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Distribution of calcium-carbonate sand in the lower Gulf of California is regulated by seasonal winds that preferentially transfer materials to dunes from windward beaches. In order to document the strong onshore flow of winter
winds, salt-pruned plants (krummholz) were surveyed at 168 locations on the exposed north side of the Punta Chivato
promontory in Baja California Sur (Mexico). Growth deformation is characteristic among leatherplant (Jatropha cuneatas and copal (Bursea hindsiniai trees, which are up to 45 years old. Extensive Recent dunes are well developed
almost exclusively along the windward north coast of the promontory, where they reach elevations 60 m above sea
level. Sediment samples were collected along two transects from beach or subtidal stations across coastal dunes and
from one cliff-perched locality on the northeast tip of the promontory. The calcium-carbonate component of the dunes
varies between 50-75% by volume, as determined by point counts on thin sections cut from epoxy-cemented samples.
The volcaniclastic content varies locally depending on extent of igneous bedrock exposed intertidally. Mollusk-shell
fragments account for the dominant share of dune bioclasts, out-numbering particles derived from coralline red algae
by ratios between 25:1 and 50:1. Lithified paleodunes of Pleistocene to possible Pliocene age on the north shore also
reveal a large calcium-carbonate component in which particles of molluscan origin out-number coralline algae by ratios
as high as 27:1. These results contrast with other regional data on Recent and Pleistocene beach sediments in more
protected settings, where crushed debris from rhodoliths, or circumrotatory coralline red algae, are the dominant
component. The overall biological provenance of calcium carbonate materials appears to be a consequence of different
optimum growing areas for mollusk beds as opposed to rhodolith beds.
ADDITIONAL INDEX WORDS:

Krummholz, mollusk beds, rhodoliths, coralline red algae.

INTRODUCTION
In their survey of fifty locations equally divided between
the Pacific and gulf coasts of the Baja California peninsula,
CARRANZA-EDWARDS et al. (1998) point out significant differences in the composition and provenance of beach sands.
Mature Pacific sands are derived from a broad coastal plain,
whereas immature gulf sands occur as pockets along a coast
with greater topographic relief. Quartz and feldspar are the
dominant components of Pacific beach sands, whereas gulf
sands are enriched in calcium carbonate. The warmer, more
sheltered waters of the Gulf of California, with less suspended sediments than neighboring Pacific waters, are attributed
as likely factors in the promotion of calcium-carbonate sediments (CARRANZA-EDWARDS et al., 1998, p. 271). A global
model developed by ZIEGLER et al. (1984) predicts that carbonate sedimentation should be scarce along western continental shorelines, where surface productivity tends to be high
due to upwelling of cold waters and clarity is further diminished by high clastic runoff. Indeed, the Gulf of California is
a regional anomaly that mimics conditions more typical of
98137 received 8 May 1998; accepted in revision 29 August 1999.

carbonate production off eastern continental shorelines under
clear tropical to subtropical waters.
Largely ignored until recently (JOHNSON and LEDESMAVAzQUEZ, 1997), rhodoliths (circumrotatory coralline red algae) are an important source of calcium carbonate in the Gulf
of California from the Pliocene to the present. Spherical, freerolling colonies range in size from 2 to 10 em in diameter.
Immense numbers are found today clustered on the seabed
in waters usually from 2 to 12 m deep under gentle to moderate wave activity (FOSTER et al., 1997). Isla Requeson in
Bahia Concepcion is one locality where the effects of biology,
winds, and waves combine to demonstrate the importance of
rhodoliths as a major sediment source. The entire 350-m long
tombolo connecting the island to the mainland is composed
of rhodolith sand, which also collects preferentially in the lagoon sheltered behind the island.
As surveyed by HAYES et al. (1993), intertidal rocky-shore
biotas skirting Isla Requeson are differentiated into windward rough-water and leeward calm-water habitats. Under a
semi-monsoonal wind field (BRAY and ROBLES, 1991), strong
prevailing winds of a seasonal nature favor marine life with
robust skeletal morphologies in a windward high-energy setting on the north side of the island, whereas more delicate
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Topographic map of the Punta Chivato Promontory with inset map showing location in Baja California Sur, Mexico.

shapes show a preference for southerly exposures in a leeward low-energy setting. Essentially, this small island provides a model for other islands and peninsulas in the Gulf of
California with respect to interactions of atmospheric circulation, marine circulation, and biological productivity. Subsequent studies at nearby Punta Chivato regarding the Lower Pliocene (SIMIAN and JOHNSON, 1997) and the Upper
Pleistocene (LIBBEY and JOHNSON, 1997) demonstrate fossil
facies patterns similar to those recognized in the intertidal
zone at Isla Requeson. Thus, a geological history for a northsouth dichotomy in windward and leeward settings is recorded in the Gulf of California.
The goals of this contribution are to examine the occurrence, composition, and processes of formation with respect
to modern and ancient dunes located on the exposed (windward) north side of the Punta Chivato promontory (Figure 1).
SIMIAN and JOHNSON (1997, Figure 8, p. 35) mapped the
promontory's geology, and refer to stratified Pliocene "beach
sand" at various localities including the infill of a paleovalley.
We compare two of many such sites with contemporary dunes
that have accumulated almost exclusively on the north side
of the promontory, and investigate their origins. Several
questions stand out for consideration in this report. To what
extent does the dichotomy of windward and leeward environments in the Gulf of California relate to the development of
contemporary and ancient dune deposits? To what extent are
past and present dunes composed of calcium-carbonate sand?
Do rhodoliths or other coralline red algae play any role as a
source of dune materials? Based on a few previous studies, it
is also possible to review the extent to which dune patterns
in the Punta Chivato area are comparable to other regions
around the Gulf of California.

