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ABSTRACT

There is an increasing awareness that dust
plays important roles in climate change, bio-
geochemical cycles, nutrient supply to ecosys-
tems, and soil formation. In Channel Islands
National Park, California, soils are clay-rich
Vertisols or Alfisols and Mollisols with vertic
properties. The soils are overlain by silt-rich
mantles that contrast sharply with the under-
lying clay-rich horizons. Silt mantles contain
minerals that are rare or absent in the volca-
nic rocks that dominate these islands. Immo-
bile trace elements (Sc-Th-La and Ta-Nd-Cr)
and rare-earth elements show that the basalt
and andesite on the islands have a composi-
tion intermediate between upper-continental
crust and oceanic crust. In contrast, the silt
fractions and, to a lesser extent, clay fractions
of the silt mantle have compositions closer
to average upper-continental crust and very
similar to Mojave Desert dust. Island shelves,
exposed during the last glacial period, could
have provided a source of eolian sediment for
the silt mantles, but this is not supported by
mineralogical data. We hypothesize that a
more likely source for the silt-rich mantles is
airborne dust from mainland California and
Baja California, either from the Mojave Des-
ert or from the continental shelf during gla-
cial low stands of sea. Although average winds
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are from the northwest in coastal California,
easterly winds occur numerous times of the
year when ‘“‘Santa Ana” conditions prevail,
caused by a high-pressure cell centered over
the Great Basin. The eolian silt mantles con-
stitute an important medium of plant growth
and provide evidence that abundant eolian
silt and clay may be delivered to the eastern
Pacific Ocean from inland desert sources.

Keywords: Silt mantles, dust, eolian, soils, ma-
rine terraces, volcanic rocks, California, Chan-
nel Islands National Park, Santa Cruz Island,
Santa Barbara Island, Anacapa Island, mineral-
ogy, geochemistry, trace elements, rare earths,
Santa Ana winds.

INTRODUCTION

Dust plays important roles in many aspects
of Earth’s physical systems (Mahowald et al.,
1999, 2006; Harrison et al., 2001; Kohfeld and
Harrison, 2001). Because dust can travel inter-
continental distances (Rea, 1994; Prospero et
al., 2002; Prospero and Lamb, 2003), it can
influence radiative transfers in the atmosphere
and affect climate (Tegen, 2003). Iron-rich dust
can fertilize the ocean’s primary producers,
such as phytoplankton (Jickells et al., 2005)
and, consequently, can affect the global carbon
cycle (Falkowski et al., 1998). Furthermore,
dust may be important for plant communities in
nutrient-limited ecosystems (Swap et al., 1992;

Reynolds et al., 2001, 2006; Muhs and Bene-
dict, 2006).

Dust can form the parent material for soils
or can influence soils that have developed from
other parent materials (see Birkeland, 1999,
for many examples). Yaalon and Ganor (1973)
present a useful conceptual model of the
importance of dust to soils, based on field cri-
teria. They recognize four broad members in a
continuum of varying eolian influence. At one
extreme, soils develop completely from fine-
grained eolian sediment, such as loess. With a
decreasing eolian influence, soils have devel-
oped in part from some other parent material,
but such soils still have a substantial dust input.
In fact, in this member of the continuum, eolian
dust inputs are significant enough that not only
have fine-grained eolian particles been added
to the matrix of the original parent material, but
also an eolian mantle is found in the upper part
of the solum. Still less eolian influence can be
seen frequently with soils that have received
abundant fine-grained eolian inputs and have
developed substantially from them, but these
soils lack a purely eolian mantle in their upper
parts. Finally, there are some soils that have
evidence of eolian inputs that can be detected
only by detailed mineralogical or geochemi-
cal studies, because the eolian influence is not
apparent in the field. Yaalon and Ganor (1973)
refer to such a condition as “eolian contamina-
tion,” implying that while the eolian input can
be identified and measured, it is secondary to
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another parent material with regard to impor-
tance for pedogenesis.

Soil and Quaternary stratigraphic studies over
the past few decades have identified good exam-
ples of the extreme end members of the dust-
soil continuum of Yaalon and Ganor (1973).
Thick loess deposits of China, Europe, New
Zealand, South America, and North America
are obvious examples of parent material for
soils developed entirely from a fine-grained
eolian sediment. At the other extreme, there are
also good examples of “eolian contamination”
of soils, from both short-range and long-range
transportation. Basalt-hosted soils of Victoria,
Australia, contain quartz, which must be derived
from an external source (Jackson et al., 1972).
Long-range eolian transport of exotic particles,
such as Asian quartz in basalt-derived soils of
Hawaii, is well documented (Rex et al., 1969).

There are fewer examples of the intermedi-
ate members of the Yaalon and Ganor (1973)
dust-soil continuum. Exceptions to this include
the rapidly accumulating evidence that much
of the carbonate and clay in desert soils may
be of eolian origin, despite the absence of an
obvious eolian mantle. In many arid regions,
calcic, petrocalcic, and argillic horizons may be
derived largely from eolian inputs of carbonate
and clay. Studies in desert areas of New Mexico,
Nevada, and California, for example, have dem-
onstrated that both clay-rich and carbonate-rich
soil horizons in desert soils owe their origins to
substantial additions of eolian particles (Gile
and Grossman, 1979; Reheis et al., 1995). Aus-
tralia also has many examples of soils developed
mostly in eolian particles, but without an obvi-
ous eolian mantle (see Hesse and McTainsh,
2003), and similar interpretations have been
made for soils and paleosols on Bermuda (Her-
witz et al., 1996).

There is also a growing recognition of fine-
grained eolian silt mantles in the upper parts of
soils that have developed in or on some other
substrate. Quaternary deposits of many high-
mountain areas, such as till, rock glacier depos-
its, and talus, are often characterized by silt
mantles interpreted to be of eolian origin (see
review in Muhs and Benedict, 2006). Silt or
loess mantles have been described at the mar-
gins of, or even outside of the major loess belts
of China (Sun, 2002), Europe (Coudé-Gaussen,
1990), New Zealand (Eden and Hammond,
2003), South America (Zarate, 2003), and North
America (Muhs et al., 2004a).

Eolian silt mantles have been described from
arid and semi-arid regions well away from major
loess regions of mid-latitudes. For example,
African-dust—derived silt mantles have been
described and mapped on parts of the basalt
terrains of the Canary Islands (Rognon and
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Coudé-Gaussen, 1987), and thicker paleosol
sequences on these islands may have similar ori-
gins (Zoller et al., 2003, 2004). In many parts
of the Mojave Desert in California, there are
numerous occurrences of silt-rich eolian mantles
on basaltic volcanic flows or alluvial fan depos-
its of variable lithologies (Wells et al., 1985;
McFadden et al., 1986, 1998; Reheis et al., 1995;
Anderson et al., 2002). The Mojave Desert silt
mantles commonly have numerous vesicles and
are often referred to as “vesicular horizons” or
“Av” horizons. Along with clay-rich Australian
loess, or “parna” (Hesse and McTainsh, 2003),
the silt mantles of the Canaries and the Mojave
may be some of the best examples of what has
been called “desert loess,” or eolian silt that does
not have a glaciogenic origin.

Several of the Channel Islands, off the coast
of California (Fig. 1), have soils developed on
volcanic substrates, mainly Miocene andesite
and basalt. Muhs (1983) reported silt mantles,
interpreted to be of eolian origin, on marine ter-
races cut into andesite on San Clemente Island.
A recent reexamination of these features on San
Clemente Island confirms that they are likely
eolian and are derived from a source external
to the island (Muhs et al., 2007b). On Santa
Cruz Island, within Channel Islands National
Park, Butterworth et al. (1993) reported that
many soil A horizons are characterized by silt-
loam textures, despite clay-rich subsoils. If the
surface horizons of soils on these two islands,
~200 km apart, are of eolian origin, this sug-
gests that fine-grained, airborne dust additions
may be aregionally important process in coastal
southern California. In the present study, we
undertook an investigation of soils on three of
the islands in Channel Islands National Park to
test this hypothesis. The issue is an important
one, because these islands have a long history
of soil erosion from the introduction of grazing
animals by nineteenth century ranchers (John-
son, 1980). Furthermore, the upper horizons
of soils in Channel Islands National Park are
the media of growth for numerous endemic or
near-endemic plants, many of which are rare or
endangered (Schoenherr et al., 1999).

