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Sixty-eight 1°Be terrestrial cosmogenic nuclide (TCN) surface exposure ages are presented to define the
timing of alluvial fan and strath terrace formation in the hyper-arid San Juan region of the Argentine
Precordillera. This region is tectonically active, and numerous fault scarps traverse Quaternary landforms.
The three study sites, Marquesado strath complex, Loma Negra alluvial fan and Carpinteria strath
complex reveal a history of alluvial fan and strath terrace development over the past ~225 ka. The
Marquesado complex Q3p, surface dates to ~17 + 3 ka, whereas the Loma Negra Q1j,, Q21n, Q3in, Q4in,
and Q5 surfaces date to ~24 + 3 ka, ~48 + 2 ka, ~65 £ 13 ka, ~105 + 21 ka, and ~181 £ 29 ka,
respectively. The Carpinteria complex comprises eight surfaces that have been dated and include the Q1.
(~23 + 3 ka), Q2¢ (~5 + 5 ka), Q3ac (~25 + 12 ka), Q3bc (~29 + 15 ka), Q4. (~61 + 12 ka), Q5¢
(~98 + 18 ka), Q6. (~93 = 18 ka), and Q7. (~212 + 37 ka). '°Be TCN depth profile data for the Loma
Negra alluvial fan complex and Carpinteria strath terrace complex, as well as OSL ages on some Car-
pinteria deposits, aid in refining surface ages for comparison with local and global climate proxies, and
additionally offer insights into inheritance and erosion rate values for TCNs (~10 x 10% 1°Be atoms/g of
Si0, and ~5 m Ma~}, respectively). Comparison with other alluvial fan studies in the region show that
less dynamic and older preserved surfaces occur in the Carpinteria and Loma Negra areas with only
younger alluvial fan surfaces preserved both to the north and south. These data in combination with that
of other studies illustrate broad regional agreement between alluvial fan and strath terrace ages, which
suggests that climate is the dominant forcing agent in the timing of terrace formation in this region.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

from one region to the next. In addition, the dominant depositional
processes at work often change temporally and spatially on alluvial

Alluvial fans are one landform of a continuum — including strath
terraces and talus slopes — related to mountain range-proximal
erosion and deposition. Alluvial fans are pervasive and commonly
well-preserved landforms that form in dynamic landscapes in a
wide variety of geomorphic and climatic settings, and they are
especially widespread in tectonically active regions (Blair and
McPherson, 1994; Harvey et al., 2005). Factors controlling alluvial
fan and strath terrace formation are complex and the efficacy and
relative contributions of different geomorphic processes may vary
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fans, resulting in complex deposits that may be difficult to inter-
pret. The importance of determining the timing and rate of alluvial
fan formation lies in their utility to be used for paleoenvironmental,
tectonic and landscape studies. Determining the main driver of
deposition might also allow for mountain-proximal landforms to
be used as a proxy for major tectonic or climatic events.
Influences on the timing of alluvial fan surface formation is
greatly debated, with some studies emphasizing that tectonics is
the dominant forcing factor while other studies suggest climate
dominates (Wells and McFadden, 1987; Frostick and Reid, 1989;
Bull, 1991; Blair and McPherson, 1994; Ritter et al., 1995; Harvey
et al, 1999a,b; Harvey and Wells, 2003). In addition, many
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environments include other factors which may affect the timing of
alluvial fan surface formation; for example, Trowbridge (1911),
Church and Ryder (1972) and Church et al. (1989) suggest that
paraglacial processes are important factors in alluvial fan forma-
tion, whereas Williams (1973), Wasson (1977), and Dorn (2009)
emphasize the importance of periglacial processes in cold envi-
ronments. However, recent studies of Quaternary alluvial fan se-
quences suggest that although tectonics is significant in providing
conditions suitable for alluvial fan development, climatic events
may be more important in determining the timing and rate of al-
luvial fan surface formation (Ritter et al., 1995; c.f. Harvey et al,,
2005). The current lack of understanding of the timing and na-
ture of alluvial fan formation represents a noteworthy gap in the
scientific knowledge which may be filled by quantitative studies of
the timing of alluvial fan formation.

Although alluvial fans are common landforms worldwide, the
best places to study alluvial fans are usually in arid or hyper-arid
environments where alluvial fan surfaces are more readily pre-
served and the lack of vegetation helps makes them easy to study.
Extensive research has been undertaken on alluvial fans worldwide
for many years (Denny, 1965; Boothroyd and Nummendal, 1977; Bull,
1977; Kesel and Spicer, 1985; Kostaschuk et al., 1986; Kochel, 1990),
however many of the previous studies have relied on relative dating
techniques (e.g. surface characteristics, geomorphology of terraces,
soil development) to define the ages of alluvial fan surfaces because
the most common numerical dating method—radiocarbon geo-
chronology—cannot generally be applied due to the paucity of
organic material in arid or hyper-arid alluvial fans. In addition,
another common numerical dating method, optically stimulated
luminescence (OSL), although well-suited for the dating of sand,
cannot always be readily used due to the coarse grained nature of
most alluvial fan deposits. Recently, however, the development of
terrestrial cosmogenic nuclide (TCN) surface exposure dating has
allowed alluvial fans to be dated more readily (e.g. Owen et al., 2006;
Frankel et al., 2007; Hall et al., 2008; Spelz et al., 2008; Frankel et al.,
2011; Hall et al., 2012).

To explore the nature and timing of alluvial fan formation in a
hyper-arid region, and to assess the relative importance of forcing
factors for alluvial fan development, a series of alluvial fans and
strath terrace surfaces in the foreland of the Eastern Precordillera of
Argentina on the western outskirts of San Juan, ~150 km north of
Mendoza were examined. For the purposes of this paper we define
the terms alluvial fan and strath terrace as follows: alluvial fans are
a fan-shaped landform comprising thick (>2 m) sedimentary de-
posits and/or a lack of visible bedrock, whereas strath terraces are
defined as landforms covered in thin (<2 m) sedimentary deposits
or with visible underlying bedrock which lack the characteristic
alluvial fan shape.

Fans and strath terrace deposits are well preserved in the fore-
lands of the Eastern Precordillera. Determining the timing and
mode of formation of alluvial fans and terraces in this region is
important for both tectonic and paleoenvironmental studies. We
map and date, using '°Be TCN and OSL dating methods, multiple
surfaces on three different alluvial fan-strath terrace complexes
along the eastern front of the Sierra Chica de Zonda range near San
Juan. Our study is compared to other alluvial fan and terrace studies
in the Precordillera (Siame et al., 1997; Colombo et al., 2000; Siame
et al, 2002; Schmidt et al., 2011, 2012) to explore whether climatic
or tectonic events are most important in their formation along the
Eastern Precordillera.

2. Regional setting

San Juan province is situated in the northwest-central region of
Argentina and forms a portion of the western border with Chile,

located above the southern Pampean flat-subduction segment of
the Andes (Ramos et al., 2002). The province contains a wide va-
riety of geomorphic settings with the tall, glaciated mountains of
the High Andean Cordillera (Cordillera Principal and Cordillera
Frontal), rising up to the peak of El Mercedario 6770 m above sea
level (asl), which take up approximately the western third of the
province. This is followed eastward by the significantly lower-
elevation (<3000 m asl) of the Precordillera before finally flat-
tening along its eastern border into the Sierras Pampaneas broken
foreland (Jordan et al., 1983; Ramos et al., 1986; Mpodozis and
Ramos, 1989; von Gosen, 1992; Ramos et al., 2002), which are
expressed as generally flat plains with isolated, fault-bounded
mountains that rise up to 2500 m asl, but generally with a rela-
tive relief of <700 m above the valley floor surrounded by bajada
and strath surfaces. One such isolated mountain is Pie de Palo
(~3300 m asl), which borders the northeastern edge of San Juan
city. The detailed study areas are located entirely within the eastern
piedmont of the Eastern Precordillera, where the Quaternary An-
dean thrust front is located (Costa et al., 2000; Ramos et al., 2002;
Costa et al., 2006; Meigs et al., 2006; Vergés et al., 2007).

Our field areas abut this portion of the Eastern Precordillera,
which comprise the Sierra de Villicum (Marquesado alluvial fan)
and the Sierra Chica de Zonda (Loma Negra and Carpinteria alluvial
fans). These ranges are bounded by the west-verging Villicum-
Pedernal thrust fault, which trends approximately north-south
along the western edge of both the Sierra de Villicum and the Si-
erra Chica de Zonda (Costa et al., 2000).

Alluvial fans and strath terraces form an extensive bajada along
Chica de Zonda, stretching for ~150 km from San Juan to Mendoza
(Fig. 1). Study areas were chosen near the city of San Juan on the
backlimb of the Villicum-Pedernal thrust (Fig. 1). Previous studies
of alluvial fans in this region include those of Siame et al. (1997),
Siame et al. (2002) and Colombo et al. (2000) ~ 60 km to the north,
~10 km north and ~15 km northeast of our study areas, respec-
tively. Schmidt et al. (2011) and Schmidt et al. (2012) also con-
ducted studies on alluvial fans ~80 km and ~ 130 km to the south.

The region is tectonically active and has experienced many large
earthquakes, notably Argentina’s most disastrous earthquake: the
1944 San Juan My, 7 earthquake, which destroyed ~80% of San Juan
and surrounding areas (Bastias and Henriquez, 1984; Perucca and
Paredes, 2002; Alvarado et al., 2007; Meigs and Nabelek, 2010)
~20 km to the northeast of our study area. The Sierras Pampeanas
to the east are affected by active east- and west-verging reverse
faults with a thick-skinned origin (Kandinsky-Cade et al., 1985;
Fielding and Jordan, 1988; Ramos et al., 2002; Costa et al., 2006;
Meigs and Nabelek, 2010), whereas the central Precordillera to the
west comprises thin-skinned east-vergent thrust faults (von Gosen,
1992). The eastern Precordillera acts as a transition zone (Fielding
and Jordan, 1988; Zapata and Allmendinger, 1996) between these
two tectonic environs and is characterized by thin-skinned west-
verging thrust faults shallower than ~5 km depth (von Gosen,
1992) and reverse fault seismicity deeper than 40 km (Smalley
et al,, 1993). Studies undertaken by many researchers suggest that
the crust beneath both the Eastern Precordillera and the Sierras
Pampeanas is affected by active planar reverse faults below 5 km
depth (Kandinsky-Cade et al., 1985; Smalley et al., 1993; Meigs
et al, 2006; Gimenez et al., 2010; Meigs and Nabelek, 2010),
whereas other researchers suggest that these deeper structures are
secondary to fault movement (Vergés et al., 2007).

San Juan and the nearby study areas are located within the
South American Arid Diagonal (Bruniard, 1982; Morales et al.,
2009), a region believed to have been climatically sensitive to the
shifts of the Pacific and Atlantic anticyclones from the late Pleis-
tocene through the Holocene (Abraham et al., 2000). For the period
of 1940—2007, mean annual precipitation in San Juan was 93 mm
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Fig. 1. A) Location of detailed study areas. Yellow star on the overview map marks the
location of the main image. Note the extensive bajada (yellow) developed east of the
mountain front. White areas are the areas investigated in this study. Red lines delin-
eate the observed track of fault scarps on strath terrace and alluvial fan surfaces.
MF = Marquesado Fault, RF = Rinconada Fault. Base image from GoogleEarth.
B) Schematic section showing the general tectonic setting of the study area following
Meigs (2012; pers. comm.). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(SMN, 2007; Gimenez et al., 2010), classifying it as hyper-arid
(growing period < 0 days — FAO—IIASA Agro-ecological Zone,
2002; annual precipitation <200 mm — FAO, 2013).

The San Juan region is affected by both the Atlantic and Pacific
Ocean anticyclones (Capitanelli, 1972; Mancini et al, 2005);
Atlantic wind currents lose much of their moisture as they travel
westward over the continent, and Pacific winds precipitate a good
deal of the moisture to the west in the higher mountain ranges of
the Andes. Studies suggest that although the region’s climate has
fluctuated throughout the Holocene, over the past 6 ka the climate
has generally remained hyper-arid to semi-arid within a generally
stable South American Arid Diagonal (Mancini et al., 2005; Morales
et al., 2009) and has maintained modern climatic conditions from
~3 ka to recent (Markgraf, 1983). Studies of dune migration at
Medanos Grandes, ~45 km west of San Juan, suggest climatic
conditions similar to modern for the last ~4 ka (Tripaldi and
Forman, 2007). This is also addressed in Tripaldi and Forman'’s
(2007) study, which suggests a period of increased aridity gener-
ally matching the modern from 0—4 ka; this trend is also present in
dune activity ~200 km south of our study areas (Tripaldi et al.,
2011) as discussed below, suggesting some similarities in climate
over a broader region. Mehl and Zarate (2012) investigated the
Quaternary alluvial record of piedmonts ~200 km southwest of
our study area, but did not attribute their findings to any specific
climatic shifts.

Given the sensitivity of the spatially-constrained Arid Diagonal
to changing anticyclone activity, however, climate proxies from
outside of the Arid Diagonal may not be accurate for our study
region, although there does seem to be some relationship to global
climate patterns. Tripaldi et al. (2011) and Kréhling (1999a,b)
investigated fluvial and aeolian deposits in the Central Pampas
and Northern Pampas, respectively. Tripaldi et al. (2011) use OSL
methods to determine that, from 58—24 ka, which correlates to MIS
stage 3, conditions were generally semi-arid, and shifted to more
arid conditions during the last glacial maximum at 24—12 ka, which
correlates to MIS stage 2. Kréhling (1999a,b) provides a climate
record of generally dry conditions with a brief mesic period in that
region from 8.5—6.4 ka. Pollen, lake level, and diatom studies have
been undertaken to help determine the nature of climate fluctua-
tions, and have similarly been focused to the far north or south of
the study region (e.g. Markgraf, 1993; Gilli et al., 2001; Markgraf
et al.,, 2003; Mancini et al., 2005; De Francesco et al., 2007). Many
of these records address only short-term (<8 ka) climate change.

