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ABSTRACT
Quaternary uplift of the Santa Ana Mountain foothills, Orange County, CA, is examined using
geochronologic and geomorphic analyses of fluvial terraces adjacent to San Juan Creek.
Specifically, detailed geologic mapping, reconstructed paleo-longitudinal profiles, and
geochronology are used to infer the style, magnitude, and rate of uplift. Two potential terrace
chronologies are introduced based on new OSL age data and correlations with previously dated
marine terraces. Reconstructed paleo-longitudinal profiles are essentially parallel, indicating that
uplift within the San Juan Creek watershed is uniform and absent of tilting or warping.
Geomorphic analyses based on the new OSL chronology indicate that the San Juan Creek terraces
document up to 125 m of surface uplift at a rate of 0.4-0.6 mm/yr over the past 335 ka.
Alternatively, geomorphic analyses resulting from the marine terrace-based chronology indicate
up to 140 m of surface uplift at a rate of 0.3-0.4 mm/yr over the past 540 ka.

INTRODUCTION
Determining surface uplift rates is a
common goal of tectonic geomorphic research
because the rates can provide important information
about the tectonic activity of an area. Surface uplift
is defined as the displacement of Earth’s surface with
respect to the geoid (or sea level) over a region
greater than ~1,000 km2 (England and Molnar,
1990). Fluvial terraces are planar geomorphic
surfaces commonly used to determine surface uplift
rates in active tectonic settings (e.g., Bullard and
Lettis, 1993; Merritts and Vincent, 1989; and
Merritts et al., 1994).
This research utilizes fluvial terraces as
indicators of surface uplift within the San Juan Creek
drainage basin in the southern Santa Ana Mountain
foothills of Orange County, California (fig. 1).
Despite the fact that the Santa Ana Mountain
foothills are within an active tectonic region, the
timing, style, and rate of Quaternary uplift have not
yet been determined. This research quantitatively
addresses Quaternary uplift using a geochronologic
and geomorphic evaluation of the San Juan Creek
fluvial terraces. By determining the magnitude,
style, and rate of Quaternary uplift, important light is
shed on the tectonic activity of this area.
Fluvial terraces are landforms that represent
ancient, inactive floodplains that are stranded above
the active river floodplain. When the equilibrium of

Figure 1. Location map. Study area is shown relative to
significant geographic features in southern California.

a graded river is disrupted, the river
system responds via aggradation or
degradation in an attempt to
reestablish its original gradient
(Mackin, 1948). Tectonic uplift,
decreases in base level, eustasy,
climatic changes, or other factors
may disrupt the equilibrium and
cause a river system to incise
through its floodplain (Keller and
Pinter, 2002). If a river system
experiences multiple events of
equilibrium change, numerous
flights of terraces may be formed.
Figure 2 illustrates the differences
between various types of fluvial
terraces, such as aggradational,
strath (degradational), paired, and
unpaired terraces. Aggradational
terraces are formed by valley filling
and subsequent channel incision
into the alluvial floodplain; whereas
strath terraces are formed by lateral
erosion by the channel and
subsequent formation of lag gravel
deposits over bedrock straths (Bull,
1991).
San Juan Creek is a good example
of a stream that has developed multiple
flights of terraces due to a number of
disruptions to its equilibrium. San Juan
Creek flows approximately northeast to
southwest and enters the Pacific Ocean
immediately south of Dana Point Harbor
(figs. 1 and 3). The San Juan Creek
watershed covers a ~455 km2 (176 mi2) area
of the Santa Ana Mountains and foothills
and lies near the northern end of the
Peninsular Ranges batholith.
The goal of this research is to
determine the Quaternary uplift history of a
portion of the Santa Ana Mountain foothills
by evaluating the geomorphic evolution of
San Juan Creek terraces. An integral part of
the project is to constrain the age of each
terrace deposit by employing optically
stimulated luminescence (OSL) dating. A
geomorphic analysis is used to correlate the
various flights of terraces and reconstruct
paleo-longitudinal profiles for San Juan
Creek through time.
Estimates of the
magnitude, style, and rate of uplift of the
Santa Ana Mountain foothills are calculated
by combining paleo-longitudinal profiles
with the newly established terrace ages.

Figure 2.
Schematic configuration of fluvial
terraces. (A)
through (D)
Cross-sectional
diagrams of
aggradational,
strath
(degradational),
paired, and
unpaired fluvial
terraces. (E)
Cross section
showing complex
sequence of
aggradational and
degradational
surfaces.
Multiple cut and
fill events are
outlined in the
right-hand box.
From Burbank
and Anderson,
2001.

Figure 3. Digital elevation model (DEM) of the San Juan Creek
watershed. White line illustrates the San Juan Creek watershed
boundary. Major features are noted as follows: Santiago Canyon (SC),
Oso Creek (OC), Arroyo Trabuco (AT), Chiquita Canyon (CC),
Gobernadora Canyon (GC), Bell Canyon (BC), San Juan Creek (SJC),
Loma Ridge (LR), and Pacific Coast Highway (PCH). Dashed black
rectangle encompasses study area.

BACKGROUND
Regional Tectonic Setting
The Los Angeles basin, southern California, is under the influence of transpressive stress induced by the
“Big Bend” of the San Andreas fault system, which serves as the plate boundary between the Pacific and North
American plates. This transpressive regime creates a tectonic setting characterized by abundant seismically-active
strike slip and reverse faults. Although numerous studies have addressed the tectonic activity of the Los Angeles
basin (e.g., Bullard and Lettis, 1993; Ingersoll and Rumelhart, 1999), few studies have examined uplift near the
southern margin of the Los Angeles basin.
Recent preliminary studies have
begun to explore tectonic deformation north of
this study area in the northern Santa Ana
Mountains. Gath and Grant (2002) and Gath
(2000) use slip rates on the Elsinore Fault,
Whittier Fault, and Chino Fault (fig. 4) to
model uplift of the Santa Ana Mountains.
They note that the Elsinore Fault, with 5-6
mm/yr of dextral slip, bifurcates into the Chino
Fault (1.5-2 mm/yr slip) and the Whittier Fault
(3 mm/yr slip).
Further-more, they
hypothesize that the ~1.5 mm/yr slip deficit is
manifested as uplift of the Santa Ana
Mountains.
Based on the location of the Santa
Ana Mountain foothills within or adjacent to a
known transpressive tectonic regime, it is
reasonable to hypothesize that uplift may be
related to deformation between the NewportInglewood and Elsinore fault systems (fig. 4).
An example of the region’s transpressive
tectonics was elucidated recently by studies of
the San Joaquin Hills (e.g., Bender, 2000;
Grant, 2000; Grant, et al., 1999, 2000, and
2002), which are located west of and likely
structurally disconnected from the Santa Ana
Mountain foothills (fig. 4). Grant et al. (1999)
analyzed emergent marine terraces along the
San Joaquin Hills using geomorphology and
Figure 4. Regional geologic map. Figure illustrates major structural
230
features and generalized lithologic boundaries near the southern
Th dating of solitary corals. They found
margin of the Los Angeles Basin. Active fault structures include the
that the San Joaquin Hills have been uplifted at
Elsinore Fault, Chino Fault, Whittier Fault, Newport-Inglewood Fault,
a rate of 0.21-0.27 mm/yr during the past
and the San Joaquin Hills Blind Thrust (underlying the San Joaquin
122,000 years. The San Joaquin Hills are
Hills). Major inactive fault structures near the study area include the
described as the topographic expression of an
Cristianitos Fault and the Mission Viejo Fault. Study area is
active anticlinal structure that roughly parallels
approximately delineated by rectangle.
the active Newport-Inglewood fault zone (fig.
4). Grant et al. (1999) assert the idea that folding and uplift are being induced by a blind thrust fault dipping ~30o
southwest beneath the San Joaquin Hills. This blind thrust accommodates compressive shortening partitioned from
the Newport-Inglewood fault zone. The existence of the San Joaquin Hills blind thrust has not yet been confirmed
by other research, but the California Geological Survey has now incorporated the fault into their fault source models
for seismic hazard analyses (Cao et al., 2003).
The preceding studies have begun to clarify some of the uplift patterns near the southern margin of the Los
Angeles basin. However, the magnitude, style, and rate of Quaternary uplift of the southern Santa Ana Mountain
foothills have not been determined.