GEOGRAPHIC, CLIMATIC, AND GEOLOGIC
SETTINGS
Punta Chivato is a peninsula 7 km 2 in area that rises 100
m above the surrounding coastal zone of Baja California Sur
(Figure 2A). The area is linked by a 20-km dirt road to Mexican Federal Highway 1 from Palo Verde midway between
the towns of Santa Rosalia to the north and Mulege to the
south. Protruding 5 km into the Gulf of California on an eastwest axis, the promontory offers an unobstructed 270 view
of the gulf. The mouth of Bahia Concepcion is visible 25 km
to the southeast. Isla Requeson is another 25 km farther
within the bay. Due north 35 km from Punta Chivato lies
Isla Tortuga, a small Quaternary volcano, where an automated weather station is located. Wind-amplitude and vector
data from this station confirm that winds blowout of the
north from October through April (BRAY and ROBLES, 1991,
Figure 2). Wind speeds of 10-15 m/sec are not uncommon on
Isla Tortuga during the winter season. Punta Chivato is exposed directly down wind. The wind field over the Gulf of
California is semi-monsoonal in effect. Winter winds are derived from high-pressure systems in the southwest American
desert that are pulled down the axis of the gulf toward the
equator. Lighter winds blow from the south during May
through September, due to low-pressure systems that draw
winds up the axis of the gulf. The seasonal winds play an
important role in stimulating marine upwelling in the gulf,
which in turn boosts biological productivity (ALVAREZ-BoRREGO and LARA-LARA, 1991). Thermohaline circulation is another important factor. According to RODEN (1964), highly
saline outflow to the Pacific Ocean occurs primarily along the
west coast of the gulf, while low-salinity inflow occurs along
the east coast. BRAY (1988) confirms that thermohaline cir-
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Figure 2A. Aerial view of the Punta Chivato north coast sighted to the southwest; abbreviation td refers to a terrace dune represented by the white
band located immediately above the cliff line; em marks the Ensenada el Muerto. 2B. Aerial view of the Punta Chivato east coast at Playa Cerotito
sighted to the west; abbreviation sd refers to a slope dune (white) in the foreground that thinly covers steep andesite bedrock; rh refers to a rock horn
or resistant rib of andesite bedrock that projects seaward. Note that lines of wave propagation (center left) are generated from the north.
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culation is usually counterclockwise, but inverts to a clockwise pattern during the summer months.
Geologically, Punta Chivato is one of several Pliocene islands attributed to the Santa Ines archipelago (SIMIAN and
JOHNSON, 1997). The Punta Chivato promontory consists primarily of an andesite core (ANDERSON, 1950) that belongs to
the Miocene Comondu Group. The core is skirted by carbonate ramps belonging to the Lower Pliocene San Marcos Formation. Quite distinct from the low-angle ramps are comparatively flat Upper Pleistocene terraces located on all three
sides of the promontory, but now uplifted 9 to 12 m above
sea level (JOHNSON and SIMIAN, 1996). A sparse rocky-shore
biota is sometimes incorporated with thin terrace deposits.
Structurally, the inter-bedded Miocene andesites and tuffs at
Punta Chivato form part of a tilted block that strikes northsouth and dips between 21° and 23° to the west (Figure 1).
This relationship has led to the erosion of softer tuff units
into narrow, deeply incised north-south valleys that open
onto the north coast. Most of these valleys appear to be of
Recent origin, but one is regarded as a paleovalley on account
of deep fill consisting of bedded carbonates (Figure 1; SIMIAN
and JOHNSON, 1997). Contemporary eolian dunes are seated
both on the Upper Pleistocene terrace (Figure 2A) and as a
draping cover on andesite slopes (Figure 2B). Maximum dune
elevation reaches topography more than 60 m above sea level.

length along the direction of elongation (Figure 3), tree width
(perpendicular to length), and maximum trunk circumference. The down-wind direction of growth for each tree was
recorded using a Brunton compass and the results plotted on
the map as a flag. In addition, cores from seven of the larger
trees were sampled in order to determine their maximum
ages and growth rates. Use of a microscope was necessary to
count growth rings recorded on the cores.
A crude test for the presence of salt aerosols in the air and
its concentration on windward exposures was conducted using salt patches. Square patches 9 em X 9 em in size of Whatman'" (1) qualitative filter paper were attached to five of the
cement posts erected along the north shore as property markers (Figure 1). Only four-sided posts with planar surfaces oriented within a few degrees of the cardinal directions were
selected, such that the mounted patches would record the relative salt load carried by winds from those directions. All
patches were fixed 60 em above ground level within 25 m of
the shore, and left exposed for approximately 48 hours. In
the laboratory, Ivcm" pieces were cut from the center of each
patch and soaked in 250 mL of deionized water, which was
then analyzed for chlorine concentration using a Dionex
40001 Ion Chromatograph.

METHODS

Areas of active eolian sedimentation and adjacent beaches
on the north and east sides of the Punta Chivato promontory
were mapped on a topographic base. Two areas were selected
for line studies extending north-south from beach to dune
environments on bedrock slopes and sediment samples were
collected along those transects. Another area involving a terrace dune without an adjacent beach was selected for a spot
study. The three areas were selected for their spatial distribution on the promontory, and because they represent sizable
dunes. Twelve sediment samples were collected for laboratory
determination of grain size, sorting, and composition. Sieve
analyses of the unconsolidated samples were performed to
determine mean grain size, standard deviation, and skewness
using the methods of FOLK and WARD (1957). Grain size conforms to the Wentworth scale and grades of sorting follow the
categories of FOLK (1974).
A portion of each sample was mixed with epoxy cement and
solidified as a solid from which a thin section could be cut.
Composition by percent volume was determined by counting
400 points per slide at J-mm intervals, using an automated
point counter. These parameters were chosen so as to maximize accuracy and confidence in percentages according to the
guidelines of VAN DER PLAS and TOBI (1965).
Grain types are broadly divided into two groups: bioclasts
as opposed to lithic plus mineral fragments. Included under
bioclsts are the sub-categories of coralline red algae, mollusk,
sea urchin, barnacle, and unknown bioclasts. Five known
samples were made by collecting biological material from the
intertidal zone on the north shore, crushing the material into
fragments, and mixing the product with epoxy to form a solid
from which a thin section was cut. The five include test samples from bivalves (Megapitaria squalida and Pecten sp.), gastropods (Turbo fluctuosus), sea urchins (Diadema mexican-

Field and laboratory procedures bridge three inter-related
aspects of the study area: 1) establishment of a historical record pertaining to the prevailing winter wind field, 2) collection of Recent dune samples and their analysis for mean particle size, sorting, and composition, and 3) collection of dune
samples from the Plio-Pleistocene record for analysis and
comparison. Reliance on natural wind indicators provided a
means to quantify the local wind field. In order to facilitate
direct microscopic comparison between Plio-Pleistocene rock
samples and recent sediment samples, the latter were converted into rock samples by means of epoxy cement.