3. Methods
3.1. Field methods and sample collection

Three study areas were examined near San Juan (Fig. 1), which
we call the Marquesado strath terrace complex, the Loma Negra
alluvial fan, and the Carpinteria strath terrace complex. Alluvial fan
and strath terrace surfaces and fault scarps at each study area were
identified and mapped in the field aided by Google Earth imagery.

Mapping of alluvial fan and strath terrace surfaces was under-
taken using high-quality aerial photographs from Google Earth
(CNES/SPOT Image, 2012; Inav/Geosistemas SRL, 2012) and in the
field on printed imagery. Surfaces of different age were designated
numerically, with numbers increasing with age, such that a Q1
surface represents the active stream channel, with subsequent
numbers (Q2 through Q5) indicating progressively older alluvial
fan or terrace surfaces. A separate local chronology was developed
for each study area and the surfaces were numbered, Q1 through
Q7; subscripted letters designated after the terrace number
distinguish each local sequence of surfaces. Marquesado, Loma
Negra and Carpinteria complexes are designated by the subscripted
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letters, m, In, and c, respectively. On all surfaces, we described
surface weathering features of both the alluvial fan and strath
terrace surfaces and the sampled cobbles or boulders (e.g. the
presence of desert varnish and development of desert pavement).
At the Loma Negra site, limestone cobbles and boulders displayed
pitting on their upper exposed surfaces; we measured the depth of
five pits on fifteen cobbles for each surface (Q2,—Q5y) to calculate
an average pitting depth.

Samples for '°Be TCN dating were collected from surfaces of
different ages at the Loma Negra and Carpinteria locations; only
one surface was sampled at the Marquesado complex. Either sur-
face cobbles or boulders (where present) or sediment from within
pits were collected (see Table 1 for sample sizes). For surface
sampling, multiple cobbles were collected from each surface. For
depth profile pit samples, the depth of each pit was measured and
samples were collected for 1°Be dating at ~30 cm intervals down
the exposed face (see Table 2 for exact depths). At each level,
quartz-rich pebbles (~2—5 cm long, primarily chert) were dug out
of the pit walls until >500 g ( ~15—20 pebbles) had been collected.
Notable sedimentary and pedogenic features within the pit section
were described. Locations were recorded using a GPS, and each
boulder and pit was photographed. Where applicable, skyline
measurements were recorded using a handheld inclinometer and
compass for shielding corrections. In addition, bedrock, talus and
active stream sediment samples were collected, as appropriate, to
help examine the nature of erosion and inherited TCNs. The
geologic setting of the sampling sites is described together with the
description of the fan and terrace surfaces below.

3.2. 19Be dating and erosion rate methods

All the 1°Be samples were processed in the Cosmogenic Nuclide
Laboratory at the University of Cincinnati. All bedrock, boulder,
cobble, and pebble samples (~250—500 g) were crushed and
sieved to obtain the 250—500 um grain size fraction for quartz
separation. Bedrock and boulder samples were chipped off using a
chisel and hammer, whereas cobble samples were crushed whole.
Pebbles were collected from each level of depth profile pits and
were restricted to ~2—5 cm long- axis. For the catchment-wide
erosion rate samples, the sediment was first sieved to obtain the
250—-500 pm fraction. The 500—1000 pm fraction was then crushed
and sieved to obtain the 250—500 pum fraction, which was added to
the first sieved fraction. Quartz separation, and the extraction and
calcination of Be for all samples were conducted following the
standard methods as described by Dortch et al. (2009; c.f. Kohl and
Nishiizumi, 1992). All samples were measured on the Purdue
(University) Rare Isotope Measurement (PRIME) Laboratory’s
accelerator mass spectrometer (AMS).

The conversion of '°Be/”Be ratios reported by PRIME Lab AMS to
19Be concentrations follows ICN standards of Nishiizumi et al.
(2007) and was calculated as described by PRIME (2010). '°Be
exposure ages were calculated using the CRONUS calculator (main
calculator ver. 2.1; constants file ver. 2.21), which employs a '°Be
decay constant of 5.10 + 0.26 x 10~7 yr~L The CRONUS calculator
reports different exposure ages based on spallation scaling schemes
as determined by Desilets and Zreda (2003), Desilets et al. (2006),
Dunai (2001), Lifton et al. (2001), and Lal (1991)/Stone (2000). We
report ages calculated using the time-dependent model of Lal
(1991) and Stone (2000), which uses a reference °Be production
rate of 439 + 0.37 atoms g~! yr~!. This time-dependent model
accounts for '°Be production rate flux due to temporal changes in
the geomagnetic field. Please see Balco et al. (2009) for a discussion
of the merits and limitations of each scaling scheme.

10Be concentrations for depth profiles and erosion rates
(bedrock, talus, and basin) were calculated using the same

procedure described above. For all depth profiles, 1°Be concentra-
tions and sample depths were analyzed using Hidy et al.’s (2010;
version 1.2) MATLAB code, which utilizes a Monte Carlo simulator
to produce best-fit depth profile curves and provide estimates of
erosion rate and inheritance. The simulation was run using a sto-
chastic uniform density with depth between values of 2.2 and
2.5 g cm~> and with a reference production rate of 4.39 atoms
g 1 yr~!, adjusted using Lal (1991) and Stone’s (2000) time- inde-
pendent scaling scheme. Although density values of 2.5 g cm™> may
seem high, all profiles contain beds which are dominantly large,
quartz-rich boulders, and thus approach the density of solid rock.
Additionally, density within the sediment profiles has likely
changed over time with the development of soils. We feel that a
density range of 2.2—2.5 g cm > is reasonable as they are compa-
rable to the measurements and models of other researchers on
similar alluvial fans (e.g. Braucher et al., 2009; Rodés et al., 2011)
and also due to the highly variable but densely packed nature of
these alluvial fan deposits.

Bedrock and talus slope erosion rates were also determined by
the CRONUS erosion rate calculator. Catchment-wide erosion rate
calculations require correction for the catchment production rate;
changes in shielding patterns due to slope angle and attitude
affect the production rate within a catchment, which is also
affected by changing latitude and elevation of the catchment. To
make this correction, we first isolated the 60 m resolution SRTM of
the basin in ArcMap and imported the basin grid data into
Schoenbohm’s (2008; pers. comm.) MATLAB code to acquire the
mean catchment-wide production rate. This code applies the
scaling scheme of Lal (1991)/Stone (2000) on a pixel-by-pixel
basis to determine corrections for shielding and latitude/eleva-
tion change. Once the mean catchment-wide production rate is
measured, we calculated the erosion rate within the catchment
using our known '°Be concentration, production rate, and an
attenuation length of 0.6 m. Error is propagated using the square
of errors.

3.3. OSL dating methods

OSL samples were collected using opaque PVC tubes with a
~5 c¢cm diameter. The tubes were then driven horizontally into
the sediment surface with the use of a hammer until fully
imbedded, and then carefully removed by scraping away sedi-
ment around them and then extracting the tubes from the pit
wall. The tubes were kept horizontal at all times throughout this
process. Once extracted, the open ends of the tubes were covered
in aluminum foil and duct tape. If any remaining space was left in
the tube before taping, it was filled with newspaper in order to
secure the sediment of the tube and reduce the risk of sediment
movement and mixing. Labeled tubes were transported from the
field in darkroom bags in order to reduce any risk of light
exposure. The OSL samples were processed at the Luminescence
Dating Laboratory at the University of Cincinnati. All sample
processing and measurements were undertaken in laboratory
safelight conditions (cf. Spooner et al., 2000) to avoid the pos-
sibility of bleaching the luminescence in the quartz. OSL sample
tubes were opened and ~2—3 cm of sediment was removed from
each end of the tube to isolate the middle plug of sediment,
which is subject to the least risk of mixing and contamination
with leached quartz. To determine the concentration of radio-
isotopes for dose-rate determination, ~20 g of sediment from
the middle plug was ground into a fine powder and sent to
Activation Laboratories in Ontario, Canada for instrumental
neutron activation analysis.

The remaining sediment from the middle of the tube was then
processed to isolate the quartz: samples were sieved to separate



Table 1

Terrestrial cosmogenic nuclide data for alluvial fan/strath terrace surface cobbles and boulders and °Be age results.