Geology of the San Juan Creek Watershed
The ~455 km2 (176 mi2) San Juan Creek watershed is one of the largest drainage systems on the western
flank of the Santa Ana Mountains. The San Juan Creek trunk stream headwaters are near the crest of the Santa Ana
Mountains west of Lake Elsinore (figs. 3 and 4). Santiago Peak (1,750 m; 5,800 ft) is the highest point in the
watershed. The trunk stream generally flows from northeast to southwest near the southern margin of the watershed
and is fed by numerous large tributary streams that collect runoff from the northern portion of the basin. The largest
of the tributary canyons include Bell Canyon, Gobernadora Canyon, Chiquita Canyon, Trabuco Canyon, and Oso
Canyon (fig. 3). This drainage network is dominated by a roughly linear north-south trending pattern (i.e., Bell,
Gobernadora, and Chiquita Canyons) that is most likely controlled by the west-dipping homoclinal stratigraphic
sequence in this area.
The watershed is underlain by a variety of lithologies including plutonic, volcanic, metamorphic, and
sedimentary rocks (Morton, 2004). The headwaters are underlain by Mesozoic granitic rocks, Santiago Peak
volcanic rocks, and metasedimentary rocks of the Bedford Canyon Formation. Because these units are the most
resistant lithologies within the SJC watershed, they compose abundant quantities of gravels within the fluvial terrace
deposits along San Juan Creek. The middle portion of the San Juan Creek watershed is underlain by Cretaceous
marine and non-marine shales, sandstones, and conglomerates. Recycled clasts from the Cretaceous conglomerates
(i.e., Trabuco Formation) comprise a portion of the gravels found in the San Juan Creek terrace deposits. Tertiary
marine and non-marine shales, siltstones, sandstones, conglomerates, and breccias underlie the downstream part of
the watershed.
Numerous inactive faults trend north/northwest to south/southeast through the San Juan Creek watershed.
The largest of these are the Mission Viejo fault and the Cristianitos fault zone (fig. 4). These faults are typically
high-angle with west-side-down displacement, resulting in a general pattern of progressively younger rocks from
east to west. The Cristianitos fault zone (including the Forster fault) displaces Tertiary sedimentary rocks, whereas
the Mission Viejo fault forms the western boundary of the Cretaceous sedimentary rocks. A study by Fugro, Inc.
(1975) for Southern California Edison concluded that the Cristianitos fault zone has been inactive in the last 120,000
years based on reconstructed stream profiles in San Juan and Bell Canyons. Additionally, an exposure of the
Cristianitos fault in a coastal bluff near San Onofre, CA indicates that the fault does not cut the overlying 120 ka
marine terrace (Shlemon, 1992), confirming the inactivity within the past 120 ka. The timing of last activity for the
Forster, Cristianitos, and Mission Viejo faults is addressed with this study by examining deformation (or lack
thereof) in paleo-longitudinal profiles.
Fluvial Terraces and Uplift Studies
Fluvial terraces can form in response to tectonic, eustatic, climatic, and/or isostatic forcing mechanisms.
Given that river profiles are in equilibrium when erosion rates are equal to rock uplift rates, terraces are formed
when erosion and/or uplift rates change and the equilibrium is disrupted. The interplay between uplift and erosion is
one of the dominant variables controlling longitudinal stream profiles (e.g., Whipple and Tucker, 1999).
Uplift caused by tectonic and isostatic forcings may lead to channel incision and abandonment of the flood
plain, thereby forming a terrace. On the other hand, changes in sea level or local base level and factors related to
climate (i.e., stream discharge, vegetation, sediment size, and bedload) can influence stream power and also lead to
channel incision or aggradation (Bull, 1991). Deciphering the relative role of each of these forcing mechanisms on
terrace formation is a difficult task. A reliable chronology of the terraces is helpful in evaluating forcing
mechanisms because past climatic and eustatic influences can be estimated.
This study draws on methods and experiences from similar terrace studies performed in other areas.
Studies of fluvial and marine terraces near the Mendocino Triple Junction in northern California derived the timing,
style, and rate of uplift (e.g., Merritts and Vincent, 1989; Merritts et al., 1994; Snyder et al., 2000, 2003). In
particular, Merritts et al. (1994) used detailed surveying and radiometric dating of fluvial terraces along three rivers
near the Mendocino triple junction to construct paleo-longitudinal river profiles and relate them to tectonic and
eustatic forcing mechanisms.
Hancock and Anderson (2002) focused on climatic fluctuations as a primary mechanism for fluvial terrace
formation. They modeled channel evolution to determine the effect of variations in sediment and water discharge on
terrace formation. This study clarifies the climatic processes that lead to valley widening and subsequent
downcutting and terrace creation. Bull (1991) studied climatically and tectonically influenced terraces and
effectively used longitudinal profiles to elucidate the genesis of terraces in the San Gabriel Mountains. The previous
studies have shown that the use of longitudinal profiles to study uplift and climatic influence on terrace formation is
an accepted methodology (e.g., Bull, 1991; Bullard and Lettis, 1993, Merritts et al., 1994).

METHODOLOGY
This research evaluates the geomorphic evolution of fluvial terraces along San Juan Creek in order to
quantify the Quaternary tectonic history and uplift pattern of a portion of the Santa Ana Mountain foothills. The
methodology used to solve this problem is subdivided into four stages: (1) detailed mapping and description of
terraces, (2) soil profile descriptions, (3) optically stimulated luminescence (OSL) dating, and (4) geomorphic
analysis.
Mapping and Description of Terraces
Fluvial terraces along San Juan Creek are shown on various small-scale published geologic maps (e.g.,
Morton, 2004; USGS OFR 99-172; Morton, 1974; Morton et al., 1974). Morton (1974) serves as the most
resourceful published geologic map of the San Juan Creek terraces. The map was created on a USGS topographic
base map at a sufficient scale (1:12,000) to show the San Juan Creek terraces in moderate detail. Based on
topographic distribution, Morton (1974) subdivided the San Juan Creek terrace deposits into four groups titled Qtr1,
Qtr2, Qtr3, and Qtr4, with subscripts denoting order of deposition (Qtr1 being the oldest).
Given the pre-existing data and the observation that some terraces have been insufficiently mapped, the
first stage of this project was to map the San Juan Creek terraces in greater detail (i.e., 1:4,800 scale). A ~9.5 km
(~31,000 ft) reach of San Juan Creek between Bell Canyon and the City of San Juan Capistrano was selected as the
best location for studying the San Juan Creek terraces. At this location, the geomorphic evolution of San Juan Creek
is recorded best because the greatest number of terraces is present and they are generally well preserved. The San
Juan Creek terraces were mapped on topographic base maps with two- to five-foot contour intervals. The
topographic maps were constructed from aerial survey flights conducted between 1999 and 2005 and were acquired
in digital format so they could be used in GIS and AutoCAD applications.
Surficial geologic mapping was supplemented with subsurface data from 76 drill holes and 19 test pits that
were excavated within the terrace deposits and canyon bottom areas in the past 7 years. These data helped to
constrain the thickness and composition of terrace deposits and alluvial canyon fill. Some of the borings were
drilled during the course of this project and enabled the collection of OSL samples (discussed below) from lithologic
intervals and depths that would have otherwise been unfeasible.
Soil Profile Descriptions
Constraining the ages of San Juan Creek terraces provides critical information for interpreting the timing
and rate at which tectonic and climatic forcing mechanisms operate within the San Juan Creek drainage basin. Firstorder approximations of terrace ages were estimated for the lowest and youngest two terraces (Qtr6 and Qtr7) by
calculating soil profile development indexes (PDI). The PDI calculations quantify the degree of soil profile
development based on soil properties measured in outcrops and trenches (Harden, 1982). The methods and results
associated with the soil profile descriptions are not detailed in this publication, but the calculated PDIs are included
in subsequent results and interpretations. A description of the entire soil chronosequence exhibited by the San Juan
Creek terraces was outside the scope of this study.
Optically Stimulated Luminescence (OSL) Dating
This research utilized optically stimulated luminescence (OSL) dating to quantify the ages of San Juan
Creek terrace deposits. The OSL method measures the time elapsed since sedimentary deposits were last exposed to
light (Clarke et al., 1999; Huntley, 2001). Upon burial, detrital grains are exposed to ionizing radiation that causes
some electrons to be shifted from their stable ground state to metastable energy levels at crystal defect sites (Aitken,
1985; Duller, 1996; Stokes, 1999; Wintle, 1993). By stimulating the detrital grains with a light source in the
laboratory, electrons return to their ground state and emit energy in the form of luminescence. The intensity of the
luminescence signal is proportional to the number of trapped electrons and therefore to the age of the sample
(Aitken, 1985).
Figure 5A illustrates sample luminescence history from sediment transport to deposition and eventual
analysis in the luminescence laboratory. When sediment transport is initiated, the sample is exposed to light and
bleached to some lower luminescence signal (ideally zero). Upon burial, the sample luminescence signal increases
as it is subjected to natural irradiation at some dose rate. At the time of sampling, the sediment has accumulated a
paleodose (equivalent dose) which is measured in the luminescence laboratory.
Calculating an OSL age relies on the determination of sample dose rate and paleodose (fig. 5B). The dose
rate is the rate at which the sample was exposed to ionizing radiation during burial; the paleodose (also known as

