relatively low k_ of the Rio Guadalupe and Rio
Jemez at La Junta (LJ of Fig. 4B) supports that the two rivers
are currently at a state of relative equilibrium (Rogers, 1996).
Notable areas with elevated k  include reaches of the Rio Gua-
dalupe (e.g., the Guadalupe box [GB] in Fig. 4B) and the Rio
Jemez upstream from La Junta (Fig. 4B). Additionally, tribu-
tary streams that cross the San Ysidro-Jemez fault zone have
higher k_ on the upthrown side of the fault. Some faults have
uplifted, resistant basement rocks, leading to over-steepened
reaches and making it difficult to parse lithologic versus tec-
tonic controls, as across the Nacimiento front and Guadalupe
box (GB and NF of Fig. 4B), where lithology likely contrib-
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FIGURE 4. (A) y analysis shows divide instabilities between the Rio Puerco and Rio Salado, with higher y in the Rio Salado than the Rio Puerco that favors divide
migration into the Rio Salado drainage. (B) k_, analysis of normalized river steepness from 10 m DEM shows over-steepened reaches in the Precambrian basement
of the Sierra Nacimiento and Nacimiento fault (NF), in the Rio Jemez of Cafion de San Diego (CdSD), in the Rio Guadalupe and Guadalupe box (GB), and across
some faults. Major basin divides are colored, minor basin divides are shown in white (USGS, 2019). GB = Guadalupe Box, LJ = confluence of the Rio Guadalupe
with the Rio Jemez at La Junta, NF = Nacimiento fault, SF = Sierrita fault. Quaternary faults are shown in red (USGS and NMBGMR, accessed 2024).
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gesting a response to young movement across the faults. Two
regions of interest are where tributary streams cross normal
faults. Rock strength and hardness are classified by color ac-
cording to Cikoski and Koning (2017) to account for general-
ized lithologic influences on steepness. Figure 5B shows trib-
utaries draining the eastern slopes of the Sierra Nacimiento to
the Rio Jemez and crossing the Sierrita fault, the arching north-

utes to steepness. Other areas of high k_ may reflect faults and
fault-related knickpoints, such as the over-steepened reaches
draining the southeastern Sierra Nacimiento, as demonstrated
in Figure 5.

Examination of the k  analysis of tributary streams in the
southern Sierra Nacimiento (Fig. 5A) reveals that elevated k
values are concentrated upstream of major fault segments, sug-
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FIGURE 5. Detailed k , maps of tributary drainages in the southern Sierra Nacimiento. (A) Index for large scale maps of eastern slope of the southern Sierra Na-
cimiento (B) and the southernmost Sierra Nacimiento (C). Note that the stream color shades relate to k| (as shown in C) and the map-area shades correspond to
lithology (key at bottom of figure). Map colors correspond to generalized landslide units of Cikoski and Koning (2017), which reflect lithologic characteristics ger-
mane to landslide susceptibility (generalized rock hardness vs. softness or interbedding of hard vs. soft lithologies). In increasing magnitude of relative hardness, the
units are categorized as: S2 (green, weak sedimentary rocks that are well consolidated and mostly cemented; this includes both the Chinle Group and the harder Agua
Zarca Sandstone), M1 (yellow, interbedded weak and strong sedimentary rocks, assumed moderate strength), Stla (indigo, hard caprock underlain by softer sedimen-
tary rocks), St2¢ (pink, thick Proterozoic rocks). Brown, unlabeled shades is soft Quaternary alluvium and Santa FE Group sediment. We use an informal term, Towa
structure, to tentatively link: (1) partially reactivated east-up monocline south of Highway 550 (Kelley, 1977), linear east-down ramp that hosts travertine-depositing
springs, and east-down and southeast-down faults mapped by Woodward and Reutschilling (1976) and Kelley (1977). The harder Agua Zarca Formation is found
west of the black line drawn for the Towa structure and the softer Petrified Forest is found on the east. These structures are collocated with tributaries showing high
normalized steepness at and upstream of the fault. (B) Tributaries crossing the Sierrita (down to the east) also exhibit steeper reaches at and upstream (west) of the
fault with the location of Figure 6A shown. (C) Blow up of Rio Salado tributaries shows the same response to faults and lithologic differences.
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east-trending segment that connects the San Ysidro and Jemez
faults within the San Ysidro-Jemez fault system (Karlstrom et
al., 2024). These show elevated k_ upstream of multiple faults
then a return to near equilibrium gradient farther upstream, all
in the same generalized map unit. Figure 5C shows streams that
cross an informally named Towa structure and show a similar
pattern across multiple faults, all within Permian strata. The
Permian section consists of hard Agua Zarca Formation over-
lain by erodible Petrified Forest Formation; some k_ differ-
ences in Figure 5C correspond to those lithologic changes, but
other k  changes occur in the same formation (cf. Woodward
and Ruetschilling, 1978) of uniform hardness, which only in
part reflects the contrast between basal Agua Zarca Sandstone
and the weaker Petrified Forest Formation. These patterns sug-
gest that neotectonic movement across faults is an important
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FIGURE 6. (A) Simplified block diagram with the basement-cored uplift of
the Sierra Nacimiento and the Sierrita normal fault. Tributary streams have
steeper reaches at and just upstream of the fault (high k_ values that may cor-
respond to knickpoints) but return to lower-sloping, concave-up (equilibrium)
profiles (low k | values) upstream. (B) Time series diagrams of stream profiles
provide an explanation for observed steepness: knickpoints collocated at faults
are transient responses to fault movement; the knickpoint propagates upstream
as the channel responds to the change. The offset can be measured by offset on
preserved terraces, primarily on mainstem streams. Time series adapted from
Armstrong et al. (2021).

control on these tributary gradients that can be enhanced when
Precambrian bedrock is brought up on the faults, such as at the
Sierrita fault of Figure 5B.

The observed steepened reaches and knickpoints of tribu-
tary streams (high k) provide evidence of a neotectonically
active landscape in the southern Sierra Nacimiento across ma-
jor fault segments. Figure 6A demonstrates a conceptualized
block diagram of tributary streams crossing a normal fault
(like the Sierrita), with k  patterns shown as the color gradi-
ent. Where the normal fault brings up harder basement rock in
the footwall, an additional lithologic control is contributed and
superimposed on knickpoint formation (Wobus et al., 2006).
Figure 6B shows a time series as the knickpoint widens and
migrates upstream. Terraces are offset, and differential heights
relative to the steepened profile reflect fault slip. Thus, for the
Sierrita fault and the east-northeast-striking faults on the south-
eastern end of the Nacimiento Mountains, we interpret k  data
to indicate tributaries that are adjusting to Quaternary faulting.