USE OF TRACE-ELEMENT
GEOCHEMISTRY IN SOIL OR
SEDIMENT ORIGINS (PROVENANCE)

Our primary method in this study is to use
relatively immobile trace elements as “fin-
gerprints” for source materials, following an
approach we have used in studying eolian
sediments in Alaska, western Atlantic islands,
and elsewhere in California (see Muhs and
Budahn, 2006; Muhs et al., 2007a, 2007b, and
references therein). Certain trace elements in

rocks, sediments, and soils are very useful
for provenance studies. We chose two suites
of relatively immobile elements, Sc-Th-La
and Ta-Nd-Cr. These elements, when arrayed
on ternary plots, show clearly separated com-
positional fields for oceanic crust and upper
continental crust (e.g., Taylor and McLennan,
1985, p. 29). If the particles in the silt mantles
are locally derived, they should plot within the
basalt or andesite fields of the local bedrock.
If the mantles are dominantly dust particles
derived from an external source, the silt par-
ticles will likely have a composition that falls
on or close to that of upper-continental crust.

The rare-earth elements (REE), La through
Lu, also can be valuable as provenance indica-
tors. The upper-continental crust (UCC) has a
distinctive composition with regard to REE
(Taylor et al., 1983; McLennan 1989; Taylor
and McLennan, 1985, 1995). On chondrite-
normalized REE plots, sediments from the
UCC are characterized by enriched light REE,
anegative Eu anomaly, and depleted heavy REE
(expressed on plots as a “flat” curve). Loesses
from a variety of regions worldwide have a
typical upper-crustal composition based on
REE abundances (Taylor et al., 1983; Gallet et
al., 1998; Jahn et al., 2001; Muhs and Budahn,
2006; Mubhs et al., 2007a), as does modern dust
collected in the southwestern United States
(Reheis et al., 2002).

The suite of elements chosen, Sc, Th, Ta, Cr,
and the REE, are hosted by a variety of miner-
als. The most likely host minerals for Cr and Sc
are micas, amphiboles, and clay minerals. Th
and Ta are found in micas, amphiboles, zircon,
sphene, and clay minerals; in addition, Ta can
be found in magnetite or ilmenite. The REE are
usually hosted by micas, chlorite, clay minerals,
amphiboles, sphene, zircon, monazite, apatite,
and, in small amounts, feldspars.

LABORATORY METHODS

For particle-size analyses, samples were
analyzed using a Malvern Mastersizer model
MSSL [use of trade names is for descriptive
purposes only and does not imply endorse-
ment by the U.S. Geological Survey] laser
particle-size instrument. Prior to analysis, the
silt mantle samples were treated with hydro-
gen peroxide to remove organic matter and
dilute (~20%) HCI to remove carbonates.
Sodium hexametaphosphate was then added
as a dispersant and left overnight. Following
this procedure, samples were treated by ultra-
sonic shaking to aid dispersion of clays. The
same method was used for selected samples of
Mojave Desert dust, at localities described in
Reheis and Kihl (1995), Reheis et al. (2002),
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and Reheis (2003, 2006). The Mojave Desert
samples described in these papers and used in
this study consist of deposited (as opposed to
suspended) dust-trap samples, dominated by
silt-sized particles. In comparisons of particle
sizes of Channel Islands silt mantles with other
eolian sediments, we use only those data that
have been generated by the laser particle-size
method, similar to that used in our laboratory
(e.g., Muhs and Benedict, 2006).

Prior to geochemical analyses, sands, silts,
and clays in the silt mantles were fractionated
and analyzed separately. The same pretreat-
ments used for the particle-size analyses were
used for these separations, except that HCI was
not used. To obtain different size fractions,
sands were removed by wet sieving (53-pum
sieve), and repeated settling and decantation
segregated clays and silts. We chose to make
the sand-silt break at 53 um, because this is
closest to the conventional boundary (50 pum)
used in soil science for sands versus silts.
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Because fine-grained volcanic rocks dominate
the bedrock of the three islands, classification of
the rock types and inferences about mineralogy
were determined by major-element analyses
using wavelength-dispersive X-ray fluores-
cence. In addition, however, bulk mineralogy
of the volcanic bedrock and the silt (532 pum)
fractions of the silt mantles was determined by
X-ray diffraction (XRD). We also determined
the mineralogy of the clay (<2 um) fractions of
the silt mantles by XRD on oriented samples
using three treatments—air-dry, glycolated, and
heat-treated (550 °C).

Concentrations of low-mobility trace ele-
ments in both soils and pulverized island bed-
rock samples were determined by instrumental
neutron-activation analysis (INAA), as described
by Budahn and Wandless (2002). INAA in U.S.
Geological Survey laboratories was also used
for samples of Mojave Desert dust (Reheis et
al., 2002; Reheis, 2003), and permits easy com-
parison with our data.

GEOLOGY AND GEOMORPHOLOGY
OF EASTERN CHANNEL ISLANDS
NATIONAL PARK

Bedrock Geology

Miocene volcanic rocks dominate the bed-
rock geology of the easternmost Channel
Islands (Santa Barbara Island, the three Anacapa
Islands, and eastern Santa Cruz Island). These
rocks are part of a series of extensive Miocene
volcanic rocks found in much of southern Cali-
fornia (Weigand and Savage, 2002; Weigand
et al., 2002). Weigand (1993), Weigand et al.
(1998), and Weigand and Savage (2002) have
conducted the most extensive geochemical stud-
ies of the volcanic rocks of the Channel Islands.
Weigand and Savage (2002) conclude that Mio-
cene magmas in southern California, including
those on the Channel Islands, are the result of
decompression melting in response to extension,
which is, in turn, a function of tectonic rotation

Geological Society of America Bulletin, January/February 2008
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of the western Transverse Ranges crustal block.
This igneous activity probably began ca. 19 Ma,
was widespread by ca. 17 Ma, and diminished
ca. 13 Ma, based on “’Ar/*’Ar ages reported by
Luyendyk et al. (1998).

Santa Cruz Island is the largest of the Chan-
nel Islands and has a much more complex geol-
ogy than any of the other islands. Nevertheless,
the geology of the easternmost part of the island,
where our studies were conducted, is similar to
that of Anacapa Island. The bedrock in our study
area is dominated by the Santa Cruz Island Vol-
canics of Miocene age (Dibblee, 2001b), with
whole-rock (groundmass separate) ““Ar/*Ar
ages of 17.1 £0.1 and 16.3 = 0.3 Ma and pla-
gioclase “Ar/*Ar ages of 16.9 £0.2 and 17.0
+0.1 Ma (Luyendyk et al., 1998). Chemical
analyses presented by Weigand (1993) and
Weigand and Savage (2002) show that the Santa
Cruz Island Volcanics range in composition
from basaltic andesite to dacite, although all the
samples we collected (DR" at Scorpion Anchor-
age are andesite (Fig. 2). Unlike Santa Barbara
and Anacapa Islands, the Miocene Monterey
Formation overlies the volcanic rocks of parts

Geological Society of America Bulletin, January/February 2008

of eastern Santa Cruz Island (Dibblee, 2001b).
The Monterey Formation is siliceous marine
shale that also contains bentonite, carbonate
nodules, and marine fossils. Based on Dibblee’s
(2001b) mapping, the Monterey Formation, in
many places, appears to be in fault contact with
the Santa Cruz Island Volcanics along a series of
northwest-trending faults.

Volcanic rocks dominate Anacapa Island’s
bedrock. Mapping by Scholl (1960) and Dib-
blee (2001a) shows that the rocks consist of the
Santa Cruz Island Volcanics and/or the Conejo
Volcanics units of middle Miocene age. On
Middle and West Anacapa Islands, there are also
beds of the San Onofre Breccia (Norris, 1995).
Although previous researchers have not reported
it, we found very small outcrops of San Onofre

!GSA Data Repository Item 2007261, Major and
trace element concentrations of volcanic rocks, trace
element concentrations of silt mantles, and particle
size data of silt mantles, Channel Islands National
Park, California, is available at www.geosociety.org/
pubs/ft2007.htm. Requests may also be sent to edit-
ing @ geosociety.org.

Breccia exposed on the west side of Cathedral
Cove on East Anacapa Island. This unit contains
clasts of quartzite or vein quartz, blueschist,
shale, and sandstone. Chemical analyses pre-
sented here (Fig. 2) and by Weigand and Savage
(2002) show that rocks on Anacapa Island are
mostly andesites. Luyendyk et al. (1998) report
“Ar/Ar ages on plagioclase separates from
Anacapa rocks of 16.2 = 0.2 and 16.3 + 0.2 Ma.