the equivalent dose) corresponds to the amount of
ionizing radiation that the sample has been exposed
to since burial (Stokes, 1999). Depending on the
sample dose rate, OSL ages can be determined for
samples buried up to 200,000 years ago, with some
studies reporting ages up to 800,000 years old
(Stokes, 1999). For strata with high dose rates, the
crystal defect sites that trap electrons become
saturated more rapidly, thereby lowering the
maximum age limit of the OSL method.
Nine OSL samples were collected from
the youngest five terrace deposits (Qtr3 through
Qtr7). Samples were not collected from the oldest
two terrace deposits (Qtr1 and Qtr2) because
material for sampling was unavailable and because
the deposits were estimated to be too old for the
OSL dating method. The OSL sampling targeted
silty fine-grained sands to medium- and coarsegrained sands with trace fine gravels. Care was
taken to avoid sampling in soils where bioturbation
or downward translocation of sediment could
influence OSL ages. Additionally, samples were
collected as far away as possible from cobbles and
boulders that might influence sample dose rate.
Photos of typical sediments sampled in this study
are shown in figure 6.
The samples collected for this study were
obtained using three different methods depending
on field conditions: (1) sample at outcrop (fig. 6),
(2) sample by entering drill hole (fig. 7), or (3)
sample from drill hole using driller sampling
equipment. All samples were collected using 6inch long, 2.4-inch diameter opaque brass
Figure 5. Schematic luminescence history and typical singlecylinders.
aliquot regenerative dose curve. (A) Schematic plot of sample
OSL sample preparation and dating was
luminescence history. Beginning with sediment transportation, a
carried out at the USGS Luminescence laboratory
sample is "bleached" by sunlight (1), thereby causing the
luminescence signal to decrease (2). Upon burial (3), the
in Denver, Colorado, which is operated by
luminescence signal increases as it is subjected to natural
Shannon Mahan. Two types of luminescence
irradiation (4) at a measured dose rate. The natural luminescence
dating were performed on different grain sizes and
signal is measured in the lab (5) and the paleodose is determined
mineral fractions. Blue-light OSL (which uses a
by laboratory irradiation (6). (B) For the regenerative dose
blue wavelength to stimulate the quartz) was
method, multiple aliquots are measured to find the natural
performed on fine sand size quartz separates.
luminescence signal. Other aliquots are exposed to light
Infrared stimulated luminescence (IRSL), which
(bleached) and then exposed to known doses of radiation and
uses infra-red wavelength stimulation on Kmeasured for their luminescence. The curve developed from the
feldspars, was performed on a polymineralic (no
regenerative doses can then be used to estimate the paleodose as
shown above. Modified from Duller (1996).
mineral separation) fine silt fraction (4-11 µm).
All sand-size quartz samples were analyzed by
single-aliquot regeneration (SAR) procedures (Murray and Wintle, 2000) with blue-light excitation. The finegrained (4-11 µm) polymineral extracts from all samples were dated using the total-bleach multiple-aliquot additivedose (MAAD) method (Singhvi et al., 1982; Lang, 1994; Richardson et al., 1997; Forman and Pierson, 2002).
Geomorphic Evaluation
Terraces along San Juan Creek were correlated and grouped into terrace sets based on geologic mapping,
elevations, and age constraints. Methods detailed by Merritts et al. (1994) are applied here to construct paleolongitudinal profiles for each set of terraces adjacent to San Juan Creek. Merritts et al. (1994) used paleo-

longitudinal profiles of coastal streams to
determine uplift rates and infer tectonic and
eustatic forcing mechanisms near the Mendocino
Triple Junction in northern California.
The
geomorphic
evaluation
and
construction of paleo-longitudinal profiles in this
study relies heavily on high resolution digital
topographic base maps with two- to five-foot
contour intervals. Elevation data points used to
construct the paleo-longitudinal profiles were
generally selected at locations where the terrace
surfaces are the flattest and slope angle is
minimized. Point selections were also careful to
avoid influences from colluvial deposition near the
upper slopes of terraces and erosion near the outer
margins.
A midvalley axial line was constructed
along the midpoint between the bedrock valley
walls to produce a less sinuous profile line.
Elevations of representative points on each terrace
were projected onto the midvalley axial line to
construct longitudinal profiles for the active
channel and each set of terraces. The resulting
paleo-longitudinal profiles clearly illustrate the
correlation of terraces into sets, the vertical
distribution of terraces, and the gradient of each
terrace set. The style and magnitude of apparent
uplift can then be inferred by comparing the
relative differences in gradient and elevation.
Bullard and Lettis (1993) showed that
changes in stream gradient may elucidate style and
rate of tectonic deformation. Patterns of warping or
tilting of paleo-longitudinal river profiles may
indicate a folding or rotational style of uplift as
opposed to regionally planar uplift (Keller and
Pinter, 2002). In this light, terrace gradients across
the inactive Cristianitos, Forster, and Mission Viejo
fault zones (fig. 4) are examined to infer the time
elapsed since these significant tectonic structures
were last active.
The geologic map and paleo-longitudinal
profiles were also used to determine the relative
heights of each terrace to the San Juan Creek
thalweg. These heights were then combined with
geochronological data to correlate terraces with sea
level curves.

Figure 6. OSL sample collection at outcrops. (A) Typical
outcrop for OSL sample collection. Note that the sample is
collected below the soil profile and the face of the outcrop (Qtr7
shown here) is dug into prior to driving the sample cylinder into
the sediments. (B) Typical sandy sediments targeted for OSL
sampling. Criteria for appropriate sample locations include
presence of sandy soils, presence of primary sedimentary
features, absence of pedogenic features, and maximized distance
from cobbles and boulders.

Figure 7. Photo of drilling and OSL sampling in terraces using a
bucket auger drill rig. This drilling method excavates a 28-inch
diameter boring, thereby allowing the geologist to enter the
boring on cables and downhole log the terrace deposit and
underlying bedrock. Numerous OSL samples from this study
were extracted from this type of drill hole.

Calculation of Uplift Rates and Interpretation
of Forcing Mechanisms
The relative heights of each terrace set are
used in conjunction with the age control data to correlate the terraces with established sea level curves. The real sea
level change (i.e., San Juan Creek base level change) then can be subtracted from the relative uplift inferred from
terrace heights. This operation yields the actual displacement or uplift of each set of fluvial terraces. Uplift rates
then can be calculated by dividing vertical terrace displacement by the duration of uplift (terrace age).
Interpretation of forcing mechanisms relies heavily on the correlation of terraces with available sea level
curves. For example, if each terrace set has a measured age corresponding to interglacial stages, then eustasy and/or

climate may be inferred as significant forcing mechanisms behind terrace formation. Alternatively, terrace ages may
help to eliminate eustasy and climate as the primary forcing mechanisms. Terraces that do not grade to other
terraces or have a steeper gradient than the active stream channel may also indicate tectonic influence (Bull, 1991).

RESULTS
Geologic Map and Descriptions of Terraces
The geologic map showing the distribution of terrace deposits within the study area is not included with
this publication due to the oversized format (30” X 70”). However, data contained on the geologic map is discussed
herein. The map shows the presence of seven fluvial terrace deposits that are correlated along a length of 2.5-9 km
of the San Juan Creek watershed. The terraces are assigned designations of Qtr1 through Qtr7, with the number
denoting the order of deposition (i.e., Qtr1 is the oldest and Qtr7 is the youngest). Characteristics of each terrace set
are summarized on Table 1 and described below based on field mapping and available drill hole logs.

Qtr1 is the highest and oldest set of terraces preserved along the San Juan Creek drainage and lies
approximately 110-118 meters (366-386 ft) above the San Juan Creek thalweg. The Qtr1 deposits exist in the
eastern portion of the study area and cover a relatively small area of about 20,000 m2 due to extensive erosion and
poor preservation. The outcrops are sparse, highly discontinuous, and are typically mantled by native sage scrub
vegetation and lag deposits of cobbles and boulders. Although Qtr1 has not been drilled, surface exposures suggest
that the terrace deposits are less than 10 meters thick.
The surface of Qtr2 lies at elevations approximately 73-80 meters (240-259 ft) above the San Juan Creek
thalweg. The Qtr2 deposits are exposed over a total area of 180,000 m2 and are only moderately preserved as three
to four distinct terraces in the eastern portion of the study area. Although the terrace surfaces are dominantly
covered with citrus orchards, information regarding thickness and composition of the deposits can be ascertained
from available drill hole logs. Qtr2 deposits are up to about 15 meters thick and are composed of up to 50%
pebbles, cobbles, and boulders in a sandy matrix.
Qtr3 has a surface elevation about 62-65 meters (204-214 ft) above the San Juan Creek thalweg and is
similar to Qtr2 in exposure, being preserved only moderately in the eastern portion of the study area. Four to five
distinct terrace deposits make up an area of 200,000 m2 that is largely covered by citrus orchards and nurseries.
Although no drill hole data is available for Qtr3, outcrops indicate that these terrace deposits range from about 5 to
15 meters thick and are composed of an abundance of sandy gravels with interbedded sands and silts.