River Terrace Correlations

Figure 7 shows our river terrace correlations along the Rio
Salado-Jemez system. The Rio Salado drains the western Sier-
ra Nacimiento and joins the Rio Jemez that drains the Jemez
Mountains to form a major tributary to the Rio Grande. Be-
cause of the numerous faults that cross the rivers, we divide
the terraces into fault-bounded subareas, within which flights
of terraces have not been significantly modified by faulting
(subareas 1-6 of Fig. 7). These terraces have been traced and
correlated by several workers within these areas (e.g., Rogers,
1996; Rogers and Smartt, 1996) and between these areas (For-
mento-Trigilio and Pazzaglia, 1998; Tafoya, 2012; Kelley et
al., 2023), but ours is the first attempt to integrate all six areas
including the newly dated terrace flight on the southern nose
of the Sierra Nacimiento. The terrace flight subareas include
the southwest flank of the Sierra Nacimiento (subarea 1), the
south-plunging nose of the Nacimiento uplift (subarea 2), the
Rio Salado-Jemez confluence near San Ysidro (subarea 3), the
lower Rio Jemez near Cafion and Walatowa (subarea 4), the
Soda Dam area (subarea 5), and near Zia Pueblo (subarea 6).
Formento-Trigilio and Pazzaglia (1998) and Formento-Trigilio
et al. (1998) correlated terraces across subareas 1, 3, 4, 5, and
6, but we add new geochronology and refined heights from 1-m
lidar. Rogers and Smart (1996) and Rogers (1996) worked in
subarea 4 and calibrated long-term rates with a key terrace that
contains the Lava Creek B ash (630 ka). For subareas 2 and
5, we present new terrace characterization and age constraints
from U-series and DS geochronology. These data significantly
change the terrace correlation of Frankel and Pazzaglia (2006,
fig. 8) between subareas 4 and 5.

Terrace Heights and Ages

Figures 7 and 8 summarize height and age information for
key terraces from each subarea. These refined heights and ages
can be used to test the correlation of Formento-Trigilio and
Pazzaglia (1998), essentially followed by Kelley et al. (2023),
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who named and correlated Qt1 and Qt2—the highest and sec-
ond-highest mapped Quaternary terraces within each flight—
as well as lower terraces Qt3 to Qt6 leading down to the active
flood plain. Formento-Trigilio and Pazzaglia (1998) proposed
a fault-influenced incision model and identified several Qua-
ternary faults based on terrace offsets. The next section below
tests this correlation with focus on the higher terraces in subar-
eas 2, 4, and 5, where our geochronology data show lower in-
cision rates in subarea 4 than in subareas 2 and 5 over the past
~500 ka. The published correlations combined with our pre-
ferred ages for subarea 5 would necessitate large offset across
the Towa structure. We also explore alternative terrace correla-
tions that partition this differential incision across other faults.

A terrace flight at Rio Salado (subarea 2) on the south-plung-
ing nose of the Sierra Nacimiento is newly described and dated
in this paper and provides a potential template for terrace cor-
relation. Eight thin (a few meters thick) terraces of river cob-
bles and sands rest on a thin skin of the Petrified Forest Mem-
ber of the Chinle Formation preserved on the Agua Zarca dip
slope, and many are capped by travertines (Fig. 9). Although
U-series ages of travertine are minimum ages, we assume that
travertine deposition closely followed strath and floodplain de-
velopment, perhaps within several to 10 ka and within the error
of the U-series dates. This assumption is based on the semi-
regular ~100 ka scale of increasing age upward in the terrace
flight, the analogy to the modern river where modern ojitos are
depositing travertine mounds atop Rio Salado alluvium in the
modern floodplain, and the apparent role of travertine deposits
in preserving both the thin skin of Petrified Forest Member and
the thin gravels on the Agua Zarca dip slope. U/Th dates on
samples of travertines capping Rio Salado gravels are shown in
Figure 9A and listed in Table 1. The highest terraces (Qtla and
1b) are 195 m and 164 m ARL; ages are beyond U-series range
(>500 ka), but Qt1b gives a »**U model age of 534+148 ka. We
tentatively correlate Qtl to here based on relative height dif-
ferences of Qtl and Qt2 elsewhere (~20—-40 m; Fig. 8), which
is allowable by the Qtlb model age. The next highest terrace
(Qt2) is 130 m ARL and gives a U-series date of 415+16 ka.
Qt4 is 44 m ARL and gives a U-series age of 250 ka. “°Ar/*°Ar
DS samples were collected from terrace fill beneath several of
the dated travertines with youngest grains of ~1.2 Ma; these
provide maximum age constraints that are compatible with the
U-series dates. They do not help to further refine the strath ages
(Table 1), but they do provide provenance data for the terraces
and show that the 250 ka 44 m terrace has similarity to the
<261 ka San Ysidro surface that may be graded to it (Bailey
et al., 2024).

Subarea 3 (Fig. 8) is on the Rio Salado and contains the San
Ysidro terraces. Formento-Trigilio (1997), Formento-Trigilio
et al. (1998), and Formento-Trigilio and Pazzaglia (1998) cor-
related Qt2 (55 m) in this area to the Qt2 (45m) in subarea 4,
where they estimated an age of 400+100 ka based on soil de-
velopment. This age is similar to the 415+16 ka U-series-dated
travertine of Qt2 (130 m) in subarea 2. If this published cor-
relation is correct (our Alternative 1), there is a 75-m height
difference in the ~400 ka terraces between subareas 2 and 3
that could be explained by 75 m of east-down displacement

across the Towa structure in the past 400 ka. The base of the
Petrified Forest Formation is an east-down ramp or monocline
with about 100 m of vertical separation, but there is no obvious
fault plane or scarp. An alternative (Alternative 2) would be
to correlate Qt2 and Qt4 in subarea 3 with the 250 ka Qt4 in
subarea 2. In this alternative correlation, there need be no Qua-
ternary displacement across the Towa structure, and instead,
the required 60 m offset of Qt2 between subareas 2 and 4 (Fig.
8) may have taken place on the San Ysidro fault.