Biological Record of the Wind Field
Salt, sand, or ice crystals carried by the wind have the potential to deform plant growth and the term krummholz (German: twisted wood) applies to trees or shrubs contorted from
normal upright growth to a bent, or even ground-hugging
posture (BARBOUR et al., 1988). Many different species of
plants growing on the north side of the Punta Chivato promontory are strongly pruned by wind-born salt. Identification
of these plants conforms to the guide by ROBERTS (1989).
Accumulation of salt on a leaf, in combination with the nearly
complete absence of cleansing rain, will eventually kill the
leaf. Thus, leaves on the windward side of a tree directly exposed to the wind die off but leaves growing in the sheltered
lee of the tree are protected. In this way, the tree effectively
grows in its own wind shadow and is elongated in the downwind direction. In order to plot the effective wind field on the
north side of the Punta Chivato promontory, the region was
canvassed and krummholz examples were plotted on a topographic map. Measurements at each station included tree

Treatment of Recent Dune Samples
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Figure 3. Krummholz repr esented by a st unted leatherplant (J at r op h a cuneata ) on the north coast of the Punta Chivato promontory.

num ), barnacles (Balanus sp. ), and as many as three different
unidentified species of coralline red algae. The distinguishing
features of these organic materials as follows:
• Bivalves: Larger fragments are highly birefringent and exhibit a shadowy extinction that sweeps across the grain. In
clear light, there may be an overprint of parallel bands in
various shades of brown . Smaller fragments are riddled with
irregular wavy fractures. Some particles show fine, roughly
parallel stripes that are continuous across the whole fragment.
• Gastropods : The se are very similar to bivalves and in practice can not be distinguish ed with confidence unless a large
chambered fragment of the shell is present. Therefore, bivalve and gastropod material were lumped together as a molluscan sourc e.
• Sea urchins: Large fragments may occur as optically continuous calcite crystals. Small fragments are distinguished by
regularly spaced holes that are square to round in shape and
arranged in chains. Overall, the appearance is similar to the
woven fabric of a textile.
• Barnacles: Fragments tend to be small and often elongate,
with fractures parallel to their shape.
• Coralline red algae: Individual columnar cells are readily
apparent in thin section. Depending on the angle at which
they are cut, the compartments may be roughly square to
very elongate. The cells are arranged side by side in curving

rows stacked upon one another. Red algae is also readily distinguished by its darker hue, when compared with the cream.pink color of other carbonate grains.
Subcategories under lithic + mineral grains include limestone fragments (reworked Pliocene carbonates), volcanic
fragments (reworked Miocene andesite), and individual
grains of pyroxene, amphibole, quartz, feldspar, and dark
minerals. The last sub-category was made to trace green
sand, which might be composed of plagioclase, olivine, diopside, or some combination thereof.
Treatment of Plio-Pleistocene Dune Samples
All lithified outcrops distinct from the marine Pliocene
ramp sequence described by SIMIAN and JOHNSON (1997) on
the north side of the Punta Chivato promontory were surveyed and mapped in terms of elevation, bedding, weathering, and features indicative of an eolian origin. Two areas
were selected for special attention here: the paleovalley briefly mentioned by SIMIAN and JOHNSON (1997) and the Pleistocene marine terrace at the northeastern tip of the promontory. Rock samples from those sites were collected from
which thin sections were prepared. Point counts falling on
primary pore space or secondary cement were not included
in the 400-grain totals calculated for each sample from thinsection study. Isopachous cement commonly formed as a rim
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Figure 4. West end of the Punta Chivato north coast (see Figure lA for location), showing a selection of krummholz from several plant species. Flags
indicate a southerly direction of growth.

around bioclasts. Those bioclasts that subsequently dissolved
away still retain cement-rimmed pore spaces that may be distinguished from primary pore space.

KRUMMHOLZ AS LIVING WIND SOCKS
The results of our survey reveal that salt pruning is especially common among leatherplant (Jatropha cuneata) and copal iBursea hindsinia) trees. At least six other plants, however, occur as krummholz on the north side of the Punta Chivato promontory. They include an Acacia (species undeter-

mined), Botoncillo (Conocarpus erecta) , Palo adan (Fouquieria
diguetii), Palo colorado (Colubrina glabrai, Palo verde tCercidium peninsular), and even the Fishhook cactus (Mammillaria sp.), With the exception of a pocket of plants on the east
coast, the windward-leeward dichotomy is corroborated by
the fact that krummholz occur only on north slopes and arroyos and are absent from the south side of the promontory.
Taken as living wind socks, the directional flags attached to
plant locations plotted on the maps in Figures 4-6 clearly
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Figure 6. Map of the Playa Cerotito area on the east coast of Punta
Chivato (see Figure lC for location), showing a selection of krummholz
from several plant species. Flags indicate a southerly direction of growth.
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Table 1. Tree-core data.

