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ABSTRACT

Topographic profiles across late Quaternary surfaces in the northern Sacramento Valley
(California, USA) show offset and progressive folding on series of active east- and northeast-
trending faults and folds. Optically stimulated luminescence ages on deposits draping a warped
late Pleistocene river terrace yielded differential incision rates along the Sacramento River
and indicate tectonic uplift equal to 0.2 = 0.1 and 0.6 = 0.2 mm/yr above the anticline of the
Inks Creek fold system and Red Bluff fault, respectively. Uplift rates correspond to a total
of 1.3 £ 0.4 mm/yr of north-directed crustal shortening, accounting for all of the geodetically
observed contractional strain in the northern Sacramento Valley, but only part of the far-
field contraction between the Sierra Nevada—Great Valley and Oregon Coast blocks. These
structures define the southern limit of the transpressional transition between the two blocks.

INTRODUCTION

Differential motion between the more rap-
idly northwest-translating Sierra Nevada—Great
Valley (SNGV) block and slower clockwise-
rotating Oregon Coast (OC) block (Argus and
Gordon, 1991, 2001; Wells et al., 1998; Wells
and Simpson, 2001; Humphreys and Coblentz,
2007; McCaffrey et al., 2013) predicts north-
south contraction and dextral shear deforma-
tion across the southern Cascadia forearc
(Fig. 1; Hammond and Thatcher, 2005; Unruh
and Humphrey, 2017). The northern Sacra-
mento Valley lies within this boundary zone,
where previously mapped structures oriented
to accommodate such contraction include the
(1) Red Bluff fault, (2) Inks Creek fold system
(ICFS)/Hooker Dome, (3) Battle Creek fault,
and (4) Bear Creek fault (Fig. 1; Helley et al.,
1981; Blake et al., 1999). These east- and north-
east-trending faults and folds define the Battle
Creek structural domain (Harwood and Hel-
ley, 1987) and are generally perpendicular to
localized contemporary strain shortening axes
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delineated from seismology (Fig. 1; Unruh and
Humphrey, 2017).

We mapped, analyzed, and dated late Qua-
ternary deposits and river terraces along an
~100-km-long stretch of the Sacramento River
channel from the city of Redding to south of
Red Bluff, California (Fig. 2A), to document
the recency, style, and rate of crustal deforma-
tion associated with the mapped faults and folds
using standard field mapping, lidar data, and
optically stimulated luminescence (OSL) geo-
chronology. Our observations formed the basis
for quantifying the rates of deformation on
individual structures, estimating the rate of late
Quaternary north-south shortening across the
region, and discussing the kinematics by which
contemporary strain between the rigid intraplate
SNGYV and OC blocks is accommodated.

LATE CENOZOIC DEFORMATION
IN THE NORTHERN SACRAMENTO
VALLEY

Structures of the Battle Creek domain rep-
resent the youngest phase of northward-prop-
agating late Cenozoic deformation in the Sac-
ramento Valley, correlative to migration of the

Mendocino triple junction (Fig. 1; Harwood
and Helley, 1987). Interpretations of seismic
reflection profiles (Fig. S1 in the Supplemental
Material'; Harlan Miller Tait, 1984) and prior
mapping (Helley et al., 1981; Blake et al., 1999)
depict the Battle Creek fault as a steeply south-
dipping Cretaceous normal fault that offsets late
Quaternary deposits at the surface. A secondary
component of right-lateral slip is inferred on the
Battle Creek fault from mapped fracture patterns
(Helley et al., 1981), which is consistent with
the orientation of localized contemporary strain
shortening axes (Fig. 1). To the south, Pliocene
strata are folded at the surface by steeply dip-
ping blind reverse faults below the ICFS and the
low-angle north-dipping blind Red Bluff fault
(Fig. S1; Harwood, 1984).

