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A B S T R A C T

Along most of the Pacific Coast of North America, sand dunes are dominantly silicate-rich. On the California
Channel Islands, however, dunes are carbonate-rich, due to high productivity offshore and a lack of dilution by
silicate minerals. Older sands on the Channel Islands contain enough carbonate to be cemented into aeolianite.
Several generations of carbonate aeolianites are present on the California Channel Islands and represent the
northernmost Quaternary coastal aeolianites on the Pacific Coast of North America. The oldest aeolianites on the
islands may date to the early Pleistocene and thus far have only been found on Santa Cruz Island. Aeolianites
with well-developed soils are found on both San Miguel Island and Santa Rosa Island and likely date to the
middle Pleistocene. The youngest and best-dated aeolianites are located on San Miguel Island and Santa Rosa
Island. These sediments were deposited during the late Pleistocene following the emergence of marine terraces
that date to the last interglacial complex (~120,000 yr to ~80,000 yr). Based on radiocarbon and luminescence
dating, the ages of these units correspond in time with marine isotope stages [MIS] 4, 3, and 2. Sea level was
significantly lower than present during all three time periods. Reconstruction of insular paleogeography in-
dicates that large areas to the north and northwest of the islands would have been exposed at these times,
providing a ready source of carbonate-rich skeletal sands. These findings differ from a previously held concept
that carbonate aeolianites are dominantly an interglacial phenomenon forming during high stands of sea. In
contrast, our results are consistent with the findings of other investigators of the past decade who have reported
evidence of glacial-age and interstadial-age aeolianites on coastlines of Australia and South Africa. They are also
consistent with observations made by Darwin regarding the origin of aeolianites on the island of St. Helena, in
the South Atlantic Ocean, more than a century and a half ago.

1. Introduction

“Aeolianite” is a term that originated with Sayles (1931), based on
his studies on Bermuda, where such deposits make up the bulk of the
island's subaerially exposed parts. Sayles (1931) defined aeolianite as
any wind-deposited sediment that is cemented into rock. Thus, in
principle, pre-Quaternary, continental-interior, silica-cemented, quart-
zose sandstones with an aeolian origin could be considered “aeolianite.”
In practice, however, the term has been restricted to precisely the kind
of sediments that Sayles (1931) studied on Bermuda, namely carbonate-
cemented aeolian sand of Quaternary age along coastlines. Such de-
posits are not extensive over large areas except in Australia (see
Playford et al. 2013; Brooke et al. 2014, and Bourman et al. 2016), nor
are they on a par volumetrically with silicate-rich dune fields or sand

seas (Fig. 1). However, they have a widespread occurrence globally and
are found at multiple localities, primarily in subtropical to temperate
latitudes (between about 15° and 40°, both north and south of the
equator; Brooke 2001), and they occur in some tropical latitudes as
well.

Darwin observed and described aeolianites in southwestern
Australia, South Africa, St. Helena, and Ascension Island on his voyage
on HMS Beagle in the 1830s (see discussion in Fairbridge 1995). Since
then, many researchers have studied aeolianites worldwide, resulting in
a large number of publications summarized in reviews by Fairbridge
and Johnson (1978), Gardner (1983), McKee and Ward (1983),
Fairbridge (1995), Brooke (2001), Loope and Abegg (2001), Bird
(2005), McLaren (2007), Playford et al. (2013), Brooke et al. (2014),
and Bourman et al. (2016). Authors in the present study have examined
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aeolianites on Bermuda, the Bahamas, Puerto Rico, the Canary Islands,
Mallorca, Sardinia, Israel, the United Arab Emirates, South Africa,
Hawaii, around the Gulf of California, Mexico, and on the California
Channel Islands, the focus of the current study.

Aeolianites are common on islands, where bank or shelf sediments
are characterized by high biological productivity and detrital carbonate
grains are not diluted by continental siliceous sediment (Fig. 1). This
explains the extensive aeolianites on Bermuda, the Bahamas, Caribbean
islands, the Canary Islands, and Mediterranean islands, among others.
An important exception to this is Australia, where aeolianites are ex-
tensive, but also where streams provide very little silicate sand to
beaches and continental shelves, which are rich in biogenic carbonate
particles (Collins 1988; James and Bone 2011; Brooke et al. 2014;
Murray-Wallace 2014; Short 2014; Bourman et al. 2016).

