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CLARK , H.C. and JOHNSON, M.E..1995. Co.. taJ geomorphoiogyof andesite from the Cretaceous Alisitoa
Formation of Baja California (Mexico) . Journal of Coastal Research , 11(2),401-414. Fort Lauderdale
(Florida), ISSN 0749·0208.
Exposed along the Pacific shores of northern Baja California, Meaico, the Atieitoe Formation includes 8
significant amount of andesite which formed during Middle Cretaceous time . In Late Cretaceous time,
again in Late Pleistocene time, and now at present, these exhumed igneous rocks were and continue to
be the resistant guardians of 8 rugged shore . The longevity of this rough coastline is at odds with traditional
models of shoreline evolution. Features named herein " keyhole inlets" are joint -controlled openings in
andesite headlands, eroded by intense wave shock on an open coast , They are narrow with a length to
width ratio commonly between 3: t and 7:1. Type I keyholes occur in rocks which are structurally consistent
with very few joints or a multitude of chaotically oriented joints with no dominant plane of instability.
Maturity of these steep-walled features is associated with the enlargement blowholes. Type II keyholes
typically express much lower waJl relief, forming in rocks having vertical joint planes with variable
frequencies ranging between 4 and 45 joints per meter . Secondary Of even tertiary joint seta may be
observed at an angle sub perpendicular to the first, with the result that two keyholes intersect to form an
isolated sea stack. This process of coastal erosion operated on a grand scale during late Cretaceous times ,
when small andesite islands were separated from the mainland.
ADDITIONAL INDEX WORDS , Joint planes, blowholes, neptunian dikes, ancient rocky shores,

INTRODUCTION

Coastal scenery expressing the alternation of
protected bays and protruding headlands is generally attributed to the variable resistance of different rocks to wave shock. According to TRENHAILE (1987, p. 270): "Most igneous rocks,
high-grade metamorphics, and some massive carbonates are resistant to wave attack, and they
commonly form headlands; whereas friable shales,
sandstones, and other rocks with numerous bedding planes and closely spaced joints or faults can
be cut back more rapidly to form embayments."
A crenulated coastline of this sort is said to evolve
toward equilibrium when headland cliffs decapi tate their adjacent bays by retreating under erosion to form a more linear shore protected by a
broad wave-cut platform (HAMBLIN, 1994). Disequilibrium may be reinstated through a relative
change in sea level, resulting in the renewal of a
crenulated coastline in a region with suitably diverse geology.

94069 received 16 Ma y 1994; accept ed in revi sion 26 Ma y 1994 .

On a much larger scale, coastal scenery is controlled to some extent by plate tectonics. Higher
concentrations of rocky shores occur preferentially on tectonically active shores (JOHNSON,
1988a); whereas, barrier sand islands occur preferentially on tectonically passive shores (GLAESER, 1978). In principle, these two coastal extremes should react differently to changes in
equilibrium brought about by sea-level fluctuations. The beach sands of barrier islands remain
active by rolling over in the so-called "tank-tread"
method of migration (GLAESER, 1978). One way
or another, so too may the clastic sediments from
sheltered bays mostly be recycled. However, as
reminded by SUNAMURA (1992, p. 2): "There is no
way to restore a rocky coast once it has been erod ed ."
The purpose of this contribution is to examine
a stretch of coastline dominated by igneous rocks
on the Pacific shores of northern Baja California,
Mexico. The entire west coast of North America
belongs to a tectonic setting in which 50% or more
of the shoreline is characterized by rocky shores
(JOHNSON, 1988a). In the Punta Cabras region,
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where this study was undertaken, major promontories are formed by resistant andesite belonging to the Middle Cretaceous Alisitos Formation.
The most intriguing aspect of the modern shore
at Punta Cabras is the fact that coastal processes
operate against the same kind of cliff face in the
same space formerly occupied by at least two ancient shorelines. A Late Cretaceous rocky shoreline in this area is described by LESCINSKY et al.
(1991) and JOHNSON and HAYES (1993). Superimposed over the Cretaceous coastline is a Late
Pleistocene coastline, described by ADDICOTT and
EMERSON (1959) and ZWIEBEL and JOHNSON (1995).
With respect to coastal dynamics, to what degree is today's Punta Cabras shoreline homologous to its geological counterparts? How does the
geological record accord itself with the textbook
model of coastal equilibrium and disequilibrium?
Beyond general principles cited above, the notion
of joint control on rocky coasts is nearly vacant
in the body of literature pertaining to their geomorphology. There are only two advanced textbooks on rocky shores (TRENHAILLE, 1987;
SUNAMURA, 1992) and their reviews on this topic
are surprisingly brief. The geological longevity of
rocky shores at Punta Cabras provides a special
opportunity to examine coastal processes along
an extended time axis.
LOCATION AND GEOLOGIC SETTING