The style and kinematics of mid- to late Qua-
ternary deformation across the east- and north-
east-trending structures are illustrated by the
topographic structural profile A-A” in Figure 2B.
The profile in Figure 2A traverses the coarse
gravel deposits of the Red Bluff Formation (Qrb;
<5 m thick; 1.08-0.4 Ma; Diller, 1906; Helley
and Jaworowski, 1985) and a locally underlying
thin (<10 m) undated Pleistocene basalt mapped
as the Coleman Forebay basalt (Qcb; Blake
etal., 1999). Both formations lie unconformably
over Pliocene bedrock and form the highest geo-
morphic surfaces proximal to the Sacramento
River channel (Fig. 2A). Late Quaternary down-
to-the-south displacement, northward back-
tilting, and truncation of Qrb are manifested
by the south-facing scarps of the Bear Creek
and Battle Creek faults (Fig. 2B). Helley et al.
(1981) measured 127 and 330-440 m of vertical
separation of the base of Qrb and Qcb across
the Battle Creek fault, respectively, yielding a
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Figure 1. Mapped faults and folds in northern Sacramento Valley (Blake et al., 1999). RBF—
Red Bluff fault, ICFS—Inks Creek fold system, HD—Hooker Dome, BCF—Battle Creek fault,
BF—Bear Creek fault. Horizontal shortening strain axes (magenta arrows) are from Unruh and
Humphrey (2017). Inset: Tectonic overview of rigid block motions (SNGV—Sierra Nevada-Great
Valley block; OC—Oregon Coast block; MTJ—Mendocino triple junction). Hatched area shows
region of geodetically observed north-south contraction (Williams et al.,2006; Hammond and
Thatcher, 2005). OR—Oregon; CA—California; NV—Nevada.

late Quaternary vertical slip rate of <0.3 mm/yr.
To the south, the discontinuous surface of Qcb
arches over the folded Pliocene cored anticli-
nal ridge of the ICFS and again gradually rises
southward from Table Mountain toward the Red
Bluff fault and defines the Red Bluff anticline
(Fig. 2B). We interpret the gently folded geom-
etry of the basalt surface to reflect south-vergent
folding above a blind north-dipping reverse fault
within the ICFS and of the Red Bluff thrust fault
(Fig. 2B).

SACRAMENTO RIVER
GEOMORPHOLOGY AND TERRACE
PROFILES

A sequence of abandoned Quaternary river
terraces displays large meanders along the Sac-
ramento River where it traverses structures of
the Battle Creek domain (Fig. 2). We mapped
and constructed profiles from lidar along four
distinct terrace sets (T1-T4), described in the
Supplemental Material, to observe potential
deformation of the terrace surfaces. At the
northern end of the map area (Fig. 2A), ter-
races T1-T4 are generally fill terraces that
form broad expansive surfaces and show no

discernible deformation within the longitudinal
profiles that coincide with the mapped loca-
tions of the Bear Creek and Battle Creek faults
(Fig. 3A). The lack of any apparent young dis-
placement across these faults is consistent with
the wide channel and expansive spatial distri-
bution of the terraces at this point along the
river (Fig. 2A; e.g., Amos and Burbank, 2007).
The T3 terrace profile displays a slight fall in
relative elevation to the modern Sacramento
River (Fig. 3A), suggesting post-T3 down-to-
S slip on the Battle Creek fault or downwarp
associated with the ICFS.

Evidence of uplift is observed where the
Sacramento River enters the more incised,
narrow, and sinuous channel beginning at the
ICFS (Fig. 2A). The emergence of fresh bed-
rock straths in the modern channel, strath ter-
races (T1-T4) that are progressively blanketed
by overbank deposits, and a wind and water
gap (Fig. 2C) indicate progressive westward
propagation and uplift of the ICFS anticli-
nal ridge (e.g., Bullard and Lettis, 1993). T3
and T4 show a rise in relative height above
the modern river at ~39 km river distance
(Fig. 3A), and then again at ~57 km river

distance (Fig. 3A). The younger T2 and T3
show a similar rise, but to a progressively
lesser degree farther downstream at ~64 km
river distance (Fig. 3A). The point at which
the terrace surfaces are the highest relative
to the river (~73 km river distance) coincides
with Iron Canyon, the deepest section of the
river channel where terrace preservation is
least, and this marks the location where we
define the axis to the Red Bluff anticlinal fold
above the Red Bluff fault (Figs. 2D and 3A).
By matching the location of this axis with the
anticlinal axis defined by the deformed Qcb
in the topographic profile over the Red Bluff
fault (Fig. 2B), we delineated the axial trend
of the Red Bluff anticline, which generally
trends parallel to the Red Bluff fault (Fig. 2A).
Downstream of the Red Bluff fault, the river
channel widens, and the river terraces are
more widespread and become fill terraces as
the terrace treads once again approach parallel
to the modern river grade (Figs. 2A and 3A).

We interpreted two zones of tectonic uplift
where terrace profiles deviate from the slope
of the Sacramento River (Fig. 3A). In general,
the geometry of the warped T3 and T4 surfaces
across the ICFS and above the Red Bluff fault
reflects the same general asymmetric geometry
as that evident in the Qcb (Fig. 3A), indicat-
ing progressive late Quaternary folding above
the Red Bluff fault and ICFS anticline. Terrace
surfaces are in contrast undeformed across the
Bear Creek fault and only slightly offset across
the Battle Creek fault, suggesting little to no
recent vertical motion on these faults during the
late Quaternary.