Santa Barbara Island is composed almost
completely of mafic volcanic rocks (Dibblee,
2001a). Chemical analyses presented here, and
by Weigand et al. (1998) and Weigand and Sav-
age (2002), show that the rocks range in compo-
sition from basalt to andesite (Fig. 2). We col-
lected 15 samples from exposures near Landing
Cove. A whole-rock, “’Ar/*Ar age from basalt
on Santa Barbara Island is 15.5 +1.0 Ma
(Luyendyk et al., 1998).

Quaternary Geology and Geomorphology
Marine terraces dominate the geomorphol-

ogy of low-elevation portions of eastern Santa
Cruz Island (Fig. 3A). Terraces are also found
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Figure 3. Geology and coastal geomorphology of Channel Islands National Park on (A) Santa Cruz Island, (B) Santa Barbara Island,
(C) East Anacapa Island, and (D) all three Anacapa Islands. Photographs by the authors.

on the western side of the island, where they
have received more detailed study. Pinter et al.
(1998) and Scott and Pinter (2003) recognize
three broad terrace levels on this island, based
on elevations: T1 (low elevation), T2 (interme-
diate elevation), and T3 (high elevation). Pinter
et al. (1998) report U-series ages on corals of
ca. 120 ka for the T1 terrace on western Santa
Cruz Island and infer ages of ca. 320 ka for
T2 and ca. 400 ka for T3, based largely on an
assumption of a constant uplift rate and correla-
tion with the deep-sea, oxygen-isotope record.
Terraces on eastern Santa Cruz Island have not
received as much study. Weaver and Meyer
(1969) identified marine terrace deposits and
overlying eolianite that they called the Potato
Harbor Formation, between Cavern Point and

110

Potato Harbor (Fig. 4). These workers consid-
ered the marine terrace facies of the Potato Har-
bor Formation to be of Pliocene age, based on
the presence of an extinct faunal element, Pec-
ten healeyi Arnold. The same terrace surface is
shown as Figure 4 in Scott and Pinter (2003),
and is correlated with their T3 terrace group,
considered to be ca. 400 ka. Thus, whether this
terrace is Pliocene or Pleistocene is still not
clear. In addition, however, Scott and Pinter
(2003) mapped additional terrace remnants
northwest of San Pedro Point. Our observations
suggest that even higher terrace remnants exist
on the interfluve between Smugglers Canyon
and San Pedro Canyon. Soils are better pre-
served here, and our samples come from this
area (Fig. 4).

Marine terraces also dominate the geomor-
phology of East and Middle Anacapa Islands
and parts of West Anacapa Island (Fig. 3C).
According to Scott and Pinter (2003) and Pinter
etal. (2003), who correlated the terraces on Ana-
capa with those on Santa Cruz Island, the main
surface on East and Middle Anacapa Islands is
the T3 terrace, interpreted to be ca. 400 ka. On
Middle Anacapa Island, this terrace occurs at
an elevation of ~76 m and contains an extinct
faunal element (the gastropod Calicantharus
fortis), also found on Santa Barbara Island
(Valentine and Lipps, 1963), consistent with
the ca. 400-ka age estimate of Scott and Pinter
(2003). Our soil localities are all on what Scott
and Pinter (2003) called the T3 terrace surface
of East Anacapa Island. Our own observations

Geological Society of America Bulletin, January/February 2008
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suggest that more than one terrace level is prob-
ably present on East Anacapa Island, but avail-
able exposures do not allow a clear differentia-
tion of multiple terraces.

Like the other two islands, the geomorphology
of Santa Barbara Island is dominated by a series
of marine terraces (Fig. 3B). Marine terraces on
this island have not been mapped, owing to poor
exposures, but Lipps et al. (1968) report at least
six terraces, at elevations of ~1.5 m, ~8-9 m,
~15m, ~40 m, ~61 m, and ~76 m. In addition,
Dibblee (2001a) mapped terrace deposits (with-
out differentiation of individual terraces) up to
elevations of ~120 m, consistent with our own
observations. Our soil localities lie at elevations
of ~100-110 m, and therefore are on the highest
terrace remnants.

There are presently no age estimates for any
of the terrace deposits on Santa Barbara Island.
Nevertheless, some inferences can be made
about possible ages using the faunas presented
by Lipps et al. (1968). With one possible excep-
tion, the terrace at ~8- to 9-m elevation contains
no extralimital northern species of mollusks;
however, it does contain several extralimital
southern or southward-ranging species. Based
on the warm-water fossil assemblage, it is
likely that this terrace dates to the peak of the
last interglacial period, ca. 120 ka (Muhs et al.,
2002, 2006). If so, its shoreline-angle elevation
at ~8-9 m indicates tectonic uplift of no more
than ~4 m in 120 ka (based on a paleo—sea-
level elevation of +5-6 m at 120 ka; see Muhs,
2002). This yields a very low, long-term uplift
rate of ~0.03 m/ka. This inference is consistent
with the presence of an extinct faunal element
(the gastropod Calicantharus fortis) on a higher
(~40 m) terrace (Lipps et al., 1968). On San
Nicolas Island, this gastropod is found in depos-
its of the fifth (~114 m) and higher terraces
(Vedder and Norris, 1963), but not on any lower
(younger) terraces. The fifth terrace on San Nico-
las Island is older than ca. 120 ka, younger than
ca. 500 ka, and could be ca. 250 ka (Mubhs et al.,
2004b). Thus, we infer that the ~40-m terrace on
Santa Barbara Island is at least ca. 250 ka, could
be older than ca. 500 ka, and based on the pos-
sible uplift rate, could be older than 1.0 Ma. The
host terrace for our soils, at ~100—110 m, must,
therefore, be substantially older.

SOILS OF EASTERN CHANNEL
ISLANDS NATIONAL PARK

There have been very few studies of the soils
on Santa Barbara, Anacapa, and Santa Cruz
Islands. Johnson (1979) mapped the soils on
Santa Barbara and Anacapa Islands. Because
his maps have limited availability, we present
them in this paper, with soil taxonomic updates
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Figure 5. Soil map of Santa Barbara Island (redrawn from Johnson, 1979), showing

soil sample and bedrock sample localities.

(Figs. 5 and 6). On Santa Barbara Island, thin
soils on steep slopes along sea cliffs or near
canyons are Lithic Xerorthents that lack B hori-
zons. On flat-lying marine terrace deposits, soils
are Typic or Chromic Haploxererts. Above the
terrace levels, on gentle bedrock slopes, soils
are either Vertic Argixerolls or Vertic Haplox-
eralfs, depending on how dark the A horizons
are (Fig. 5). On East Anacapa Island, the same
three groups of soils are observed, with Lithic
Xerorthents on steep slopes and Typic or Chro-
mic Haploxererts on flat-lying portions of most
marine terrace remnants. In the north-central
part of the island, the soils have well-developed
Bt horizons and are likely Vertic Argixerolls or
Vertic Haploxeralfs (Fig. 6).

Jones and Grice (1993) and Butterworth et
al. (1993) mapped and described the soils on

central and western Santa Cruz Island. Their
map also presented the distribution of possible
soil types on eastern Santa Cruz Island, using
a Geographic Information System (GIS)-based
model of soil-forming factors. However, the
GIS-based soils map for eastern Santa Cruz
Island was not field checked and is therefore pre-
liminary. We have not mapped the soils on east-
ern Santa Cruz Island, but field reconnaissance
permits some broad observations. On the terrace
remnants above Smugglers Cove, at elevations
up to ~90 m, we observed well-developed, dark
(10YR 2/2, 3/1) Vertisols (Typic Haploxererts),
with higher terrace remnants hosting stripped
soils with reddish-brown Bt horizons. At still
higher elevations (up to ~240 m), on relatively
flat terrace remnants, soils are also Typic Hap-
loxererts. Farther north, between Scorpion
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Anchorage and Potato Harbor (Fig. 4), on old
marine terrace remnants capped by carbonate
eolianite, upland soils are also Typic Haplox-
ererts or remnants of these soils (Fig. 3). Many
soils in this area have been stripped, but in places
we observed and described well-developed Ver-
tisols as much as 100 cm thick.

SILT MANTLES ON SOILS OF EASTERN
CHANNEL ISLANDS NATIONAL PARK

Silt mantles are present on all three of the
islands studied (Fig. 7). On Santa Barbara Island,
they are present in all areas in the central part of
the island, except in the “Badlands™ area, where
historic soil stripping has been active. Where
present, they are 2—5 cm thick, have light brown-
ish gray (10YR 6/2) colors (all colors given here
are for dry soil), and a silt loam texture. The silt
mantles on Santa Barbara Island resemble those
described by Muhs (1982, 1983) and Muhs et
al. (2007b) from San Clemente Island, ~70 km
to the southeast (Figs. 1 and 7). The silt mantles
have an abrupt boundary with the underlying,
dark, clay-rich Vertisols on both islands. On
San Clemente Island, silt mantles have similar
morphology and thicknesses on terraces ranging
in age from less than 100,000 yr to greater than
1,000,000 yr (Muhs et al., 2007b).