Subarea 4 is on the Rio Jemez and extends from Walatowa
to the Rio Jemez-Rio Guadalupe confluence at La Junta. It has
a well-developed terrace flight on the west side of the river
and less-well-preserved paired terraces on the east. The highest
terraces at La Junta (Fig. 10) are an important keystone that
provides an age for Qtl because it has the 630 ka (Jicha et
al., 2016) Lava Creek B (LCB) Yellowstone ash in it (Rogers,
1996; Rogers and Smartt, 1996). The Qtl terrace (Fig. 10A) is
a fill terrace that sits on a well-preserved strath developed on
Permian sediments (Abo Formation) and consists of 22 m of
sediment (~3—4 m of cemented river cobbles with sparse fine
sand lenses overlain by 11 m of sands, silts, and fine gravels
overlain by 7 m of coarse gravel; Rogers and Smartt, 1996, fig.
5). A prominent 1-2-m-thick ash-rich layer sits 5 m above the
strath and is capped by about 17 m more alluvium and terrace
deposits.

We resampled the terrace and ash in several places for
“Ar/*Ar dating to confirm the presence of 630 ka Lava Creek
B ash. We sampled at the strath within a sand lens (CR22-G1),
the basal part of the ash layer (CR22-G2), and the terrace mate-
rial above the ash layer (CR22-G3). “Ar/*Ar dating (Fig. 10B)
for all three samples returned bimodal weighted MDAs with a
prominent peak at 1.22 Ma (Upper Bandelier Tuff, UBT) and
one centered at 604+15 ka, the latter comprising exclusively
grains from sample CR22-G2 (the ash sample). The oldest
normal distribution of the youngest grains provided a date of
633+10 ka (Fig. 10B). The older age closely matches the known
age of the LCB eruption (630 ka; Jicha et al., 2016) compared
to the youngest normal distribution of 533+16 ka, which may
be explained by “°Ar loss. We also processed volcanic glass
samples for microprobe tephrochronology to determine agree-
ment with the microprobe analysis of Rogers (1996) given the
alternate possibility that such a well-preserved ash may be
from the nearby Valles Caldera. Results confirmed a match in
tephra chemistry (CaO versus FeO) of the CR22-G2 sample
(Fig. 10C, black dots) with that of LCB (red circles; Perkins et
al., 1995) and not with the Tshirege Member of the Bandelier
Tuff or ash-fall units of the Pajarito plateau (WoldeGabriel et
al., 2007). Our results agree with Rogers (1996) and provide
additional geochronology for this ash. Using a strath height of
90 m for Qtl in subarea 4, we calculate an average bedrock
incision rate of 143 m/Ma since 0.63 Ma. Rogers (1996) cited
an incision rate of ~150 m/Ma using the tread height of 111 m
(rather than the 90 m strath height) and an LCB age of 620 ka
(rather than 630 ka).

For Qt2 in subarea 4, Rogers (1996) estimated an age of 500
ka using a combination of stratigraphic position, amino acid ra-
cemization ratios, incision rates, correlation with dated terraces
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of the Rio Chama, and an attempt to correlate terrace formation (subarea 4), the Qt1 strath is 90 m ARL, and we use the Lava
with the glacial and interglacial oscillations calibrated by the Creek B ash age of 630 ka, yielding a lower incision rate of
marine isotope stage (MIS) curve. This estimated age is ap- 143 m/Ma. This rate is consistent with the incision rate of 175
proximately compatible with our 415 ka age from subarea 2. m/Ma for Qt2 using 70 m ARL and 400 ka. The difference in