RIVER INCISION AND UPLIFT RATES
We calculated fluvial incision rates along
the Sacramento River using the T3 terrace,
the most continuous and most exposed warped
river terrace, by dividing the relative height of
the T3 terrace treads above the modern river
by the OSL age of samples collected from T3
deposits (Fig. 2A). Details and photographs of
OSL samples are presented in Figures S3-S6
and Table S1. The OSL age results indicate a
maximum age of T3 surface abandonment at
27.7£9.3 ka (see the Supplemental Material
for a discussion), and so the following rates
should be considered as minimum values. Based
on these results, we determined differential
late Quaternary fluvial incision rates along the
studied section of river, with the highest rate
(1.1 £ 0.3 mm/yr) occurring within Iron Canyon
(Fig. 3B), where we delineated the Red Bluff
anticline axis over the Red Bluff fault (Fig. 2D).
The lowest rates of incision occur immediately
downstream of the Red Bluff fault and aver-
age ~0.5 mm/yr (Fig. 3B). Rates of incision
through the ICFS reach up to 0.9 = 0.2 mm/yr
within the hinge zone of the anticline and drop to
0.7 £ 0.2 mm/yr within the syncline to the south
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(Fig. 3B). Although uplift was not evident in the
profiles upstream from the ICFS, incision rates
are elevated, averaging ~0.9 mm/yr (Fig. 3B).
This may reflect broad-scale uplift associated
with late Quaternary slip on the Battle Creek
fault zone and Bear Creek fault; however, this
broader pattern of uplift is not reflected within
the older Qrb, and so we instead interpreted
this to indicate near-fault deformation across
these faults (Fig. 2B). We suspect the higher rate
may be reflecting the natural incision rate of the
river in the upper valley, where the river has a
steeper gradient and where Quaternary and Plio-
cene alluvial deposits are thicker (Blake et al.,
1999), and thus easier for the river to incise
(e.g., Lavé and Avouac, 2001). Alternatively,
this could reflect long-wavelength uplift of the
Klamath Mountains (Fig. 1); however, modern
topography and geodesy indicate that uplift is

ICFS
20

mostly confined within the Klamath Mountains
(Hammond et al., 2016).

To estimate the differential incision rate
due to tectonic uplift across the anticlines, we
assumed that deformation has only occurred
within the two zones of uplift documented in
the T3 deposits (Fig. 3A). Thus, the gradients of
the T3 surface above and below these two uplift
zones should reflect the original gradient of the
river at the time of T3 abandonment (27.7 £9.3
ka). Assuming this is true, we determined a best-
fit curve of the former river during T3 abandon-
ment by applying a convex exponential curve
using T3 elevation points on either side of the
zones of uplift (dashed orange line in Fig. 3A).
By measuring the height differences between
the projected T3 former river gradient and the
highest T3 surface points within the uplift zones
above the ICFS anticline (4.8 £ 0.5 m) and Red
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Bluff anticline (14 + 0.5 m), respectively, and
dividing these values by the T3 abandonment
age (27.7 £ 9.3 ka), we calculated uplift rates
of 0.2 £0.1 and 0.6 = 0.2 mm/yr, respectively
(Fig. 3B).

We computed shortening rates based on
the simple geometric relationship between the
tectonic uplift rate and an assumed master 30°
thrust fault for the Red Bluff fault and 45° reverse
fault for the ICFS anticline based on the general
subsurface geometries (Fig. S1) and applying
Andersonian fault mechanics (Anderson, 1951).
This first-order approach estimates late Quater-
nary horizontal shortening rates of 0.2 + 0.1 and
1.1 £ 0.3 mm/yr on a reverse fault beneath the
ICFS anticline and the Red Bluff thrust fault,
respectively. Due to the relatively low dip angles
assumed in these estimations, these rates should
be considered as maximum values.



l(\)lorth South
Al >~
. SYMBOL
- Zone of Zone of * Qeb AOSL
Uplift Uplift = arb e
E p . P s T4 ¢ Point used
; 200 I - » ,: ° a T3 (27.7+9.3 ka) ?allz:ﬂ;;ttion
®, ° H .
o 00--0-—- oy ¢ o0 e T2 T3 paleo
= & . | ° river
E "o, <+ ‘ 4 o T1 gradient
o P 20.4+2 ka
d O * bh-di pam \M = Highest strath
o Ta o ol A 3 N B oA R w———  terrace
100 - 000 0% - 34.7+2.9 ka
BF BCF Y o@ % 5N
L | | L : l L
—_ Average rate upstream
5 11 _B of uplift zones ]
E ' (0.9 mm/yr)
| t = E R I L T R 2O - = Average rate downstream ]
é #Promg 2 cPI - P of uplift zones
w 0.7 oo 1.1%0.3 Yoo (0.5 mmyr) 7
- bexzudl T _.--Q
< B PDQ--PD.EO_’___G__Q\_I ]
m 03 1 1 1 1 *
0 20 40 60 80