Common to all aeolianites is a relatively high carbonate content
compared to typical silicate-mineral-dominated aeolian sands. In
Australia, aeolianites of the Bridgewater Formation have carbonate
contents (by volume) of 66–99% (Blakemore et al. 2015). Aeolianites
on Mallorca have carbonate contents as high as 90–95% (Muhs et al.
2010) and those on Bermuda range from 94 to 99% (Muhs et al. 2012a).
On the Bahamas, aeolianites we have studied are 100% calcium car-
bonate. Clastic skeletal aragonite and calcite particles comprise much of
the carbonate component of aeolianites worldwide, but in addition,
secondary, low-Mg calcite is the main cementing agent. Skeletal car-
bonate grains can be derived from mollusks, echinoderms, corals, algae,
or foraminifera, but in some places (notably the Bahamas), they are
composed of inorganically precipitated aragonite ooids or peloids. In
other environments, such as on Mallorca, they are composed of both

skeletal carbonate grains and detrital sands derived from pre-Qua-
ternary limestones. In still other environments, although well ce-
mented, aeolianites are low in carbonate content. For example, some
aeolianites on the Mediterranean coast of Israel have as little as 15–30%
carbonate content (Porat et al. 2004), although others in that region
have 42–54% carbonate (Yaalon 1967).

Geomorphically, aeolianites are often expressed as transverse or
parabolic dunes (e.g., Murray-Wallace et al. 2010; Nichol and Brooke
2011; Playford et al. 2013; Bourman et al. 2016; Brooke et al. 2017), as
is the case with many other coastal dunes. Because of early carbonate
cementation, primary sedimentary structures, such as crossbeds, often
show spectacular preservation, and thus allow for easy reconstruction
of paleowinds, based on foreset bed dip azimuths. Secondary structures
are also common in aeolianites, and consist of carbonate root casts
(rhizoliths), carbonate fracture-fills, and paleosols. As with other aeo-
lian sands, paleosols mark periods of land-surface stability and vege-
tation cover, during times when aeolian deposition had ceased or was at
least minimal. Similar to calcareous loess deposits, land snails are
commonly found in aeolianites, and are often well preserved in the
carbonate-dominated host sediment.

The relation between aeolianite formation and sea level has been
controversial (see reviews in Fairbridge and Johnson 1978; Gardner
1983; Fairbridge 1995; Brooke 2001; McLaren 2007; Brooke et al.
2014), and concepts have evolved considerably over time. The idea that
at least some aeolianites could have formed during periods of lower sea
level (i.e., glacial periods) can be found in studies dating as far back as
the 19th century. Darwin (1844) studied these deposits on the island of
St. Helena in the southern Atlantic Ocean, on the return voyage of

Fig. 1. Map showing the global distribution of aeolian sand, whether active or stabilized (gold pattern) and coastal carbonate aeolianite (filled red circles). Also shown are major cool and
warm currents along continental margins. Currents around Australia taken from Murray-Wallace et al. (2000; their Fig. 3). Abbreviations of selected aeolianite localities referred to in
text: HI, Hawaii; GOC, Gulf of California, Mexico (Johnson and Backus 2009); BA, Bahamas; PR, Puerto Rico; BE, Bermuda; SH, St. Helena; SA, South Africa; CI, Canary Islands; M,
Mallorca; S, Sardinia; I, Israel; UAE, United Arab Emirates; C, Cyprus (Milàn et al. 2015); T, Turkey (Kiyak and Erginal 2010; Erginal et al. 2013). Distribution of aeolianite from
Fairbridge and Johnson (1978), Brooke (2001) and sources therein, as well as personal observations of the authors. Distribution of interior dune fields from the following sources:
northern Africa, Wilson (1973); southern Africa, Lancaster (1989) and Thomas and Shaw (1991); Sinai-Negev, Muhs et al. (2013); Arabian Peninsula and India, Wilson (1973); Central
Asia, Maman et al. (2011); the Americas and China, Sun and Muhs (2007) and sources therein; Australia, Bowler et al. (2001). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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H.M.S. Beagle in the 1830s. He noted that deposits at elevations of
~180 m to ~210 m were composed of carbonate skeletal sands ce-
mented into what would now be called aeolianite, and inferred that
they must be of windblown origin. In addition, he noted (p. 87) that:

It is remarkable that at the present day, there are no shelly beaches
on any part of the coast, whence calcareous dust could be drifted
and winnowed; we must, therefore, look back to a former period,
when, before the land was worn into the present great precipices, a
shelving coast, like that of Ascension, was favourable to the accu-
mulation of shelly detritus.