On East Anacapa Island, silt mantles are
very similar to those on Santa Barbara Island,
although colors are somewhat darker and more
variable. Most are dark, grayish brown (10YR
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4/2) or grayish brown (I0YR 5/2), but they
range from brown (10YR 5/3) to very dark,
grayish brown (10YR 3/2). On East Anacapa
Island, silt mantles range from ~2 cm thick
to as much as ~30 cm thick. The silt mantles
here also contrast strongly with the clay-rich,
angular blocky peds of the underlying Vertisol
horizons or Bt horizons of soils that are vertic
intergrades (Fig. 7). In places, we observed silt
coatings on ped faces as deep as ~58 cm, where
silt-mantle material has fallen into cracks dur-
ing the dry season.

Unlike Santa Barbara and East Anacapa
Islands, silt mantles are not ubiquitous on east-
ern Santa Cruz Island. They are best preserved
on broad, flat interfluves between Smugglers
Canyon and Scorpion Canyon (Fig. 4). They are
as thick as ~24 cm, and some have platy struc-
ture and small vesicles. Colors of silt mantles
on eastern Santa Cruz Island range from light,
yellowish brown (10YR 6/4) to brown (10YR
5/3, 4/3), grayish brown (10YR 5/2), or dark,
grayish brown (10YR 4/2). Where we observed
them, silt mantles are underlain by dark Verti-
sols with clayey textures and well-developed
angular blocky structure. As on Anacapa Island,
silt coatings were observed on Vertisol ped faces
to depths of ~80 cm or more, where they have
been eroded into cracks. Biologic (“crypto-
gamic”) soil crusts cover silt mantles on all three
islands (Fig. 7). These crusts are similar to those
described by Rosentreter and Belnap (2001) for
San Nicolas Island.

PARTICLE-SIZE DISTRIBUTION OF
CHANNEL ISLANDS SILT MANTLES

Silt mantles on the Channel Islands have
particle-size distributions that resemble fine-
grained eolian sediments found in other regions
(Figs. 8A-8C). All silt mantles are finer grained
and more poorly sorted than shelf sands from
Anacapa Island (although, note that these
samples were not analyzed by laser particle-
size methods) or typical dune sand from desert
regions (the Taklimakan Desert in China and the
Kalahari Desert in Africa). Furthermore, the silt
mantles have mean particle sizes and degrees of
sorting that are similar to, though not identical to,
loess from North America (Colorado and Illinois)
and China. The particle-size distributions of silt
mantles are closest to Mojave Desert dust.

On Santa Barbara Island, mean particle sizes
(as calculated by the method of moments) fall
between 6 phi (~16 ym) and 7 phi (~8 um),
although modes are typically around 30 pm
(Fig. 8C). A secondary mode in the fine-clay
fraction (~0.3-0.4 um) explains mean particle
size that is finer than the modal particle size.
Santa Barbara Island silt mantles have mean
particle sizes and degrees of sorting that fall into
the finer range of Mojave Desert dust samples
(Fig. 8C).

Silt mantles on East Anacapa Island have a
wider range of mean particle sizes (Fig. 8B).
Mean values range from just under 5 phi (31
um) to somewhat less than 7 phi (~8 um),
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Figure 7. Soils on the California Channel Islands: (A) Vertic Haploxeralfs on East Anacapa Island, showing light-colored silt mantles over-
lying clay-rich Bt horizons; (B) Vertic Haploxeralf on San Clemente Island, showing light-colored silt mantle overlying darker, clay-rich
Bt horizon; (C) hand specimen of silt mantle from Santa Cruz Island, showing biologic soil crust on surface of silt mantle; and (D) Vertic
Haploxeralfs on Santa Barbara Island, showing light-colored silt mantle overlying clay-rich Bt horizons.

similar to the entire range of Mojave Desert
dust samples. Most East Anacapa Island silt
mantles have a modal particle size of ~40-50
um, but with secondary modes in the fine-sand
and fine-clay fractions. All silt mantles on
East Anacapa Island are more poorly sorted
than Mojave Desert dust samples, and much
more poorly sorted than loess from Colorado,
Illinois, or China. The coarser mean size and
poorer sorting of East Anacapa Island silt man-
tles suggest the possibility of some local eolian
sand input.

Santa Cruz Island silt mantles have mean
particle sizes similar to those on Santa Barbara
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Island, between 6 phi (~16 um) and 7 phi (~8
um), but with a mode around 40 um. Second-
ary modes are present in the fine-sand and
fine-clay fractions. Silt mantles on Santa Cruz
Island have a degree of sorting that is simi-
lar to Colorado loess and Mojave Desert dust
(Fig. 8A).

MINERALOGY AND MAJOR-ELEMENT
GEOCHEMISTRY OF CHANNEL
ISLANDS ROCKS

Volcanic rocks from Santa Barbara Island
near Landing Cove are mostly basalt, with one

sample of basaltic andesite (Fig. 2). Weigand et
al. (1998) reported basalt, basaltic andesite, and
andesite from other localities on Santa Barbara
Island. X-ray diffraction (XRD) analysis of
our rock samples is consistent with the whole-
rock geochemistry, revealing only plagioclase
(albite) and no evidence of quartz, K-feldspar,
amphibole, or mica. All East Anacapa Island
rocks we studied are andesites, with one basal-
tic andesite, similar to what has been reported
by Weigand (1993) and Weigand and Savage
(2002) and similar to the dominant rock type
on San Clemente Island (Fig. 2). All samples
analyzed by XRD have abundant plagioclase,

Geological Society of America Bulletin, January/February 2008



Sorting (phi units) Sorting (phi units)

Sorting (phi units)

A Eastern Santa Cruz Island

Dust in Channel Islands soils

S g -
= Ta o s =
So & g 2 SH @
a2z w xS <= a= w
w e Z wi oP w e z
4.0 = o > O = o
i Eastern Santa !Cruz Island
3.5 i Colorado silt mantles
H loess
3.0- : / \ Very poorly
& ) Mojave sorted
"~~~ Anacapa Island Desert
2.5 shelf sediments dust \d e
2.0 /| S}
1.5 Northern Poorly
' :gg‘sosis Chinese | sorted
N loess
1.0 7 )\, N
0.54 /b // N 2N glcl'!]r;ese Moderately well
Kalahari N /" sand to well sorted
0.0 dune sand B
1 2 3 4 5 6 7
B East Anacapa Island
4.0 ; T T
! Eastern  East Anacapa Island
3.5+ i Clglgégdo - silt mantles \
i “ig fig Very poorly
3.0+ ' Mojave = g P sorted
"~ Anacapa Island Desert
2.5 / shelf sediments dust —<™ AN N
2.0 :
1.5- Northern Poorly
) e :”'”0'5 Chinese | sorted
10 L oess loess
’ [ R Moderately sorted
{ X
0.5 Kalargrih’/ \\\ __\'\g&:r;ese Moderately well
0.0 Jdune sand L4 sand to well sorted
1 2 3 4 5 6 7
C Santa Barbara Island
4.0 : ; |
i anta Barbara
i Santa Barb,
3.5- i Eastern Island
i Colorado silt mantles
3.0- i loess / \ Verg/ Zoorly
il 05 ' sorte
“ ™~ Anacapa Island Mojave \ ]
2.5 shelf sediments Desert
/ ; dust =< o
2.0 : -
1 5_ Northern Poor/y
' IIII|n0|s Chinese | sorted
1.0 oess loess
) Moderately sorted
: { .
0.5+ Kalar;nt*/ \\\ -Jy\g:rl,gese Moderately well
0.0 dune sand NI sand to well sorted
1 2 3 4 5 6 7

(500 pm) (250 pm) (125 pm) (63 pm)

(31pm)  (16um) (8 ym)

Mean particle size (phi units)

Geological Society of America Bulletin, January/February 2008

Moderately sorted

Figure 8. Plot of mean particle size and
degree of sorting (standard deviation of
the mean particle size) of silt-enriched
mantles (squares) from (A) eastern
Santa Cruz Island, (B) East Anacapa
Island, and (C) Santa Barbara Island.
Also shown for comparison are ranges
of mean particle size and degree of
sorting of eolian sediments from other
areas. Eastern Colorado loess data
are from Muhs and Benedict (2006);
northern Illinois loess data are new,
from the section at Morrison, Illinois
(Muhs and Bettis, 2000; Bettis et al.,
2003); Chinese loess data are from the
Luochuon and Xifeng sections and are
from Lu et al. (2001). Mojave Desert
dust data are from Reheis (2003). Chi-
nese dune sand data are from the Tak-
limakan Desert and are from Wang et
al. (2002); Kalahari dune sand data are
from Livingstone et al. (1999); Ana-
capa Island shelf sediments are from
Scholl (1960). All analyses were done
by laser particle-size methods, except
Anacapa Island shelf sediments.