RIVER DISTANCE (km)

Figure 3. (A) Longitudinal profiles of mapped river terraces and late Quaternary deposits along the Sacramento River, California, USA (see
captions for Figs. 1 and 2 for abbreviations; see the Supplemental Material [see footnote 1] for methods). Terrace T3 former river gradient
(orange dash line) was determined from best-fit exponential curve using T3 elevation points on either side of zones of uplift (gray shading).
(B) Terrace incision rate with uncertainty (shading) based on T3 surface and optically stimulated luminescence (OSL) ages. Rates with black
background are tectonic uplift rate estimates (mm/yr).

DISCUSSION AND CONCLUSIONS

The topographic profiles across the late Qua-
ternary deposits show that late Quaternary fold-
ing across the blind Red Bluff fault and, to a
lesser degree, the ICFS accommodates contem-
porary north-south contraction in the northern
Sacramento Valley, whereby progressive lat-
eral and vertical fold growth has deflected the
Sacramento River to produce the large mean-
ders and deformed terrace surfaces. While the
cumulative late Pleistocene shortening rate
across these structures equals 1.3 + 0.4 mm/yr,
matching the geodetically observed ~1 mm/yr
of north-south contraction reported across the
northern Sacramento Valley (Unruh and Hum-
phrey, 2017), up to 4 mm/yr of contraction is
observed in the far-field region across northern
California and southern Oregon (Hammond and
Thatcher, 2005). Thus, the boundary between
the SNGV and OC blocks is not confined to
the Sacramento Valley. The abrupt change in
strike of the northeast-striking Red Bluff fault
against the north-south—striking structures to the
south (Fig. 1) suggests it to be the southernmost
structural boundary between the SNGV and OC
blocks (Fig. 4). Other boundary-accommodating
structures likely exist to the north within the
geodetically observed zone of transpression that
divides the SNGV and OC blocks (Fig. 4).

Northwest translation of the SNGV block
drives large-scale northwest-directed transten-
sional dextral shear deformation east of the
Sierra Nevada (e.g., Unruh et al., 2003) and in
the Cascadia backarc (e.g., Langenheim et al.,
2015; Waldien et al., 2019), a portion of which
extends westward between and south of the
volcanic centers of the southern Cascade arc
(Fig. 4; Blakely et al., 1997). Accommodation of
this dextral strain across the southern Cascadia
forearc (~5 mm/yr; Unruh and Humphrey, 2017)
remains enigmatic. The suggestion of right-
lateral slip on the Battle Creek fault and Bear
Creek fault (Helley et al., 1981) seems plausible
when considering their relative orientations to
localized contemporary strain shortening axes
determined from seismology (Fig. 1; Unruh and
Humphrey, 2017). These faults exhibit evidence
for longer-term vertical slip, but we found no
evidence within the Sacramento River channel
for horizontal offset. The high effective stream
power of the Sacramento River may account
for the lack of preservation of horizontal offset
(e.g., Larsen et al., 2006). In this sense, some
degree of dextral slip could be expected on the
subparallel Bear Creek and Battle Creek faults,
thus characterizing the Battle Creek structural
domain as an active transpressional fault system.
The long-lived slip history on the Battle Creek

fault suggests that preexisting structure may
influence the kinematics on this fault and pos-
sibly on the Bear Creek fault (Magill and Cox,
1981). Northwest of the SNGV block, reverse
and dextral strike-slip faults are reported to also
accommodate north-south shortening (Fig. 4;
Williams et al., 2006). Combining these obser-
vations with ours defines a southern limit to a
diffuse transpressional boundary between the
rigid SNGV and OC blocks (Fig. 4).

While geodesy often tells us that there are
discrete rigid blocks with boundaries within
broad plate boundaries, the nature of deforma-
tion at these block boundaries remains intrac-
table without dense field arrays. Even with such
arrays, the long-term deformation rates cannot
be determined. This study shows that detailed
field work at such boundaries can extract subtle
tectonic signals of long-term progressive defor-
mation on discrete structures, enabling better
locations and characterization of potential seis-
mically active sources in intraplate settings.
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