Sample name Fan Latitude Longitude Altitude Boulder size Sample Quartz  Be Be carrier 10Be/Be (10 '®) Sample  Shielding '°Be Lal (1991) and Desilets and Dunai (2001) Lifton etal. Lal (1991),
and location terrace (°N) (°E) (masl) height/width/ lithology mass (g) carrier concentration thickness correction concentration Stone (2000)  Zreda (2003) age (ka)*? (2005) age  Stone (2000)
number length (cm) (g) (mg/g) (cm) (atom/g Si0,  time- and Desilets (ka)*P time-
Si0, x 10°)? independent et al. (2006) dependent
age (ka)*"
MARQUESADO
SJ135A Q3 —31.50854 —68.66819 795 3/4.5/6 Chert 23.2660 0.3646 1.3540 8.748 +0.282 3 1 124 £0040 17.7+1.7 194 + 24 185 +23 18.8 + 2.0 175+ 1.6
SJ135B —31.50854 —68.66819 795 2.5/3.5/6 Chert 20.9561 0.3597 1.3540 6.616 + 0.218 2.5 1 1.027 £ 0.034 147+ 14 162 +2.0 155+ 19 157+ 1.6 146 £ 13
SJ135C —31.50854 -68.66819 795 3/4/5.5 Chert 223400 0.3546 1.3540 7.459 +0.274 3 1 1.071 £0.039 153 +14 16.8 + 2.0 16.1 + 2.0 164 + 1.7 152+ 14
SJ135D —31.50854 —68.66819 795 3/4.5/5.5 Chert 13.3646 0.3624 1.3540 27.148 £ 0970 3 1 6.660 + 0.238 97.1 £9.3 97.6 +123 940+118 942 +10.1 887+83
SJ135E —31.50854 -68.66819 795 3/6/7.5 Chert 21.7068 0.3459 1.3540 11.208 + 0.366 3 1 1.616 +£ 0.053 23.1 +£2.2 241+ 341 238 +29 241425 225420
SJ135F —31.50854 —68.66819 795 2.5/5/6 Chert 21.1440 0.3669 1.3540 7.299 + 0.867 2.5 1 1.146 £ 0.136 164 +24 179 + 3.0 172 £29 174 +£2.7 162 £ 24
LOMA NEGRA
SJj108 Qliy —31.56275 —68.67313 851 50/25/30 Chert 22,1203 0.3433 1.3540 23.588 £1.103 25 0.970 3.312 £ 0.155 47.0+4.7 46.4 + 6.0 447 £ 5.7 447 £ 5.7 426 + 4.2
SJ109 —31.56406 -68.67387 856 25/40/60 Chert 22,5536 0.3481 1.3540 1.386 +£0.042 2 0.911 0.194 + 0.006 29+03 34+04 31+04 34+03 31+03
Sj110 —31.56101 —68.67181 827 40/40/60 Limestone 20.0770 0.3632 1.3540 11518 £0.322 5 0.976 1.885+0.053 27.2+25 28.7+33 276 £ 34 278 +£29 26.1+23
with chert
Sj111 —31.56077 —68.67159 819 40/40/70 Limestone 22.8571 0.3479 1.3540 11.538 £ 0.668 6 0.988 1.589 +£0.092 232 +24 248 +33 238 +£3.1 240 +28 225423
with chert =
Sj112 —31.55947 —68.67107 802 25/35/50 Limestone 20.7371 03426 1.3540 5200 +0.217 2 1 0.777 £0.032 11.0+1.1 122+15 11.7 £15 119+13 11.0+ 1.0 ;5
with chert g-
Sj117 Q21 —31.55965 —68.66265 784 15/25/50 Chert 27.8666 0.3635 1.3540 30.148 +£1.202 4 1 3.558 + 0.142 52.2 + 6.6 499 + 6.3 50.0 £ 54 471+ 44 =N
Sj118 —31.55963 —68.66255 782 15/30/45 Limestone 23.6773 0.3484 1.3540 26.748 £ 0.655 4 1 3.561 + 0.087 52.2 +4.8 523 +64 50.0 + 6.1 50.0 £5.2 472+ 4.2 *
with chert =3
Sj119 —31.55976 —68.66249 784 20/40/50 Chert 237129 0.3448 1.3540 27.148 £9.567 5 1 3.572 £ 1.259 52.7+194 529 +199 50.6+19.0 506+ 188 47.7+17.5 ~
SJ120 —31.55968 -68.66287 787 10/25/27 Chert 21.5575 0.3596 1.3540 23,558 £ 0.574 5 1 3.555 + 0.087 52.4 + 4.8 52.5+64 50.2 + 6.1 50.2 £5.2 473 + 4.2 @
Sj121 —31.55975 —68.66326 789 12/20/40 Chert 21.0474 0.3648 1.3540 24.648 £ 0.706 3 1 3.865 +0.111 56.0 + 5.2 56.7 £ 7.0 541+ 6.3 54.2 £ 5.6 50.7 + 4.6 %
Sj122 —31.55980 -68.66343 790 15/20/35 Chert 22.7427 0.3460 1.3540 39.938 £ 0914 4 1 5497 £ 0.126 80.7 + 7.4 81.7 £10.0 782495 784 + 8.1 73.7 £ 6.6 3
Sj101 Q3l, —31.55987 —68.66148 789 25/30/55 Chert 237269 0.3437 1.3540 43.688 +1.420 3 1 5.726 £ 0.186 835+79 84,5+ 106 81.0+10.1 81.1+8.6 762+70 S
Sj102 —31.55989 -68.66165 786 10/20/30 Chert 26.3904 0.3487 1.3540 49.158 +1.359 5 1 5.877 £0.162 87.4 +8.1 885+ 11.0 848+ 104 850+89 798 £ 7.2 v
Sj103 —31.55989 -68.66146 783 18/25/30 Chert with 20.2383 03676 1.3540 28.668 + 1.067 5 1 4711 £0.175 69.9 + 6.7 70.6 + 8.9 67.8 +85 728 £73 64.1 + 6.0 ]
limestone 5
Sj104 —31.55951 -68.66101 785 10/27/30 Chert 242659 0.3475 1.3540 30.058 +£ 0900 2 1 3.895+0.117 56.1 +5.2 56.8 + 7.0 543 + 6.7 543 +£5.7 509 + 4.6 =
SJj105 —31.55953 -68.66101 777 10/20/25 Limestone 259175 0.3633 1.3540 32.268 £0.811 4 1 4.092 +£0.103 603 +£5.5 614 +75 589+ 72 6.1 £55 552+ 49 E_
with chert %’
Sj142 Q4 —31.56222 —68.66187 783 8/8/7 Chert 27.2129 0.3411 1.3540 56.758 +£1.470 3 1 6.437 £ 0.167 97.7 £9.1 983 +122 946+11.6 948 +99 89.3 +£8.1 ;
Sj143 —31.56217 -68.66185 786 10/8/7 Chert 22.3433 0.3485 1.3540 64.538 +£ 3.598 3 1 9.108 + 0.559 139.4 + 164 1363 +18.8 131.1+179 130.1 £+9.9 89.3 + 8.1 S
Sj144 —31.56218 —68.66176 786 14/7/9 Chert 242076 0.3570 1.3540 53.138 £1.799 3 1 7.090 + 0.240 105+ 105 108.7 +£13.7 1047 +£13.1 1047 £11.2 993 +9.2 g
SJj145 —31.56220 -68.66174 796 10/8/5 Chert 20.2153 0.3582 1.3540 39.848 +£2.255 3 1 6.388 + 0.361 94.5 + 10.0 852+ 128 91.6+122 91.8+10.7 863+9.0 o)
Sj146 —31.56221 -68.66180 793 9/9/5 Chert 21.3544 0.3559 1.3540 68.568 + 2458 3 1 10.340 + 0.371 1555+ 152 153.1 £19.6 146.7 + 18.7 146.5 + 159 138.1 &+ 13.1 :
Sj147 —31.56220 -68.66185 795 12/9/6 Chert 224149 0.3489 1.3540 49.368 + 1.365 3 1 6.953 + 0.192 104.0 + 9.7 103.6 £ 129 999 + 124 100.0 +10.5 94.7 + 8.6 L‘E
SJ137 Q51 —31.55652 —-68.66815 849 13/9/7 Chert 248338 0.3427 1.3540 109.888 + 2.561 3 1 13.720 + 0.320 204.0 +19.3 1984 + 25.1 191.3 +£25.1 1909 + 203 182.0 + 116.7 ..‘..
SJj138 —31.55652 —68.66817 842 12/9/7 Chert 26.6105 0.3481 1.3540 92.698 + 13.026 3 1 10971 + 1.542 1623 £27.9 1594 + 304 152.7 +£29.0 1524 +27.2 144.0 £+ 24.5 I
SJj140 —31.55631 -68.66808 847 10/8/5 Chert 21.1341 0.3695 1.3540 88.788 +£ 2326 3 1 14.045 + 0.368 205.8 +19.7 200.2 + 254 192.8 +24.3 1923 +20.6 183.5+ 17.0
Sj141 —31.55648 —68.66833 846 11/6/5 Chert 22.2781 0.3678 1.3540 109.888 +2.681 3 1 16414 + 0400 2429 +23.3 2379 +£ 304 2273 +289 226.7 +244 214.6 £ 199
LA CARPINTERIA
ArQ1-1 Qlc —31.78764 -68.57603 633 12/9.5/8 Quartz 227842 0.3439 1.4140 3.351 £ 0.008 8 1 0.478 + 0.001 79+0.7 88+1.0 84+10 8.7+09 79+0.7
ARQ1-2 —31.78764 —-68.57603 633 11.5/10/5 Quartz 25.8342 0.3412 1.4140 12.59 + 0467 5 1 1571 £ 0.058 25.6 +24 275+ 34 264 +33 267 £ 2.8 247 +23
ArQ1-4 —31.78764 —68.57603 633 11/8.5/7 Quartz 252126 0.3569 1.4140 9.187 +1.147 7 1 1.229 £ 0.153 203 +3.1 222 +38 213 +37 216 £35 199 + 3.0
ArQ1-5 —31.78764 -68.57603 633 8.5/7/5 Quartz 254621 0.3366 1.4140 12249 + 0415 5 1 1.530 +£ 0.052 249 +23 269+ 33 257 +32 26.1 +£2.7 241422
ARQ2a-2 Q2a. —31.78762 —68.57555 641 8.5/7/4.5 Quartz 26.1875 0.3226 1.4140 34.001 +£1.484 45 1 3958 +£0.173 644 +64 66.0 + 84 63.5 + 8.1 63.7 £ 7.0 59.6 + 5.7
ArQ2a-4 —31.78762 —-68.57555 641 11/6/3.5 Quartz 251722 0.3454 1.4140 4.092 +0.121 3.5 1 0.531 + 0.016 84+08 94+ 1.1 89+1.1 92+1.0 85+08
ArQ2a-5 —31.78762 —68.57555 641 6/5/3 Quartz 21.7400 0.3568 1.4140 0.768 + 1.296 3 1 0.119 + 0.201 19+32 22+38 20+34 22 +37 20+34
ARQ2b-3 Q2b, —31.78768 -68.57538 638 7/4/3.6 Quartz 279179 0.3492 1.4140 48241 +£ 0916 3.5 1 5.701 £ 0.108 929 + 8.5 951+116 913 +11.1 91.7+94 85.6 + 7.6
ArQ2b-4 —31.78768 —68.57538 638 9.5/7/5 Quartz 21.6964 0.3528 1.4140 1117 £0.040 5 1 0.172 + 0.006 28+03 33+04 31+04 33+03 30+03
ArQ2b-5 —31.78768 -68.57538 638 12/7/3 Quartz 241383 0.3512 1.4140 4903 +£0.170 3 1 0.674 £ 0.023 10.7 + 1.0 120+ 15 114+ 14 11.7 £ 1.2 108 + 1.0
ARQ3a-2 Q3ac —31.78805 -68.57573 641 8.5/7.8/4.3 Quartz 249512 03317 1.4140 17.161 £ 0403 3 1 2.156 + 0.051 344 + 3.1 359+ 44 345+ 42 349 + 36 325+29
ARQ3a-3 —31.78805 -68.57573 641 8.2/5.2/3 Quartzite 27.8906 0.3556 1.4140 55.691 +2.051 3 1 6.709 + 0.247 109.0 +10.6 109.5 + 13.9 105.6 + 13.3 1057 £+ 114 99.6 + 94
ArQ3a-4 —31.78805 -68.57573 641 10/9/5 Quartz 26.7480 0.3599 1.4140 15819+ 0.762 5 1 2.011 £ 0.097 32.6 +3.3 343 + 44 329+ 42 334 +£37 31.0+3.0
ArQ3a-5 —31.78805 —-68.57573 641 8.5/3.5/4 Quartz 22,6127 0.3501 1.4140 5.005 +4.430 4 1 0.732 £ 0.648 11.7 + 104 131 +11.8 125+11.2 128+ 115 11.7+105

(continued on next page)
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Table 1 (continued )

Lal (1991),

Lal (1991) and Desilets and Dunai (2001) Lifton et al.

I(JBe

thickness correction concentration

(cm)

Shielding

Sample

19Be/%Be (10 13)

Be carrier
mass (g) carrier concentration

Be

Quartz

Sample

Altitude Boulder size

(m asl)

Longitude

Latitude
(°E)

¢

Sample name Fan
and location

Stone (2000)

(2005) age
time-

(ka)*P

Zreda (2003) age (ka)*®

and Desilets

Stone (2000)

time-

height/width/ lithology

length (cm)

N)

terrace

(atom/g SiOy
Si0, x 10°)

(mg/g)

(g)

number

dependent

et al. (2006)
age (ka)*"

independent

50.0 + 4.6
154 +13

53.7 + 5.7
16.7 £ 1.7

53.5 + 6.6
164+ 19
309 + 11.8
22.1 +£16.2
639 + 84

46.6 + 5.6

56.0 + 7.0
172 £2.0
322 +123
23.1 £ 169

66.4 + 8.8

3.387 £0.113 547 +52

0.976 + 0.008
1.883 + 0.680

28.571 £ 0954 4

27.7843 0.3486 1.4140

Quartz

10/9/4.2

—31.78873 —68.57533 644
—31.78873 —68.57533 644
—31.78873 —68.57533 644
—31.78873 —68.57533 644
—31.78960 —68.57962 659
—31.78960 —68.57962 659
—31.78960 —68.57962 659
—31.78960 —68.57962 659
—31.78962 —68.58053 669
—31.78962 —-68.58053 669
—31.78962 —68.58053 669
—31.78962 —-68.58053 669
—31.78668 —68.58843 699
—31.78668 —68.58843 699
—31.78668 —68.58843 699
—31.78668 —68.58843 699
—31.78668 —68.58843 699
—31.77692 —-68.58546 717
—31.77692 -68.58546 717
—31.77692 —68.58546 717
—31.77692 -68.58546 717
—31.77692 —68.58546 717

Q3bc

ARQ3b-1

155+ 14
304+ 114

3

7.270 + 0.061
13239 +£4.782 5

24.2443 03443 1.4140

Quartz

82/5.2/3
8.5/6.5/5
7/5/4.5

ARQ3b-3

312+ 118 29.1 +10.9
224+ 164 20.7 £15.1
64.1 +74
46.7 + 4.7

714+74
763 +£7.8

233761 0.3518 1.4140

Quartz

ArQ3b-4

1310 £ 0944 21.1+154

5

8.889 + 6.405
28451 +£1.584 6

23.2746 03630 1.4140

Quartz

ArQ3b-5

60.0 + 6.2
44.0 + 3.8

3.991 £ 0222 649+638

22.8340 0.3390 1.4140

Quartz

8.9/6.5/6

Q4.

ARQ4-1

485 +5.9
742 £9.1
9.78.709

3.013 £ 0.056 482 +43

23461 £ 0440 45

249335 0.3389 1.4140

Quartz

9.5/6.5/4.5

ARQ4-2

66.9 + 6.0
714 £63

712 £ 87
76.1 £9.2

4512 £0.118 756 +6.7

33.951 £0.889 4.5
38.241 £ 0.746 4

253296 0.3563 1.4140

Leucogranite

Quartz

8.7/4.6/4.5
8.7/5.5/4

ARQ4-3

4838 +0.094 77.6+7.0

257755 0.3451 1.4140

ARQ4-4
ARQ5-1

7.191 £0.235 1161 £11.1 1157 £156 111.6 £ 140 111.6+11.9 1054 + 9.8

48451 +£1.584 4.5

22.3275 03507 1.4140

Quartzite
Quartz

11.5/8/4.5
8.6/7.5/5.7

Q5¢

1173 £15.0 113.1 + 143 113.1 +12.3 106.8 + 10.1

7.223 +£0.272 117.8 £ 11.5

4817 +0.831

51431 +1940 6

23.8360 0.3543 1.4140

ARQ5-2

754 +16.0 757+ 153 708 +13.8

78.7 +16.8
1199 +£15.6 1152+ 150 1153 + 129 1089 + 10.8

126.6 £21.6 12194207 121.8+19.1 1153 £17.0

77.0 £ 15.2

38.891 £6.713 45
63.751 £+ 2976 5

26.3280 0.3451 1.4140

Quartz

10.1/7.2/4.5
8.5/5.9/5.3
8.6/8.2/4.4
8.6/6.7/6.7
7.2/6.4

ARQ5-3

7.394 + 0345 1203 +12.2

282456 0.3467 1.4140

Quartz

ARQ5-4
ARQ6-1

8.096 + 0.938 128.2 +19.2

60.081 £6.959 4

23.4824 03349 1.4140

Quartz

Q6.