115



and most have identifiable pyroxene, consistent
with the major-element chemistry and simi-
lar to what was reported by Weigand (1993),
based on more detailed petrography. Only one
sample we studied showed a very small quartz
peak; all others have no evidence of quartz.
None of the East Anacapa Island rocks have
identifiable mica, amphibole, or K-feldspar.

The eastern part of Santa Cruz Island has
volcanic rocks (named the Santa Cruz Island
Volcanics) of Miocene age, overlain in places
by the Monterey Formation shale. We deter-
mined major-element geochemistry of volcanic
rocks collected at Scorpion Anchorage on Santa
Cruz Island (Fig. 4). These analyses show that
one sample is basaltic andesite and all others
are andesite. These data are in broad agree-
ment with Weigand (1993) and Weigand and
Savage (2002), who report that rock composi-
tion on Santa Cruz Island ranges from basaltic
andesite to dacite. Basaltic andesite samples
have plagioclase, pyroxene, opaque oxides, and
glass; andesite and dacite samples also contain
thin quartz veins (Weigand, 1993). We are not
aware of any detailed mineralogical studies of
the Monterey Formation on Santa Cruz Island,
although Weaver and Meyer (1969) report that it
is siliceous shale with abundant chert and ben-
tonite (smectite).

MINERALOGY AND TRACE-ELEMENT
GEOCHEMISTRY OF SILT MANTLES
ON THE CHANNEL ISLANDS

Mineralogy

We determined the mineralogy of selected
silt fraction (53-2 pm) samples to compare
with the local island bedrock. In this paper,
we use Santa Barbara Island and East Anacapa
Island as examples. On Santa Barbara Island,
the silt (53-2 um) fractions of all silt mantles
contain quartz, plagioclase, and K-feldspar. All
but two samples also contain amphibole, and
one Santa Barbara Island sample also contains
mica. On East Anacapa Island, the silt (53-2
um) fractions of all silt mantle samples ana-
lyzed have quartz, plagioclase, K-feldspar,
and, with one exception, amphibole. In addi-
tion, two samples also contain mica. The min-
eralogical compositions of these silts contrast
strongly with the local bedrock of both islands,
since quartz, K-feldspar, amphibole, and mica
were not detected in bedrock. The only possible
local sources of quartz, K-feldspar, amphibole,
and mica are from the very small outcrops of
the San Onofre Breccia, previously unreported,
but observed by us in the western part of Cathe-
dral Cove (Fig. 6). However, these outcrops are
of such limited extent that they cannot even be
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mapped at 1:24,000. It is difficult to imagine,
therefore, how they could be the main source
for minerals in soil-surface horizons over the
entire island. We conclude, therefore, that these
minerals must have had origins external to the
islands, because none of them is likely to have
formed pedogenically.

The mineralogy of the clay (<2 pum) frac-
tion of the silt mantles also shows differences
between the silt mantles and both the local
bedrock and underlying soil horizons. We con-
ducted detailed clay mineralogical analyses of
two soil profiles, one on East Anacapa Island
and one on Santa Cruz Island. The East Ana-
capa Island profile has a thin (~2-cm) silt man-
tle that forms the A horizon, with a well-devel-
oped Bt horizon more than 60 cm thick below
it. X-ray diffractometry shows that clays in the
silt mantle are mica, kaolinite, and possibly
quartz. In contrast, the underlying Btl and Bt2
horizons have all these minerals, but also con-
tain abundant smectite (Fig. 9). The absence of
smectite in the silt mantle suggests a different
origin for this horizon compared to the lower
horizons. In the horizons below the silt mantle,
the height and sharpness of the smectite peaks
increase with depth. Interestingly, mica and
quartz (?) are present at all depths, suggest-
ing that input of minerals external to the island
may not be limited to the silt mantles. On Santa
Cruz Island, the silt mantle is ~12 cm thick,
and clays in it are kaolinite, minor smectite
and mica, and possibly quartz. The profile as a
whole is a Vertisol, and abundant smectite and
kaolinite (but no mica) characterize the lowest
depths (Fig. 10).

Trace-Element Geochemistry: Sc-Th-La
and Ta-Nd-Cr

Studies by Taylor and McLennan (1985)
have shown that Sc-Th-La ternary diagrams
show distinct differences between oceanic crust
and upper-continental crust. Because of enrich-
ments of Sc in oceanic crust and enrichments
of Th and La in upper-continental crust, basalts
will plot in the lower right (near the Sc apex)
portion of a Sc-Th-La ternary diagram, whereas
upper-crustal rocks will plot in the upper center.
Ternary diagrams for Sc-Th-La have been used
for a variety of provenance studies, including
the origin of graywackes in Australia (Bhatia
and Crook, 1986), the provenance of Pacific
Ocean pelagic sediments (Olivarez et al., 1991),
and the original tectonic setting of siliciclastic
rocks in Tibet (Zhang, 2004).

Bedrock on all three islands has Sc-Th-La
fields distinct from upper-continental crust. A
ternary diagram of Sc-Th-La for basalt from
Santa Barbara Island (Fig. 11A) compared to

Mojave Desert dust shows precisely the kind
of discrimination between oceanic crust and
upper-continental crust described by Taylor and
McLennan (1985). Santa Barbara Island basalt
plots in the lower-right portion of the diagram,
showing a relative enrichment in Sc, whereas
Mojave Desert dust, though variable, is centered
on the average composition of upper continental
crust. Andesites on Santa Cruz Island and East
Anacapa Island (Figs. 11B and 11C) show less
Sc enrichment than basalt, which is expected.
Nevertheless, the fields defined by these volca-
nic rocks are distinct from Mojave Desert dust.
Monterey Formation shale from Santa Cruz
Island defines a field closer to, but distinct from,
Mojave Desert dust.

The silt fractions of the silt mantles on all
three islands have very similar Sc-Th-La com-
positions, despite differences in local bedrock
compositions. Furthermore, none of the islands
has a silt composition that falls on the Sc-Th-La
fields defined by the local bedrock. In contrast,
silt fractions of all three islands fall within the
Sc-Th-La field defined by Mojave Desert dust.

The clay fractions of silt mantles for all
islands also do not fall on the Sc-Th-La fields
defined by local bedrock, although the clays
from East Anacapa Island are close to the bed-
rock field. On Santa Cruz and Santa Barbara
Islands, however, clays fall between the fields
defined by local bedrock and Mojave Desert
dust. The clay fractions from silt mantles on
Santa Cruz Island are close to, but do not fall
within, the field defined by Monterey shale,
suggesting possible derivation of the clays
from Monterey shale. However, such an inter-
pretation would also require a mix with some
high-Th, low-La source, and none of the other
parent materials has this composition. The
positions of the clays from Santa Cruz and
Santa Barbara Islands do, however, permit an
interpretation of a mix of local bedrock and
Mojave Desert dust.