The Middle Cretaceous Alisitos Formation consists of biohermal limestones interbedded with
thick andesite flows, breccias, and tuffs. The formation is widespread, extending in a broad path
for nearly 300 km along the west side of the northern state of Baja California from Cabo Punta Banda in the north to Punta Canoas in the south
(GASTIL et al., 1973). Much of the Alisitos Formation crops out slightly inland. An unknown total thickness of the andesite, however, is well exposed on the Pacific coast in the Punta Cabras
region (Fig. 1A and Fig. IB).
This region is accessible by paved inland roads
south from Ensenada to the small fishing village
of Erendira and hence north 13 km by dirt road
along the shore to the American colony at Punta
Cabras. The coastal scenery is dominated by massive andesite promontories at Punta San Isidro
(north of Erendira), at Las Minas, and next at
Punta Cabras. Other promontories occur further
north at Punta Tampico, Punta Roquena, and
Punta Santo Tomas. These headlands are notable
for the intensity of wave shock bearing directly

on them from the open Pacific Ocean. Sea stacks,
signifying ongoing coastal erosion, are commonly
associated with these points. Blowholes with
plumes reaching a height of 5-10 m are also a
rough barometer of wave energy.
Wide embayments and valleys between promontories tend to be floored by Upper Cretaceous
sedimentary rocks belonging to the Rosario Formation (GASTIL et al., 1973), which is draped in
turn by Upper Pleistocene deposits (ADDICOTT
and EMERSON, 1959). At Las Minas (Fig. IB), the
Rosario Formation with its abundant marine fossils virtually surrounds an andesite ridge in a relationship described as a Cretaceous rocky island
(LESCINSKY et al., 1991; JOHNSON and HAYES,
1993).
The intensity of wave assault on the andesite
headlands is probably best exemplified at Punta
Cabras. There at both ends of Half Moon Bay,
fossil-bearing Cretaceous conglomerates belonging to the Rosario Formation abut nonconformably against the older Cretaceous andesite. These
relationships show that in Late Cretaceous time
Punta Cabras was not a peninsula attached to the
mainland, as it is today (Fig. LC), but rather another small island much like the one at Las Minas.
The breaching of the andesite ridge, which formerly extended from the mainland as a peninsula
to Punta Cabras, would seem to be attributed to
wave-induced erosion in Late Cretaceous time.
The space formerly occupied by andesite on the
neck of the Punta Cabras peninsula is now occupied by a thick, Upper Pleistocene dune deposit.
Extensively jointed andesite (Fig. 2A) crops out
just beyond the southwest corner of Half Moon
Bay, which skirts shore exposures of the Rosario
Formation and the overlying dune deposit on the
south side of the Punta Cabras peninsula. A qualitative examination of joint orientations and the
indentation of inlets with small pocket beaches,
continuing along this coast to the southeast suggest some degree of parallelism (Fig. 2B). Herein,
this part of the larger Punta Cabras promontory
is called the East Headland (Fig. rei In contrast,
andesite exposed on the head of Punta Cabras is
not as regularly jointed, but it does host several
narrow inlets with deep pocket beaches. One such
inlet, called the Keyhole, is described in a companion study to this report (ZWIEBEL and JOHNSON,
1995). The Keyhole is only 8 m to 10 m in width,
but approximately 60 m long with a small pocket
beach trapped at its slightly enlarged terminus.
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Figure 1. A. Map of Baja California, showing location of the Punta Cabras area. B. Enlarged map of the Punta Cabras area from
Punta San Isidro to Punta Roquena (contours are at 100 m intervals). C. Enlarged map of Punta Cabras (study sites 1-10), East
Headland (study sites 11-17), and Las Minas (study site 18). Insets show rose diagrams for orientations of all keyhole features
(N=16) and all joint sets (N=70). Contours are at 20 m intervals.