86.5+10.8 86.8+9.3 81.1+76

90.2 +11.3
231.5+£309 221.6 £+294 2213 £ 253 208.3 +20.9

5531 +0.194 883 +85
1114 £ 144 1073 +£ 139 1074 + 119 101.5+99

14.138 £ 0.632 223.5 +24.2

42961 +1.509 7

24.5658 0.3347 1.4140

Quartz

ARQ6-2

96.541 £ 4314 6
58.579 + 2.621

223948 0.3471 1.4140

Quartz

ARQ6-3
ArQ6-4

K. Hedrick et al. / Quaternary Science Reviews 80 (2013) 143—168

7.101 £ 0318 111.6 +11.2

4

28.0772 0.3602 1.4140

Quartz

7/6.5/4

80.6 +11.2 80.8 +9.9 75.6 +£ 84

84.1 +11.7
2389 +£33.0 2283 +£31.3 228.0+27.2 214.5+22.7

5216 + 0360 82.4 +93
14.972 £ 0.819 240.7 + 26.3

37.139 £ 2567 5.5

116331 + 6.365
96.491 + 2.665

23.8558 0.3546 1.4140

Granitic quartz 25.3876 0.3458 1.4140

Quartz

5.5/4/5.5

ArQ6-5

4.5

12.3/7.2/45

Q7c

ARQ7-1

190.5 +24.2 1839+ 232 1839+ 19.7 170.1 + 16.0

11.908 + 0.329 1924 + 184

1

6.5

26.7348 0.3492 1.4140

Quartz

10.5/6.6/6.5
8.6/7/6

ARQ7-2
ARQ7-3
ArQ7-4

62.6 £ 152 62.7+14.7 588 + 134

65.0 + 15.8
2749 +37.6 2642 +359 264.1+31.1 247.6 + 25.7

4.091 £ 0.852 63.8 + 14.6
17.067 + 0.833 276.9 + 29.6

33.331 £6.946 6
109.789 + 5.361

26.3137 0.3418 1.4140

Quartz

1

4.5
5

Quartz 21.5405 0.3544 1.4140
25.0653 0.3522 1.4140

7.5/6/4.5
6/5.5/5

142 +£9.8 145 £ 99 133 +£9.1

133 +£09.1 14.8 £10.2

0.873 + 0.590

6.574 + 4.441

Quartz

ArQ7-5

2 Reported errors are 1g.

b Ages determined using a rock density of 2.7 g/cm® and 07KNSTD standard. Uncertainties include analytical and production rate/scale model uncertainties.

the 250—500 um grain size fraction, which was then put through
a series of acid leaches. Each sample was leached in HCl and H,0,
and HF, as outlined in Seong et al. (2009). Once pure, the ob-
tained quartz was rinsed with de-ionized H,O and dried before
being placed on 10 mm diameter stainless steel disks and held in
place with silicone spray for measurement. The luminescence
signals were measured using a Riso TL/OSL reader (model DA-20).
Luminescence from the quartz grains was stimulated using an
array of blue-light-emitting diodes (470 nm, 50 mW cm2),
filtered using a green long-pass GG-420 filter; detection was
through a Hoya U-340 filter. All quartz aliquots were screened for
feldspar contamination using infrared stimulation with infrared-
light-emitting diodes (870 nm, 150 mW cm~2). All OSL signals
were measured using a 52-mm-diameter photomultiplier tube
(9235B). The equivalent dose (DE) measurements were deter-
mined on multiple aliquots using the single aliquot regenerative
(SAR) method protocol developed by Walling et al. (2000).
Growth curve data were fitted using linear and exponential trend
curves. The DE value for every aliquot was examined using Riso
Analysis 3.22b software. Aliquots with poor recuperation (>10%)
were not used in the age calculations.

Equivalent doses of all aliquots were averaged for each sample
then divided by the dose rate giving a mean age.

4. Field location descriptions and sampling sites
4.1. Marquesado strath terrace complex

The Marquesado field site is a small (<1 km?) strath terrace
complex located on a shooting range within a military base. The
ephemeral feeder channel exits the Sierra de Villicum range, a
northeast-southwest trending range with peaks that reach
~1000 m asl that rises westwards above the strath terrace surfaces,
which are at an altitude of ~800 m asl. Subsequent strath terrace
deposits are traversed by a series of thrust faults that are roughly
parallel to the range front. Four distinct fault scarps—back thrusts
or bedding plane thrusts—are visible traversing the alluvial fan
surface (Fig. 2).

The westernmost fault scarp cutting the Marquesado complex is
~1 m high. There is no evidence for lateral displacement along the
fault; uplift of the hanging wall resulted in the development of a sag
pond on the footwall and caused the diversion of the small channel
along the trace of the fault for ~15 m to the northeast. Faults to the
east were not closely investigated in the field.

Four abandoned strath terrace surfaces comprise the Mar-
quesado complex (Q2n, through Q5p,; Fig. 2). Dissection of the
strath terrace surfaces increases with the relative age surface and
the distance from the mountain front. Three fault scarps cut the
strath terrace surfaces (Fig. 2). Although vertical offset of these
scarps was not measured in the field, based on photographs and
Google imagery, the youngest scarp appears to be significantly
higher in relief than older scarps. The toe of these strath terrace
deposits has experienced significant erosion due to the action of
fluvial processes (Fig. 2).

Five 5—6 cm-long, chert and jasper cobbles were collected for
19Be dating from the Q3 surface on the hanging wall ~20 m from
the youngest fault scarp. The Q3 surface has a moderately
developed desert pavement and comprises many clasts with well-
developed rock varnish (Fig. 2).

Most clasts comprise limestone and/or chert. Although small
boulders (<30 cm long-axis) are present on the surface, due to
limited access they could not be sampled. Instead, five cobbles were
collected from the strath terrace surface.



Table 2
Terrestrial cosmogenic nuclide depth profile, erosion rate data, and '°Be measurement results.

Surface Sample Depthor  Latitude (°"N) Longitude Altitude  Quartz Be Be carrier 10Be/9Be 10Be concentration  Inheritance® Erosion rate®®¢  Age®c (ka)
name sample (°E) (m asl) mass (g) carrier  concentration (107'3) (atom/g SiO2 (10* atoms/g)  (m/Myr)
thickness (g) (mg/g) Si0, x 10%)°
(cm)
LOMA NEGRA
Q2 SJ123 0 —31.55973 —68.66340 790 21.4489 03418 1.3540 3.167 £ 0.131 4.566 + 0.189 11975-119 5903-7.1 45.7 37.8-53.4
SJ125 70+ 5 14.7596 0.3673  1.3540 0.985 + 0.041 2.217 +0.093
SJ126 100 + 5 24.3983 03577 1.3540 3.307 + 0.122 4.386 + 0.162
SJ127 130+ 5 24.4183 0.3447 1.3540 1.469 + 0.061 1.876 + 0.078
SJ128 170 £ 5 20.4067 03602 1.3540 4281 + 0.202 6.836 + 0.322
Q3n SJ129 0 —31.55796 —68.66228 785 22.5963 0.3606 1.3540 2.630 + 0.166 3.797 + 0.240 11.98.9-119 2304-8.0 39.6 34.9-48.5
SJ131 70+ 5 20.0247 03524 1.3540 1.842 + 0.092 2.933 + 0.146
SJ132 100 + 5 22.4443 0.3660 1.3540 1.698 + 0.063 2.505 + 0.093
SJ133 130+ 5 15.3392 03516  1.3540 0.925 + 0.042 1.918 + 0.087
SJ134 170+ 5 21.9308 0.3420 1.3540 4.099 + 0.156 5.783 + 0.221
Catchment SJ106 2.5 —31.56339 —68.68080 1155 23.9029 03652 1.3540 5.748 + 0.798 7.945 + 1.103 - 76+13 80.9 + 134
Ridge bedrock  SJ107 1 —31.56339 —68.68080 1146 24.6541 0.3450 1.3540 8.135+0.238 10.030 + 0.030 59+05 102.7 £ 94
Catchment Sj113 4 —31.56127 —68.67296 842 21.8382 0.3662 1.3540 3.031 + 0.068 4598 + 0.103 — 109 + 0.9 —
Hillslope Sj114 2 —31.56305 —68.67401 852 22.0878 0.3563 1.3540 1.539 + 0.255 2.246 + 0372 244 +47
Active SJ115 — —31.56353 —68.67355 854 23.1551 0.3373  1.3540 0.870 + 0.048 1.146 + 0.063 - 488 +7.0 —
Channel Sj116 —31.55949 —68.67100 819 23.8687 0.3601 1.3540 0.292 + 0.013 0.399 + 0.0180 140.0 + 19.6
LA CARPINTERIA
Q5. Q540-50 45 +5 —31.789617 —68.580533 669 24.0815 03436 1.414 2438 +0.117 2.286 + 0.158 9.8 8.4-11.0 2.702-33 80.1 66.6—99.2
Q590-120 105+ 5 28.1202 03396 1414 2.166 + 0.089 2.414 + 0.101
Q5120-140 1305 19.5534 03494 1414 0.970 + 0.041 1.637 + 0.070
Q5140-150 145 +5 22.4758 03636 1.414 1.035 + 0.026 1.581 + 0.040
Q5240-250 245 +5 30.1266 03477 1414 1.096 + 0.046 1.195 + 0.050

891—€FL (€10Z) 08 SM3IAY 20UdS A1DUIIDNY /D 3 YIUPIH N

— Indicates no data/not applicable.
@ Reported errors are 1q.
b For depth profiles, Bayesian most probable values (bold) and 2¢ upper and lower age range as determined by Monte Carlo simulation.
¢ Production rate for active channel samples as determined through GIS and MATLAB analysis (as discussed in text) is 9.31 + 1.23 g cm ! yr .
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Table 3

Summary of alluvial fan surface characteristics and potential corrections to and statistical analysis of alluvial fan surface age results. All ages are reported in ka.

Sample name Surface  Average Pavement  Desert Time-dependent  Age (inheritance Maximum  Minimum  2¢ mean PDF age® MSWD*¢ Depth profile OSL age
pitting varnish  age? removed )P age age age* aged
depth (cm)
MARQUESADO
SJ135B Q3m — WD HV 146 + 1.3 0 16.0 133 17.2 £ 31 88.0 £ 4.5 159+ 1.2 — —
SJ135C 152+ 14 0 16.6 13.8
SJ135F 162 +£24 0 18.6 138
SJ135A 175+ 1.6 0.8 + 0.6 191 15.9
SJ135E 225+ 2.0 6.1 £ 09 245 204
SJ135D 88.7 +£ 83 725+70 97.0 804
LOMA NEGRA
SJ109 Qljn 0 NP LV 3.1+03 0 34 2.8 243 + 2.6 31.0+ 28 — — —
Sj112 11.0+ 1.0 0 12.1 10.0
SJ111 225+23 59+14 248 20.2
SJ110 26.1 +£23 10.0 + 1.1 284 238
SJ108 42.6 +42 285+ 32 46.8 38.5
Sj117 Q2 43 MD HV 471 + 44 325+34 51.5 42.6 48.0 + 4.8 475+ 2.0 48.0 + 1.6 45.7 37.8-534 —
SJ118 472 + 4.2 32.6 +3.0 51.4 43.0
SJ120 473 £ 4.2 32.6 +3.0 51.5 43.1
SJj119¢ 47.7 £+ 17.5 329 +17.8 65.1 30.2
SJ121 50.7 + 4.6 359 +34 55.3 46.2
SJ122 73.7 £ 6.6 578 £5.2 80.3 67.2
Sj104 Q3in 4.8 MD HV 50.9 + 4.6 36.1 +34 55.5 46.3 65.2 + 12.7 70.0 + 20.0 56.7 + 6.7 39.6 34.9—-48.5 -
SJ105 552 +49 39.2 + 3.6 60.1 50.3
SJ103 64.1 + 6.0 47.0 + 4.7 70.1 58.1
Sj101 762+ 7.0 60.5 £ 5.8 83.2 69.2
SJ102 798 £7.2 63.6 +5.9 87.0 27.6
SJ145 Q4 4.6 WD HV 86.3 + 9.0 699 + 7.8 95.2 77.3 105.3 + 20.9 93.0 + 30.0 924 +5.8 — —
Sj142 89.3 £ 8.1 725 + 6.6 97.4 81.3
SJj147 947 + 8.6 783 £ 7.2 103.3 86.1
Sj144 99.3 +£9.2 829+79 108.5 90.0
SJ143 89.3 + 8.1 108.5 + 12.3 137.4 110.7
SJ146 138.1 +£ 131 1220+ 11.8 151.2 125.0
SJ138 Q5 54 WD HV 144.0 + 245 127.7 + 23.6 168.4 119.5 181.0 + 28.9 175.0 + 50.0 1933 + 184 — —
SJ137 182.0 + 116.7 1654 + 15.2 198.7 165.3
SJ140 183.5+17.0 167.3 £ 15.5 200.4 166.5
SJj141 214.6 £ 199 198.1 + 184 2344 194.7
LA CARPINTERIA
ARQ1-1 Ql. — NP LV 7.9+ 0.7 0 8.6 73 229+29 245+ 5.0 229+ 26 — -
ArQ1-4 199 + 3.0 43 +£2.7 229 16.9
ArQ1-5 241 +22 89+ 1.1 26.3 219
ARQ1-2 247 +£23 96 +1.3 27.0 224
ArQ2a-5°¢ Q2a. — NP NV 20+34 0 54 0.0 — 6.0 + 1.0 — —
ArQ2a-4 8.5+ 0.8 0 9.2 7.7
ARQ2a-2 59.6 + 5.7 44.1 + 4.6 65.3 53.8 4.6 + 0.9
ArQ2b-4 Q2b. — NP NV 3.0+03 0 93.1 78.0 — 80.5 + 10.0 — — 49 +0.5
ArQ2b-5 108 £ 1.0 0 11.7 9.8
ARQ2b-3 85.6 + 7.6 705 £ 63 93.1 78.0
ArQ3a-5°¢ Q3ac — MD LV 11.7 £ 10.5 0 222 13 251+ 11.6 18.0 + 20.5 — — -
ArQ3a-4 31.0+3.0 16.5 £ 2.1 34.0 279
ARQ3a-2 325+29 184 + 1.8 354 29.7
ARQ3a-3 99.6 + 94 853 +83 109.0 90.2
ARQ3b-3 Q3b. — MD LV 154+ 13 0 16.7 141 28.8 +15.2 255+ 17.0 21.7 £ 6.9 — —
ArQ3b-5 20.7 + 151 54 +15.6 35.8 5.6
ArQ3b-4¢ 29.1 £ 109 145+ 11.0 399 18.2
ARQ3b-1¢ 50.0 + 4.6 363 +3.5 54.5 454
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80.1 66.6—99.2

66.1 + 5.7
107.0 + 1.8

67.0 + 17.0
100.0 + 30.0

107.0 + 4.0
230.0 + 15.0

60.6 + 12.2
98.0 + 18.2
934 + 184
211.7 £37.3

40.1
53.9
60.9
65.1
56.9
95.6
96.7
98.1
7.2
736.0
91.5
98.3
187.3
4.2
454
157.1
191.7
2219

47.8
66.2
729
71.7
84.6
115.1
1169
119.7
84.0
88.7
1114
1323
229.2
22.5
72.2
198.1
237.2
2732

30.8 +2.8
445 + 5.0
51.8 +4.8
56.9 + 5.1
56.3 + 13.3
91.8 + 8.7
93.1 £ 9.0
953 + 9.8
615+75
66.6 + 6.4
88.0 + 8.9
102.0 + 164
1933 £ 19.7
44.0 + 12.7
157.8 + 14.7
199.6 + 21.5
232.0 +£24.3

60.0 + 6.2
66.9 + 6.0
714+ 6.3
70.8 = 13.8
105.4 + 9.8
106.8 + 10.1
108.9 + 10.8
75.6 + 8.4
811+ 76
101.5 + 9.9
115.3 + 17.0
208.3 + 20.9
133 +9.1
588 + 134
170.1 + 16.0
214.5 £ 22.7

44.0 + 3.8
247.6 + 25.7

MV
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MV
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WD
WD
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4.2. Loma Negra alluvial fan complex

The Loma Negra alluvial fan complex is located ~ 10 km west of
San Juan (Fig. 1). The active feeder channel now drains to the
northeast, away from the majority of the alluvial fan deposits, and
follows the modern day mountain front (Fig. 3). The highest peak
above the basin is ~1650 m asl, ~800 m higher than the highest
alluvial fan surface. The alluvial fan deposits span an area of
~3.5 km?. The active channel (Q1;,) experiences only ephemeral
flow. The northernmost portion of this alluvial fan from modern
channel to toe has been extensively mined for gravels and sands by
the nearby Loma Negra Cement Factory, and has been used as a
dumping ground for residual materials (Fig. 4 — waste pile). This
modification is constrained to a relatively small area, which is not
used in this study. However, there is a well-established road and
footpath on the Q2j, and Q3y, surfaces. Samples were collected in
areas where the desert pavement on these surfaces appeared to be
undisturbed, and with the exception of some Q2;, samples, were
collected far (>50 m) from both the road and footpath.