The relative abundances of Ta-Nd-Cr, plot-
ted in ternary form, provide an assessment of
possible parent materials complementary to Sc-
Th-La. Oceanic-crustal rocks are enriched in Cr
and relatively depleted in Ta and Nd, whereas
upper-continental crustal rocks are depleted
in Cr and relatively enriched in Ta and Nd. As
with Sc-Th-La, the basalt on Santa Barbara
Island, when compared to Mojave Desert dust,
shows these differences very clearly (Fig. 12).
The silt fractions of silt mantles from all three
islands have similar abundances of Ta-Nd-Cr,
as they do with Sc-Th-La. Furthermore, none of
the silt-fraction fields overlaps the field defined
by local volcanic bedrock, although (as was the
case with Sc-Th-La), the silt fraction field for
East Anacapa Island plots close to the andesite
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Figure 9. X-ray diffractograms (glycolated, Mg-saturated) of the
clay fractions of a Vertic Haploxeralf on East Anacapa Island,
showing contrast in mineralogy between the silt-rich, A horizon
and underlying, clay-rich, Bt horizons.
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Figure 10. X-ray diffractograms (glycolated, Mg-saturated) of the

clay fractions of a Vertisol on Santa Cruz Island, showing contrast

in mineralogy between the silt-rich, A horizon and underlying,
clay-rich, vertic horizons.
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Figure 11. Ternary diagrams showing relative proportions of immobile elements Sc, Th, and La in silt fractions (53-2 pm) and clay fractions
(<2 pm), of silt mantles on (A) Santa Barbara Island, (B) Santa Cruz Island, and (C) East Anacapa Island. Also shown is the range in values
for these elements in local bedrock, consisting of andesite and shale (Santa Cruz Island), basalt (Santa Barbara Island), and andesite (East
Anacapa Island). Field defined by Mojave Desert dust collected in traps is from data in Reheis (2003) and Reheis et al. (2002).
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field. The clay fractions of the silt mantles of
all three islands are also similar in Ta-Nd-Cr.
However, in contrast to the Sc-Th-La plots, the
clay fractions of Santa Cruz and Santa Bar-
bara Islands fall on the Ta-Nd-Cr field defined
by Mojave Desert dust. The clay fractions of
both of these islands have a position that could
be interpreted as a mix of local bedrock and
Mojave Desert dust, but a derivation solely, or
at least mostly, from Mojave Desert dust could
also be permitted. On East Anacapa Island,
the clays of the silt mantles overlap the local
bedrock, but also overlap part of the Ta-Nd-Cr
field defined by Mojave Desert dust.

Trace-Element Geochemistry: Rare-Earth
Elements (REE)

Rare-earth elements provide very sensitive
indicators of sediment provenance (Taylor and
McLennan, 1985, 1995; McLennan, 1989). REE
concentrations are typically normalized to chon-
dritic meteorite compositions, and we have fol-
lowed this protocol. In the discussions of REE
patterns that follow, the terms “enriched” and
“depleted” are used in descriptions and inter-
pretations. Because all samples analyzed have
higher concentrations of REE compared to
chondrite, “enriched” and “depleted” refer to
relative abundances of different parts of the REE
suite compared to other parts, e.g., light REE
compared to heavy REE. Oceanic-crustal rocks
(basalt) or sediments derived from such rocks
have, overall, very low REE concentrations, a
relatively “flat” curve (i.e., similar concentra-
tions of light REE and heavy REE), and no Eu
anomaly (i.e., Eu concentrations similar to Sm
and Gd). In contrast, upper-continental crustal

A Santa Barbara Island
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rocks such as granite, or sediments derived from
such rocks, have enriched light REE, a negative
Eu anomaly, and depleted heavy REE. Mojave
Desert dust shows typical, upper—crustal-rock
REE patterns (Reheis et al., 2002).

The REE compositions of volcanic rocks with
varying SiO, content on the Channel Islands
illustrate the concepts above very clearly.
Basalts on Santa Barbara Island show a typical
oceanic-crust type of signature, with low REE
concentrations, a “flat” curve overall, and no
Eu anomaly (Fig. 13). Andesites on East Ana-
capa Island show higher concentrations overall,
somewhat enriched light REE, a negative Eu
anomaly, and somewhat depleted (relative to
the light REE) heavy REE. Although most of
the rocks on San Clemente Island are andesite
(Olmsted, 1958), small amounts of rhyolite are
also present, and these rocks show a REE pat-
tern typical of the upper crust. Rhyolites on San
Clemente Island have high REE concentrations
overall, enriched light REE, a strongly negative
Eu anomaly, and depleted heavy REE. Andes-
ites on Santa Cruz Island show REE patterns
similar to those of andesites on East Anacapa
Island, but Monterey shale on this island shows
complex patterns (Fig. 14). Overall, Monterey
shale has relatively low REE concentrations,
only slightly enriched light REE, but strongly
negative Eu anomalies. A few samples also have
negative Ce anomalies.

Both the silt and clay fractions of the silt
mantles in Channel Islands National Park dis-
play very typical upper-crustal REE composi-
tions (Fig. 15). Both size fractions from all three
islands have high overall REE concentrations
(relative to chondrite), enriched light REE, neg-
ative Eu anomalies, and slightly depleted heavy
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REE. Thus, both the silt and clay fractions of
the silt mantles have patterns much like Mojave
Desert dust but differ from local island andesites
and basalts.

In using REE for soil or sediment prove-
nance studies, it is helpful to reduce the data to
certain key-element ratios (chondrite normal-
ized) that give a quantitative measure of parts
of the REE suite. The sign and degree of any
Eu anomaly can be quantified by the Eu/Eu*
value, where Eu is the chondrite-normalized
Eu concentration (Euy), and Eu* is (Sm  x
Gd,)". Values less than 1.0 indicate negative
Eu anomalies; values greater than 1.0 indicate
positive Eu anomalies. Loess from China, for
example, has Eu/Eu* values that range from
0.61 to 0.66 (Jahn et al. 2001), indicating nega-
tive Eu anomalies, typical of average upper
continental crust. Another measure of REE
composition reflects abundances of light and
heavy REE. La /Yb is a measure of the over-
all enrichment of light REE, where high values
reflect significant light REE enrichment.

Local island-volcanic bedrock and Mojave
Desert dust are easily distinguished from one
another using Euw/Eu* versus La/Yb, plots
(Fig. 16). Mojave Desert dust has much higher
La /Yb, than basalt or andesite and generally
lower Eu/Eu*. On Santa Cruz Island, Monterey
Formation shale has lower La /Yb and mostly
lower Euw/Eu* than Mojave Desert dust. The
clay fractions of silt mantles on all three islands
fall mostly within the field defined by Mojave
Desert dust. The silt fractions of silt mantles fall
mostly between the fields defined by Mojave
Desert dust and local volcanic bedrock, with the
exception of East Anacapa Island, where some
silts fall within the andesite field.
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Figure 12. Ternary diagrams showing relative proportions of immobile elements Ta (x10), Nd, and Cr (/10) in silt fractions (53-2 um) and clay
fractions (<2 pm) of silt mantles on (A) Santa Barbara Island, (B) Santa Cruz Island, and (C) East Anacapa Island. Also shown is the range in
values for these elements in local bedrock, consisting of andesite and shale (Santa Cruz Island), basalt (Santa Barbara Island), and andesite
(East Anacapa Island). Field defined by Mojave Desert dust collected in traps is from data in Reheis (2003) and Reheis et al. (2002).
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DISCUSSION

Field and Particle-Size Evidence for an
External, Eolian Origin for Silt Mantles on
Channel Islands National Park

The presence of silt-loam A horizons on
Vertisols or soils intergrading to Vertisols is
unusual. Vertisols are common in the western
United States, and the U.S. Natural Resources
Conservation Service (NRCS) recognizes and
maps 86 official soil series (local mapping units)
that belong to this order in California alone
(Soil Survey Staff, 2006). Almost all of these
soil series, with the exception of those estab-
lished on Santa Cruz Island itself (or nearby San
Clemente Island), have surface horizons with
textures that fall into the “clay” or “silty clay”
categories, not silt loam, which is the dominant
texture of surface horizons of soils in Channel
Islands National Park. Furthermore, virtually
all of the Vertisols on mainland California have
surface horizons with well-developed, angular
blocky, subangular blocky, granular, or, less
commonly, prismatic structure. Thus, massive
or platy, light-colored, silt-rich surface horizons
are not characteristic of Vertisols in California.
We interpret this to mean that the silt mantles
have a geologic, rather than pedogenic origin.

The particle-size data presented in this paper
also support an external origin for the silt man-
tles. Although cemented dune sands are present
on the Channel Islands (Fig. 3), the mean par-
ticle size of the silt mantles is distinctly differ-
ent from dune sand (Fig. 8). In contrast, the silt
mantles have mean particle sizes that are very
similar to North American loess, Chinese loess,
and Mojave Desert dust.