At the time Darwin made these observations and even when he
wrote about them years later, modern concepts of Pleistocene glaciation
had yet to be conceptualized and the idea of an “ice age” was still
controversial. Indeed, the first linkage between full-glacial conditions
and a lower sea level that results from large ice sheet growth had only
just been published (Maclaren 1842; originally published in Scotland in
1841). Nevertheless, Darwin correctly inferred that a source of sand, no
longer available, must have existed at some time in the past.

On Bermuda, where the term “aeolianite” was first applied, Sayles
(1931) also considered the deposits to have formed primarily during
glacial periods, when sea level was lower and an exposed insular shelf
provided bioclastic sands to generate dunes. Bretz (1960) and Land
et al. (1967) rejected this view and proposed that Bermudan aeolianites
are strictly interglacial features, a concept for that island that has
persisted into even relatively recent studies (e.g., see Hearty and Olson
2011). However, on Bermuda, although Vacher (1973) accepted the
general model of Bretz (1960) and Land et al. (1967) of aeolianite
formation during interglacial periods, he pointed out (p. 374) that sea
level had to be at least slightly below its present level at the time of
dune formation. Indeed, Vacher and Rowe (1997) pointed out that
Holocene dunes from the present interglacial are sparse and suggested
that major aeolian deposition will come later, when sea level begins to
fall, at the inception of a future glacial period. Rowe and Bristow
(2015a, 2015b), using detailed sedimentological data, demonstrated
that past aeolianite deposition on Bermuda likely occurred as sea level
was falling after interglacial periods. Fletcher et al. (2005) reported a
similar sequence of events on Molokai, Hawaii.

On some coastlines, aeolianite formation is clearly tied to inter-
glacial periods. In the Bahamas, Garrett and Gould (1984) showed that
emergent, Pleistocene beach or marine deposits grade laterally into
aeolianites, implying a link to interglacial periods. Carew and Mylroie
(1997) proposed a more complex timing, with Bahaman aeolianites
forming first during an interglacial transgression and then again as sea
level starts to fall. U-series datings of ooids from both beach and aeo-
lianite facies in the Bahamas confirms ages that are similar (Muhs et al.
2007), which supports these general models. In South Australia, aeo-
lianites are considered to be an aeolian facies of the same barrier
complexes where interglacial marine deposits are found (Murray-
Wallace et al. 1999; Blakemore et al. 2015; Bourman et al. 2016). Older
barrier complexes in South Australia also have been correlated with
older interglacial high-sea stands (Price et al. 2001; Murray-Wallace
et al. 2010; Blakemore et al. 2015; James and Bone 2015).

Studies done in the past couple of decades show that aeolianites on
some coastlines have considerable complexity with regard to their
timing and sea-level history. In Western Australia, investigations by
Playford et al. (1976, 2013), Playford (1988, 1997), Price et al. (2001),
Brooke et al. (2014), and Ward et al. (2016) show that aeolianites were
deposited during interglacial, interstadial, and glacial periods. Aeolia-
nite formation during interstadial or glacial periods off the coast of
Western Australia, when sea level was below present, is supported by
mapping, submarine exploration, and sonar work that demonstrate the
presence of these deposits offshore (Brooke et al. 2010, 2017; Nichol
and Brooke 2011). In South Africa, optically stimulated luminescence
(OSL) dating also indicates that aeolianite deposition has a complex
timing, occurring during interglacial, interstadial, and glacial periods

(Bateman et al. 2004, 2011; Porat and Botha 2008; Roberts et al. 2008;
Carr et al. 2010). Furthermore, as is the case in Western Australia,
submerged aeolianites, at depths as great as ~130 m, have been
documented off the coast of South Africa (Cawthra et al., 2014).

Dune fields are common along much of the Pacific Coast of North
America, including Washington, Oregon, California, and Baja California
(Cooper 1958, 1967; Kasper-Zubillaga and Zolezzi-Ruiz 2007; Backus
and Johnson 2009). Despite the extensive distribution of aeolian sand
on this coast, the only carbonate-rich aeolian sands of which we are
aware are those found on the California Channel Islands, and in limited
areas in Baja California (Russell and Johnson 2000; Kasper-Zubillaga
and Zolezzi-Ruiz 2007; Johnson and Backus 2009) (Fig. 1). Elsewhere,
such as most of coastal Oregon and central California, aeolian sands are
dominated by quartz and feldspar or locally by heavy minerals
(Twenhofel 1946; Orme and Tchakerian 1986; Muhs et al. 2009). On
the Channel Islands, however, carbonate contents of beach and aeolian
sands are high and some of these sands are cemented into aeolianite
(Johnson 1967, 1972, 1977; Muhs 1983, 1992; Muhs et al. 2009).