N

Tree
#

Common Name

Core Length

Age

Growth Rate

22
143
151
162
168
9
147

Copal
Copal
Copal
Copal
Copal
Leatherplant
Leatherplant

97.4 mm
30.4
79.0
59.4
42.4
30.0
41.3

37 yr
45
32
35
27
33
24

2.6 mm/yr
0.68
2.50
1.70
1.80
0.91
1.70

w
identify the prevailing direction of wind flow. In several places krummholz development shows how wind is diverted by
topography. An example of how arroyos funnel wind is visualized in the longest arroyo on the north coast (Figure 5). The
arroyo is on a north-south axis, but tree stations 153-161 (all
situated in the dry stream channel) reflect every twist and
turn of the arroyo bottom. At Punta Chivato (located on the
northeast tip of the peninsula) tree stations 149-151 reflect
how the wind sweeps around the contours of the steep slope
(Figure 5). Particularly on the east coast near Playa Cerotito
(Figure 6), some krummholz examples serve as an illustration of eddies that form around the leeward side of a topographic feature. Tree stations 32-36 as well as 145 and 146
are noteworthy in this regard. Plotting the directions of all
168 krummholz samples on a rose diagram (Figure 7) yields
a tight cluster around a mean vector of 182° indicative of a
prevalent wind source from N2°E.
Data regarding growth rates based on tree cores are summarized in Table 1. The oldest copal tree is believed to be 45
years old; the oldest leatherplant is believed to be 33 years
old. These results suggest that growth deformation occurs
season by season over a sustained interval of time. At least
on a human scale of time, the local wind field at Punta Chivato appears to be recurrent and stable.
Salt-trap data are summarized in Table 2. During the first
day of the 48-hour experiment, winds were variable and light
below 1-2 mls. On the second day, winds became stronger
and more steady. The source was from the NNW at 4-6 mis,
but maximum gusts of 8 mls were recorded. Set up to test
directionality of salt aerosols carried by the wind, the experiment took advantage of concrete boundary posts with planar
sides aligned to the four cardinal directions. Locations of the
five test sites are marked on the map in Figure 1. Salt concentrations may vary by location due to differences in ele-

Figure 7. Summation of preferred growth orientations for all krummholz plants. N = 168, confidence angle is 6°; vector mean is 182° indicating an average wind source from N2E.

vation and slight deviations in test exposure time. At posts
1, 3, and 4, all of which stand approximately 10 m above sea
level, the north-facing patch collected significantly more chloride than any of the other faces. Posts 2 and 5, both of which
stand at elevations between 40 and 60 m above sea level,
record more chloride on the west face than the north face.
Winds at post 2 were light and variable throughout the experiment, probably due to the sheltered location. Winds at
Post 5 were more westerly (from a source N25° W) than those
of any other station. The overall results, however, confirm
that significant amounts of chloride are carried as aerosols
by the wind, and that the orientation of a surface receiving
the most salt coincides with the windward direction.

RECENT DUNES
The results from study of active dunes on sloping bedrock
in the vicinity of Playa Cerotito and Ensenada el Muerto, as
well as a flat-lying terrace dune at Punta Chivato, are de-

Table 2. Salt-patch data: Amount of salt collected on each post face is given in mg CI / em".
Aspect
Location (Fig.

Post 3

Post 4

Post 5

0.0375
0.0125
0.1750
0.0150
47h 07m

High cliff E.
Playa Cerotito
0.0075
0
0
0.0325
47h 18m

Punta Chivato
Terrace
0.3625
0.0100
0.0650
0.0250
47h 36m

North shore
Terrace
0.1525
0.0100
0.015
0.0125
48h 40m

High cliff on
North shore
0.0225
0.0175
0.0075
0.0500
46h 52m

9:21
variable

9:50
N15W

10:37
NNW

13:37
N5W

14:14
N25W

Post 1
1)

North face
East face
South face
West face
Exposure time
Collection time
(1/16/1997)
Wind source

Playa Cerotito

Post 2
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Figure 8A. Map of exposed bedrock and surface sediments at Playa Cerotito on the east coast of Punta Chivato, showing location of seven sample
sites. 8B. Cross section with sample sites from transect A-E in Figure 8A.

scribed in this section. A major dune system on the promontory's east coast overlooks Playa Cerotito with a northern
exposure (Figure lC). In Spanish, Playa Cerotito refers to
"little horn beach" and the seaward extension of a pair of
bedrock spurs is apparent from the aerial view (Figure 2B).
A map of the area shows the relationship between exposed
bedrock and sedimentary ground cover (Figure 8A). The area
is the same as illustrated for krummholz stations in Figure
6. Maximum elevation of dune sands at this locality is 49 m
above sea level (Figure 8B).
Sieve-analysis data for seven sediment samples along this

transect are summarized in Table 3. Moving onshore to the
back-beach at Playa Cerotito (samples PC-LII-14), the sediment becomes coarser, spanning slightly less than half a phisize on the fine side of medium sand. Sorting in these four
samples is virtually identical, between well and moderately
well sorted sand. Sediment samples from locations on the hill
slope (PC-LI5-17) fall between fine and medium sand, and
are better sorted than the beach sand. Sorting shows a strong
correlation with elevation, as material from the top of the
dune is very well sorted sand. Skewness also varies directly
with topography. The robustness of the coarse tail belonging
to the most offshore sample shows a significant decrease in
the onshore samples and initial dune sample. At the crest of
the dune, the tail shifts to a fine character.
Point-count data relevant to the composition of samples
from the Playa Cerotito transect are summarized in Table 4.
Given the degree of sorting exhibited by these samples, point
counts of sediment particles from thin sections provide a reasonable proxy for calculations of percent volume for constituents by composition. Although the overall proportion of calcium carbonate to eroded volcanics varies little, individual
constituents show a significant correlation with topography
(Table 4). The dominant source of calcium carabonate is
clearly derived from molluscan shells, but volcanic particles
(andesite fragments) and feldspar vie for the most important
non-organic component. Regarding the mollusk-derived portion, the offshore samples yield the lowest concentration and
the peak dune elevation shows the highest over a spread of
10 percentage points. This trend is mirrored by an inverse
relationship between volcanic lithics and elevation. The most
offshore sample has by far the highest volume of volcanic,
whereas the most inland sample yields the lowest volume of
volcanic lithics. With the exception of the back-beach area,
there is a modest landward increase in the amount of feldspar. A significant rise in the amount of dark minerals supports the field observation that dune sand is darker than
beach sand and includes concentrations of green sand. The
fraction of marine bioclasts other than from mollusks is
small, but decreases gradually with distance from the sea.
Coralline red algae, for example, account for at most 5% of
the beach or offshore sediment, but dwindle to 0.75% at the
top of the dune.
The beach at Ensenada el Muerto is another northern exposure, located 3 km northwest of Playa Cerotito at the west
end of the Punta Chivato promontory (Figure lA). The wide
expanse of sand is clearly visible in the aerial view of the