Qtr4 is the oldest and highest terrace deposit that is intermittently preserved across the entire length of the
study area. The Qtr4 surface lies approximately 45-52 meters (148-171 ft) above the San Juan Creek thalweg.
Terraces within the Qtr4 set are moderately to well preserved, and comprise a total area of 750,000 m2 within the
study limits. These areas are covered with citrus orchards, nurseries, and non-native grasslands for cattle grazing.
Based on drill hole data and outcrops, Qtr4 deposits are typically less than 10 meters thick and are predominantly
composed of sandy gravels with abundant pebbles and cobbles and lesser amounts of interbedded sand. According
to mapping and terrace correlations by Fugro, Inc. (1975), Qtr4 continues to the coast, where it is correlated with
marine terraces near Dana Point.
The surface of Qtr5 forms prominent and well-preserved benches approximately 25-32 meters (84-105 ft)
above the San Juan Creek thalweg. This set of terraces is mostly preserved across the entire length of the study area
and is nearly continuous throughout the central portion of the study area, with the main exceptions in areas where
major tributary drainages have incised through the terraces. Qtr5 deposits make up an area of 1,660,000 m2 that is
typically covered with citrus orchards, nurseries, and non-native grasslands for cattle grazing. Based on mapping
and numerous drill holes within Qtr5, these terrace deposits range from 4 to 15 meters thick, and are typically less
than 8 meters thick. The terrace deposits are predominantly sandy gravels with abundant pebbles and cobbles.
Interbedded sands up to 3 meters thick have been recorded in drill holes excavated within the thicker deposits of
Qtr5. According to mapping and terrace correlations by Fugro, Inc. (1975), Qtr5 also grades to marine terraces near
Dana Point.
The surface of Qtr6 is a low-lying and continuous terrace approximately 8-14 meters (26-47 ft) above the
San Juan Creek thalweg. Qtr6 deposits comprise an area of about 2,000,000 m2 and are covered with nurseries,
sycamore and oak trees, non-native grasslands for cattle grazing, and commercial properties. Although these
terraces have not been subjected to extensive erosion, commercial land use and grading activities have resulted in
some significant grade changes within the study area. The Qtr6 deposits represent a significant change in character
from the older terraces Qtr1 through Qtr5; the deposits are finer grained and make up a portion of the San Juan
Creek valley fill sediments. Grain size distributions range from clays and silts to gravelly sands with some cobbles.
Additionally, the deposits are typically saturated by unconfined groundwater at depths ~5-10 meters below the
ground surface. The base of Qtr6 is rarely exposed in outcrops and only a few drill holes have punctured through
the entire thickness of the deposits. Based on the limited drill hole data, the Qtr6 deposits are probably up to 30
meters thick.
The surface of Qtr7 is the lowest and youngest set of terraces at elevations about 2-5 meters (5-15 ft) above
the San Juan Creek thalweg. These terrace deposits cover an area of 1,470,000 m2 and are similar in character but
less extensive than Qtr6. They are typically covered with sycamore and oak trees, riparian vegetation, or non-native
grasslands. The Qtr7 deposits make up the San Juan Creek valley fill sediments in conjunction with the Qtr6
deposits. Qtr7 sediments range from clays and silts to sandy gravels, with the coarser grain sizes being more
proximal to the San Juan Creek thalweg. These deposits are typically saturated with unconfined groundwater at
depths greater than ~2 meters below the ground surface. In the central and eastern portions of the study area, these
terrace deposits are as little as 5 meters thick and overly bedrock adjacent to the San Juan Creek thalweg. Near the
western portion of the study area, the deposits are estimated to be 25-30 meters thick based on limited drill hole
data.
Paleo-longitudinal Profiles
The reconstructed paleo-longitudinal profiles (fig. 8) illustrate the correlation of terraces into sets, the
vertical distribution of terraces, and the gradient of each terrace set. The correlation of terraces into sets is possible
in this study area with a high degree of confidence due to the generally good preservation and significant elevation
difference between terrace sets. Figure 8 also illustrates that the terraces record over 110 meters of vertical incision
by San Juan Creek.
Because the terrace surfaces are progressively eroded with time, the older terraces (i.e., Qtr1, Qtr2, and
Qtr3) have decreased preservation and a higher degree of elevation variability on the paleo-longitudinal profiles. In
addition, fewer terraces and consequently fewer elevation data points are available for creating the paleolongitudinal profiles for the older terrace sets. This effect can be observed on figure 8 by noting that the R2 values
decrease with increasing age and elevation above San Juan Creek. The vertical uncertainty for elevation data points
shown on the paleo-longitudinal profiles is typically less than about 3 meters. This low uncertainty is attributed to
the high resolution topographic base maps and the typically well-defined terrace surfaces examined in this study.
Furthermore, the vertical uncertainty is insignificant at the scale of the plot of paleo-longitudinal profiles (fig. 8).
Qtr1 has only three data points, which have significant vertical scatter from the profile line. As a result, the
profile gradient has a large uncertainty, but the average vertical incision is estimated to be about 115 meters.

Figure 8. Reconstructed paleo-longitudinal profiles for San Juan Creek terraces. Note relative terrace heights and
essentially parallel gradients for best-fit profile lines. The Forster fault (FF), Cristianitos fault (CF), and Mission
Viejo fault (MVF) are shown where they intersect the midvalley axial line. Qtr7 is excluded from this figure due to
the minimal height above the San Juan Creek thalweg.

Qtr2 and Qtr3 are moderately preserved but only over a short distance within the study area. As a result,
these terrace sets have sufficient data points to construct well-correlated (i.e., R2 = 0.929-0.978) but short paleolongitudinal profiles. The vertical incision determined for Qtr2 and Qtr3 is 76 m and 63 m, respectively.
Qtr4 has terraces intermittently preserved across the entire length of the study area with the greatest number
of preserved terraces and elevation data points found in the eastern half of the study area. Although some of the
elevation data points are up to 1.5 km apart in the western portion of the study area, the available data points from
remnant terraces fit well with the reconstructed profile line. The best fit paleo-longitudinal profile line through all of
the Qtr4 data points has a R2 value of 0.992, suggesting a high degree of confidence in the reconstructed profile.
The vertical incision determined for Qtr4 is approximately 49 m.
The data set for Qtr5 is similar to Qtr4, but has only few gaps in the elevation data points near the
confluence of significant tributary canyons with San Juan Creek. Qtr5 is intermittently preserved across the entire
length of the study area and has a well-correlated paleo-longitudinal profile (R2 = 0.995). The vertical incision
determined for Qtr5 is approximately 29 m.
Qtr6 is very well preserved, making the reconstructed paleo-longitudinal profile very well correlated (R2 =
0.997). The inferred magnitude of vertical incision is about 10 m.
Given the small vertical separation between Qtr7 and the San Juan Creek thalweg, and the motivation to
show significant patterns on the paleo-longitudinal profiles, Qtr7 is omitted from figure 8. Nevertheless, Qtr7 is
very well preserved and the resulting paleo-longitudinal profile would be tightly constrained with a gradient nearly
identical to that of the San Juan Creek thalweg. Based on observations drawn from the geologic map, the vertical
incision since formation of Qtr7 is approximately 3 meters.
The San Juan Creek thalweg profile was constructed by selecting data points at regular elevation intervals
(5 ft/1.5 m). The topographic base map for the San Juan Creek thalweg was constructed from an aerial survey flown
in spring 2005 and has a 2-foot contour interval. This aerial survey post-dates extensive flooding that occurred in
January 2005, thereby documenting the most current thalweg profile. The San Juan Creek thalweg and portions of
Qtr6 and Qtr7 were modified in the past by sand and gravel mining near the eastern portion of the study area. These
effects were avoided in the selection of data points for Qtr6 and Qtr7, but it is assumed that the impact of mining on
the San Juan Creek thalweg has been muted by the extensive flooding of January 2005.
In addition to the magnitudes of vertical incision that are given above, perhaps the most important
observation to draw from the paleo-longitudinal profiles (fig. 8) is that the profiles are all essentially parallel. In

other words, the existing gradient of the San Juan Creek thalweg is more or less the same as each of the older seven
terraces. Localized reaches of each paleo-longitudinal profile have gradient variations, but these are likely due to
erosional effects or variability in the profiles upon formation. The observed parallelism of profiles is bolstered by
the high degree of confidence in each of the reconstructed paleo-longitudinal profiles (i.e., R2 = 0.93-0.99). Despite
the strong pattern of parallelism within the profiles, it should be noted that minor amounts of watershed-scale
convergence or divergence of the paleo-longitudinal profiles may not be detectable over the relatively short reach of
San Juan Creek that is examined in this study.
OSL Sample and Age Data
A total of nine samples were dated using the OSL method. Of these samples, one sample (SJC-7) was
collected from Qtr3, two samples (SJC-10 and SJC-11) were collected from Qtr4, three samples (SJC-2, SJC-3, and
SJC-12) were collected from Qtr5, one sample (SCJ-5) was collected from Qtr6, and two samples (SCJ-4 and SJC9) were collected from Qtr7. The OSL dating results are summarized in Table 2 and schematically on figure 9.
Table 2. Summary of OSL age data