Mineralogical Evidence for an External
Origin for Silt Mantles

Mineralogical data from both the silt and
clay fractions of the silt mantles support the
idea that these features have an external origin.
Santa Barbara Island and East Anacapa Island
are composed dominantly of basalt or andesite
bedrock, yet the silt fractions of the mantles on
these islands contain quartz, K-feldspar, and
amphibole. Although clasts in the San Ono-
fre Breccia contain these minerals, the extent
of this unit is extremely limited, compared to
the volcanic rocks. In the clay fractions of silt
mantles on East Anacapa Island (and to a lesser
extent on Santa Cruz Island), mica is present,
which is not present in the volcanic bedrock and
is unlikely to have formed pedogenically (Fan-
ning and Keramidas, 1977). Furthermore, mica
is present at all depths in soils on East Anacapa
Island, suggesting that external supply of clay
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Figure 13. Chondrite-normalized, rare-earth element (REE) plots of volcanic
rocks on the Channel Islands, showing decreasing light REE enrichment and
decreasing negative Eu anomaly with increasingly mafic rock types (rhyolite to

andesite to basalt).

minerals may have been an ongoing process for
much of the period of soil formation.

Mojave Desert dust has both silt and clay
mineralogy very similar to the silt mantles.
The silt fractions of Mojave Desert dust have
abundant quartz, followed by plagioclase and
K-feldspar, with smaller amounts of mica and
chlorite (Reheis and Kihl, 1995). The clay

fractions of Mojave Desert dust are dominated
by mica, followed by quartz, kaolinite, and
smectite, with smaller amounts of chlorite and
mixed-layer minerals. The mineralogy is very
similar to that of the silt mantles on all three
of the Channel Islands, supporting not only an
external origin, but also one specifically from
the Mojave Desert.
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Figure 14. Chondrite-normalized, rare-earth element (REE) plots of highly
contrasting rock types (andesite and shale) on eastern Santa Cruz Island.

Geochemical Evidence for an External
Origin for Silt Mantles

All three geochemical indexes used here indi-
cate that the silt fractions of the silt mantles have
origins external to the islands. The silts on all
three islands resemble one another, geochemi-
cally, and do not have any compositional over-
lap with local bedrock on Sc-Th-La or Ta-Nd-Cr
plots. On REE plots (Ew/Eu* versus La /Yb,),
silts overlap island bedrock only slightly on East
Anacapa Island. In contrast, silts fall within the
fields defined by Mojave Desert dust for Sc-Th-
La and Ta-Nd-Cr, and close to the Mojave Des-
ert dust field for Ew/Eu* versus La /Yb,. This
does not require that Mojave Desert dust is nec-
essarily the only source or even the main source
of the silts, but that the silts are almost certainly
derived from sediments of an upper—continen-
tal-crustal origin, with a composition similar to
that of Mojave Desert dust.

The origin of the clay fractions of the silt
mantles is not as clear as that of the silt frac-
tions. On all three islands, clays fall between
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the fields defined by volcanic bedrock and
Mojave Desert dust on Sc-Th-La and Ta-Nd-Cr
plots, although they fall within the field defined
by Mojave Desert dust on Ew/Eu* versus La/
Yb, plots. We interpret these data to indicate
that the clay fractions of the silt mantles may
have a complex origin. Part of the clay fraction
may be derived from in situ weathering of local
volcanic bedrock minerals and part of the clay
fraction may be from an external source. The
abundance of clay-sized mica in silt mantles on
East Anacapa Island, and to a lesser extent on
Santa Cruz Island, supports this interpretation,
since mica is not present in the bedrock and
is not likely to have formed pedogenically. On
the other hand, smectite and kaolinite could be
either detrital or derived from chemical weath-
ering of volcanic bedrock.

Westerly Winds and an Asian Source of Dust
It is well documented that Asian (Chinese

and Mongolian) dust can travel great dis-
tances across the Pacific Ocean, and there is a

long-term record of this transport in deep-sea
sediments (Rea, 1994). There is also little ques-
tion that Asian dust provides regular inputs to
soils of the Marianas Islands (Birkeland, 1999)
and Hawaii (Rex et al., 1969; Jackson et al.,
1971; Chadwick et al., 1999). Finally, there is
direct observation of Asian dust traveling as
far east as the Pacific Coast of North America
(Husar et al., 2001), such as the dust event
of April, 1998. Indeed, this latter event was
observed on nearby San Nicolas Island (Tratt et
al., 2001). The composition of Chinese loess is
similar to that of silt mantles on the California
Channel Islands in that it has REE abundances
(Ew/Eu*, La /Yb,, Gd,/Yb,) that are typical of
the upper-continental crust. Nevertheless, deliv-
ery of Asian dust to North America is likely to
occur only infrequently. Furthermore, the mean
particle diameters during the April, 1998 event
are reported to be ~2 um to ~4 um, a particle
size to be expected, given the distance of eolian
transport (Husar et al., 2001; Tratt et al., 2001).
However, mean particle sizes of Channel Islands
silt mantles are much coarser, suggesting a
source that is not as distant as Asia. Therefore,
while we cannot exclude an Asian origin for the
silt mantles on the Channel Islands, we consider
this to be a less likely source.

Northwesterly Winds and a California
Mainland Source of Dust

During most of the year, the dominant winds
in coastal southern California are from the north-
west or west. Because of the east-west—trending
aspect of mainland California to the north of
Channel Islands National Park, it is possible that
silts and clays could have been deflated from the
Santa Ynez River valley, situated to the north of
the Santa Ynez Mountains, and even the Santa
Maria River valley, whose westernmost part is
in the Santa Maria Basin (Fig. 1). Eolian sand,
derived from northwesterly winds, is found on
north-south—trending segments of the main-
land coastline, well to the north of the Channel
Islands, but we are not aware of any observa-
tions of significant dust entrainment from the
Santa Maria or Santa Ynez River valleys. Nev-
ertheless, a source of eolian silt and clay from
these northerly valleys remains as a hypothesis
to be tested in the future.

Northwesterly Winds and an Insular-Shelf
Source of Dust

Another potential source of dust from north-
westerly winds is the insular shelf that would
have been exposed during glacioeustatically
lowered sea levels. Studies of well-dated, sub-
merged reefs off Barbados show that sea level
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Figure 15. Chondrite-normalized, rare-earth element (REE) plots of silt (53-2
pm) and clay (<2 pm) fractions of silt mantles on Santa Cruz, East Anacapa,

and Santa Barbara Islands.

was ~120 m below present at the last glacial
maximum, ca. 22-21 ka (Bard et al., 1990). On
the northern Channel Islands, this magnitude of
sea-level lowering would have connected all of
the northern islands, and exposed a broad shelf
around them, particularly to the north and west

of the island chain (Fig. 17). Johnson (1977) has
documented that a significant amount of carbon-
ate eolian sand (cemented into eolianite) was
deposited on San Miguel Island during the last
glacial maximum. Dip azimuths of eolianite indi-
cate deposition by northwesterly winds, which

also dominate the region today (Fig. 17). Thus, it
is possible that finer grained materials may have
been deposited from such a source as well.

Several observations argue against an insu-
lar-shelf source of dust for the Channel Islands,
however. Scholl (1960) studied shelf sediments
off Anacapa Island in detail and reported that
fine-grained sediments (silts and clays) are rare
(see also Fig. 8), and sand-sized shelf sedi-
ments are composed largely of either carbonate
skeletal grains or volcanic grains derived from
the local island bedrock. Although quartz, K-
feldspar, amphibole, and mica are all found in
the silt mantles, they are extremely rare in the
insular-shelf sediments off Anacapa Island (see
Scholl, 1960, his Table 3). On eastern Santa
Cruz Island, eolianite (the upper part of the
Potato Harbor Formation) appears to be derived
from northern shelf sediments, based on its geo-
graphic location and dip azimuths. The eolianite
facies of the Potato Harbor Formation contains
sand-sized particles that are dominated by skel-
etal carbonate grains (~70%), along with locally
derived volcanics, Monterey shale, or Santa
Cruz Island schist (Weaver and Meyer, 1969).
Because San Miguel, Santa Rosa, and eastern
Santa Cruz Islands have a variety of sandstones,
siltstones, and shales (see, for example, Dibblee
and Ehrenspeck, 1998), it is possible that shelf
sediments off the western islands may have con-
tributed to the silt mantles on the eastern islands
during glacial times.

A more persuasive argument against glacial-
age shelf sediments being a significant source of
particles for silt mantles on the Channel Islands
is the presence of silt mantles on Santa Bar-
bara Island. This island has only a very narrow
insular shelf and is distant from other insular
shelves, both to the north and south. Neverthe-
less, silt mantles are common on Santa Barbara
Island and have close compositional similari-
ties to those on Anacapa and Santa Cruz Island.
These observations argue for a common exter-
nal source, unrelated to the island shelves that
would have been exposed during glacial times.