Table 3. Elevation and sieve-analysis data for Playa Cerotito and associated dunes.
Sample
(see Fig. 6)

Elevation
(m)

Mean Grain
Size (rnm)

Mean Grain
Size (phi)

Standard
Deviation

Skewness

PC-L11
PC-L12
PC-L13
PC-L14
PC-L15
PC-L16
PC-L17

-0.60
-0.50
sea level
+1.70
+28.00
+49.00
+25.00

0.24
0.26
0.29
0.31
0.25
0.26
0.24

2.05
1.98
1.78
1.68
2.02
1.95
2.07

0.52
0.51
0.51
0.50
0.43
0.30
0.40

-0.17
-0.11
-0.10
-0.09
-0.11
0.23
0.01
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Table 4. Point-count data for sediment samples from Playa Cerotito and associated dunes: Based on a count of 400 grains per thin section.
PC-Lll

PC-LI2

PC-LI3

PC-LI4

PC-LI5

PC-LI6

PC-LI7

Grain Type

0(,

%

%

%

%

%

%

Mollusc
Red algae
Sea urchin
Barnacle
Unknown bio.
Totals

29.50
2.75
2.75
0.75
5.50
41.25

29.25
5.00
4.75
0.25
4.75
44.00

30.50
3.00
0.50
1.75
6.50
42.25

35.25
1.50
3.00
1.25
5.75
46.75

40.00
1.75
1.50
0.00
4.25
47.50

39.00
0.75
2.00
0.25
6.25
48.25

32.25
1.75
1.25
0.00
6.25
41.50

Ls. lithic
Volcanic lithic
Feldspar
Pxn + amph
Dark mineral
Quartz
Totals

0.00
36.00
19.75
2.50
0.25
0.25
58.75

0.50
30.25
23.50
0.75
0.00
1.00
56.00

0.75
28.75
26.50
0.25
0.00
1.50
57.75

0.75
30.50
18.50
1.25
1.00
1.25
53.25

0.75
17.50
27.50
1.00
5.00
0.75
52.50

0.25
12.25
24.25
5.50
8.00
1.50
51.75

0.25
15.25
27.75
5.75
9.00
0.50
58.50

peninsula (Figure 2A). In contrast to Playa Ceritito, much of
the beach material at Ensenada el Muerto consists of well
worn, coin-size bits of shell fragments. Relatively few shells
are complete enough to enable identification, but Table 5 lists
a dozen mollusks dominated by bivalves. According to Keen
(1971), half of them represent species that live well offshore
in the subtidal. During our fieldwork over two different visits,
no rhodoliths were found washed up on the beach. A map of
the area showing the relationship between exposed bedrock
and sedimentary ground cover is given in Figure 9. The area
is the same as illustrated for krummholz stations in Figure
4. Maximum elevation of dune sands at this locality is more
than 60 m above sea level. The amount of eolian sediment on
the hill slope is impressive considering the 10-m vertical cliff
backing the beach and marking the edge of the marine terrace at the bottom of the slope. During fieldwork, air-born
sediment was experienced at least 1.75 m above the ground
surface.
Sieve-analysis data from four samples along this transect
are summarized in Table 6. The sample collected lowest on
the beach at Ensenada el Muerto consists of poorly-sorted,
intermediate granules with a mean grain size of2.6 mm. The
sample 15 m landward consists of poorly sorted medium

sand. Sediment samples from the windward slope on the
promontory (PC-L47) and the dune on the opposite side (PCL48) are from elevations well below the crest of the hill. Both
are moderately well sorted medium sands. The more seaward
beach sample has a large negative skewness, indicating a
strong coarse tail tied to the large number of grains falling
in the category of phi -3.5. The other beach sample exhibits
a coarse tail more comparable to those shown by beach samples at Playa Cerotito. The two dune samples on the Ensenada el Muerto transect both show fine tails. As at Playa Cerotito, skewness varies directly with topography.
Point-count data regarding the composition of the four

Ensenada el Muerto

Table 5. Common mollusc shells at Ensenada el Muerto.
Species

Habitat (from Keen, 1971)

Bivalves
Anadara grandis
Chione gnidia
Dosinia ponderosa
Laevicardium elatum
Lyropectin sp.
Megapitaria squalida
Ostea sp.
Pecten sericeus
Pinna rugosa

Extreme low tide on sand bars
Sandy bays and offshore to 33 m
Offshore to 60 m
Mud flats, outer coast
Deeper water
Sandy mudflats offshore to 160 m
Rocky intertidal to offshore
Offshore in depths of 13 to 155 m
Sandy substrate, near rocks, mud bars

Gastropods
Conus regularis
Crepidula sp.
Strombus galeatus

Intertidal to 90 m
Rocky intertidal
Just below low-tide line

...
.
.
: Contour interval: 20 m : .

: : : : Sample PC-L48: : :

·········::::::::x:

Figure 9. Map of exposed bedrock and surface sediments on Ensenada
el Muerto at the west end of the Punta Chivato north coast, showing
location of four sample sites.
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Table 6. Elevation and sieve-analysis data for Ensenada el Muerto and associated dunes.
Sample
(see Fig. 8)

Elevation
(m)

Mean Grain
Size (rnm)

Mean Grain
Size (phi)