Qtr7 OSL Sample and Age Data. Samples SJC-4 and SJC-9 were collected from deposits of Qtr7. SJC-4
was collected near the upstream end of the study area from a five-meter-high stream embankment outcrop adjacent
to the San Juan Creek thalweg. At this location, the terrace deposits overly bedrock at a depth of about 3-5 meters
below the upper terrace surface. The sample consisted of poorly indurated fine- to coarse-grained sand with some
fine pebbles, with strata composed of sandy gravel within about 12 inches of the sample.
SJC-9 was collected from a drill hole near the downstream end of the study area where the terrace deposits
(i.e., alluvial fill) are anticipated to be on the order of 30-40 m thick. The drill hole was a 5-inch diameter rotary
wash boring and the sample was collected using drilling sampling. The OSL sample was collected at a depth of 3.3
m (11 ft) below the ground surface and consisted of gray and brown, firm, micaceous, fine-grained sandy silt with
some clay. The nearest gravels were about 12 inches above the sample. Groundwater was encountered in the boring
about 12-18 inches below the bottom of the OSL sample.
Despite the differences in location and thickness of terrace deposits at each of the two sample sites for Qtr7,
the OSL ages are still in close agreement. SJC-4 yielded a blue light OSL age of 11.9±0.6 ka; similarly, SJC-9
yielded IRSL and blue light OSL ages of 11.2±0.3 and 9.6±0.3 ka, respectively.
Qtr6 OSL Sample and Age Data. The absolute age for Qtr6 is represented by IRSL and blue light OSL
ages for sample SJC-5. This sample was collected from a six-meter-high embankment outcrop in the eastern portion
of the study area. The sample was taken from a 30-cm thick, moderately indurated, reddish brown, medium- to

Figure 9. Schematic cross section with OSL ages and soil profile development indexes (PDI). IRSL ages for
polymineral silt are enclosed in boxes; blue light OSL ages for quartz sand are enclosed in ovals. Equivalent dose
histograms are included for blue light OSL ages, with the exception of those for Qtr5, which are not shown due to
saturation and insufficient results.

coarse-grained, subangular to subrounded sand with some silt. Strata composed of sandy gravel were located 6
inches below and 10-12 inches above the sample. Rounded to subrounded cobbles up to 8 inches in diameter were
observed within 12 inches of the sample. SJC-5 yielded IRSL and blue light OSL ages of 58.2±1.8 and >37.6±1.3
ka, respectively.
The reddish brown color of sample SJC-5 suggests that the sediments may be influenced by pedogenic
processes. It is possible that the rubification, or reddening of the soil, could also be accompanied by downward
translocation of silt and/or clay that is younger than the actual terrace deposits. If pedogenic processes have
influenced the sampled stratigraphy, then the OSL age for SJC-5 should be considered a minimum age.
Qtr5 OSL Sample and Age Data. The absolute age for Qtr5 is represented by IRSL and blue light OSL
ages for samples SJC-2, SJC-3, and SJC-12. Samples SJC-2 and SJC-3 were collected from a drill hole in the
western portion of the study area. The drill hole was a 28-inch diameter bucket auger boring and the samples were
collected using drilling sampling equipment. SJC-2 was collected at a depth of 5.8 m (19 ft) below the ground
surface and consisted of silty sand with some fine gravel. SJC-3 was collected at a depth of 9 m (28.5 ft) below the
ground surface and also consisted of silty sand with some fine gravel. The blue light OSL ages for these samples
both indicate a saturated luminescence signal, with only minimum ages measured. However, the IRSL ages for
SJC-2 and SJC-3 are 62.7±2.2 and 76.4±2.7 ka, respectively. These ages are in fair agreement, considering SJC-2
was sampled ~3 m stratigraphically above SJC-3.
Sample SJC-12 was collected at a depth of 4.2 m (14 ft) from a drill hole, located about 1.5 km upstream
from SJC-2 and SJC-3. The drill hole was a 28-inch diameter bucket auger boring, and the sample was collected by
entering the boring and manually pushing in a brass cylinder as is done at outcrops. The OSL sample consisted of
light brown, medium dense, fine- to medium-grained sand with clay. The nearest gravels were present about 3 feet
above the sample. Primary depositional features such as high-velocity laminations were observable in the boring
walls where the OSL sample was extracted. The IRSL age measured for SJC-12 is 58.1±1.3 ka. This age is younger
than, but is still in fair agreement with, the ages for SJC-2 and SJC-3.
Qtr4 OSL Sample and Age Data. Samples SJC-10 and SJC-11 were collected from deposits of Qtr4. SJC10 was collected from a drill hole near the western portion of the study area. The drill hole was a 28-inch diameter
bucket auger boring, and the sample was collected by entering the boring and pushing in a brass cylinder as is done
at outcrops. The OSL sample was collected at a depth of 2.5 m (8.5 ft) below the ground surface and consisted of
tan, medium dense, silty fine-grained sand. Primary depositional features such as high-velocity laminations were
observable in the boring walls where the OSL sample was extracted. The nearest gravels are present about 12
inches below the sample. The IRSL age measured for SJC-10 is 136±13 ka.
Sample SJC-11 was collected from a drill hole near the western portion of the study area. The drill hole
was a 28-inch diameter boring, and the OSL sample was collected at a depth of 4.3 m below the ground surface by
entering the boring and pushing in a brass cylinder as is done at outcrops. The sampled sediments consisted of light

brown, medium dense, silty fine-grained sandstone. The nearest gravels are present about 18 inches below the
sample. The IRSL age measured for SJC-11 is 147±14 ka, which is in good agreement with the age measured for
SJC-10.
Qtr3 OSL Sample and Age Data. The minimum absolute age for Qtr3 is constrained by sample SJC-7,
which was collected from a cut slope in a nursery in the central portion of the study area. The sample was composed
of dark-grayish brown, medium-dense, fine- to medium-grained sand with clay. The sample was collected from
strata about 2 m above the strath surface (contact with underlying Santiago Fm). Only the minimum age for Qtr3
could be constrained because sample SJC-7 yielded a minimum age of >197±29 ka. The minimum age indicates
that the crystal defect sites that store a luminescence signal were saturated. This is attributed to the excessive age of
the sample and the anomalously high dose rate. The total dose rate for SJC-7 was 7.19±0.19 to 8.19±0.13 Gy/ka for
IRSL and blue light OSL, respectively. These dose rates are roughly twice that of the other OSL samples collected
in this study. Despite the inability to measure an accurate age for Qtr3, the minimum age constraint determined here
serves as a useful boundary for the age adopted in this study.