Figure 8 shows Qtl in subarea 2 as 164 m ARL, 534 ka, incision rates between subarea 2 (~310 m/Ma) and subarea 4
yielding an incision rate of 307 m/Ma and Qt2 as 130m ARL, (~140 m/Ma) is 170 m/Ma, hence 85 m over the past 500 ka.
415 ka, yielding an incision rate of 313 m/Ma. Near La Junta The height difference of 74 m for Qtl and 60 m for Qt2 for
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FIGURE 7. Six subareas areas where terrace flights are correlated by height, age, and fill/tread/soil character. Qao is Quaternary aeolian + alluvial deposits that
cap the beveled surfaces across the Tierra Amarilla anticline, Qt2 is the second highest terrace correlated across the Rio Salado and Rio Jemez; Qtl is the highest
correlated terrace of the Rio Salado and Rio Jemez system (Formento-Trigilio and Pazzaglia, 1998; Formento-Trigilio et al., 1998; Kelley et al., 2023). Subareas are:
(1) Arroyo Peiiasco: terraces commonly overlain by travertine-cemented platforms; (2) Rio Salado: the southern nose of the Sierra Nacimiento has gravel terraces
cemented by travertine, which was dated using U-series methods; (3) San Ysidro: Rio Salado terraces located 2-4 km west of San Ysidro; (4) Walatowa (south)
and La Junta (north): Rio Jemez terraces at Walatowa and La Junta near the Jemez-Guadalupe confluence, where Qt1 contains the Lava Creek B ash (630 ka; Jicha
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km east of San Ysidro, these terraces may contain past paleoconfluence locations of Rio Salado and Rio Jemez.
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age-correlative terraces between subareas 2 and 4 is attribut-
ed to differential incision due to faulting. With Alternative 1,
correlating terraces between subareas 2 and 3 results in 74 m
of vertical displacement across the Towa structure. The Alter-
native 2 correlation between the two subareas (i.e., correlate
Qt2 and Qt4 in subarea 3 with the 250 ka Qt4 in subarea 2),
results in zero displacement across the Towa structure and up
to 60—70 m of vertical displacement on the San Ysidro-Jemez
fault (the 60—70 m is obtained from comparison of the Qtl and
Qt2 heights in subareas 4 and 6, east of the fault, with Qt1 and
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Qt2 heights in subarea 3, west of the fault). The resulting verti-
cal offset value of 60—70 m is higher than the 611 m of post-
630 ka vertical offset interpreted on the San Ysidro fault by
Formento-Trigilio and Pazzaglia (1996) and Formento-Trigilio
(1997). The calculated slip rate for using the alternative cor-
relation results in a vertical slip rate of ~100 m/Ma, which is
compatible with a Late Quaternary slip rate of <200 m/Ma for
the San Ysidro fault (Kelson et al., 2015) and higher than the
27-54 m/Ma interpreted for its southern extension, the Cala-
bacillas fault (McCalpin, 2011).
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FIGURE 8. Summary table and index map of terrace ages, heights, and incision rates for each terrace subarea (1-6) using our preferred correlation and assumption
that U-series ages are close to depositional ages (alternative 1). Differences in incision rates between subareas are attributed to post-630 ka fault slip (rightmost
column) on the fault segments shown. Arrows on faults indicate relative movement (east or west side down) as if in cross sectional view from the south. Longer-term
bedrock incision (canyon deepening) rates are shown from the base of the lower Bandelier where available (see text for complexities). Differential incision is calcu-
lated between available correlated terraces, either Qtl or Qt2, and assumes the high terraces at Soda Dam and Sierra Nacimiento may correlate to the 630 ka Lava
Creek B terrace, which is permitted but not dictated by the geochronologic data. For subarea 3, the red text reflects the 45 m ARL terrace being Qt2 (alternative 1) and
green text reflects the 45 m ARL being Qt4 of Formento-Trigilio et al. (1998) and Formento-Trigilio and Pazzaglia, (1996) (alternative 2) correlations. Footnotes (su-
perscript numerals in Ages column): are as follows: (1) Formento-Trigilio et al. (1998) correlate these surfaces to the Qt2 terraces on the Rio Jemez, where proposed
ages include 310 = 70 ka to 425 ka (Rogers, 1996; Rogers and Smartt, 1996) and a 400+=100 ka estimate from soil development (Formento-Trigilio and Pazzaglia,
1998). These agree with the 415 + 16 ka U-series age from travertine in a 130 m ARL terrace at Rio Salado (subarea 2). (2) U-series model age on travertine caps on
highest terraces from Cron et al (2024). The high Qtl terrace on the Rio Salado is beyond U-series dating range but have a 238U model age of 534 + 148 ka; Qt2 is
415 £ 16 ka. (3) U-series age on travertine caps on second highest terraces from Cron et al (2024). (4) U-series age on travertine caps on 44m ARL terrace from Cron
et al (2024). (5) Age estimate from soil profiles from Formento-Trigilio and Pazzaglia (1998) for terraces near Walatowa. (6) Age from determination of presence
of LCB ash (Rogers, 1996; Pazzaglia et al., 1997; this study). (7) Age estimates for Qt2 from Cron (2012) and Rogers (1996). (8) Nasholds and Zimmerer (2022)
age of Tshirege member of the Bandelier Tuff refining the age of Qg3 determined by Rogers (1996). (9) Minimum age from Jean et al. (2024) U-series model age
on capping micrite. (10) Nasholds and Zimmerer (2022) age of Otowi member of the Bandelier Tuff. (11)Age from correlation with LCB ash-containing terraces
from Rogers (1996) by Pazzaglia et al. (1997). (12) Age estimate from soil profiles taken near Walatowa for Qt2 terraces by Formento-Trigilio and Pazzaglia (1998).
* No age constraints available, see Formento-Trigilio and Pazzaglia (1998).
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FIGURE 9. (A) Simplified cross section of Rio Salado strath terraces with heights determined with 1m lidar. The Triassic Agua Zarca sandstone forms a S-plunging

dip-slope on which the terraces are inset. Ages from U-series dated travertine caps

and DS MDAs samples are shown with their respective terrace position. (B)

Profile transect of A-A’ of Figure 7. Correlated Qt2 terraces are shown between Rio Salado (subarea 2) and San Ysidro (subarea 3) in red (alternative 1) as mapped
by Formento-Trigilio et al. (1998). If the published terrace correlation is correct, there is an offset of 85 m across the Towa structure. The alternative 2 correlation
is presented in green where terraces in subarea 3 are correlated with Qt4 rather than Qt2; this necessitates no slip across the Towa structure but requires 60 m of the
differential incision of Qt2 between subareas 2 and 4 to be accommodated by the San Ysidro and Jemez faults.

Subarea 5 is the upper Rio Jemez near Soda Dam. Terrace
correlations between subareas 4 and 5 are complex, as the loca-
tion is reworked by hydrothermal carbonic springs, extensive
travertines, and faults of the Jemez fault system. Frankel and
Pazzaglia (2006, fig. 8) correlated the 90-m-ARL Qt1 630 ka
terrace of subarea 4 with a 32-m-ARL gravel at Soda Dam and
concluded that terraces converge upstream on the Rio Jemez
as a response of base-level fall and upstream knickpoint mi-
gration. However, Tafoya et al. (2012) and Jean et al. (2024)
dated numerous travertine deposits and found that the gravel
at 32 m ARL is cemented by 210 ka travertine, making this
correlation unlikely, as the difference between deposition-

al age and travertine-cementing age would be ~400 ka in an
active travertine setting. Jean et al. (2024) also dated traver-
tine platform A1 that overlies ~150-m-ARL gravels near Soda
Dam (Fig. 11). The gravel is intruded by a calcite spar sill of
486+25 ka, which gives a minimum age. Older but still mini-
mum ages are given by imprecise micrite ages from the top of
deposit A1 of 755+212 ka (***U model age) and a U-series age
of 5604323 ka. We interpret the gravels to have been cemented
near the paleoriver bottom as the travertine developed above
them, analogous to the modern stream. If so, this would give
an incision rate of 268 m/Ma using the strath height, and the
oldest reported micrite age that is within U-series range; if the

TABLE 1. Compiled U-series dates on travertines and *’Ar/*? Ar DS maximum depositional ages (MDAs) from the Rio Salado terraces. K06-SY-67 is a 2**U model

age. U-series data is reported in Cron et al. (2024), this volume.