Standard
Deviation

Skewness

PC-L31
PC-L32
PC-L47
PC-L48

sea level
+ 0.50
+38.00
+30.00

2.58
0.44
0.33
0.35

-1.37
1.20
1.60
1.53

1.40
0.74
0.61
0.56

-0.53
-0.04
0.10
0.09

samples at Ensenada el Muerto are summarized in Table 7.
As at Playa Ceritito, the overall proportion of calcium carbonate to eroded volcanics varies little across the transect,
although calcium carbonate forms the more dominant faction.
Particles derived from mollusk shells are the dominant beach
and dune materials, accounting for 50% or more of the total
bulk. All other sources of bioclasts form a distinct minority.
Volcanic lithics in the beach and dune materials from Ensenada el Muerto account for a distant second place compared to
molluscan sources, with less than 27% of the total bulk (Table
7). Unlike Playa Ceritito, there is no corresponding inverse
relationship between carbonates and volcanic lithics with elevation or distance from shore. Instead, the richest concentration of calcium carbonate occurs at the water's edge (nearly 80% by volume). Although there are fewer volcanic lithics
in the sand at the water's edge, the amount actually increases
landward. Dark minerals are absent on the beach at Playa
Cerotito, but present at Ensenada el Muerto, yet the concentration of dark minerals is greater in the dunes above Playa
Cerotito.
The final locality considered in this section is the flat-lying
terrace dune that occurs on the most northeasterly point of
the promontory at Punta Chivato. Roughly triangular in
shape and 130 m across along its widest edge parallel to the
north-south coastline, this dune is intriguing because there
is no nearby beach to provide an obvious source of reworked
sediment. The dune sits perched on a 12-m marine terrace
formed by volcanics belonging to the Comondu Group with
wave-cut platforms below it to the east and north. Vegetation
dominated by leatherplants is well rooted on the dune and a

scattered pavement of andesite clasts mostly 1-3 cm in diameter litters the surface. Flat clasts 10 to 17 em in diameter
occur rarely. Excluding the large clasts, this dune material
consists of medium sand, moderately well sorted, with virtually no tail. This result represents something coarser and
more poorly sorted than dune sediments at Playa Ceritito and
Ensenada el Muerto, but the skewness more closely resembles that of the other dunes.
Composition determined by point counts (sample PC-L40,
Table 8), reveals an overwhelming bioclast content of 76%,
significantly higher than any other beach or dune samples
from the region. Mollusk-derived particles comprise 92% of
all bioclasts, while particles broken down from coralline red
algae account for only 1%. Volcanic lithic and feldspar particles, combined, account for barely more than 20% of the
total bulk. This is most like the dune sample (PC-L48) on the
leeward side of the Punta Chivato promontory inland from
the Ensenada el Muerto. The low expression of dark minerals
is also comparable to the dunes above Ensenada el Muerto.

PLIO-PLEISTOCENE DUNES
An ancient dune is located in the western most of four major arroyos that descend to the north shore of the Punta Chivato promontory. The three eastern arroyos are void of any
sedimentary rocks. Lower Pliocene marine limestones, however, crop out along the rims of two valleys, indicating that
the arroyos were excavated below the level of the sedimen-

Table 8. Compositional comparison of modern dune (PC-L40J and Pleistocene beach (PC-40J sand at Punta Chivato: Based on a count of 400
grains per thin section.
Table 7. Point-count data for sediment samples from Ensenada el Muerto
and associated dunes: Based on a count of 400 grains per thin section.

PC-L40

PC-40

Grain Type

%

%

70.00
0.75
0.50
0.50

4.25
76.00

71.67
2.66
1.21
0.00
7.26
1.69
1.94
86.44

1.00
11.75
8.50
1.25
1.50
0.00
24.00

0.48
6.05
3.39
1.94
0.00
1.69
13.56

PC-L31

PC-L32

PC-L47

PC-L48

Grain Type

%

%

%

%

Mollusc
Red algae
Sea urchin
Barnacle
Unknown bio.
Totals

79.75
0.75
0.00
0.00
2.00
82.50

50.25
2.75
0.25
0.00
4.25
57.50

49.25
1.25
0.25
0.25
2.75
53.75

51.50
1.75
0.00
0.50
2.75
56.50

Mollusc
Red algae
Sea urchin
Barnacle
Cement repl.
Pore space
Unknown bio.
Totals

Ls. lithic
Volcanic lithic
Feldspar
Pxn + am ph
Dark mineral
Quartz
Totals

2.50
13.00
1.50
0.00
0.00
0.50
17.50

0.50
19.25
18.75
1.50
2.00
0.50
42.50

0.25
24.00
17.25
1.75
1.75
1.25
46.25

0.25
27.00
14.00
0.75
1.50
0.00
43.50

Ls. lithic
Volcanic lithic
Feldspar
Pxn + am ph
Dark mineral
Quartz
Totals
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Contour interval: 20 m

[J Modern beach
~ Pleistocene congl.

ta Lithified dune outcrop
~ Pliocene bedrock

[;j

Andesite bedrock

Figure 10. Geological bedrock map for the Plio-Pleistocene valley on the
north side of the Punta Chivato promontory; inset shows orientation of
cross beds from a dune structure on transect X-Yo See Figure 1 for general
location of the valley.