Four other comparable inlets occur on Punta Cabras, some with boulder-size debris. Two powerful
blowholes, associated with fracture zones in the
andesite, also occur on the tip of Punta Cabras.
Except for their physical relief, the narrow, alley-

like structures found on Punta Cabras are similar
to the inlets forming across the other side of Half
Moon Bay in the highly jointed andesite of the
East Headland. The former are very steep sided,
with walls 5 m to 10 m high (ZWIEBEL and JOHNSON,
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Figure 2. A. Near view looking southwest on jointed andesite on the East Headland shore of the Punta Cabras promontory (see
map location in Fig. 1). B. Perspective view looking southwest on jointed andesite (left center) flanked by a series of parallel inlets
(to lower right) on the East Headland shore of the Punta Cabras promontory (see map location in Fig. 1).
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1995, Figs. 2A and 2B), while the latter tend to
exhibit lower and more sloping walls (Fig. 2B).
These features comprise perhaps the most captivating aspect of the coastal scenery in the Punta
Cabras region, and we elect to apply to them the
term "keyhole inlet." Their scale of containment
may best be described as something substantially
larger than a neptunian dike, but much more entrenched than the normal pocket beach.
Keyhole inlets are fascinating subjects of observation, due to the fact that they serve as the
locus of hydraulic compression against the rocky
shore. Only the most casual attention to energy
funneled into these structures during the onslaught of successive waves is required to imagine
the formative processes behind them. Because of
their relatively small scale, abundance, and association with joint patterns, keyhole inlets are
attractive subjects for analyzing the relationship
between the dynamics of coastal erosion and geomorphology.
METHODS

Casual observations on the similarity between
the orientation of jointing patterns and the orientations of keyhole inlets in their host andesite
rocks led to the collection of quantitative data.
Measurements were performed at 18 sites spread
over a distance of 4 km on the coastline between
Punta Cabras and the ridge bordering Las Minas
to the south (Fig. IB). Data collection sites 1-10
are located on the head of Punta Cabras. Sites
11-17 are from the East Headland, located between Half Moon Bay and the American colony
at Punta Cabras. A final set of joints unassociated
with any keyholes was measured on the crest of
the ridge overlooking Las Minas, at site 18. This
ridge represents the Cretaceous rocky island documented by LESCINSKY et at. (1991) and JOHNSON
and HAYES (1993).
All orientations were measured using a Brunton
compass. Where possible, the five most dominanant joint trends were recorded at each study site.
This yielded 70 individual measurements from
joint sets. The orientation of each of 16 keyholes
was also recorded, based on a seaward compass
sighting down the long axis. These data were plotted on rose diagrams (using the computer software package Rosy@), version 2.13) in order to
discern whether or not there was a preferred azimuth for small-scale structural instabilities in
the Punta Cabras region.
Joint densities also were measured on the East

Headland between Sites 11 and 12 (Fig. 2A) across
a typical 20 m transect. In order to demonstrate
variation, calculations were made for joint densities over the entire 20 m in contrast to five separate meter-long segments. Due to empirical differences in the andesite exposed on the head of
Punta Cabras, these kind of data were largely
unattainable there.
Basic dimensions of the keyhole inlets were
measured by meter tape, to the full extent possible. In some cases, these had to be estimated
due to the dangerous surf conditions and perilous
climbing surfaces inherent to the area. Keyhole
length, reflecting degree of entrenchment, is the
measurement of the long axis oriented sub-perpendicular to the main shoreline. Width measurements were made at the widest part of each
keyhole, roughly parallel to the main shoreline.
Depth measurements refer to the height of the
keyhole walls from the water surface during low
tide. Finding the full height of keyhole walls, including their subsurface depth, was prohibited by
unsafe surf conditions. Using these dimensional
data, axial ratios of the various keyhole inlets could
be derived and compared.
After deriving data relative to preferred orientations of joint sets and keyhole inlets, the final
step in this study was to try and relate coastal
geomorphology to patterns more inland. This was
accomplished by using topographic maps and aerial photos to look for evidence of larger scale
structural control. Similar trends in the orientation of inland features, such as ridge lines, valley
escarpments, and drainage basins, were the targets of interest in this regard.
RESULTS

Data on joint-set and keyhole inlet orientations
are compiled in Table 1. For some keyholes, particularly those from the head of Punta Cabras
(sites 2-4 and 6-7), the notation "chaotic" is used
to denote a lack of dominance among joints. The
dimensions of each keyhole are given in Table 2.
It should be noted that site 6 is not actually a
keyhole inlet, but a blowhole. The similarity between the orientations of the keyhole inlets and
the blowhole is important, as discussed in more
detail below.
The rose diagram in Fig. 3A shows the results
for all 70 joint sets. Based on a 15° interval, three
general trends in azimuth are apparent. By far,
NS to N15E is the dominant trend. Two very
minor trends, separated by 90° are comparable,
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Table I.