INTERPRETATIONS AND CONCLUSIONS
Adopted Terrace Surface Ages
Two distinct chronologies are presented here for the San Juan Creek terraces based on two different
interpretations of the geomorphic and geochronologic data produced in this study. The two interpreted chronologies
are then carried forward into subsequent interpretations of uplift rates. The first potential terrace chronology is
based predominantly on the OSL ages reported in this study. The second potential terrace chronology uses the
geomorphic projection of paleo-longitudinal profiles downstream to the coast, where correlative marine terrace ages
have been proposed by other workers.
Established sea level curves serve as an essential tool in interpreting terrace ages and uplift rates. This
study compiles sea level curves from Chappell et al. (1996) for 0-140 ka, Merritts and Bull (1989) for 140-330 ka,
and Shackleton and Opdyke (1973) for 330-600 ka. These curves are generated from marine oxygen isotope data in
conjunction with dated marine terraces on actively rising shorelines. Terrace elevations are projected onto the sea
level curves based on the two potential chronologies, thereby allowing the calculation of uplift rates.
Adopted Chronology Using OSL Ages
Adopted terrace surface ages are presented here based predominantly on the new OSL age data reported in
this study. Specifically, the adopted ages for Qtr7 through Qtr3 are inferred primarily from the OSL age data, with
some consideration of where the adopted ages fall on the established sea level curves. Where reasonable, adopted
ages are selected to (1) maintain similar uplift rates and (2) correspond roughly with sea level high stands. The
adopted ages for Qtr2 and Qtr1 are inferred from sea level curve correlations assuming the uplift rate calculated
from younger terraces remains constant. The OSL age data and adopted surface ages for this potential chronology
are presented on Table 3; the sea level curve correlations based on the OSL chronology are shown on figure 10.
Qtr7 Adopted Age Using OSL Chronology. Given the OSL age data summarized on Table 3 and the fact
that the OSL samples were collected 3-5 m below the upper surface of Qtr7, the adopted age for the upper surface of
Qtr7 is 7 ka. This age corresponds to the later stages of the rapid sea level transgression that occurred between
about 18 ka (last glacial maximum) and 4-5 ka, when sea level reached about the same level as today (Masters,
2006). Masters (2006) also showed that sea level along the Southern California coast was within about 10 m of the
modern sea level by about 8 ka.
Qtr7 is not shown on the sea level curve correlations because the adopted age suggests that sea level was
approaching its present level at the time of terrace formation. Furthermore, displacement and uplift rate are not
calculated for Qtr7 because the terrace formation and abandonment is likely attributed to climatic/eustatic processes
(see discussion section).
Qtr6 Adopted Age Using OSL Chronology. The IRSL and blue light OSL ages for the one Qtr6 sample
encompass an age range of about 36-60 ka. These OSL ages are interpreted as a minimum estimate since there is
evidence that the sampled stratigraphy was influenced by pedogenic processes, as discussed previously. If the OSL
ages are interpreted as minimum ages, the inferred surface age for Qtr6 can be estimated by holding the uplift rate
calculated from Qtr5 constant. This interpretation of the OSL ages is shown on figure 10 and suggests a surface age
of about 75 ka for Qtr6 (Table 3).
Qtr5 Adopted Age Using OSL Chronology. Three samples collected from the Qtr5 deposits yielded IRSL
ages ranging from about 57 ka to 79 ka (Table 3). The preferred interpretation of the OSL age data for Qtr5 is that

Figure 10. Sea level curve correlations based on OSL chronology. Average uplift rates range from 0.4 to 0.6
mm/yr. Solid projection lines indicate terraces where OSL/IRSL ages are available; dashed projection lines
indicate terraces where age and rate are inferred by assuming uplift rate calculated from younger terraces is
constant. Numbers and letters below curve indicate designations for marine oxygen isotope stages (MIS). Sea level
curve prior to 140 ka re-drawn from Chappell et al. (1996); curve after 140 ka re-drawn from Merritts and Bull
(1989).

the terrace deposits correlate to the MIS 5a sea level high stand at about 80 ka (fig. 10). This age interpretation is
supported by the likelihood that the ~58 ka age for Qtr6 is a minimum age. An adopted age of 80 ka for Qtr5 is at
the upper range of the measured OSL ages, but resolves the potential age conflict with Qtr6. Additionally, the 80 ka
adopted age yields uplift rates that are in closer accordance with those calculated from the successively older
terraces (fig. 10, Table 3).
Qtr4 Adopted Age Using OSL Chronology. Two IRSL ages for Qtr4 were measured, indicating an age of
about 123-161 ka (Table 3). The lower end of this age range is close to the MIS 5e sea level high stand at about 120
ka (fig. 10). Thus, the adopted surface age for Qtr4 is 120 ka.
Qtr3 Adopted Age Using OSL Chronology. The minimum age of Qtr3 deposits from one IRSL age is
>168-226 ka (Table 3). This age range encompasses the later portions of the MIS 7 sea level high stand at about

205 ka (fig. 10). This 205 ka high stand is greater than the lower limit, but less than the upper limit of the minimum
IRSL age range reported (i.e., 168 ka and 226 ka, respectively). Despite the somewhat imperfect fit of the MIS 7
high stand with the minimum IRSL age reported, it is reasonable that Qtr3 would have formed at approximately the
same time as the late MIS 7 sea level high stand. The correlation of Qtr3 with the MIS 7 high stand is also
supported by holding the uplift rate from Qtr4 constant. Thus, the adopted surface age for Qtr3 is 205 ka.
Qtr2 Adopted Age Using OSL Chronology. No OSL ages are reported for Qtr2 in this study.
Consequently, the surface age for Qtr2 is inferred from the sea level curve (fig. 10) by assuming that the uplift rate
calculated from Qtr3 and Qtr4 are constant. The resulting sea level curve correlation yields an age of about 245 ka
for the surface of Qtr2. This age corresponds to the early portions of the MIS 7 sea level high stand.
Qtr1 Adopted Age Using OSL Chronology. Similar to Qtr2, no absolute ages are reported in this study for
Qtr1. The adopted surface age is therefore also inferred from the sea level curve correlation (fig. 10) and by
assuming that the uplift rate calculated from Qtr3 and Qtr4 remains constant. Given this assumption, the surface of
Qtr1 correlates to the MIS 9 sea level high stand at 335 ka. The adopted surface age for Qtr1 is therefore 335 ka.
Adopted Chronology Using Marine Terrace Correlations
An alternative chronology of the San Juan Creek terraces is presented here based predominantly on the
geomorphic projection of paleo-longitudinal profiles downstream to the coast, where correlative marine terrace ages
have been proposed by other workers. Qtr4 and Qtr5 are the only San Juan Creek terraces that are partially
preserved to the coast. Because some of the profile projections (i.e., Qtr2, Qtr3, and Qtr4) must bridge large gaps in
the data, multiple marine terrace correlations were explored but only the preferred correlation is presented here.
Figure 11 shows the preferred projection of San Juan Creek terraces downstream to the coast where they intersect
previously mapped marine terraces.

Figure 11. Projection of San Juan Creek paleo-longitudinal profiles to marine terraces at the coast. Profiles from
0-31,000 ft are constructed from new mapping and data reported in this study (same as figure 8). This correlation
of fluvial terraces to marine terraces is anchored by projection of Qtr4 to Qtm1, which is based on new OSL ages
and adopted surface age of 120 ka for Qtr4. Ages for marine terraces Qtm1 through Qtm4 are discussed in the text.
Stars indicate marine terrace data points.

Data used to extend the paleo-longitudinal profile on figure 11 were compiled from multiple sources. The
eastern 31,000 feet of the profile was compiled in this study and contains the same data shown on figure 8. Data
points for fluvial terraces between 31,000 and the coast were taken from mapping by Fugro, Inc. (1975) and
confirmed by CGS published maps for the San Juan Capistrano and Dana Point quadrangles (Morton et al., 1974;
Tan, 1999). Marine terrace elevations used as the end points for the profiles on figure 11 were taken from mapping
by Fugro, Inc. (1975) and the published CGS map for the Dana Point quadrangle (Tan, 1999). The marine terraces
used in these correlations are located immediately west of and adjacent to San Juan Creek, so the elevations are
considered appropriate for the profile correlations.
The correlation of San Juan Creek fluvial terraces with marine terraces (fig. 11) is guided by the
geomorphology and the good OSL age control reported above for Qtr4. The OSL age data suggest that the Qtr4
fluvial terrace has a surface age of ~120 ka and should therefore be correlated with the 120 ka Qtm1 marine terrace
(Qtm1 age discussed below). Based on the correlation of Qtr4 with Qtm1, Qtr3 and Qtr2 are projected to Qtm2 and
Qtm3, respectively (fig. 11).

This geomorphic analysis illustrates potential correlations of the San Juan Creek terraces with emergent
marine terraces at the coast. In order to develop a somewhat independent cross-check of the OSL chronology
discussed above, the age of each correlative marine terrace is discussed. As with the geomorphic data, the marine
terrace ages were extracted from numerous sources (Barrie et al., 1992; Fugro, Inc., 1975; Grant et al., 1999;
Shlemon, 1992; Szabo and Vedder, 1971; and Tan, 1999). Potential ages are discussed below for each marine
terrace as they relate to the correlative San Juan Creek terraces.
The interpreted correlation of San
Juan Creek terraces with marine terraces
produces a chronology that can be compared
to the OSL age data. The resulting potential
chronology is presented on Table 4 and the sea
level curve correlations are shown on figure
12.
Qtr6 Adopted Age Using Marine
Terrace Correlations. The surface of Qtr6 is
not correlated downstream to the coast on
figure 11 due to a lack of relevant published
data and absence of a correlatable marine
terrace to end the profile. Despite the lack of a
known marine-fluvial terrace correlation, a sea
level correlation is inferred for Qtr6 by
holding the uplift rate determined from Qtr4
constant, which suggests a terrace age of about
80 ka (Table 4; fig. 12). This age corresponds
to the MIS 5a sea level high stand and is in
approximate agreement with that suggested by
the OSL chronology.