Terrace U-series corrected ages “Ar/PAr DS MDA dates (this study)
height (Cron et al., 2024) Latitude Longitude  Elevation (m)
20 m K04-SY-50 3140.3 ka CR21-RS-01 35.543187 -106.843635 1695 603+15 ka
40 m K06-SY-20 250+4 ka CR21-RS-02 35.545667 -106.841483 1723 20.5+0.3 Ma
90 m CR21-RS-03b 35.547639 -106.834462 1770 1.08+0.08 Ma
130 m LCO04-SY-5a 415+16 ka CR21-RS-04 35.552638 -106.83824 1828 1.164+0.01 Ma
195 m K06-SY-67 534+148 ka CR21-RS-04 35.552638 -106.83824 1828 1.164+0.01 Ma




DirreEReNTIAL RIVER INCISION DUE TO QUATERNARY FAULTING ON THE R10 SALADO-JEMEZ SYSTEM

Relative probability

cao

249

La_1 Junta “°_Ar/39Ar R_esults Oldest N.ormal Dis.tribution

100
L 80 -
k B ° .‘A < E '..- .'
A2 @ S o0 ] Soety
X
° S 40 o990 °®
- J 20 °
. A a .-
T T T 300 50 [ ]
© L]
r z 40
L O
,_- % 0 Sw AL '..‘
- S Froo 20 o ° ._‘:-.
’ g 30 T
O ko
T T T 20 4
CR22-G3 N
1.222+0.005 Ma 10 9
CR22-G2 0]
0.604+0.015 Ma
o 2| vewootam
CR22-G1 2 _(_:3 n=210f27 /7
1.202+0.007 Ma T © v
— -Q S
[ @ [¢] .-’"
o = -
» o L
L] —— ]
0.5 1.0 15 20 0.2 0.'4 0..6 0.8
Age (Ma) Age (Ma)
C " * @ a2
~ 7 ,‘#,:F + +
++ O Lava Creek B and A (Lander, Wy)
o 4 ek Upper Bandelier
- +
o] + ;mo.% Tephra of the Parajito Plateau
" O 204 (Woldegabriel, et al 2007)

FeO

FIGURE 10. (A) Well-exposed bedrock strath cut onto the Abo Formation at base of Qt1 terrace in the La Junta area of subarea 4 (Rogers, 1996; Rogers and Smartt,
1996) and sample locations (yellow) of overlying sands (detrital sanidine and “*Ar/**Ar dating) and the Lava Creek B ash (CR22-G2, tephrochronology and “’Ar/*’Ar
dating). (B) “’Ar/*Ar geochronology of three samples (CR22-G1, 2, 3) are shown on the left plot. The right plot depicts the distribution of 0.4-0.8 Ma ages for the
CR22-G2 sample (direct sample of base of ash). In the right plot, (blue squares denote the older normal distribution of CR22-G2 data. The younger normal distribu-
tion (red squares) is rejected because the largest population of data better fit the older distribution. The 604+15 ka combined age and 633 + 10 ka age for CR22-G2
(from the entire 0.4-0.8 Ma distribution and the older normal distribution of CR22-G2, respectively) are within range of expected LCB ash ages. See Supplementary
Data for *’Ar/*Ar data. (C) Glass chemistry results from microprobe analysis of sampled material from CR22-G2 supports a match with LCB tephra compared to
tephras derived from the nearby late Pleistocene-Pliocene volcanic centers of the Jemez Mountains.

gravels correlate with the Qtl 630 ka terrace from subarea 4,
the incision rate would be 238 m/Ma.

Our justifications for interpreting some travertine dates as
near-depositional ages for the gravel versus secondary infill-
ings is well-illustrated at Soda Dam, where we have numerous
U-series dates. The interpretation of near-primary ages for the
150-m and 32-m gravels is supported by the observation that
two younger travertine deposits are inset into Deposit Al. The
general age range of micritic ages (not from sills or veins) are
younger for progressively lower, inset deposits, as shown in
Fig. 8 (e.g., 287-482 ka for A2, 132-183 ka for A3, 78-138 ka
for B). The modern setting of travertine-cemented river cob-
bles at river level provides a good analog for the older micrite
deposits. Younger U-series ages of 96339 ka on sills within
deposit Al are clear examples of secondary travertine infillings
due to episodes of high artesian head as the river incised, with
high head potentially due to upstream caldera lakes (Jean et al.,
2024). These infilling-type deposits can form hundreds of me-
ters above river base level, as also seen in the Tierra Amarilla

anticline (Cron et al., 2024), where artesian waters currently
move up semiconfined fault conduits.

The proposed 268 m/Ma incision rate at Soda Dam over
the past 560 Ma (Fig. 8) is more precise than warranted by
the imprecise geochronology, but if we use a range of ages of
560755 ka, this results in a range of incision rates (199-268
m/Ma) that is ~50-100 m/Ma higher than the 143 m/Ma rate
in subarea 4 at La Junta. This is interpreted as due to west-up
displacement on the Jemez fault zone. This scale of differen-
tial incision is compatible with the ~380-m-ARL height of the
base of the 1.62 Ma Otowi Member of the Bandelier Tuff in
this area. Using the height and age of the Otowi Member gives
a long-term average bedrock incision rate of 235 m/Ma since
1.62 Ma, or 309 m/Ma from the base of the 1.2 Ma Bande-
lier Tuff (in this area there was little bedrock incision [canyon
deepening] between the 1.62 and 1.23 Ma Bandelier Tuff erup-
tions). These rates are >100 m/Ma higher than those in subarea
4, where the long-term bedrock incision rate has been steady
at 140—150 m/Ma since 1.23 Ma based on gravels coeval with
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FIGURE 11. (A) Soda Dam travertine ages reported in Tafoya (2012) and Jean et al.

(2024).The 150 ARL gravel below deposit Al is constrained to be older than 560

ka using the younger limit of the micrite at the top of the travertine platform. We sampled rhyolite pebbles in hopes of identifying ~ 550 ka clasts of South Mountain
rhyolite and related domes, but all turned out to be Bandelier tuff age (1.22 Ma) with summary ages presented in (B) and individual single grain “°’Ar/*’Ar sanidine
analyses for clasts in (C). Other minimum U-series age and the apparent lack of such clasts are consistent with a >550 ka depositional age.

and at the base of the upper Bandelier Tuff (Qg2 and Qg3 of
Rogers and Smart, 1996) and based on the 90-m-ARL Qt1 ter-
race that contains the 0.63 Ma Lava Creek B ash. Correlating
the 150-m-ARL Soda Dam gravels with the 90 m/Ma LCB
gravels downstream, the associated terrace level (Qtl) appears
to diverge upstream (Jean et al., 2024, this volume, their Fig.
10) rather than converge (Frankel and Pazzaglia, 2005), which
is compatible with headwater uplift.