Site

Orientation of coastal joint sets and keyhole features .
Keyhole
Orientation

Dominant Joint
Orientations

N20W

Keyhole
Orientation

Dominant Joint
Orientations

11

NISE

12

N70E

N04E
NISE
NI2E
NI5E
Nl7E
N80E
NLIE
EW
N85E
N85E

Site

2

N32E

NIOE
N06E
NI3E
NI2E
NIOE
Chaotic

3

NIOW

Chaotic

4

N70E

N20W
NL3E
Chaotic

13

N70E

N20E
NS
N08E
N35E
N06E

N70E
N70E
N83E
NIOE
NS

14

N20E

NI2E
NIOE
N08E
mOE
NI8E

5

NL5E

6

N25E
(Blowhole)

N25E
N36E

7

N28W

N23W
Chaotic

15

NI2E

NL4W
NI8W
N02E
NI4W
NL9W

NI3E
N08E
NIOE
N68E
N54W

16

NIOE

NIOE
NIOE
N04E
N05E
N08E

NI5E
NS
NIOE
N21E
NllW

17

N89E

N70E-nept. dyke
NS
N02W
NIOE
NS

NIOE-nept. dyke
EW
N60E
N68E
N79E

18

No keyhole

NI5E
NI6E
NI8E
N25E
NI6E

8

9

10

N22W

No keyhole

N05E

N60E to EW and N15W to N30W . Similarly, the
rose diagram in Fig. 3B gives the results for all
16 keyholes. Their more scattered azimuths at
different frequencies reflect that, while the direction of the dominant joint patterns assert the most
control, the minor trends play an increased role.
There is, however, another population of keyholes
whose orientations are not reflected by the data
on joint patterns. This is because the data plotted

in Fig. 3A are more proportionally representative
of the keyholes from the East Headland, where
the andesite is highly jointed. Keyholes with orientations varying outside the expected trends in
azimuth are among those from Punta Cabras,
where "chaotic" jointing is present (Table 1).
For this reason, the full data set is segregated
into two geographic divisions. The rose diagrams
in Figs. 3C and 3D show the results based on only
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Table 2. Measured dimensions of keyhole features.
Length

Width

Depth

Site

(rn)

(rn)

(m)

1
2
3
4
5
6
7
8
9
10

12
35
30
6
64
8
45
20
N/A
15
12
8
57
9
9
14
24

4
N/A
2
3
5
14
3.5
4
7
7

N/A

N/A

11

12
13
14
15
16
17
18

4
2
4.5
2
6
0
~3

1.5
2
2
1
5
1.5
5
2
N/A
1
1
1
3
1.5
1

2
5
N/A

10 sets of joint patterns and 6 keyholes from Punta Cabras proper. The remaining data, presented
in Figs. 3E and 3F, are based on 60 sets of joint
patterns and 10 keyholes from the East Headland.
In comparing these divisions, it is clear that the
joint patterns from Punta Cabras (Fig. 3C) lack
the minor E- W component which shows up on the
East Headland (Fig. 3E). Otherwise, the available
data on joint trends is very consistent. Comparison of Figs. 3D and 3F, however, clearly shows
that there is much more of a N-S component together with somewhat more of an E- W component
to the orientation of keyholes from the East Headland compared to those from Punta Cabras.
In the comparison of jointing trends to keyhole
trends shown by Figs. 3C and 3D for Punta Cabras, it is evident that two keyholes, tending between N60E to N75E and N-S to N15E, have no
counterparts in definite joint trends. Still, the
dominant orientation held among three keyholes
on Punta Cabras is between N15W and N30E,
which is matched by some joint patterns with a
comparable azimuth. In making this comparison
for the East Headland (Figs. 3E and 3F), two facts
are most notable. First, the orientations of the
keyhole inlets correspond exactly with the available trends in joint sets. Second, although the
dominant N-S component in joint patterns is also
the dominant trend in keyhole orientation, the
two minor trends in joint patterns, separated by
90°, exert an enhanced effect on keyhole orientation. This effect on keyhole placement is only