Figure 12. Sea level curve correlations based on marine terrace chronology. Projection for Qtr4 (solid line) is
established by correlation with the 120 ka Qtm1 marine terrace. Projection for Qtr3 is established by correlation with
Qtm2, which was assigned an age of 210 ka by Barrie et al. (1992). Projection for Qtr2 is established by correlation
with Qtm3, which was assigned an age of 320 ka by Barrie et al. (1992). Projection for Qtr1 assumes that uplift rate
from Qtr2 is constant. Projections for Qtr5 and Qtr6 assume that uplift rate from Qtr4 is constant. Resulting uplift
rates are 0.3-0.4 mm/yr. Numbers and letters below curves indicate designations for marine oxygen isotope stages
(MIS). Sea level curve prior to 140 ka re-drawn from Chappell et al. (1996); curve from 140-330 ka re-drawn from
Merritts and Bull (1989); curve from 330-600 ka re-drawn from Shackleton and Opdyke (1973).

Qtr5 Adopted Age Using Marine Terrace Correlations. The surface of Qtr5 is not correlated downstream to
the coast on figure 11 due to the absence of a correlatable marine terrace to end the profile. Despite the lack of a
known marine-fluvial terrace correlation, a sea level correlation is inferred for Qtr5 by holding the uplift rate
determined from Qtr4 constant, which suggests a terrace age of about 110 ka (Table 4; fig. 12). This age is
significantly higher than the age of 80 ka that is suggested by the OSL chronology for Qtr5.
Qtr4 Adopted Age Using Marine Terrace Correlations. Qtr4 has the most geomorphic data and age control
of all the San Juan Creek terraces and correlative marine terraces. The preferred fluvial-marine terrace correlation
shown on figure 11 illustrates the Qtr4 profile grading to the first emergent marine terrace, referred to here as Qtm1.
Qtm1 has been the subject of extensive dating attempts by other researchers who have concluded that it is the 120 ka
MIS 5e marine terrace (Barrie et al., 1992; Grant et al., 1999; Shlemon, 1992; Szabo and Vedder, 1971; and Tan,
1999). These studies used various geochronologic techniques, including amino acid racimization (Barrie et al.,
1992), 230Th dating of solitary corals (Grant et al., 1999), and uranium-thorium dating on mollusk shells (Szabo and
Vedder, 1971). Tan (1999) also noted that the age of Qtm1 is estimated between 120 ka and 413 ka based on
correlations with other marine terraces on the California coast. The age control for the first emergent marine terrace
suggests that the correlative Qtr4 fluvial terrace is also about 120 ka. This age is the same as that indicated by the
OSL chronology. The 120 ka adopted age for Qtr4 establishes an approximate uplift rate of 0.4 mm/yr, which is
then extrapolated to other fluvial terraces that do not have correlative marine terraces with absolute age control (i.e.,
Qtr6, Qtr5, and Qtr3; Table 4; fig. 12).
Qtr3 Adopted Age Using Marine Terrace Correlations. No independent age data is available for the second
marine terrace, referred to here as Qtm2. Tan (1999) suggested that this terrace is 413-450 ka based on correlations
with other marine terraces, but Barrie et al. (1992) assigned Qtm2 an age of 210 ka based on sea level curve
correlations for marine terraces in the San Joaquin Hills immediately north of the mouth of San Juan Creek at Dana
Point. Given the proposed age of 210 ka by Barrie et al. (1992) for Qtm2, and the correlation of San Juan Creek
terrace Qtr3 to the Qtm2 marine terrace, the adopted surface age for Qtr3 is 210 ka (Table 4; fig. 11). This age
corresponds to the MIS stage 7 sea level high stand (fig. 12) and is essentially the same age as that indicated by the
OSL chronology.
Qtr2 Adopted Age Using Marine Terrace Correlations. No independent age data is available for the third
marine terrace, referred to here as Qtm3. Tan (1999) suggested that this terrace is 510-800 ka based on correlations
with other marine terraces, but Barrie et al., (1992) assigned Qtm3 an age of 320 ka based on sea level curve
correlations for marine terraces in the San Joaquin Hills. By using the age of 320 ka from Barrie et al. (1992) for
Qtm3, and the correlation of San Juan Creek terrace Qtr2 with the Qtm3 marine terrace, the adopted surface age for
Qtr2 is 320 ka (Table 4; fig. 11). This corresponds to the MIS 9 sea level high stand (fig. 12) and is significantly
older than the 245 ka age indicated by the OSL chronology.
Qtr1 Adopted Age Using Marine Terrace Correlations. Remnants of the San Juan Creek fluvial terrace
Qtr1 are insufficient to project to the marine terraces. However, the age of Qtr1 is adopted here based on assuming a
roughly constant uplift rate on the sea level curve correlation (fig. 12). The resulting age for Qtr1 is about 540 ka
(Table 4), which is significantly older than the 335 ka age adopted for the OSL chronology.
Mechanism for Terrace Formation and Abandonment
The formation of San Juan Creek terraces is probably influenced heavily by glacio-eustatic sea level
changes due to the close proximity of the watershed to the Pacific Ocean. This concept is best understood by
discussing the anticipated affects of a full glacial-interglacial cycle on the San Jan Creek watershed. Beginning with
a sea level low stand (glacial cycle), the trunk stream of San Juan Creek would be incised to a low level in order to
grade to the Pacific Ocean. During the transition from glacial to interglacial conditions, sea level rises and the base
level for San Juan Creek (i.e., the Pacific Ocean) also rises. This base level rise would induce aggradation within
the San Juan Creek watershed. At the peak in interglacial conditions, the sea level high stand would create the
highest base level for San Juan Creek and the floodplain would reach its highest elevation. As the interglacial
period transitions back to glacial conditions, sea level, and consequently the base level for San Juan Creek, begins to
fall. The drop in base level would induce renewed incision for San Juan Creek and the floodplain that formed
during the sea level high stand would be abandoned as a terrace. Given the glacial-interglacial cycle described
above, the surface of each terrace within the study area should correspond with sea-level-high stands because the
base level is linked closely downstream with sea level fluctuations.
Climatic changes that accompany the glacial and interglacial cycles of the sea level curves are also likely
factors in terrace formation. Hancock and Anderson (2002) showed that terrace formation is extensively linked to
sediment load and water discharge. They found that periods of relatively high sediment load lead to lateral planation
and valley widening because vertical incision is reduced by the presence of sediment cover on bedrock surfaces. In