DISCUSSION OF DIFFERENTIAL INCISION ACROSS
FAULTS

We explore the Formento-Trigilio and Pazzaglia (1996)

model that posits that differences in incision relative to cor-
related terrace straths can be observed across faults and used
to estimate fault slip. Formento-Trigilio and Pazzaglia did not
consider our subareas 2 and 5 and concluded that fault slip on
the Nacimiento and Cross Valley faults was an order of mag-
nitude (13 m/Ma) less then river incision (171 m/Ma). They
inferred fault offsets between subareas, but their fault slip rate
did not include what we think may be some major Quaterna-
ry structures (e.g., the Towa structure), and their river incision
rate assumed steady incision across the different areas and did
not have the advantage of as extensive a geochronology data-
set.

Our discussion of inferred fault vertical offsets is summa-
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rized in Figures 7 and 8. We use the highest terrace sets, Qtl
and Qt2. Our preferred correlation for Qtl from the dated ter-
races is that the 90-m-ARL, 630 ka, Qtl LCB terrace in subarea
4 is approximately the same age as the 164-m-ARL, 534+164
ka, Qt1b terrace in subarea 2 and the 150-m-ARL, 500-700 ka,
Qtl gravels at Soda Dam. Even though the analytical error on
the U-series model ages in subareas 2 and 5 is large (150 ka),
the ages are compatible with other nearby dates that are with-
in U-series range. The Qt2 terrace correlation relies on earlier
mapping and directly tying the ~400 ka age from the travertine
in subarea 2 with inferred 400-500 ka age terraces in subarea
4. Both the Qtl and Qt2 correlations use our assumption that
the aforementioned U-series ages of travertine are near-depo-
sitional ages.

Using round numbers for the long-term rates to recog-
nize the dating uncertainties, the large height differences in
age-similar terraces equates to differential incision along the
river system of ~150 m/Ma between subarea 4 (150 m/Ma) and
subarea 2 (~ 300 m/Ma) and about 100 m/Ma between subarea
4 (150 m/Ma) and subarea 5 (~250 m/Ma). Given the short
distance between areas, the relatively smooth concave-up pro-
files, low k  values of the Arroyo Pefiasco- Rio Salado-lower
Rio Jemez river system (Rogers, 1996; Formento-Trigilio and
Pazzaglia, 1998; Frankel and Pazzaglia, 2005), and the known
presence of Quaternary faulting, the differential incision is in-
terpreted here to reflect slip on Quaternary faults, with subarea
4 down-dropped relative to subareas 2 and 5. For the ~600 ka
terraces (Qtl), we infer up to 75 m of east-down slip between
subareas 2 and 4 and 60 m between subareas 4 and 5. Bedrock
incision rates were steady back at least to 1.2 Ma in subareas
4 and 5, implying there has been long-lived faulting due to
tectonic uplift of the Jemez Mountains and Sierra Nacimiento
and/or subsidence of the Rio Grande rift.

More detailed parsing of the Quaternary fault slip on the
different structures between the subareas depends on uncertain
terrace correlations that require more refined geochronology.
Nevertheless, for the major displacements, we infer that ~100
m/Ma of south-down slip has taken place between subareas 4
and 5 across the Jemez fault zone over the past 1.2 Ma. If the
published correlations of Qtl and Qt2 from Formento-Trigilio
(1997), Formento-Trigilio et al. (1998), and Formento-Trigilio
and Pazzaglia (1998) are correct (Alternative 1), most of the
~85-m offset between subareas 2 and 3 takes place on the enig-
matic Towa structure. However, if the subarea 3 terraces cor-
relate with the 250 ka Qt4 instead of the 400 ka Qt2 of subarea
2 (Alternative 2), then slip on the Towa structure was zero or
minimal, and the 60 m of differential incision was accommo-
dated by slip was on the San Ysidro and Jemez faults.

Our data between subareas also provide preliminary esti-
mates of differential incision at the tens-of-meters scale (Fig.
8) that hints at the presence of a network of small north-south-
and northeast-striking fault segments with distributed Quater-
nary displacements. Subareas 1 and 2 are not sufficiently well
correlated to refine the estimate of Formento-Trigilio and Paz-
zaglia (1998) of the Quaternary slip on the Nacimiento fault,
for which they reported a 17-m-high fault scarp, a knickpoint
on the Arroyo Pefiasco that coincides with a segment of the

Nacimiento fault evidencing young (<250 ka) faulting, and
an inferred slip rate of ~10 m/Ma. The Cross Valley fault of
Formento-Trigilio and Pazzaglia (1998) cuts between the ter-
races at San Ysidro (subarea 3) and Walatowa (subarea 4), but
the difference in terrace heights can be also explained by east-
down displacement on the San Ysidro fault. Comparing differ-
ences in terrace heights between subarea 6 (Zia) and subarea 2
(San Ysidro) across the San Ysidro fault reveals 10—15-m-scale
differences in heights, depending on how they are correlated,
consistent with the 11 m of offset across the San Ysidro-Jemez
fault interpreted by Formento-Trigilio and Pazzaglia (1998).

Incision Rates Through Time

There is enough age control on higher surfaces and low-
er terraces in addition to Qtl and Qt2 to begin to investigate
whether rates were semisteady through time within each ter-
race sub-area. To do this, we also use the height of Bandelier
Tuff units of known age, as shown in Figure 12 for Caion de
San Diego. Cafion de San Diego existed as a canyon before the
eruptions of the 1.62 and 1.23 Ma Bandelier Tuffs (Turbeville
and Self, 1988; Hulen et al., 1991; Rogers et al., 1996; Kelley
et al., 2007) that filled and preserved the pre-eruption topogra-
phy shown in Figure 12. There are also gravels below the Ban-
delier Tuffs that preserve a record of pre-1.62 Ma river systems
(Rogers, 1996; Smith and Lavine, 1996; Kelley et al., 2007).
There was no significant denudation in the San Diego Canyon
area between the two eruptions, such that the lower and upper
Bandelier Tuff are generally stacked on top of one another in a
single cliff (Fig. 12). From the viewpoint of bedrock incision,
the tuffs might be considered fill material similar to fill terrac-
es. If so, the height of the base of the 1.62 Ma Otowi Mem-
ber cliff above the modern Rio Jemez provides a long-term
bedrock incision (canyon deepening) rate for Cafion de San
Diego (the solid line in Fig. 12A). Considering that the river
had to also reincise through ignimbrite fill, the dashed line in
Figure 12 reflects incision rates as measured from the top of
the 1.23 Bandelier Tuff (Fig. 12B). The dashed line rates are
significantly higher than expected because of rivers adjusting
to grade following a major perturbation to the landscape (i.e.,
sudden emplacement of a >100-m-thick ignimbrite).