Type
I or II

Axial Ratio
w/l

Axial Ratio
d/w

Axial Ratio
d/l

II
I
I
I
I
I
I
II
II
II
II
II
II
II
II
II
II
II

0.333
0.057
0.150
0.333
0.093
N/A
0.066
0.200
N/A
0.133
0.250
0.625
0.245
0.388
0.444
0.500
0.291
N/A

0.375
1.000
0.444
0.500
0.833
N/A
1.666
0.500
N/A
0.500
0.333
0.200
0.214
0.428
0.250
0.285
0.714

0.125
0.057
0.066
0.166
0.078
0.187
0.111
0.100
N/A
0.066
0.083
0.125
0.052
0.166
0.111
0.142
0.208
N/A

N/A

slightly more apparent in the E- W component
than the NW -SE component, but both of these
secondary components are significantly magnified
over the availability of joint sets with the same
orientations.
The ramifications of this relationship are particularly important on the more highly jointed
East Headland. There, keyhole inlets nearby one
another, but with different orientations, are potentially able to intersect. This is exactly the situation for the two keyholes exhibited by the photograph in Fig. 4A. Awash with white water from
the pounding surf, the two joint-controlled inlets
are V-shaped in form. They clearly highlight the
excision of a sizable sea stack from the mainland
coast.
The differences between keyhole types at Punta
Cabras and the East Headland are further demonstrated by reference to dimensional statistics
(Table 2). Characteristically, the length/width ratio of keyholes from Punta Cabras is about 7:1,
while it is only 3:1 on the East Headland. Likewise, the Punta Cabras keyholes have a length/
depth ratio of only 3:1, while this ratio is as much
as 8:1 on the East Headland. This means that the
Punta Cabras features are comparatively deeper
than the East Headland features. Thus, on average, keyhole inlets eroded from highly jointed
andesite on the East Headland are not as deeply
entrenched as their counterparts on Punta Cabras, but they are far wider. Also, the narrower
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Figure 3. A. Rose diagram or all joints (N =70: with t his ann all <I1('("eenint( plots on n 1"1,,« interval or 15°) from 18 observation
sites in the Punta Cabras area. B. Rose diagram of nil keyhole orientations (N- IIi) from Iii observation sites. C. Rose diagram or
joint orientations associated with Type I keyhole, (N ~ Ill), D. Hose diagram of Type I keyhole .. rieutaf i ons (N~6l . E. Rose diagram
or joint orientations associated with Type II keyhole, (N ~60). F. Rose diagram of Type II keyhole orientations (N =IO) .

keyholes of Punta Cabras have much taller side
walls than those on the East Headland.
On the ridge at site 18 near Las Minas, the
average joint trend is N18E (Table I). Andesite
on the seaward front of the ridge, however, shows

no signs of jointing or of keyhole development.
Rocks exposed in the intertidal zone are ramplike with an uneven surface (LEscINSKY et al.,
1991, Fig. 28). The surface is pitted with spots
where the hydrothermal accumulation of the min-

-lourna l of Coastal Research, Vol. II . No. '2. 1m);,
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Figure 4. A. View of sea stac ks separated from the Punta Cabras promontory by two inte rsect ing keyholes (white water in surf
zone) following local joint tr end s. B. Small neptunian di ke at t he west end of Half Moon Bay on the protected side of Punta Cabras.
C. Eroded bould er in basal conglomerate of the Upper Cretaceous Rosar io Format ion, showing two sets of joint cleavage.
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Table 3. Joint frequency in Andesite on east headland.
Joints/Meter for Selected 1 ill Intervals Over
a 20 ill Transect on Bearing N80W
0-1
7

ill

4-5

ill

8-9

5

12-13

ill

8

4

Highest frequency encountered:

31

Lowest frequency encountered:

3

ill

16-17

ill

3

be easily pried away by the pressures exerted
through wave surge. This also accounts for the
relative shallowness of Type II keyholes, since the
side walls eroded back at a faster rate than characteristic for Type I keyholes. The Type II keyhole inlets surveyed in this study were sites 1, 5,
and 8-18 (Fig. 1), mostly located on the East
Headland.
Connections with Inland Geomorphology

eral epidote is actively being eroded away by the
waves. In this regard, the coastal exposures of
andesite near Las Minas are structurally coherent.
Given the variation in jointing and inlet relationships summarized in Figs. 3A to 3F, two kinds
of keyhole structures may be distinguished topologically, as well as geographically.
Type I Keyhole Inlets