tary cap rock sometime after the early Pliocene. If later Pliocene marine deposition took place within any of these arroyos, the evidence has since been removed by erosion. A detailed geological bedrock map for the paleovalley previously
cited by SIMIAN and JOHNSON (1997) is given in Figure 10.
Well bedded limestone extends 400 m inland from a position
immediately behind a cobble beach. The present arroyo is
most narrow and steep walled at its outlet to the sea, but
broadens to the south into a bowl with one side enlarged to
the southeast.
The limestone beds are bisected for their entire length by
the arroyo channel. In places, the channel cuts through vertical walls rising 4 to 7.5 m above the stream bed. In others,
bare andesite reaches all the way down the side of the valley
slope to the streambed where recent erosion has striped away
the limestone. It is important to note that at the mouth of
the arroyo (Figure 10, Location 1) limestone strata and the
andesite rocks against which they abut are beveled by the
same thin, conglomeratic terrace deposit that runs along the
sea coast approximately 11 m above sea level. Many of the
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cobbles and boulders in this deposit are encrusted by coralline red algae. Fossils of the intertidal gastropod, Turbo fluetuosus, are relatively common within the deposit. Although
not traced so far along the coast of the Punta Chivato promontory by JOHNSON and SIMIAN (1996), it corresponds in
morphology and fossil character to the Upper Pleistocene
Substage 5e marine terrace.
Also at this locality, a set of tabular cross-beds dip 32° to
the southeast within the limestone banked high against andesite bedrock on the east side of the valley. The vertical
thickness of this interval is 3 m. Strata consist of tan carbonates with plentiful andesite clasts less than 1 em in diameter.
A short distance up stream on the east wall (Figure 10, Locality 2), tangential cross-beds are exposed at the base of the
sequence through a vertical interval of 2.5 m. Angular andesite clasts are sparse in some of the cross-beds, but more
concentrated in others. Sets of cross-beds are generally 8-25
em thick within horizontal beds up to 40 em in thickness.
Above this level occurs an additional 5 m of limestone, but
bearing only scattered andesite clasts 1-8 em in diameter.
Inland, the limestone deposits on the north side of the
channel climb the slopes of the valley to a level above the 40
m contour line, below which a large-scale, cross-bedded structure is well exposed (Figure 10, Locality 3). The structure
measures 18 m by 14 m in its lateral dimensions, and features beds that are 25-45 em in thickness and dip 28° to the
southwest. Root casts are abundant at this level. A topographically lower structure with large-scale cross-beds that
dip the same direction but at a lower angle is truncated by
the overlying beds. The inset in Figure 10 shows how these
beds appear as seen from an oblique angle. The upper set of
cross-beds is shown in Figure 11.
The results of point counts from a rock sample (PC-L44)
collected near the bottom of the arroyo exposure below the
fossil dunes (Figure 10, Locality 3) indicate that 44% of the
clasts consist of volcanic lithics plus minerals. Bioclasts account for 56% of the sample. Looking at the carbonates as a
separate fraction, 36% derive from mollusk shells, 9% from
coralline red algae, 6% from sea urchins. The ratio of molluscan particles to algal particles is 5:1. A large number of
grains from this sample were clearly dissolved or replaced.
Most such ghost vacuities resemble mollusk grains in outline
and, thus, the ratio of molluscan particles to algal particles
is undervalued.
The only other lithified deposit considered in this report is
associated with the contemporary terrace dune located near
the northeastern tip at Punta Chivato. There, the limestone
consists of relatively coarse carbonate sand containing rare
andesite clasts 1-2 em in diameter. The deposit is eroded as
a small-scale pinacle karst, which obscures the original bedding. At the south end of the outcrop, however, well defined
strata dip 4° seaward (east). Situated unconformably below
the edge of this carbonate deposit, but above volcanic bedrock, is a continuous layer of rounded cobbles up to 30 em in
diameter associated with shells of the gastropod Turbo fluetuosus and the bivalve Arca pacifica. The cobble deposit is 1
m thick, but disappears to the south. It is part of the marine
terrace correlated by Johnson and Simian to Pleistocene Sub-
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Figure Ll.. Large-scale dune cross-beds from the Plio-Pleistocene valley on the north side of the Punta Chivato promontory (viewed to the south, with
recumbent figure for scale).

stage 5e. Thus, the age of the overlying carbonates is very
young.
The results of point counts from a thin section (PC-40) prepared from this material is listed in Table 8. The percentage
ofbioclasts (86%) in this sample is the highest of any sample,
modern or ancient, analyzed for this study. The sample also
displays a high domination by particles derived from mollusk
shells in comparison to coralline red algae (27:1). Based on
grain size and the orientation of the bedding, this deposit
may represent a very late Pleistocene beach rather than a
dune. While the proportion of particles derived from a molluscan source is very similar to that in the adjacent recent
dune deposit, the proportion of bioclasts from other sources
is somewhat higher. The converse is the case regarding the
relative proportions of volcanic lithic and mineral components (Table 8).

DISCUSSION
In their study at Playa La Palmita on Bahia Santa Ines
directly in the leeward of the Punta Chivato Promontory, LIBBEY and JOHNSON (1997) observed fossil rhodoliths and prolific rhodolith debris in Pleistocene carbonate sediments that

bury a rocky shoal and abandoned sea cliff. Rhodolith fragments are readily visible to the naked eye. In places, the
white unconsolidated sediments of Playa La Palmita consist
of 80-90% fossil rhodolith debris. It is well established that
concentrated rhodolith debris form beach deposits, as shown
by the exemplary tombolo at Isla Requeson in Bahia Concepcion (HAYES et al., 1993; MELDAHL et al., 1997) located 50 km
south of Punta Chivato. In fact, most of the pocket bays along
the western side of Bahia Concepcion shelter beaches that
formed due to low clastic input and high carbonate production by rhodoliths (MELDAHL et al., 1997, p. 45). Five of the
fifty beach localities in Baja California described by CARRANZA-EDWARDS et ale (1998, Figure 1; Table 1) occur on the west
side of Bahia Concepcion, where levels of carbonate concentration are represented between 71% and 91%. Coastal dunes
are found nowhere on Bahia Santa Ines or the much larger
Bahia Concepcion in association with these fossil or Recent
beach deposits. In their sedimentological and geomorphological survey of Bahia Concepcion, MELDAHL et al. (1997) make
no mention of coastal dunes. This absence is a natural consequence of the fact that pocket beaches are effective sediment traps. They typically form under leeward conditions,
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where wave refraction allows the accumulation of sediments
but the beaches are protected from wind. This is corroborated
by the simple observation that sail boats and other water
craft take shelter in Bahia Santa Ines and the small bays
along the western side of Bahia Concepcion during windy
winter days.
In contrast, the beach and dune sands on the windward
side of the Punta Chivato promontory are physically associated with one another. As in the case of Playa Cerotito (Figure 6), dunes extend up slope from the beach almost imperceptibly in places. The windward dunes of Punta Chivato do
not lend themselves to macroscopic examination. It is only by
microscopic examination that the origin of these sands is apparent. Here, mollusk-shell fragments account for the dominant share ofbioclasts and out-number particles derived from
coralline red algae by ratios between 25:1 and 50:1. To the
extent that algal material is present at all, it is derived from
species that live attached on rocky shores in the intertidal
and shallow subtidal. Circumrotatory coralline red algae require some movement to assure a continuous spherical pattern of growth (FOSTER et al., 1997), but it appears that substrate conditions off the north side of the Punta Chivato
promontory are too rough for the development of live rhodolith fields. Extensive mollusk beds, which include infaunal bivalves (Table 5), are able to thrive under the choppy conditions that characterize the Ensenada el Muerto.
Unlike the sheltered environment of pocket bays, the windward shores of the Punta Chivato promontory are utterly exposed to the weather. Fieldwork on the north shore is difficult, if not impossible, during windy winter conditions. The
day may be otherwise clear and sunny, but wind speeds in
access of 10 km/sec approach those registered by the weather
station on Isla Tortuga to the north (BRAY and ROBLES, 1991,
Figure 2). Under such conditions, it is possible to observe
mist-like salt aerosols blow well upland from the shore. Salt
content is readily apparent after only a short period of exposure, particularly to those wearing eyeglasses. Sea salt enters the atmosphere from breaking waves, initiated by winds
in excess of about 7 m/s, and from the popping of air bubbles
at the sea surface (ERIKSSON, 1961). Due to thermohaline
circulation on a counterclockwise rotation (RODEN 1964;
BRAY, 1988), elevated salinity on the west side of the gulf
during the winter season undoubtedly lends itself to the formation of salt aerosols.
Little previous work in the Gulf of California has focused
on atmospheric and oceanic inter-relationships with respect
to modern and ancient dunes. A brief entry by ANDERSON
(1950) comes the nearest to the research program followed
here. Bedded calcereous sandstones occur on the north side
of Isla Carmen, located 140 km southeast of Punta Chivato.
They are identified as eolianites of possible Pleistocene age
on the basis of their cross-bedding and the presence of a terrestrial gastropod (Bulimulus). Recent calcareous dunes also
occur south of Oto Bay at elevations between 45 and 60 m
above sea level. ANDERSON (1950, p. 20) concludes that:
"Considering the strong northwest winds that blow down the
gulf in winter and spring, sand dunes are not out of place,
and similar winds were undoubtedly important in the past."
No attempt was made to quantify the calcareous content of