Johnson (1967, 1972, 1977), Muhs (1983, 1992), and Muhs et al.
(2009) hypothesized that aeolianites on the Channel Islands may have
formed during glacial periods, when sea level was low. In this scenario,
carbonate sands first accumulate on insular shelves during interglacial
periods, when sea level is relatively high. During a succeeding glacial
period when sea level is lowered, shelf sediments are exposed to on-
shore winds, and carbonate-rich dunes accumulate. This hypothesis
contrasts with the concept, still held by some workers, that aeolianites
are dominantly tied to interglacial high stands of sea (James and Jones
2016). Indeed, despite the work of the past few decades cited above,
both Hearty and O'Leary (2008; p. 26) and James and Bone (2016; p.
33) stated that aeolianite formation during interglacial periods was a
“prevalent” global view.

With regard to the model of a glacial-age timing of aeolianite for-
mation on the California Channel Islands described above, there are
uncertainties. The geochronology of aeolianites on San Miguel Island
reported by Johnson (1977) was limited in scope and that reported by
Muhs (1992) on the southern Channel Islands was of an experimental
nature. Stratigraphic and geochronologic studies of aeolianites on Santa
Rosa and Santa Cruz Islands have not been conducted at all. To provide
a more definitive test of the hypothesis of glacial-age aeolianite on the
Channel Islands, we describe the results of stratigraphic, mineralogic,
and geochronologic studies of aeolianites combined with new mapping
efforts on San Miguel Island, Santa Rosa Island, and Santa Cruz Island,
California.

2. Aeolianites on the California Channel Islands

The California Channel Islands lie off the coast of southern
California and mark the northernmost occurrence of coastal carbonate
aeolianite in North America and indeed in the Western Hemisphere
(Figs. 1, 2). Aeolianites are found on San Miguel, Santa Rosa, Santa
Cruz, San Nicolas and San Clemente Islands. The deposits are most
extensive on the outermost two islands, San Miguel Island and San
Nicolas Island. Thicknesses range from a couple meters to as much as
~20 m. As is the case with most aeolianites worldwide, the carbonate
particles in Channel Islands aeolianites are composed of skeletal frag-
ments of marine organisms. Total carbonate contents (aragonite and
calcite) range from as little as ~25% (some parts of San Nicolas Island;
Muhs et al. 2009) to as much as ~80% (San Miguel Island; see below).

Carbonate-rich beach sands, dunes, and aeolianites on the California
Channel Islands result from these islands being situated within what is
called a “cool-water carbonate factory” (James and Jones 2016). It is
well known that carbonate production by marine organisms along
coastlines is very high in tropical latitudes, and such systems constitute
what are called “warm water carbonate factories” (James and Jones
2016). Hermatypic (reef-building) corals and calcareous green algae
dominate carbonate production in warm waters of tropical ocean
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margins. As a result, there are many carbonate-rich dunes and aeolia-
nites found along tropical and subtropical coastlines where reefs supply
skeletal carbonate sand to beaches and shelves (Fig. 1). Nevertheless,
several decades ago, Chave (1967) challenged the older, widely held
concept that marine carbonate production is important only in tropical
latitudes and showed that significant amounts of carbonate sediment
are also generated in cool, higher-latitude regions of the oceans. Thus,
the concept of “cool-water carbonates” has arisen within the marine
sedimentology community (James 1997; James and Jones 2016). In
contrast to the coral- and algae-dominated organisms of warm-water
environments, carbonate-producing organisms in cool-water environ-
ments include mollusks, foraminifers, echinoderms, bryozoans, barna-
cles, ostracods, sponges, worms, coralline (red) algae, and ahermatypic
corals. All of these organisms occur off the California coast in the rich
rocky intertidal, protected-bay, and kelp forest environments of the
eastern Pacific Ocean (Ricketts et al. 1985).

Around the California Channel Islands, marine invertebrates of
carbonate composition are dominated by those taxa that thrive in high-
energy, rocky-intertidal environments. Marine organisms around the
Channel Islands in the modern intertidal community are similar to
those found in intertidal communities elsewhere along the Pacific Coast
of North America (Littler 1980). Not only do such communities thrive
in rocky intertidal environments today but they did so in the past as
well (for example, see faunal lists in Vedder and Norris 1963 and Muhs
et al. 2002a, 2006, 2012b, 2014). Submarine shelves with rich accu-
mulations of cool-water carbonate sediments, similar to the Channel
Islands, have been identified off many higher-latitude coasts (James
and Jones 2016).