Santa Ana Winds and a Mainland
California Source of Dust

Dust from western North America can be
delivered to the eastern Pacific Ocean during
“Santa Ana” wind conditions. In contrast to the
usual westerly flow of air from the Pacific Ocean
to southern California, Santa Ana conditions
bring about strong northeasterly winds. Santa
Ana winds develop when there is relatively
low pressure over the eastern Pacific Ocean off
southern California and a high-pressure cell
settles in the Great Basin (Fig. 18) after the pas-
sage of a cold front (Raphael, 2003; Lu et al.,
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2003). The resulting pressure gradient from the
Great Basin to the eastern Pacific Ocean results
in strong, northerly or northeasterly winds over
the Mojave Desert and coastal southern Califor-
nia and Baja California. Santa Ana winds have
speeds well in excess of 10 m/s and can have
gusts as high as 35 m/s (Hu and Liu, 2003). In
a typical year, Santa Ana winds develop several
times, starting in fall, peaking in winter, and
ending in spring (Raphael, 2003). Nakata et
al. (1976) documented observations of Mojave
Desert dust plumes developing during Santa
Ana wind conditions, using early Landsat imag-
ery. More recent satellite imagery shows the
regional nature of dust transport during Santa
Ana events (Muhs et al., 2007b)

A previous study also used Landsat imag-
ery to show that dust from the Mojave Desert
reaches the southern Channel Islands (Mubhs,
1983). The similarities in particle size, miner-
alogy, and geochemistry of northern Channel
Islands silt mantles and Mojave dust is strik-
ing and is strong evidence that desert dust is a
source. Recent climate modeling shows that the
southwestern United States and northwestern
Mexico were important sources of dust during
the last glacial period (Mahowald et al., 2006).
Thus, delivery of eolian silt and clay to the
eastern Pacific Ocean, including the Channel
Islands, was not necessarily limited to the pres-
ent or past interglacial periods.

Although the Mojave Desert is a likely source
area for fine-grained particles in the silt mantles
on soils of Channel Islands National Park, it
need not be the only source. The geochemis-
try of the silts and clays requires only that the
source or sources be derived from sediments or
rocks with an upper-continental crustal compo-
sition. Mojave Desert dust has this composition,
but other possible source materials include sedi-
ments from river valleys that drain the coastal
mountain ranges of southern California and
deposit sediment on the continental shelf. In
addition to the insular shelves, the continen-
tal shelf off mainland southern California was
exposed during times of lowered sea level, such
as the last glacial period. Fan (1976) shows that
the mineralogical compositions of silts in both
the Santa Clara River basin, one of the major
drainage basins in coastal southern California,
and shelf sediments off mainland southern Cali-
fornia, are very similar to those of the silt man-
tles on soils of Channel Islands National Park.
Although it appears that northwesterly winds
were dominant off southern California during
the last glacial period (Johnson, 1977), as they
are today (Fig. 17), it is also possible that Santa
Ana winds occurred during this period and pro-
vided the mechanism for transporting dust from
the mainland to the islands.
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Evidence for Eolian Silt and Clay
Accumulation in Mainland Southern
California Soils

If eolian silt and clay are delivered to Chan-
nel Islands National Park from the Mojave Des-
ert, it follows that these particles must also be
deposited on soils of mainland southern Califor-
nia. As discussed earlier, in many parts of the
Mojave Desert in California, there are numerous
occurrences of silt-rich eolian mantles (“Av”
horizons) on basaltic volcanic flows or alluvial
fan deposits of variable lithologies (Wells et
al., 1985; McFadden, 1988; McFadden et al.,
1986, 1998; Reheis et al., 1995; Anderson et al.,
2002). Farther coastward in southern California,
detailed studies of soils developed on Holo-
cene and Pleistocene alluvial terrace deposits
in the San Gabriel-San Bernardino Mountains
of southern California show good evidence of
eolian silt accretion (McFadden and Weldon,
1987; McFadden, 1988). Soils in this area show
progressive increases in silt content with terrace
age. Chemical weathering of terrace gravels is
ruled out as a source of silt because younger
gravels are not weathered and older gravels
do not weather to anything other than sand.
McFadden and Weldon (1987) and McFadden
(1988) interpret the progressive increase in silt
contents with terrace age as reflecting accumu-
lation of eolian silt over time, derived from the
Mojave Desert.

Distinctive silt-rich eolian mantles are not
present on top of mainland soils, such as those
in the San Gabriel-San Bernardino Mountains.
Silt is relatively enriched in surface horizons
(McFadden and Weldon, 1987; McFadden,
1988), but silt amounts are usually around 20%—
30%, much lower than on the Channel Islands.
Even in the Mojave Desert, silt mantles present
as Av horizons typically have only 20%-50%
silt (Reheis et al., 1995). Lower silt and higher
sand contents in Av horizons of Mojave Desert
soils may be explained in part by the proximity
of these soils to source areas, where eolian sand
contents are expected to be higher. However,
farther west, soils with high silt content overall,
but without an enriched silt mantle, are compar-
atively more difficult to explain.

One factor that explains the silt mantles on
the islands (and their absence on the mainland)
is that the islands have comparatively few bur-
rowing animals (Wenner and Johnson, 1980;
Schoenherr et al., 1999). As a prime example,
the Botta pocket gopher (Thomomys bottae),
one of the major bioturbators of mainland
soils, especially along the coast of California,
is absent on the islands, and presumably has
been absent during the entire time the islands
have existed (Johnson, 1983). The role of this
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animal in homogenizing the fine fraction and
small pebbles throughout coastal soils, and
concomitantly sorting large clasts into basal
stone layers, has been well documented (John-
son, 1989, 1990). Such soils, notably, have not
been recorded on the islands. Furthermore, we
personally have observed, over many years of
working on the islands, that other less obvious,
though important, soil bioturbators, the array
of invertebrate fauna normally encountered in
mainland soils, are notably few on the islands.
Thus, preservation of silt-rich eolian mantles
on the Channel Islands likely reflects the dearth
of burrowing taxa.

SUMMARY AND CONCLUSIONS

‘We conclude that silt-rich surface horizons of
soils on Santa Cruz, Anacapa, and Santa Bar-
bara Islands, Channel Islands National Park, are
eolian, the result of wind transport of particles
from a distant source. Silt mantles on clay-rich
Vertisols have not been reported on the main-
land, despite the ubiquity of this soil type in Cal-
ifornia. This suggests that the silt mantles have
a geologic, rather than a pedogenic, origin. The
mean particle size of the mantles is distinctly
finer than eolian sand, but is similar to loess and
closely overlaps the range of particle sizes for
Mojave Desert dust. As such, these eolian silt
mantles are intermediate members of a contin-
uum of eolian influences on soils. The mineral-
ogy of the silt mantles is dominated by quartz in
the silt fractions and mica in the clay fractions.
Both quartz and mica are rare or absent alto-
gether from the volcanic rocks that constitute
the only bedrock on Anacapa and Santa Barbara
Islands. The relative abundances of Sc-Th-La
and Ta-Nd-Cr show that the silts and clays in the
surface mantles are not derived from volcanic
rocks on any of the three islands, or in the case of
Santa Cruz Island, from Monterey shale. How-
ever, the relative abundance of these elements
in the island silts and clays is similar to that in
Mojave Desert dust, supporting a mainland-
derived eolian origin, or at least a source with an
upper-crustal composition. Island shelves could
have been a source of dust during glacioeustati-
cally lowered sea levels, but particle-size and
mineralogical data from the modern island shelf
sediments are not consistent with this source.
However, dust can be delivered to the eastern
Pacific Ocean from mainland California and
Baja California during Santa Ana wind events,
after high pressure develops in the Great Basin
following the passage of a cold front. The ulti-
mate source of the dust is uncertain and could
be the Mojave Desert, the mainland California
shelf during lowered sea levels, or some combi-
nation of these sources.

Identification of eolian silt mantles on soils of
Channel Islands National Park has several impor-
tant implications. The favorable particle-size and
moisture-holding capacity of the silt mantles
may be significant as a medium of growth for
numerous island endemic plants, many of which
are rare or endangered. Eolian soil “renewal” is
particularly significant for island landscapes that
have undergone severe soil erosion due to many
decades of grazing and feral animal activity. If
eolian silt is delivered to islands offshore, then it
follows that it is also delivered to the surround-
ing ocean. Thus, eolian silt and clay could be
more significant components of the ocean-sedi-
ment budget than previously suspected and may
provide key elements for growth of primary pro-
ducers, such as phytoplankton. Because of the
possible biogeochemical and climatic effects of
dust delivery to the ocean, more study is needed
to ascertain whether North America is providing
a significant amount of eolian dust to the eastern
Pacific Ocean.
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