contrast, they found that decreased sediment load promotes vertical incision and the abandonment of terrace
surfaces. The findings of Hancock and Anderson (2002) corroborate the idea that the San Juan Creek terraces form
in response to glacial and interglacial cycles. During the transition from glacial to interglacial cycles, the rising base
level and subsequent aggradation creates a condition with higher sediment load. The higher sediment load causes
lateral planation of San Juan Creek and forms the floodplain at an elevation controlled by base level (sea level) at
that time. During the transition back from interglacial to glacial cycles, base level falls, aggradation ceases, and the
sediment load within San Juan Creek is therefore decreased. The decreased sediment load and lower base level
work together to increase vertical incision, which leads to abandonment of the floodplain and formation of the
observed terraces.
The climatic and eustatic mechanisms discussed above control the formation of fluvial terraces adjacent to
San Juan Creek. However, it is important to note that the terraces are later uplifted to their current elevation (i.e., up
to 115 m above San Juan Creek) in response to tectonic forcing mechanisms.
Style of Uplift
From the plot of paleo-longitudinal profiles (fig. 8), the observed parallelism of profiles suggests that the
terraces have not been subjected to tilting or warping. Rather, uplift within the San Juan Creek drainage basin is
limited to uniform uplift throughout the entire basin during the time period represented by these terraces. It should
be noted that minor watershed-scale divergence or convergence of the paleo-longitudinal profiles may not be
observable over the relatively short reach of San Juan Creek that was evaluated by this study.
Magnitude of Uplift
The approximate net magnitude of incision for each set of terraces, as described previously and shown on
figure 8, is taken simply to be the difference in elevation between each terrace set and the San Juan Creek thalweg.
The true magnitude of uplift, or vertical displacement of the land surface, is then interpreted to be the relative terrace
height minus real changes in sea level or local base level relative to the geoid (Burbank and Anderson, 2001).
In order to assess what the local base level was at the times of terrace formation, the age of each terrace set
is compared to established sea level curves (figs 10 and 12). The paleo-longitudinal profiles are essentially parallel
to the San Juan Creek thalweg, which grades to the Pacific Ocean ~8 km downstream from the study area. The
terrace elevations at the time of formation can therefore be computed by subtracting sea level at time of formation
from the thalweg elevation. For example, if a terrace is 100 m above the thalweg, but formed at a time when sea
level was 30 m lower than today, then the true elevation of terrace formation would be about 30 m below the
modern thalweg and the resulting displacement or magnitude of uplift is 130 m.
Interpretations of sea level correlations and magnitudes of uplift are given for the two distinct chronologies
introduced in this study (i.e., OSL-based chronology vs. marine terrace-based chronology). Each terrace is
compared to established sea level curves using the terrace height and age (figs. 10 and 12). The result is an
estimation of sea level at the time of terrace formation. By subtracting sea level from the relative terrace heights,
magnitudes of uplift are calculated (Tables 3 and 4). From this analysis, up to 125 m of uplift is suggested by the
San Juan Creek terraces over the past ~335 ka if the OSL chronology is followed (Table 3). If the chronology based
on marine terraces is followed, then up to 140 m of uplift is documented over the past ~540 ka by the San Juan
Creek terraces (Table 4).
Uplift Rates
Uplift rates for the study area are strongly dependent on the ages adopted for each terrace surface and the
correlated sea level at the time of terrace formation. Because two distinct chronologies are presented here for the
San Juan Creek terraces, two distinct ranges of uplift rates are also discussed.
The calculated average uplift rates are 0.4-0.6 mm/yr based on the interpreted OSL chronology and
resulting sea level correlations discussed above (fig. 10, Table 3). Uplift rates of 0.6 mm/yr are calculated for Qtr5
and Qtr6, whereas uplift rates of about 0.4 mm/yr are calculated for Qtr1 through Qtr4.
Based on the chronology inferred by correlating the San Juan Creek terraces with marine terraces near
Dana Point, slightly lower uplift rates are calculated (Table 4, fig. 12). These rates are based primarily on sea level
curve correlations that are bolstered by numerous independent dates on the MIS 5e marine terrace. The dated
marine terraces provide age control for the correlative San Juan Creek terraces. The inferred ages for San Juan
Creek terraces, along with their respective elevations, anchor the sea level curve correlations and calculations of
uplift rates. The calculated average uplift rates for this chronology range from 0.3-0.4 mm/yr. These calculated
uplift rates are in closer agreement with the local tectonic setting. For example, Grant et al. (1999) reported uplift
rates of 0.21-0.27 mm/yr for the San Joaquin Hills and Shlemon (1992) reported uplift rates of 0.26 mm/yr and 0.09

mm/yr for Dana Point and San Onofre (northern San Diego County), respectively. Additional unpublished
preliminary research by Eldon Gath indicates that the northern Santa Ana Mountains are rising at a rate of about 0.3
mm/yr. Thus, the uplift rates calculated from the marine terrace-based chronology are in slightly closer agreement
with previously hypothesized uplift rates than those calculated based on the OSL chronology.
Activity of Local Faults
Three major faults have been mapped in the study area: the Cristianitos, Mission Viejo, and Forster faults.
The intersections of these faults with the midvalley axial line are shown on figure 8. This study attempts to
determine the time since latest fault activity even though these faults are considered inactive based on earlier studies
(e.g., Fugro, Inc., 1975; Shlemon, 1992). Fault activity is determined by evaluating paleo-longitudinal profiles
across mapped fault traces. The elevations and gradients of San Juan Creek terraces do not appear to be consistently
or significantly disrupted near their intersections with the mapped faults. Specifically, Qtr4 through Qtr7 are not
deformed by the Cristianitos and Forster faults; Qtr2 through Qtr7 are not deformed by the Mission Viejo fault.
Qtr1 is too poorly preserved to determine if it has experienced offset from the Mission Viejo fault. These
observations suggest that the Cristianitos and Forster faults have been inactive since the time that Qtr4 formed,
which was about 120 ka according to both of the potential chronologies. Similarly, the Mission Viejo fault appears
inactive since the time that Qtr2 formed, which was 245-320 ka depending on which chronology is assumed.

DISCUSSION AND SUMMARY
The primary goal of this study was to use a geomorphic and geochronologic evaluation of the San Juan
Creek terraces to quantify the style, magnitude, and rate of Quaternary uplift for this portion of the Santa Ana
Mountain foothills. Key steps in the study included new detailed mapping and construction of paleo-longitudinal
profiles for the fluvial terraces. Additionally, an attempt was made to independently quantify the ages of the San
Juan Creek terrace deposits by employing OSL dating. In addition to measuring new ages on the San Juan Creek
terrace deposits, ages were also inferred based on correlations with previously dated marine terraces near the mouth
of San Juan Creek at Dana Point. The two different methods of age determination yielded different chronologies
and calculated uplift rates, which are summarized and compared on Table 5.

The style of uplift within the study area is assessed by noting the parallelism of the paleo-longitudinal
profiles in figure 8. The lack of warping, convergence, or divergence in the reconstructed profiles suggests that
uplift is uniform, or lacking tilt or differential uplift. It is possible that watershed-scale tilting may not be recorded
at the relatively smaller scale of this geomorphic analysis. For example, westward tilt of the drainage basin in
response to uplift along the Elsinore fault east of the study area may not be distinguishable at this scale or at this
distance from the fault trace.
The magnitude and rate of Quaternary uplift are highly dependent on the interpreted chronology of the San
Juan Creek terraces. Two potential chronologies have been discussed in this study, each suggesting distinct

magnitudes and rates of uplift. The two chronologies and resulting geomorphic interpretations are summarized and
compared in Table 5. The first potential chronology is inferred from new OSL ages measured in this study. The
new age data suggest that the oldest San Juan Creek terrace (Qtr1) is 335 ka and documents 125 m of vertical
displacement. The new age data also suggest that uplift rates are 0.4-0.6 mm/yr over the past 335 ka.
In contrast to the OSL ages, a separate chronology was developed for the San Juan Creek terraces based on
correlations with previously dated marine terraces near Dana Point. The chronology based on marine terrace
correlations suggests that the oldest San Juan Creek terrace (Qtr1) is 540 ka and documents 140 m of vertical
displacement. The marine terrace chronology suggests that uplift rates are 0.3-0.4 mm/yr over the past 540 ka.
It is apparent that the two potential chronologies yield similar ages and calculated uplift rates for Qtr3,
Qtr4, and Qtr6. However, the OSL chronology yields slightly younger ages and higher uplift rates for Qtr1, Qtr2,
and Qtr5 (Table 5). The differences between the two chronologies are not particularly large but can likely be
attributed to a number of factors, including (1) uncertainties in the new OSL age data, (2) uncertainties in the
existing marine terrace ages, or (3) uncertainties in the correlation between fluvial terraces and marine terraces.
Differences related to Qtr1 and Qtr2 may be attributed to the fact that neither of these fluvial terraces, nor the
correlative marine terraces, has absolute age control to guide the age and uplift rate interpretations. Rather, these
terraces rely strictly on sea level correlations and the assumption that uplift rates remain constant. Similarly,
differences related to Qtr5 may be caused by the absence of a correlative marine terrace, such that the marine
terrace-based chronology is also guided solely by sea level correlations and the assumption that uplift rates are
constant.
Future independent attempts at dating the San Juan Creek terraces and/or marine terraces would be needed
to definitively confirm each of the potential chronologies introduced here. The OSL ages are somewhat internally
consistent, with stratigraphically increasing ages and fair agreement of duplicate samples. Despite the apparently
good quality of the OSL age data, it is possible that the ages underestimate the true ages of the San Juan Creek
terraces. This possibility suggests that other studies which employ OSL dating on fluvial terraces should have some
other means of independent age control to cross-check OSL ages. Unfortunately, other geochronological methods
such as radiocarbon dating or cosmogenic radionuclide dating are limited in their potential use for the San Juan
Creek terraces due to the lack of dateable material and/or upper age limits. Soil profile descriptions may hold the
only other possibility for at least approximating the age of the San Juan Creek terraces. If the OSL ages and
geomorphic projections are correct, and the marine terrace ages are inaccurate, then other studies which base
interpretations on the marine terrace ages would need to consider the alternative OSL chronology presented here.
In summary, the geomorphology and geochronology of the San Juan Creek terraces have been used to
assess Quaternary uplift of the San Juan Creek watershed. Two differing chronologies and resulting geomorphic
interpretations have been presented. Based on the new OSL chronology, the San Juan Creek terraces document up
to 125 m of uplift over the past 335 ka. Uplift over that time has been relatively uniform throughout the watershed
at a rate of 0.4-0.6 mm/yr. According to the marine terrace-based chronology, the San Juan Creek terraces
document up to 140 m of uplift over the past 540 ka at a rate of 0.3-0.4 mm/yr.
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