Carbonate-rich dunes and aeolianites of Quaternary age have been
mapped on San Nicolas Island (Vedder and Norris 1963; Muhs et al.
2009), San Clemente Island (Muhs 1983), and three of the northern
islands, including Santa Cruz Island (Weaver et al. 1969), Santa Rosa
Island (Muhs et al. 2014), and San Miguel Island (Muhs et al. 2014,
their Fig. 5, but modified in the present study). On the northern
Channel Islands, the spatial extent of aeolian sand decreases from west
to east (Fig. 2c). The landscape of San Miguel Island is dominated by
aeolian sand, whereas it is sparse on Santa Rosa Island, and only very
small patches occur on Santa Cruz Island. Today, active aeolian sand on
these islands is limited to relatively small areas on San Miguel Island
landward of Simonton Cove (Fig. 3) and one area to the southeast of
Cuyler Harbor (Fig. 4). On San Miguel Island, aeolian sand was active
over much of the island in the first part of the 20th century, but this was
due largely to reactivation of previously stabilized sand from vegetation
removal by overgrazing (Johnson 1980; Zellman 2014). Our studies
were focused on San Miguel Island, but we also provide new mapping,
stratigraphy, mineralogy, and ages for Santa Rosa Island and some new
observations of aeolianites on Santa Cruz Island.

3. Methods

3.1. Field methods

Aeolian sand units were delineated on San Miguel Island and Santa
Rosa Island using National Park Service color aerial photographs ac-
quired in 2002 and 1:24,000 USGS topographic maps of the islands as
mapping bases in the field. Soil maps generated by Johnson (1972,

(b)(a)

(c)

Fig. 2. (a) Location of the Channel Islands off the Pacific Coast of North America; (b) Channel Islands off the coast of southern California with sand roses (using methods of Fryberger and
Dean 1979) showing resultant drift directions of sand-moving winds for Vandenberg Air Force Base (to the northwest of Santa Barbara), San Nicolas Island, and San Clemente Island; (c)
maps of San Miguel, Santa Rosa, and Santa Cruz Islands, showing generalized distribution of aeolianite and aeolian sand (taken from Figs. 3, 18, and 25, respectively).

D.R. Muhs et al. Palaeogeography, Palaeoclimatology, Palaeoecology 491 (2018) 38–76

41





The geochronology of late Pleistocene aeolianite units found on San
Miguel Island and Santa Rosa Island indicates deposition during MIS 4,
3, and 2. Reconstruction of insular paleogeography using a sea-level
history for the past ~120,000 yr indicates that large areas to the north
and northwest of the Channel Islands would have been exposed at these
times, providing a ready source of carbonate-rich skeletal sands that
formed the parent material for the dunes.

Earlier, pre-last interglacial (i.e., pre-MIS 5) records of aeolianite
deposition have been observed on Santa Rosa Island and Santa Cruz
Island. Based on stratigraphic relations with the underlying marine
terraces, these aeolianites may date to the middle Pleistocene and early
Pleistocene, respectively. Nevertheless, based on bed geometry and
geomorphic setting, specifically their proximity to the coast and a lack
of source sediment, these aeolianites apparently also accumulated on
the islands when sea level was low, presumably during earlier glacial
periods of the Pleistocene, like their post-last-interglacial period coun-
terparts. Thus, collectively on the Channel Islands, we find evidence of
repeated low-sea-stand, glacial-age aeolianite formation, during the
early, middle, and late Pleistocene.

The observation of aeolianite formation during glacial periods on
the California Channel Islands contrasts with a concept, still cham-
pioned by some investigators, that aeolianite deposition worldwide is
dominantly an interglacial phenomenon. Nevertheless, glacial-age, sea-
level-low-stand timing of aeolianite formation can be found in other
localities as well, including Puerto Rico, Bermuda, Madeira, Mallorca,
Sardinia, and Israel. In regions where aeolianite is extensive, such as
Australia and South Africa, recent studies have shown that deposition of

these sediments is complex, and glacial, interglacial, and interstadial
periods can all be favorable times of formation. The findings reported
here and by other investigators were foreshadowed more than a century
and a half ago, when Darwin made simple observations of aeolianites
on St. Helena in the South Atlantic Ocean and raised questions about
their origins that required an appreciation of the complexity of sea level
history and its effects on sediment origins.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2017.11.042.
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(University of Delaware), an anonymous reviewer, and Janet Slate
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for descriptive purposes only and does not imply endorsement by the
U.S. government.
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