The Loma Negra alluvial fan complex comprises four surfaces. As
determined from both field and Google Earth imagery a series of
roughly north—south trending faults cut the Q2j, surface, and
elsewhere separate the Q2;, and Q3j, and Q4y, surfaces (Fig. 3). The
easternmost fault has produced a 3 m-high scarp, but the height
varies due to the fact that it separates the Q2 surface from both the
Q3y, surface and the oldest, highest Q4y,, surface. This fault scarp is
roughly parallel to the range front but faces uphill, trapping sedi-
ment on the footwall block. On this alluvial fan, the fault scarp
separates the older Q4 and Q3j, surfaces entirely from the main
body of the fan (Q2j,). Similar to the Marquesado alluvial fan
complex, the toe of this alluvial fan has experienced significant
erosion due to the action of fluvial processes. Remnants of the old,
high Q5;, surface are isolated to two large hills, the northernmost of
which has been mined for gravel and sand. The tops of these de-
posits are ~60 m higher than the surrounding (Q2,) surface.

The Q21,—Q5;, surfaces all display the development of desert
pavements to varying degrees (Fig. 4), as well as dark rock varnish
on chert clasts, and the presence of larger boulders seems to
diminish from the younger terraces to the older terraces. The high
Q51,, surface is covered by a well-developed pavement of limestone
and chert clasts, the largest of which are ~10 cm long axis. Based
on the presence of concentrated gravels throughout the subsurface
soils as seen in depth profiles for the Q2j, and Q3y, surfaces, these
desert pavements have likely formed primarily as deflationary
surfaces through winnowing and fluvial processes.

At the Loma Negra alluvial fan complex (Fig. 3), we sampled the
largest clasts available that were suitable for dating on each surface,
which averaged a long axis of ~12 cm. Clasts containing quartz
lithologies on the alluvial fan surfaces were restricted to boulders
and cobbles which originated as limestone containing chert veins;
most clasts today are composed mainly of dark, well-varnished
chert, but some still contain significant amounts of limestone.
The limestone and/or chert boulders sampled in the active channel,
which are representative of the overall boulder population, have an
average long axis of 58 cm. Boulders or cobbles were sampled for
19Be dating from each major alluvial fan surface (Q2;,—Q51) (Fig. 4).
Four to six cobbles or boulders were sampled for each surface. Most
samples were collected >50 m from fault scarps (Fig. 3), although
some boulders sampled from the Q2In surface (SJ117, SJ118, and
SJ119) were sampled ~20 m of the fault scarp and may show in-
fluence of inheritance due to denudation of the fault scarp. Boul-
ders of mixed chert and limestone are present on the Q2;, surface
(41.2 cm average length) as well as on the Q3j, surface (34 cm
average). On the Q3y, surface, the largest clasts are composed
dominantly of chert. Sampled clasts on the Q4j, surface also had

moderately varnished; LV = lightly varnished; NV = no varnish.

heavily varnished; MV =

moderately-developed; SD = slightly-developed; NP = no pavement; HV =

well-developed; MD
2 Italicized samples are 2¢ outliers. Error shown in table is 1g.

b Inheritance correction is determined by depth profile analysis. Loma Negra and military fans are corrected for 11.9 x 10% atoms inheritance. La Carpinterfa fan is corrected for 9.8 x 10* atoms inheritance.

¢ All probability density function age values based off of °Be cobble/boulder data.
d Bayesian most probable age (bold) and 2¢ upper and lower age range as determined by Monte Carlo simulation.

— Indicates no data/not applicable.
¢ Sample has high error (>20%).

WD
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31.50°S
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68.67°W
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Neogene
bedrock

Fig. 2. Marquesado strath terrace complex study area. A) Geomorphic map showing strath terrace surfaces. Surfaces labeled Q1am (youngest) through Q5, (oldest). The red square
marks the approximate sampling location on Q3y,; all samples were collected within a ~5 m radius. The red lines indicate fault scarps visible on terrace surfaces. Base image from
GoogleEarth. B) View looking north across the Marquesado terraces from the Q3y, sampling location. C) Cobbles sampled from Q3, surface with quart-size plastic bag for scale. Note
significant weathering of limestone and pitting in chert. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

average lengths of ~12 cm. On the oldest (Q5),) surface, boulders
were absent and only chert cobbles, ~10 cm long, were present;
these were sampled. Due to the quartz-rich nature of the Loma
Negra boulders, only ~250—500 g of material was collected to
obtain sufficient quartz for '°Be dating.

Depth profile samples were collected on the Q2j, and Q3j,
surfaces of the Loma Negra alluvial fan complex. The pits required
to collect these samples were dug using a backhoe to a depth of
~190 cm, and samples of chert and quartz pebbles (3—5 cm long)
totaling ~500 g were taken at each interval of ~30 cm.

Bedrock erosion rate samples were collected from the ridge
above the feeder channel of the Loma Negra alluvial fan complex.
These samples were collected from two different bedrock expo-
sures at the top of a ridge at ~1150 m asl. Sample SJ106 was
collected from a low (~45 cm height) bedrock exposure that crops
out for a distance of ~1 m. SJ107 was collected from a similar but
much longer outcrop (~4 m). Both of these samples were collected

from limestone rock containing beds of heavily-varnished chert
(Fig. 4 — Bedrock).

Two hillslope erosion rate samples were collected from the
northwestern edge of the Loma Negra alluvial fan feeder channel
(Fig. 3G — SJ113 and SJ114) from high angle (~35°) talus deposits. A
collection comprising chert pebbles ~5—10 cm long axis was
collected weighing 250—500 g. Two catchment-wide erosion rate
samples were collected directly from the Loma Negra fan feeder
channel (Fig. 3H — SJ115 and SJ116). Sediment totaling ~1 kg was
collected from active channel sand deposits.

4.3. Carpinteria strath terrace complex

The Carpinteria complex is part of a large bajada that stretches
for ~25 km to the south of the Loma Negra alluvial fan complex,
and may be better described as a sequence of strath terraces
incised into a rising complex of basin deposits; the deposits are
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Fig. 3. Loma Negra alluvial fan study area. A) Geomorphic map showing the alluvial fan surfaces. Q1j, indicates active channel whereas Q5y, is the oldest fan surface. Sample
locations are indicated by shapes; sample type is explained in the above key. Red line indicates fault scarp visible on the alluvial fan surface. Base image from GoogleEarth. B) View
to the east of the Loma Negra alluvial fan as seen from bedrock erosion rate sampling site showing the alluvial fan surfaces. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

located much farther from the range front (~2.5 km) than both
the Marquesado strath terraces and Loma Negra alluvial fan sur-
faces and are >2 m in thickness, but these deposits lack the
characteristic alluvial fan shape as they are confined within an
incised canyon and are situated above a bedrock strath surface.
These deposits are likely to have been more greatly affected by
fluvial processes.

The Carpinteria complex deposits investigated in this study span
an area of ~5.5 km? and are interrupted by large fault scarps which
have altered the distribution of feeder channels, and isolated these
alluvial fan surfaces from the mountain range front. The range is
oriented approximately north-south with peaks reaching ~2000 m
asl. The modern channels (Q1.) have been ‘bottlenecked’ through a
bedrock exposure uplifted through fault motion (Fig. 5) and carry
only ephemeral flow.

Clasts in the active channel (Q1.) are primarily rounded cobbles,
pebbles, and sand (Fig. 6). The top of the Q2b, surface is ~2 m
higher than the Q1. surface at the Q1. and Q2. sampling sites
(Fig. 5B). The Q2. surfaces comprise primarily cobbles and pebbles,
and desert pavement has begun to form on the surface of Q2b.. At
the Q3a. surface, ~3 m above the Q2b, surface, pedogenic devel-
opment is evident in the presence of a ~30 cm thick layer of
gypsum. Chert and limestone cobbles and pebbles on this surface
have been visibly weathered. The Q3b, surface is not significantly
higher than that of the Q3a. surface, but displays a well-developed
desert pavement. The Q4. surface, ~2—3 m above the Q3b, surface,
also has a well-developed desert pavement as well as a developing
soil containing gypsum.

The Q5. surface is ~5—6 m higher than the Q4. surface. Q5. is
characterized by highly fractured and angular clasts and an
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Fig. 4. Views of typical surfaces on the Loma Negra alluvial fan. Surface boulder in foreground of Q1y, surface is sample SJ109 (GPS and backpack for scale). Small black boulder on
Q2y, surface is sample SJ117 (GPS for scale). Small boulder with orange tape on Q3y, surface is SJ102 (GPS for scale). Close-up of Q4y, surface shows well-developed desert pavement
with sample SJ142 (black cobble). On Q5), surface, the black cobble behind GPS unit is SJ138. Talus erosion rate sampling site is for sample SJ114. Sample SJ115 was taken from the

active channel site. The waste deposits show striated, fine-grained stratigraphy.

abundance of quartz pebbles in a well-developed desert pavement.
Q6. rests ~4—5 m above Q5. and has a similarly well-developed
pavement. Clasts on the Q6. surface are primarily chert and
quartz; chert pebbles display deep weathering whereas quartz
clasts are rounded, suggesting that they are second generation
clasts. The Q7. surface is only found on the northern side of the
main drainage. This terrace is high (~80 m above Q1.), deformed,
and dissected.

The thick deposits of the older strath terraces allowed for ex-
posures of the underlying soil stratigraphy. Soil profiles are
described for the Q6. and Q7. terraces. Gypsum is common
throughout the Q5. soil profile, while the Q6. profile is character-
ized by calcium sulfate cementation in the A and Byk1 horizons
with calcium carbonate cementation beginning in the Byk1 horizon
and continuing into the Byk2. Gypsum is also present in the Q6.
Byk1 horizon (Fig. 7).

Boulders were not present on the surfaces of the Carpinteria
alluvial fan complex (Figs. 5 and 6). Five large, quartz-rich cobbles

(granitic quartz and quartzite) were collected from each surface
(Q2.—Q7.). A backhoe was used to dig a depth profile pit to a depth
of ~245 cm on the Q5. surface. Six samples were collected at
~50 cm intervals and ~250-500 g of quartz-rich pebbles were
collected per interval. Only pebbles ~2—5 cm long were collected.
Notable sedimentary and pedogenic features within the pit section
were recorded.

Two OSL (San Juan 1 and 2) samples were collected from a de-
posit of silty sand with small pebbles ~5 m from one-another in an
exposed section within the Q2. surface of the Carpinteria alluvial
fan complex (Fig. 8).

5. Results
5.1. 1%Be clast ages and erosion rate results

19Be clast ages are listed in Table 1 and plotted in Fig. 9. No
correction was made for erosion rate. However, we examine
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Fig. 5. Carpinteria strath terrace complex study area. A) Geomorphic map showing the strath terrace surfaces. Q1. indicates active channel whereas Q7. is the oldest alluvial fan
surface. The red squares mark the location of sampled cobbles for each surface. The black square indicates location of depth profile. The white X marks the location of OSL sampling
site in the Q2. surface. Red lines show the fault scarps visible on or along the terrace surfaces. Base image from GoogleEarth. B) View southwestwards of the Carpinteria terraces
from the northern Q6. surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

potential error in 1°Be concentration due to erosion rate by recal-
culating clast ages with reference erosion rates, and present the
resulting percentage error between the original (erosion
rate = 0 m Ma~!) clast ages and the clast ages recalculated with
reference erosion rates.

We consider a variety of evidence to determine our reference
erosion rates: 1) The presence of clasts with ages as old as ~200 ka
suggests that the surface erosion rate must be relatively low, and
additionally, the preserved rounded clast forms of chert boulders
and cobbles also supports the view that erosion rates are low; 2)

19Be bedrock erosion rates determined through CRONUS calcula-
tion of samples SJ106 and SJ107 provide a mean bedrock erosion
rate of 6.8 + 1.3 m/Ma) Analyses of pebbles in '°Be depth profiles
(discussed below) suggests that on both the Q2), and Q3 surfaces
of the Loma Negra alluvial fan complex, the average rate of erosion
is 5.7 & 0.9 m Ma~!—depth profile analysis on the Carpinteria Q5.
surface suggests a mean erosion rate of 3.8 + 2.0 m Ma™!; 4)
Following the method of Lal (1991), we calculate a rough estimate
of the mean erosion rate from the 1°Be exposure ages of the three
oldest clasts (Q7-1, Q7-2¢, and Q7-4.) as 2.8 + 0.6 m/Ma.
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Fig. 6. Carpinteria strath terraces, note field notebook for scale on Q4., Q6., and Q7. surfaces. Q5. surface shows the cobbles that were sampled for TCN dating.