Near the confluence of the Rio Guadalupe and Rio Jemez
(La Junta), Rogers (1996) identified three well-dated buried
gravels in the canyon walls. The oldest of these, Qgl, is ex-
posed underneath the 1.62 Ma Otowi Member (LBT) on the
sides of Virgin Mesa, Mesa de las Casas, and Guadalupita
Mesa approximately 192 m ARL, yielding an estimated in-
cision rate of 119 m/Ma from 1.62 Ma to present. Qg2 is an
axial stream gravel that lies approximately 187 m ARL at the
southern end of Mesa de Guadalupe and is buried by the basal
pumice fall (Tsankawi Pumice) of the 1.23 Ma Tshirege Mem-
ber (UBT), yielding an incision rate of 152 m/Ma since 1.23
Ma. Qg3, an axial gravel buried directly beneath the Tsanka-
wi pumice, approximately 176 m ARL, was interpreted to be
the actual flowing stream at the time of the 1.23 Ma Tshirege
eruption (whereby the Qg2 gravel occupied a paleo-terrace).
This channel deposit contains Tsankawi pumice that was be-
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ing deposited as cross-bedded fluvial pumice bars in the active
channel during the eruption until the stream succumbed to the
ash flows of the UBT. Incision near La Junta from the Qg3
exposure provides an incision rate of 143 m/Ma since 1.23 Ma,
similar to the 152 m/Ma rate calculated from Qg2 and the same
as the post-630 ka rate of 143 m/Ma. We prefer this ~143 m/
Ma rate to the 171 m/Ma reported by Formento-Trigilio and
Pazzaglia (1998, fig. 5), which was based on a regression line

that assumed steady incision between 1.2 and 0.3 Ma, but we
agree this subarea records steady rates of bedrock incision
since 1.62 Ma. Soda Dam (subarea 5) also shows steady long-
term average bedrock incision but at different rates than the
143 m/Ma seen in subarea 4. At Soda Dam rates were 238 m/
Ma since 1.62 and ~250 m/Ma, assuming a ~600 ka age for
the 150-m-ARL gravels. At Rio Salado, rates were 307-313
m/Ma for both Qtl and Qt2 (Fig. 8).The apparent semisteady
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FIGURE 12. Top panel: Paleochannel seen on the east side of Cafion de San Diego (CdSD) preserved just downstream of Soda Dam with different conceptualizations
of ways to calculate long terms incision rates. To calculate post-1.62 Ma bedrock incision (canyon deepening): A is height of base of paleochannel above modern
river but because the pre-1.62 Ma paleocanyon geometry is incompletely known throughout the canyon, the A” height of base of the 1.62 Ma Otowi Member (base of
lowest continuous layer of Otowi = maximum height of underlying paleotopography) or the base of the 1.23 Tshirege Member are generally used as approximations,
especially where gravels are present (Rogers and Smartt, 1996). The height of the top of the 1.23 Tshirege Member (B) provides an estimate of the total incision
done by the Rio Jemez since 1.23 Ma. Bottom panel: Incision rates through time are shown for three keys terrace flights: subarea 2- Rio Salado on the nose of the
Sierra Nacimiento; subarea 4- La Junta; and subarea 5- Soda Dam. Solid line represents bedrock incision using heights (A’) from the base of the laterally continuous
cliff formed by the Otowi Member; dashed lines (B) represent total incision using the top of the 1.23 Ma Tshirege Member. Use of the base of the cliff (A’) in CdSD
allows for an approximation of maximum bedrock incision since 1.62 Ma as it does not account for the topographic lows filled in by the Otowi Member.
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long-term average bedrock incision rates within these two sub-
areas over the 1.6-0.4 Ma timeframe is consistent with broad
epeirogenic uplift of the Jemez Mountains region rather than
headward-propagating knickpoints responding to base-level
fall (Frankel and Pazzaglia, 2006). Rogers (1996) concluded
that incision has been unsteady through time, with low rates
(40 m/Ma) between 1.62 and 1.23 Ma, but this was consider-
ing the incision that followed emplacement of the Otowi and
Tshirege Members compared to young terraces near the mod-
ern channel. His reported average for a post-LCB incision rate
of ~150 m/Ma used the terrace tread height of 111 m (rather
than the 90-m strath height) and an LCB age of 620 ka (rather
than 630 ka) but is very similar to our 143 m/Ma rate. Formen-
to-Trigilio and Pazzaglia’s (1998) interpretation that average
bedrock incision rates were steady at 171 m/Ma based on a re-
gression line through points with significant error bars for both
age and height is broadly similar to our 143 m/Ma estimate.
They interpreted an increase to short-term rates of 180 m/Ma
after their 150 ka Qt4. Because similar rates of differential in-
cision between subareas are seen at 1.62 Ma, 1.23 Ma, and
630 ka timeframes that average out short-term variations, we
infer that the difference of 164 and 166 m/Ma for Qtl between
subareas 2 and 5, respectively, and La Junta in subarea 4 seems
best interpreted as due to fault-influenced incision.

Figure 12A shows two conceptualizations for calculating
long-term rates using the Bandelier Tuffs at Soda Dam and La
Junta. The deepest point of paleo Cafion de San Diego is not
well exposed, but preserved paleochannel remnants are tens
of meters deep (A in Fig. 12A), such that this amount could
be (but is usually not) applied to the calculation that uses the
well-exposed base of the 1.62 Ma Otowi and 1.23 Tshirege
Members as regional surfaces (A’ in Fig. 12A). The solid lines
in Figure 12B plot bedrock incision (the A’ method) and con-
sider the tuffs to be like “fill terraces” that are not included
when strath heights are used. The dashed lines plot total in-
cision (the B method) that the river had to accomplish to cut
through the tuffs to resume bedrock incision (deepening) of
San Diego Canyon. Both curves converge at ~600 ka, the be-
ginning of the terrace record. The result in Figure 12B shows
semisteady average rates through time for the past ~600 ka in
subareas 4 (La Junta) and 5 (Soda Dam) that are not signifi-
cantly perturbed by local, accelerated, short-term rates (e.g.,
after 150 ka; Formento-Trigilio and Pazzaglia, 1998). Long-
term bedrock incision rates also remain steady back at least to
the 1.2 Ma timescale at La Junta (subarea 4) and Soda Dam
(subarea 5). Thus, the key observation from Figure 12B is that
long-term average bedrock incision rates are steady within
each reach, but they are different from reach to reach.