the Isla Carmen dunes. WALKER and THOMPSON (1968) also
interpret sand dunes as part of a regressive package of marine and terrestrial rocks of Pleistocene age at San Felipe in
the gulfs northern region. A study by IVES (1959) compares
contemporary calcareous sand dunes in the Yuma and Sonoran deserts at the top of the gulf. In the Yuma region on the
U.S. side of the international boundary, the dunes are primarily quartzose with only 10% calcium carbonate by volume. The quartz sand is derived from the sediments of the
Colorado River. On the Sonoran side of the border, however,
dunes are dominated by shell fragments «0.01 to 2 mm in
diameter) and the CaC0 3 content is between 70 to 80% by
volume. The existence of both dune fields is attributed to the
same dynamic processes, namely westerly summer winds and
strong northwest winter winds called the winter "norte"
winds by IVES (1949). The present study took an additional
step in verifying the winter wind field over the Gulf of California by means of Krummholz features.
Lithified dune deposits are recognized in the stratigraphic
record on the basis of large-scale cross-beds. Low-angle bedding with inclinations less than 15° also occur in eolian sheet
deposits or sediment veneers up to several meters thick (KoCUREK, 1986). Steep stoss slopes are not often preserved due
to the continual progradation of dunes. We believe that the
steeply dipping beds at the rear of the paleovalley on the
Punta Chivato promontory represent a stoss slope (Figure
11). Beds in this dune structure dip 28° towards the high
north valley wall at a location displaced off center from the
valley axis and quite close to the valley wall. There is insufficient space for wind to have been blowing in the opposite
direction down off the valley wall. Rather, the southwest direction of the dipping beds reflects the tendency of wind to
be diverted parallel with the changing contours of the valley
walls. This precise effect is well illustrated by krummholz
along the indented north valley wall in the same valley today
(Figure 4). Krummholz sites 93-100 distinctly exhibit flags
pointing to the southwest. Another feature exclusive to eolian, as opposed to beach deposits, is the preservation of root
casts from dune vegetation, sometimes referred to as rhizocretions. The casts, usually composed of calcium carbonate,
may be solid concretions or cylindrical sheaths. As introduced
under the results section above, the latter are commonly present in the fossil dunes at the rear of the paleovalley dissecting the Punta Chivato promontory.
The precise age of this paleovalley fill is difficult to determine. It can not be younger than the last interglacial epoch,
based on truncation of valley walls and adjoining carbonate
deposits by a marine terrace associated with oxygen isotope
Substage 5e. On the other hand, it must be younger than the
early Pliocene, because the valley cuts through the capstone
layer represented by a carbonate ramp deposit belonging to
the Lower Pliocene San Marcos Formation. Therefore, the
age must be loosely attributed to the Plio-Pleistocene.

CONCLUSIONS
Dune deposits are recognized as an additional facet associated with the windward-leeward dichotomoy of contemporary and Plio-Plesitocene facies that surround the Punta Chi-
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vato promontory. Modern carbonate dunes accrue preferentially along the north, windward side of the promontory. The
prevailing wind field experienced at Punta Chivato on a seasonal basis from October through April involves strong winds
out of the north. This influence is readily confirmed through
the mapping of krummholz that grow almost exclusively on
the windward slopes of the north coast. Minor deviations in
wind flow due to topography also are evident through expression of these stressed plants, primarily leatherplant and
copal trees with a life history spanning several decades. The
Punta Chivato dunes are derived from the direct reworking
of beach carbonates and erosion of volcanic lithoclastics. The
carbonate fraction is thoroughly dominated by a molluscan
source. The coralline red algae that comprise mobile rhodolith fields in shallow coastal waters are absent from the northern foreshore of the Punta Chivato promontory. Their reworked Plesitocene debris are predominate, however, on the
south leeward side of the promontory as reported by LIBBEY
and JOHNSON (1997).
The windward beaches that contribute to the transfer of
carbonate materials to upland dunes are replenished, themselves, by the continual input of shell material derived from
prolific offshore mollusk beds. Living rhodolith fields require
a moderate level of agitation by waves or currents to support
the continuous radial growth of individual colonies. It appears, however, that such beds in the Punta Chivato area are
restricted to a part of the sea floor partially sheltered from
the level of energy expended on windward coastlines.
Lithified dune deposits are distributed along the north
shore of the Punta Chiavato promontory in much the same
pattern as contemporary dunes. Location of these structures
well inland filling a paleovalley, or well up slope on the coastal shore attests to the comparable force of the norte winds
during the Pleistocene and probably the Pliocene.
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