All of these erosion rate values are very similar and are lower
than the mean global 1°Be-determined arid region bedrock erosion
rates examined by Portenga and Bierman (2011), suggesting that
they are reasonable erosion rate values for this hyper-arid region.
Hillslope erosion rate and basin-wide erosion rate of the Loma
Negra source basin are 17.7 £ 47 m Ma~! and 94.4 = 19.6 m Ma~},
respectively, which also agree with or are lower than the global
rates determined by Portenga and Bierman (2011). These hillslope
and catchment-wide erosion rates are not considered for our
reference erosion rates because they take into account erosive
processes which are not active on an in-situ clast or bedrock surface
and would thus be highly inaccurate.

We provide quantitatively-defined bedrock or clast erosion rates
ranging from ~2 m Ma~! to ~8 m Ma~'. The reference erosion
rates we chose for our recalculations are 1 m/Ma, 3 m/Ma, and 8 m/
Ma. If the true erosion rate was 1 m Ma~, by using the assumption
of 0 m Ma~! erosion rate we would be underestimating the age of a
10 ka sample by ~1%, 50 ka by ~5%, and 100 ka by ~8%. At
3 m Ma! erosion rate, assuming 0 m Ma~! causes un-
derestimations at 10 ka of ~3%, 50 ka of ~14%, and 100 ka of ~21%.

Using an erosion rate of 8 m Ma~! we find that calculated ages

underestimate actual ages at 10 ka by ~8%, 50 ka by ~30%, and at
100 ka would underestimate the age by ~45%.

Because we use an assumed erosion rate of 0 m Ma~! in our age
calculations, the ages we report in Table 1 must be considered
minimum ages. Our use of the Lal (1991)/Stone (2000) time-
dependent scaling scheme also produces the youngest ages as
compared to all other scaling schemes. By using the scaling
schemes of Lal (1991)/Stone (2000) time-constant, Desilets et al.
(2006), Dunai (2001), and Lifton et al. (2005), the scaling
schemes increase sample ages by a maximum of 11.5%, 10.3%, 5.9%,
and 8.1%, respectively, for all time periods.

5.2. Be surface ages and statistical analysis

There has been much debate regarding how best to interpret
TCN boulder/cobble data to determine the most accurate age of a
geomorphic surface. Although prior studies aimed exclusively to-
ward discussion and modeling of the interpretation of TCN boulder/
cobble exposure ages have primarily focused on moraines (cf.



K. Hedrick et al. / Quaternary Science Reviews 80 (2013) 143—168

Q5¢

vesicular, gypsum

secondary gypsum

secondary gypsum,
0.5-1 cm crystals

matrix filled with

gypsum crystals
upto1mm,

vesicles present

50

cobbly, no clay,
dissimalated gypsum
throughout
100

Depth (cm)

150

weak, dissimilated
gypsum decreasing
downward

200

157
Q6C Q7C
vesicular, gypsum
and CaSO, scattered pockets of

secondary gypsum
with residual CaSO,,
vertical tubes of
CaCO,

cementation, vesicular

petrogypsic horizon
(stage Ill)
stage IV think coats
of CaCO; on clast
bottoms which
seem to post-date
gypsum

substantial accum-
ulation of CaSQO4, not
completely cemented;
stage | CaCOj; with thin
coating on clast
bottoms

less cemented than
Byk1 with ~20%
cementation as local
pockets, stage | CaCO,
with stains and thin

petrogypsic horizon,
cemented throughout
with CaSO,; stage |
CaCO; coating on clast
bottom

coatings on clast
bottoms

petrogypsic horizon,
slightly less cemented
than Byk2; CaSO,
crystals visible
throughout

local cementation,
extensive disseminated

CaSOsthroughout

with visible crystals

Fig. 7. Soil profiles for the Q5., Q6. and Q7. surfaces for the Carpinteria strath terrace complex.

Hallet and Putkonen, 1993; Putkonen and Swanson, 2003;
Applegate et al., 2010, 2012), many sources of potential inaccuracies
in TCN boulder/cobble dating also apply to alluvial fan and fluvial
terrace surfaces and deposits (Hetzel et al., 2002; Gonzalez et al.,
2006; Schmidt et al., 2011). TCN boulder/cobble ages may over-
estimate the actual exposure age of a surface due to pre-
depositional inheritance, or underestimate it due to shielding or
extreme erosion of the sampled boulders/cobbles. We therefore
examine our data with a variety of methods to attempt to explain
potential anomalies and determine an accurate surface age from
the boulder/cobble data.

We define the age of a surface by examining the 1°Be clast ages
and apply 2¢ outlier, probability density function (PDF), and mean
square weighted deviation (MSWD) tests; the results for these tests
can be seen in Table 3.

19Be clast ages for each surface show considerable variation;
however, clast ages from a given surface typically have few 2¢
outliers. AMS measurement results report external error at 1o
values; for 20 mean age we apply the 2¢ error and remove all
samples that are outliers from the dataset. Once these outliers are
removed we take the mean age of the remaining sample cluster as
the 20 mean age for that surface (Fig. 9). Due to the requisite tighter
clustering of the remaining, non-outlier sample ages, a 1¢ error
reported on the 2¢ age may be anomalously low, approaching
analytical levels. External uncertainties realistically account for
~10% error; we thus report 2¢ mean sample age with 10% error as
surface ages except in cases where 1¢ is greater than 10% of the
sample age (Q2j, and Q1.). For these surfaces we use the greater
value of error to reflect the contribution of geologic error to the
surface age. We also plot the '°Be clast ages of each surface as a PDF
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Fig. 8. OSL sampling sites in a north-facing natural exposure in the Q2. surface of the Carpinteria strath terrace complex. A) San Juan 1; B) San Juan 2. The white dashed lines outline

bedding contacts. San Juan 2 is ~5 m west of San Juan 1.

in order to determine most likely age based on the range of age
results (Fig. 10).

Additionally, we apply the MSWD method of Wendt and Carl
(1991) to our sample sets as a way of determining the usefulness
of the clast ages as an isochron for surface age; failed MSWD values

(R? < 1) suggest that data scatter is due to more than just analytical
uncertainties and potential geologic error must be carefully
considered (Powell et al., 2002). Although some surfaces did not
pass this statistical test (Q1y,, Q2ac, Q2bc, Q3ac, Q6¢, Q7.), most do.
MSWD mean ages for the Marquesado alluvial fan complex pass

La Carpinteria Loma Negra Marquesado
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Fig. 9. Plots of '°Be ages for the Marquesado, Loma Negra, and Carpinteria alluvial fan and strath terraces arranged by surface age.
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Fig. 10. Probability density distribution plots for 1°Be ages for A) the Marquesado strath terrace and Loma Negra alluvial fan surfaces, and B) the Carpinteria strath terrace surfaces
with PDF surface ages and error. PDF curve colors correspond to terrace colors in Figs. 2, 3, and 5. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

MSWD statistical analysis with an age of 15.9 + 1.2 ka (10 error).
The MSWD mean ages for the Loma Negra Q2i,, Q31n, Q41n, and Q51
surfaces are 48.0 + 1.6 ka, 56.7 + 6.7 ka, 924 + 5.7 ka, and
193.3 + 18.4 ka, respectively. Results from Carpinteria alluvial fan
complex are less coherent, but the Q1,, Q3b, Q4., and Q5. surfaces
pass MSWD analysis with mean ages 22.9 + 2.6 ka, 21.7 + 6.9 ka,
66.1 + 5.7 ka, and 107.0 + 1.8 ka, respectively (Table 3).

MSWD analysis suggests that for surfaces Q1y,, Q2ac, Q2b,, Q3a,
Q6¢, and Q7., geologic error contributes significantly to the age
spread of the sampled clasts. This may be explained by a variety of
factors; the degree of scatter in a set of boulder/cobble ages from a
younger surface—i.e. Q1jy, Q2ac, Q2b., Q3a.—may be more easily
influenced by clasts which contain significant inheritance and/or
have experienced shielding.

In general, clasts which contain significant inheritance weigh
more heavily in a dataset of a younger surface because the differ-
ence between individual clast ages and the true surfaces ages is
minor; the clast ages obtained on younger surfaces may therefore
overestimate the true age of the surface. Conversely, the influence
of clast ages affected by inheritance is less significant on older
surfaces, where the significantly older age of the surface essentially
negates the contribution of inherited °Be. In addition, older sur-
faces may also have a wider scatter of clast ages due to the work of
erosion or exhumation of buried boulders and cobble-
s—particularly the well-developed desert pavements on these
surfaces are evidenced to be deflational surfaces as discussed
above. Individual clast ages on older surfaces may therefore un-
derestimate true surface age. Each of these possibilities has impli-
cations for the use of 2¢ mean age as the surface age.

As discussed above, for the older Q6. and Q7. surfaces, signifi-
cant deflation may have resulted in exhumation of clasts which

have experienced copious shielding. This would cause the dataset
to include clast ages much younger than a representative surface
age. This seems to be a reasonable assumption to explain the
anomalous ages in the Q7. dataset, as illustrated in Fig. 9. However,
the spread of ages from the Q6. is less easy to explain; the 2¢ outlier
(ARQ6-3) is a much older sample than the other ages. This may be
due to prior inheritance, although the amount of inherited '°Be
required to explain the age of this sample is significantly above that
of the modern surface as suggested by depth profile analysis (dis-
cussed below) (Table 3). As such, the Q6. dataset may illustrate the
influence primarily of exhumation/shielding in the clast ages and
secondary effect of inherited '°Be.

The 20 mean surface age method both provides ages for all but
two (Q2a. and Q2b) alluvial fan/fluvial terrace surfaces and also
best fits the geomorphic sequence of the surfaces, with only two
exceptions (Q1j, and Q1.). We consider failed MSWD and PDF age
results as cautions that even 20 mean ages for these surfaces may
potentially be inaccurate.

Another possible interpretation of the °Be clast age results is to
consider the age of the youngest cobble/boulder as most repre-
sentative of the age of the surface. However, if erosion rate on a
sampled clast is greater than our assumed rate (0 m Ma~!) it may
underestimate the true age of the clast. As discussed above, the
potential error due to erosion rate varies significantly with our
different reference erosion rates, and such error may be more sig-
nificant than that of inheritance. Observation of cobble/boulder size
on the Loma Negra alluvial fan surface indicates significant differ-
ence in clast size from the modern, Q1;, surface to the oldest, Q5
surface. Within the active channel large (>50 cm long-axis) boul-
ders are present, whereas there are no boulders on the two oldest
surfaces and nothing is >14 cm.
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This consistent and dramatic change in boulder size with
increasing age may be primarily due to the erosional reduction in
clast size of the lithologies that comprise the Loma Negra alluvial
fan deposits—limestone with comparatively sparse chert veins.
Boulders in the active channel are dominantly limestone with chert
veins, whereas boulders and cobbles on the alluvial fan surfaces are
dominantly chert with no or little limestone. This pattern seems to
indicate weathering of chert out of limestone boulders over time;
this also seems to be supported by boulder and cobble shape, which
generally ranges from angular/sub-angular (Q2j,, Q3 and Q4
surfaces) with few truly rounded boulders (e.g. SJ105, SJ122, SJ136).

Due to the less resilient nature of limestone, the erosion rate of
boulders on the Loma Negra alluvial fan surfaces is likely to change
significantly with time; higher erosion rates can be expected on
younger boulders where limestone dominates the composition of
boulders and cobbles, while lower erosion rates are likely on sur-
face of boulders/cobbles that are dominantly chert.

The concept of changing erosion rate on surface clasts seems to
be supported by the above-mentioned distribution of maximum
boulder sizes on the Loma Negra alluvial fan; we sampled the largest
boulders present on Loma Negra alluvial fan surfaces (measure-
ments in Table 1). From the Q1j, to Q3j, surfaces the maximum
boulder size decreases from an average 36 cm to ~ 14 cm in height,
which '°Be exposure age results suggest may reflect ~40 ka in time,
whereas on the Q4j, and Q5y, surfaces, despite an age difference of
~ 80 Kka, the average cobble height is identical.

This non-linear rate of boulder size reduction seems to suggest a
variable erosion rate based on boulder lithological composition.
Marquesado strath terrace complex cobbles are the same lithology.
However, the rocks that comprise the Carpinteria strath terrace
complex are primarily vein quartz and granite and may have
experienced a different erosional history. Comparison with the OSL
ages for the Carpinteria Q2. surface may have been helpful for this,
but 1°Be exposure age results for that surface are less definitive of
surface ages.

For our study, it is reasonable that the youngest age from both
alluvial fan and strath terrace surfaces is not the most representa-
tive age. Instead, we suggest that, due to the remaining possibility
of inheritance, surface ages should be considered by statistical
means as 20 mean ages for the reasons discussed above. Although
we note that this may underplay the significance of erosional and/
or exhumational processes in older surfaces, we stress that the
underlying uncertainties (analytical and geological) make inter-
pretation of these dates inherently somewhat difficult, and there-
fore define the ages of all surfaces as 2¢ mean age for all surfaces in
order to remain consistent. Raw cobble and boulder ages are
illustrated on all figures in order to allow the reader better com-
parison of sample and surface ages.

5.3. 19Be depth profile results

19Be depth profile data are summarized in Table 2, and Fig. 11
shows Hidy et al.’s (2010) Monte Carlo simulator results for depth
profile plots along with likely values for inheritance, erosion rate,
and surface age using 100,000 iterations. Depth profiles from both
the Q2j, and Q3j, surfaces of the Loma Negra alluvial fan show
significant scatter in °Be concentration at depth, which may
indicate non-uniform inheritance from reactivation of previously-
deposited clasts with different depositional histories into new
deposits.