Caveats and Limitations of Terrace Correlations and Ages

Limitations of most terrace studies include incomplete ter-
race age data and incomplete preservation that make terrace
correlations difficult. Here, we have relied on and refined the
Formento-Trigilio and Pazzaglia (1998) Qtl and Qt2 correla-
tions and extended this correlation to include the highest ter-
races in two new subareas: Rio Salado and Soda Dam. In both

areas, the >500 ka “beyond U-series” results for the highest
terraces coupled with imprecise §**U-model ages and con-
straints from lower terraces within a given subarea are compat-
ible with the notion, but not definitive, that our highest terraces
in each area may be similar in age to the 630 ka Qtl terrace
at La Junta. Our age of 415 ka for Qt2 terraces is compatible
with that of prior workers who estimated a ~400 ka age based
on other techniques (Rogers and Smartt, 1996; Rogers, 1996;
Formento-Trigilio and Pazzaglia, 1998). This correlation leads
to our proposed Quaternary fault offsets, but better ages across
multiple flights of terraces are needed to continue to test this
idea using U-Pb luminescence (IRSL) dating (Nelson et al.,
2015; Mahan et al., 2022) and detrital sanidine. Uncertain-
ties near the Rio Salado motivate us to consider two possible
end-member correlations. Alternative 1 uses previous map-
ping (Formento-Trigilio et al., 1998; Formento-Trigilio and
Pazzaglia, 1998) and results in 85 m of offset along the Towa
structure, along which previous mapping has not identified a
notable fault. Alternative 2 correlates terraces between sub-
areas 2 and 3 based solely on terrace heights, resulting in no
discernable offset along the Towa structure but allowing tens
of meters of throw along the San Ysidro and Jemez faults. A
further alternative would be correlating the 45-m-ARL terrace
in subarea 3 with the 90-m terrace in subarea 2, allowing 45 m
of offset of the Towa structure and a similar amount on the San
Ysidro-Jemez structure.

Estimating how closely a geochronologic age from a ter-
race fill approximates the age of the underlying bedrock strath
has uncertainties in all river terrace incision studies, even for
terraces containing Lava Creek B ash. It is often assumed that
terrace fills closely follow straths during ~100 ka aggradation/
incision climate oscillations and river response (Pazzaglia,
2013). In our study, we make a similar assumption that mi-
critic travertine ages (excluding sills or veins) closely postdate
deposition of the terrace fill based on various arguments, in-
cluding analogy to still-active travertine systems. Alternative
terrace correlations are important to consider to decipher finer
details of differential incision and parsing the inferred fault slip
to different fault segments. Additionally, the role of dipping
bedrock and bedrock erodibility (Darling et al., 2020; Mitchell
and Yanites, 2021) needs to be further investigated as a contrib-
uting component for the high incision rates at Rio Salado and
Soda Dam relative to the La Junta confluence area.

CONCLUSIONS

The conclusion of this paper is that bedrock incision rate
data for the Jemez River system at the 0.4 to 1.6 Ma timescale
provide a convincing case that there was overall steady inci-
sion history within each reach, whereas bedrock incision dif-
fered by ~100 m/Ma between reaches because of displacement
on faults. This is based on the two highest mapped terraces
in each of six areas of intact terrace flights that are preserved
“around the corner” from the west side of the Nacimiento fault
on the Arroyo Pefasco, along the Rio Salado, and up the Rio
Jemez from San Ysidro to Soda Dam on the Jemez fault zone.
New U-series geochronology shows that the uppermost terrac-
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es (Qtl) in Rio Salado terrace flight (subarea 2) and near Soda
Dam (subarea 5) are both outside of U-series range (>500 ka)
but give 6**U-model ages of 465-755 ka and hence are per-
missively correlated with the Lava Creek B ash (630 ka) Qtl
terrace near the confluence of the Rio Jemez and Rio Guada-
lupe (subarea 4). Our preferred correlation of the underlying
terrace Qt2 is based on relating a U-series age of 415 ka at Rio
Salado with ~400 ka age estimates from soil profiles of Qt2
(Formento-Trigilio, 1997) from the confluence area.

If these correlations are correct, the Qtl and Qt2 straths can
be used in tandem to infer different incision rates in the dif-
ferent subareas. This equates to differential incision rates of
~100-150 m/Ma along the river system: ~150 m/Ma between
subareas 2 and 4 and ~ 100 m/Ma between subareas 4 and
5. Given the short distances between the areas, the relatively
smooth concave-up profiles of both the Rio Salado and Rio
Jemez, and the known presence of Quaternary faulting, this
differential incision is interpreted to reflect slip on Quaternary
faults. If so, subarea 4 has been down-dropped relative to sub-
areas 2 and 5. For the ~600 ka timeframe, ~74 m of east-down
slip occurred between subareas 2 and 4 and ~60 m between
subareas 4 and 5. We acknowledge other possible correlations,
which would change how slip rates are attributed to different
faults.

Proposed tectonic influences on river evolution include
fault-influenced incision, where upthrown blocks have higher
incision rates than downthrown blocks and where the differ-
ence is interpreted to be due mainly to fault displacement. If so,
the inferred rates of Quaternary fault displacement are ~160 m/
Ma between subareas 2 and 4 over the past ~600 ka and hence
are similar in magnitude to river incision rates, suggesting that
the block uplift has a significant influence on river incision.
The faulting itself may be related to rift extension and a broad-
er scale of epeirogenic surface uplift of the combined Sierra
Nacimiento-Jemez Mountain areas. The latter is suggested by
topographic analysis and by our interpreted upstream-diverg-
ing terraces on the Rio Jemez, which indicate that headwater
uplift may be interacting with base-level fall in the Rio Grande
system at the million-year timescale. Improved terrace geo-
chronology is needed to improve assessment of the magnitude
of Quaternary fault displacements in what appears to be a dis-
tributed fault network that is elevating the Sierra Nacimiento
and Jemez Mountains blocks relative to the adjacent Colorado
Plateau and Rio Grande rift provinces.
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