Although the 10Be concentrations of the Loma Negra Q2j, sur-
face profile show significant scatter (Fig. 11A), the Q3;, surface
profile indicates a reasonable decrease in °Be at depth save for the
lowest sample at 170 cm (SJ134; Fig. 11B). This pattern of 1°Be
concentration could form due to changes in the depositional

environment from relative quiescence (allowing SJ134 to accumu-
late significant 1°Be concentration) to more regular depositional
events. Q2j, however reflects a more complex depositional/post-
depositional history. Monte Carlo analysis suggests similar inheri-
tance, erosion rate, and age values for both the Q2j, and Q3 sur-
faces (Table 2). Bayesian most probable values of inheritance for
Q2j, and Q3j, are 11.93 x 10* atoms and 11.61 x 10* atoms,
respectively, and erosion rate values are 6.4 and 5.0 m Ma |,
respectively. The modeled age of Q2j, is 41.8 + 7.4 ka and Q3 is
38.8 + 6.0 ka, which suggests they are of approximately the same
age (Fig. 11A and B, right columns). These values are within error of
the 20 mean age for Q2,, but are younger than the 2¢ mean age for
the Q3 surface.

The depth profile for the Carpinteria complex (on surface Q5.) is
less complex and suggests a more uniform depositional environ-
ment. Analysis gives lower Bayesian most probable values for in-
heritance and erosion rate (9.59 x 104 atoms and 3.8 mMa~!)and a
modeled surface age of 77.9 + 21.1 ka. This age is within error of the
20 mean.

The values for inheritance and erosion rate gleaned from this
analysis may be used to further refine the 1°Be-determined ages of
surface cobbles and boulders. Although there is some agreement
between depth profile results from the Q2;,, Q3,, and Q5. surfaces,
applying corrections for both inheritance and erosion rate presents
difficulty as the accuracy of these values could be questioned; in-
heritance and erosion rate values were measured from pebbles in
depth profiles, which may have experienced a different deposi-
tional history than the boulders and cobbles we sampled for surface
age analysis. In addition, correction for inheritance brings ages on
geomorphically older surfaces (Q3p,) to zero, which provides un-
likely ages for these surfaces. Comparison with the Q2a; and Q2b;
19Be TCN and OSL ages shows that uncorrected °Be TCN clast ages
agree more closely with OSL ages than inheritance-corrected '°Be
TCN clast ages.

As such we present 1°Be cobble and boulder ages revised for
inheritance in Table 3 for the benefit of the reader, but do not
utilize these revised age values in our statistical analyses, dis-
cussion of final results, and graphical representations of the data;
we use the 2¢ mean age to define surface age. Due to the fact that
error due to inheritance and erosion rate should be approximately
equal across this small geographic region, the results of this study
should be internally consistent and the ages relative to one-
another should be valid without inheritance correction. Addi-
tionally, as only one other study addressed in this paper reports
10Be TCN results corrected for inheritance (Schmidt et al., 2011),
we likewise do not do so in order to allow our best comparison
with all results.

5.4. OSL results

The two OSL ages for the Q2. surface for the Carpinteria complex
are 4.6 + 0.9 ka (San Juan 1) and 4.9 + 0.5 ka (San Juan 2) (Tables 3
and 4) (Fig. 9). Their internal consistency supports the likelihood
that they closely approximate the actual age of the Q2. deposits,
however, they differ from many of the '°Be TCN exposure ages of
individual clasts on the Q2. surfaces, which display large scatter.
Our only option for comparison between '°Be TCN ages and OSL
ages for the Q2. surfaces is the surface age obtained from PDF plots.
These ages agree closely, with the '°Be TCN surface age at
6.0 + 1.0 ka, which falls within error of both OSL ages. Although this
comparison must be somewhat tentative given the large scatter of
10Be TCN ages for this surface, an age of ~5 ka for this surface
would not disagree with the geomorphic sequence of Carpinteria
terraces and seems like a reasonable estimate of the Q2. surface
age.
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Table 4
Summary of OSL dating results from extracted from sediment, sample locations, radioisotopes concentrations, moisture contents, total dose-rates, Dg estimates and optical

ages.

Laboratory number Location Altitude Depth Particle U? Th* K* Rb*  Cosmic®¢ Dose-rate® ¢ n¢ Mean equivalent dose’ OSL Age®
(°N/°W) (masl) (cm) = Size (ppm) (ppm) (%) (ppm) (Gy/ka) (Gy/ka) (Gy) (ka)
(um)
San Juan 1 31.788/68.576 641 65 125-180 2.2 7.65 1.79 791 0.22 +£0.02 2.73 +£0.16 15(46) 12.61 +£0.16 46+ 0.9
San Juan 2 31.788/68.576 641 73 90—-125 2.13 7.35 1.84 77.7 021 £0.02 273 £0.17 11(64) 13.30 +0.17 49 + 0.5

4 Elemental concentrations from NAA of whole sediment measured at USGS Nuclear Reactor Facility in Denver. Uncertainty taken as 4-10%.

b Estimated fractional present-day water content for whole sediment is taken as 10 + 5%.

¢ Estimated contribution to dose-rate from cosmic rays calculated according to Prescott and Hutton (1994). Uncertainty taken as +10%.

d Total dose-rate from beta, gamma and cosmic components. Beta attenuation factors for U, Th and K compositions incorporating grain size factors from Mejdahl (1979).
Beta attenuation factor for Rb is taken as 0.75 (cf. Adamiec and Aitken, 1998). Factors utilized to convert elemental concentrations to beta and gamma dose-rates from Adamiec
and Aitken (1998) and beta and gamma components attenuated for moisture content.

€ Number of replicated equivalent dose (Dg) estimates used to calculate mean Dg and standard error. These are based on recuperation error of < 10%. The number in the
parenthesis is the total measurements made including failed runs with unusable data.

f Mean equivalent dose (Dg) determined from replicated single-aliquot regenerative-dose (SAR; Murray and Wintle, 2000) runs. The uncertainty also includes an error from
beta source estimated of +5%.

& Uncertainty incorporate all random and systematic errors, including dose rates errors and uncertainty for the Dg,

6. Discussion ages seems to decrease over time. This is also seen in the Carpin-
teria strath terrace complex surface age data, although there is
6.1. °Be surface ages overlap between the Q6. and Q5. surface ages, as well as the Q3a,

Q3b,, and Q1. surface ages. The Marquesado strath terrace complex

10Be surface ages reveal a well-defined and consistent record of surface (Q3p,) is the youngest of all dated surfaces.
alluvial fan surface deposition and abandonment. All Loma Negra The general trend of this robust data set suggests a potential
alluvial fan surface ages stratigraphically fit the geomorphic correlation between along-strike surfaces in close proximity to
sequence of the alluvial fan surfaces, and the gap between surface one-another; surface ages from the three field sites overlap at
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~180—200 ka, ~85—110 ka, ~45—70 ka, and ~22-25 ka, ages
which include all but one alluvial fan surface (Q2y,) (Fig. 12).

Overlapping ages of the Q6. and Q5. surfaces as well as the Q3b,
and Q3a. surfaces may indicate that deposition and/or abandon-
ment of these terraces was approximately coeval. This is a
reasonable assumption for the Q3a. and Q3b. terraces in particular,
as they are of nearly the same height and share similar character-
istics with regard to development of desert pavement and varnish
(Fig. 6).

The validity of this assumption is less clear with the Q6. and Q5.
surfaces, which display varied development of desert varnish
(Fig. 6) and are significantly different in height (~10 m). 1°Be TCN
depth profile results suggest a younger age for the Q5. surface
(77.9 + 21.1 ka) than the Q6. 2¢ mean surface age (93.4 + 18.4 ka),
although this still suggests ages that are well within error of one-
another. The Q6; surface also failed MSWD analysis, which sug-
gests that the spread in surface clast ages are likely due to geologic
error. Based on geomorphic evidence discussed above it is most
likely that there is a significant difference in the true Q5. and Q6.
surface ages.

6.2. Depth profiles

Depth profiles reveal a more disordered stratigraphy on the
Loma Negra alluvial fan than on the Carpinteria surfaces. The Car-
pinteria (Q5.) depth profile reveals generally massive and unsorted
units of diamicton with subrounded cobbles and sharp erosional
contacts, whereas the Loma Negra depth profiles (Q2, and Q3j,)
show variable grain sizes but are bedded and exhibit imbricated
cobbles and pebbles and similarly sharp contacts. This may be due
to a difference in the depositional and erosional processes at work
on the two alluvial fans; the Carpinteria strath terrace surfaces are
at a greater distance from the range front (~3 km compared to

<1 km on the Loma Negra alluvial fan) and receive sediment pri-
marily through fluvial action. Due to the closer proximity to the
range front, the Loma Negra alluvial fan surfaces may undergo
higher-energy depositional and erosional processes than the Car-
pinteria strath terrace complex.

6.3. OSL

The OSL ages from the Q2. surface agree very well with one-
another and are statistically the same age at ~4 ka. Although
they are difficult to compare directly with the '°Be ages for the Q2a.
and Q2b. surfaces due to the scattered nature of those clast ages,
they may help to clarify the '°Be ages (Figs. 9 and 12). Although two
samples from the Q2a. and Q2b, surfaces (ArQ2a-5 and ArQ2b-4)
overlap at ~3 ka and fall within error of the OSL ages, the signifi-
cant error of sample ARQ2a-5 (2.0 + 3.4) makes this a very un-
certain age estimate. The PDF of the Q2a. surface provides an age of
~6 ka, but is also reliant on sample ARQ2a-5. Given that the 2¢
mean age of both Q2 surfaces (2.5 + 2.2) and PDF age (6.0 + 1.0) are
proxies for surface abandonment age whereas OSL ages
(mean = 4.8 + 0.3) roughly define sediment burial age, OSL ages
should be older than or the same age as '°Be TCN ages. This
inversion of ages suggests that 1°Be surface ages are not valid for
this surface. The fact that '°Be TCN clast ages are dominantly much
older than OSL ages suggests that inheritance is a major contributor
to some of the measured clast ages.

6.4. Comparison with other studies and further implications

Other quantitative age studies of alluvial fans in this region
include alluvial fan surfaces cut by the El Tigre fault ~50 km to the
northwest of our field area (Siame et al., 1997) and the Las Tapias
alluvial fan on the Villicum-Zonda thrust ~ 15 km northeast along
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the same range front as our field areas (Siame et al., 2002).
Although these studies focused primarily on the use of alluvial fan
surface dating for the purpose of calculating slip rates of the El Tigre
and Villicum-Zonda faults, the ages provided for the alluvial fan
surfaces suggest a consistent history of alluvial fan surface depo-
sition and abandonment.

Results from Siame et al. (1997) and Siame et al. (2002) are
plotted in Fig. 12 as individual samples (bars with error) and the
investigators’ interpretation of the age data (grey boxes). Siame
et al. (1997) suggest that minimum ages on each surface are most
accurate, resulting in surface ages of 670.0 + 140.0 ka and
380.0 + 78.0 ka (not shown), 180.0 + 38.0 ka, 100.0 + 21.0 ka, and
41.0 & 8.5 ka. Siame et al. (2002) use either the maximum (A1 and
A2 surfaces) or the average (A3 surface) surface ages to determine
alluvial fan surface formation at 18.7 + 2.3 ka, 6.8 + 1.0 ka, and
1.5 + 0.8 ka.

Although Siame et al. (1997) do not clarify what 1°Be production
rate was used for their age calculations, Siame et al. (2002) indicate
that they used a reference production rate of 5.1 atoms g~ ' yr~! and
calculated their ages using the Lal (1991)/Stone (2000) time-
independent scaling scheme, whereas we use the Lal (1991)/
Stone (2000) time-dependent scaling scheme and a production rate
calculated under modern standards. Using the revised production
rate of 439 atoms g~ ! yr~! results in a ~ 14% decrease in production
rate and thus decreases sample ages by ~ 14%. Additionally, the use
of the Lal (1991)/Stone (2002) time-independent scaling scheme
rather than the Lal (1991)/Stone (2002) time-dependent scaling
scheme may affect the interpretation of surface ages. Using our own
raw data, we find that calculating ages using the Lal (1991)/Stone
(2002) time-dependent scaling scheme lowers time-independent
ages of samples >50 ka by ~10% with younger samples being
less affected by the change—an age of ~ 25 ka is lowered by ~3.5%.
Calculating ages using the Lal (1991)/Stone (2002) time-dependent
scaling scheme does not significantly affect any surface ages from
Siame et al. (2002), although it does have a greater effect on Siame
et al.’s (1997) older surface ages. We discuss potential issues due to
these corrections in the context of our own results below.

Colombo et al. (2000) investigated an alluvial fan terrace at La
Laja, ~15 km northeast of our field sites. They sampled a traver-
tine deposit overlying a Quaternary (T4) alluvial fan terrace. Using
U—Th dating, they determine an age of 42.0 + 1.0 ka (Fig. 12).

Schmidt et al. (2011) investigated two alluvial fans ~80 km to
the south of our field areas using '°Be TCN boulder exposure age
and radiocarbon methods. At both alluvial fan sites they also
attempt to determine the amount of inheritance present in their
samples using °Be depth profile analysis and °Be TCN amalgam-
ated pebble samples. They apply their inheritance results in their
interpretation of their boulder ages; Fig. 12 displays Schmidt et al.’s
(2011) individual boulder ages (bars with error) as well as their final
interpretation of the alluvial fan surface ages (grey boxes). Using
similar 1°Be age calculation methods to this study, they suggest
alluvial fan surface formation at 12 + 2 ka (T3) at the Escondida site
and at 18 £ 2 ka (T4),12 +1 ka (T3), and 4 £ 1 ka (T2) at the Bafios
Colorados site. A C age of 12.6 + 0.2 ka was used as calibration for
the T3 1°Be age.

Schmidet et al.’s (2011) active channel '°Be inheritance was deter-
mined to be 7.24 + 0.34 x 10% atoms g~ L. Schmidt et al. (2011) also
determined inheritance from sand collected from depth profiles on
younger surfaces which produce much lower values of inheritance
(119 + 031 to 2.19 + 0.87 x 10% atoms g~ ') but suggest that this
difference is likely due to differing source area and transport histories
of different grain sizes. This active channel inheritance value is slightly
less than the inherited '°Be concentration we determined at both the
Carpinteria complex (9.5 = 1.4 x 10* atoms g~ ') and the Loma Negra
alluvial fan (11.9+ 2.9 x 10*atoms g~ ! and 11.6 + 1.4 x 10*atoms g~ 1).

We briefly investigated the relationship between inherited °Be and
distance from source area to sampling site using our data and the data
from Schmidt et al. (2011), but found no correlation.

Schmidt et al. (2012) also investigated alluvial fans using OSL
and radiocarbon methods ~ 130 km to the south of our field areas.
Using minimum age models to interpret their data, they suggest
that alluvial fan sediments there were deposited ~12 ka (Fig. 12).
They further suggest that these deposits coincide with a phase of
cool and humid climate linked to glacial melt (c.f. D’Antonio, 1983;
Markgrav, 1989; Garcia et al., 1999). However, the presence of
gypsum in all soil profiles in this study precludes a humid
environment.

We provide our best summary of all raw alluvial fan and fluvial/
strath terrace surface age data for this region, and individual re-
searchers’ interpretation of that data, in Fig. 12. The ages of our
alluvial fan and strath terrace surfaces (Q4.—Ql¢; Q4;,—Qlyy)
generally differ markedly from those obtained on Schmidt et al.
(2011), Schmidt et al. (2012) and Siame et al.’s (2002) chronologi-
cally identical surfaces (T4—TO and A3—A1, respectively), both in
the raw data and in the researchers’ age interpretations. Our sur-
face ages are much older than those of Schmidt et al. (2011, 2012),
and Siame et al. (2002), which has significant implications for the
interpretation of Quaternary fault slip rates.

However, as discussed above, recalculation of Siame et al. (1997)
and Siame et al.’s (2002) sample ages using modern production rate
(4.39 atoms g~! yr~!) and the Lal (1991)/Stone (2000) time-
dependent scaling scheme generally causes no change in agree-
ment with our dataset. The only exception are the ages of Siame
et al’s (1997) QF5 surface; given that the new age of the QF5
samples fall within a range of 85—86 ka, in addition to the ~14%
decrease in age due to change in production rate, they also are
affected by ~10% decrease in age due to the use of different scaling
schemes. Even with these corrections Siame et al.’s (1997) QF5 still
falls within error of our Q4j, and Q5. surfaces, and agrees better
with our Q6. surface as seen in Fig. 12. The large error associated
with these ages paired with issues of sample age scatter due to
processes such as boulder/cobble exhumation and erosion already
make interpretation of surface ages tentative.

The results of Schmidt et al. (2011) in particular illustrate
considerable scatter in sample ages, which suggests the ultimate
interpretation of surface age must be carefully considered and may
be unreliable. Similarly, a statistically significant population (>3) of
overlapping sample ages is necessary to be confident in the final
interpretation of surface age results. For many surfaces and studies
(Colombo et al., 2000; Siame et al., 2002; Schmidt et al., 2011) this
condition is not met.

Most datasets to which we compare our own do not/cannot pass
MSWD analysis and do not yield a viable 2¢ mean age. Therefore,
direct comparisons between datasets must be undertaken with
care. This problem is primarily due to the general paucity of surface
age dates in this area, both within individual studies and as a
whole; surfaces must be sampled thoroughly enough to provide a
statistically viable population of overlapping dates in order to
reliably determine a surface age, different methods may return
different results and those results must be interpreted differently,
and all methods have inherent weaknesses which may complicate
age interpretation. These varied issues make regional comparisons
of data tentative, but consistent patterns may still yield useful
insights.

Alluvial fan and strath terrace surface ages presented in this
study, which are internally consistent, correlate strongly as
illustrated in Fig. 12 (dark grey, horizontal bars). Significant
overlap in ages between our field areas occurs at ~200—180 Kka,
~110—-85 ka, ~70—45 ka, and ~25—-22 ka. Both the ~200—
180 ka and ~110—85 ka periods of alluvial fan and fluvial terrace
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surface abandonment also correlate to Siame et al.’s (1997) Q4
and QF5 surfaces. Larger error on Siame et al.’s (1997) QF4 sur-
face combined with the error of our Q5j, and Q7. surfaces makes
this correlation less strong, but there is a very strong correlation
between our Q5., Q4j,, and Siame et al.’s (1997) QF5 surface at
~100 ka. This general pattern of overlap is not broken by any
reasonable interpretation of the Siame et al. (1997) data nor by
applying our inheritance corrections to our data, which decreases
our surface ages by ~10 ka.

Interpreting the overlap of younger ages presents more diffi-
culty due to the potential influence of inheritance and/or erosion on
sample ages. A decrease of ~ 10 ka in our youngest surface ages due
to potential inheritance, for example, may cause our dates to more
closely align with any of Siame et al.’s (2002), Schmidt et al.’s
(2011), or Schmidt et al.’s (2012) surface ages. However, due to
the larger error in our Q3a. and Q3b; ages this comparison would
already be tentative. Generally our data are too young to correlate
with those of other studies, although our youngest dated surface
(Q3m) correlates well with Siame et al.’s (2002) A3 surface. Exclu-
sion of our dataset in this regional comparison for surface ages
<25 ka still reveals overlap between Schmidt et al.’s (2011, 2012) T2
surface on the Cal thrust fault, T3 surface on the Bafios Colorados
site, and the T3 surface of the Escondida site. These ages are only
slightly younger than our Q3y, and Siame et al.’s (2002) A3 surfaces.

Climate records focused on Argentina are typically located a
significant distance from our study area and/or reach back over a
very short timescale (<8 ka) (Mancini et al., 2005; Tripaldi and
Forman, 2007; Morales et al., 2009) and are thus too young to be
applied to our dataset. However, we compare our alluvial fan age
data to the global MIS as compiled by Cohen and Gibbard (2010;
Figs. 12 and 13). Combined data from all studies seem to show
significant alluvial fan deposition concentrated during MIS 2 and
through MIS 1, potentially illustrating a period of enhanced fan
surface formation after ~25 ka. However, this trend also no doubt
reflects the availability of alluvial fan data; in many studies
(Colombo et al., 2000; Siame et al., 2002; Schmidt et al., 2012)
terraces older than 25 ka were not dated. In addition, our dataset in
combination with those of other researchers may illustrate a po-
tential lack of preservation of surfaces; although the current arid
environment suggests maximum preservation potential, past
environmental changes may have influenced the preservation of
alluvial fan and fluvial terrace surfaces over time.

Our data in combination with other studies within a
climatically-similar region illustrates generally synchronous ages
which also seem to be concentrated at times of established climate
shift. The presence of correlating terrace surface ages over a broad
geographic area favors the influence of climatic events as a forcing
mechanism over a tectonic influence. This suggestion is further
supported by the alignment of many surface ages (~100 Kka,
~50 ka, ~25 ka) with known periods of climatic shift. However, it
is difficult to determine the exact reason for terrace abandonment
at these ages; well-established climate records for these regions are
somewhat limited temporally and do not provide information
beyond ~60 ka. These records also generally illustrate only shifts
between arid and semi-arid climate. The suggested relationship of
terrace abandonment ages with climatic shifts nevertheless re-
mains strong.

7. Conclusion

Our study provides the first expansive surface ages for alluvial
fan and strath terrace surfaces in the Eastern Precordillera of
Argentina: the Marquesado terrace complex, the Loma Negra al-
luvial fan, and the Carpinteria terrace complex. One surface age
(Q3m) was obtained on the Marquesado complex (~17 ka),

whereas the dating of multiple surfaces on Loma Negra (Qlj,
through Q5y,) and Carpinteria (Q7. through Q3.) show a clear and
consistent sequence of depositional events. On the Carpinteria
complex, the youngest Q1. and Q2. surfaces provide scattered data,
potentially due to significant reworking of clasts in the active
channel (Q1.) and lowest terrace (Q2.). OSL data indicate an age of
~5 ka for the Carpinteria Q2. surfaces.

Surface ages, excepting the Carpinteria Q2. and Q1. surfaces,
match relative ages as determined with geomorphic mapping. The
age of the Marquesado Q3y, surface is younger than that of the
Loma Negra and Carpinteria Q1;y and Q1. surfaces; this suggests
that the Marquesado terrace complex is a much younger and
potentially more active landform, having either undergone signif-
icantly more periods of deposition surfaces over the past ~17 ka
than either the Loma Negra fan or Carpinteria terraces or experi-
enced better preservation of those depositional surfaces.

Ages from the Marquesado complex — which is traversed by
four distinct, high fault scarps—suggest more frequent tectonism
along the Sierra de Marquesado, where the Marquesado terraces
are located, than along the Sierra Chica de Zonda, along which the
Loma Negra alluvial fan and Carpinteria complex have formed.
However, this is unlikely as the Marquesado complex is near the
termination of the northern segment of the Sierra Villicum, where
deformation steps southward and to the west of the Sierra Chica de
Zonda. As only one surface was sampled from the Marquesado
complex (Q3p,), more work is needed to confidently determine
Marquesado surface ages and tectonic history.

In addition, ages obtained for the Marquesado complex Q3
surface show that the formation of all fault scarps on that alluvial
fan occurred after 20 ka, whereas on the Loma Negra alluvial fan the
age of the Q2j, surface shows that the faulting may be as old as
50 ka. The relationship between alluvial fan surfaces and fault
scarps is less clear on the Carpinteria alluvial fan; although a sand
bar within the active channel appears to have been cross-cut by a
fault, the active channel (Q1.) in which ages were obtained does not
show the presence of a fault. Defining fault rupture ages on the
Carpinteria alluvial fan is made difficult by the inconsistent 1°Be
exposure ages of the higher Q2. surface. OSL data obtained from the
Q2. surface suggests an age of ~5 ka.

Depth profiles measured on the Loma Negra Q2j; and Q3j,
surfaces indicate that inheritance in samples may be significant
(~12 x 10* atoms g~ 1), particularly for samples with a young age,
although the ages suggested for these surfaces match well with
surface sample age data. Additionally, erosion rates on the Loma
Negra Q2j, and Q3j, surfaces as determined by depth profile are
~5 m Ma~!, which is a reasonable value for desert environments.
Bedrock exposures from the Loma Negra source area reveal a
similar erosion rate of ~6 m Ma~ . These values differ significantly
from the erosion rate of both the catchment and hillslope, which
also vary between samples (hillslope erosion rates are
~11 +1mMa~'and ~24 + 5 m Ma~}, catchment erosion rates are
~49 +7 m Ma~! and ~140 + 20 m Ma~'—which are below the
worldwide average erosion rates for tectonically active basins
(367 + 55 m Ma!) but slightly above that of arid regions
(100 + 17.3 m Ma~!) (Portenga and Bierman, 2011).

The depth profile measured on the Carpinteria Q5. alluvial fan
surface suggests slightly lower values for both inheritance and
erosion rate of ~10 x 10 atoms g~! and 3.8 m Ma~, respectively.
The age for the Carpinteria Q5. surface, as calculated by depth
profile, is within error of the age determined by °Be surface
exposure age samples. Corrections for inheritance would lower
surface ages by ~ 10 ka. This would not greatly affect interpretation
of older surfaces, but cautions greater care is needed with inter-
pretation of younger surface ages. It is important also to note that
our inheritance values are measured from pebble samples, which
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may not accurately reflect the actual concentration of inherited
19Be in our boulder and cobble samples.

Alluvial fans investigated in other studies generally reveal much
younger ages for alluvial fan terraces (Siame et al., 2002; Schmidt
et al, 2011, 2012) with the exception of ages along the El Tigre
fault (Siame et al., 1997). The ages of alluvial fan surfaces to both the
north and south of our field areas are generally restricted to <25 ka,
with significant fan deposition occurring in that short time (e.g. all
fan terraces from Colombo et al., 2000; Siame et al., 2002; Schmidt
et al, 2011, 2012).

Significant overlap of surface ages exists between not only our
own alluvial fan and fluvial terrace dataset, but also between many
surfaces investigated by other researchers, particularly those of
Siame et al. (1997). Correlation of our Q6¢, Q5., and Q4j, surfaces
with Siame et al.’s (1997) QF5 surface suggests significant alluvial
fan and fluvial terrace surface abandonment over a broad spatial
region at ~ 100 ka. Overlap of our Q4. and Q3 surface ages roughly
correlate with an established shift to semi-arid conditions at
~58 ka. Our younger Q3b,, Q3a. surfaces and the Q1. and Q1j, ages
correlate strongly at a known climatic shift from semi-arid to arid at
~ 24 ka, which corresponds to the beginning of MIS-2. This corre-
lation must be considered somewhat tentative due to the potential
influence of inheritance on our sample ages.

However, close correlation between our older (>50 ka) surface
ages with those of the likewise inheritance-uncorrected ages of
Siame et al. (1997) still suggest a broad regional pattern of alluvial
fan and strath terrace surface formation and abandonment over
long time scales. Although the inherent difficulties in interpreting
sample sets with wide scatter make such a conclusion tentative, this
broad regional agreement of surface ages better supports a theory of
climatic forcing as the dominant cause for terrace formation in this
region over the last ~50 ka rather than that of tectonic forcing.
Higher resolution in alluvial fan ages, particularly measured by
multiple methods, may help to illuminate the nature and timing of
alluvial fan formation and better elucidate the potential link with
climatic events illustrated by our data and that of other studies.
Whether alluvial fan formation is related to higher-magnitude, low
frequency events—possibly related to cyclical climate changes—or
if alluvial fan deposition is caused by more consistent, higher fre-
quency events is difficult to assess. Although our data seems to
support the latter, more study is needed to elucidate the complex
processes at work in the alluvial fan environment.
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