Inlets forming in structurally consistent andesite are herein categorized as Type I keyhole inlets. Typically, the cliff face at these localities
contains very few or no joints or is chaotically
jointed so that there is no dominant plane of instability. At many places on Punta Cabras, these
conditions exist in close proximity without any
profound boundary contact. The sites fulfilling
the Type I criteria for keyhole development are
sites 2-4 and 6-7 on Punta Cabras (Fig. 1). These
keyholes commonly have a length to width ratio
of 7:1 and they are very steep walled. Judging by
the nature of exposures around active blowholes
on Punta Cabras, the keyholes appear to have
developed along fracture zones associated with
chaotic jointing.
Type II Keyhole Inlets

Inlets forming by wave erosion in highly jointed
andesite are herein denoted as Type II keyhole
inlets. The shore rocks in these localities are typically scored with vertical, roughly parallel jointing planes having variable frequencies ranging between 3 and 31 joints per meter (Table 3).
Secondary or even tertiary joint sets may occur
at an angle subperpendicular to the first, with the
result that two keyholes may intersect one another. The length to width ratio of these features
tends to be on the order of 3:1. This is probably
a function of the relative ease with which sidewall plucking occurs, especially where joint frequency is high and small slabs of andesite may

Understanding structural control as a function
of joint patterns not only helps to resolve questions regarding coastal evolution, but it can also
be extended to more inland areas. Reference to
aerial photos and topographic maps for the Punta
Cabras region indicates that the rocky headlands
forming major promontories also extend well inland as topographic highs. The general trends
marked out by these inland ridges and their valley
escarpments are very similar to the dominant orientations of the keyhole inlets (Fig. 1B). A more
rigorous test of this relationship was made by analyzing directional trends in the drainage pattern
for the large valley which reaches the coast below
Tampico. The trends appear to show a strong
correlation with joint control.
DISCUSSION

Work by FLEMMING (1965) and by ZEZZA (1981)
are among the very few detailed studies which
consider joint control as a major factor in the
development of rocky shorelines. In a study of
almost 100 photographs of modern marine caves,
FLEMMING (1965, p. 805) found that "vertical bedding or jointing produces caves which are tall and
narrow."
He also performed experiments on model caves
to show that shock pressures of short duration
but sufficient strength to break rock can be generated against the roof of a cave "when the stillwater level is flush with the roof and the wave
period is equal to the resonant period of water in
the cave" (FLEMMING, 1965, p. 803). This effect is
said to promote the formation of blowholes, to
speed up the enlargement of sea caves, and eventually to cause cliff collapse. This description is
partly applicable to Type I keyhole inlets, except
that consistent patterns of vertical jointing are
uncharacteristic of the andesite associated with
them. The erosion of tall and narrow sea caves in
cliff rocks with vertical joints must depend greatly
on the material strength of the rock and the spacing of the joint sets. If the frequency of jointing
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is very high, as in the preferred zone of erosion
for Type II keyholes, then wall expansion by
plucking is more rapid and wall height will be
diminished.
Diagrams from ZEZZA (1981) indicate that limestone sea caves at Teste Gargano, on the Italian
shores of the Adriatic Sea, share geometric similarities to the andesite keyholes described in this
report. Despite any differences between these features based on rock materials or the local intensity
of wave shock, their geometric similarities help in
formulating a general model of coastal erosion in
highly jointed sea cliffs. Significantly, both the
Punta Cabras (Type I) keyholes and the Adriatic
sea caves are associated with blowholes. Effectively, a sea cave is an enlarged blowhole except
that a blowhole includes a port through which
hydraulic compression can be released. Such a
port may be opened through the roof of a sea cave
under the kind-of hydraulic conditions described
by FLEMMING (1965). When the blowhole is sufficiently enlarged, the roof of the sea cave weakens
and collapses. Something like a keyhole feature
is the predictable result.
In the Punta Cabras region, blowholes and small
sea caves were the likely precursors to most of the
Type I keyholes but probably few of the Type II
keyholes. Indeed, this notion is supported by the
presence of an active blowhole (Fig. 1B, site 6) at
the side of the Keyhole on the tip of Punta Cabras.
It must be stressed, however, that the two different classes of keyholes represent somewhat different processes occurring in what amounts to two
different lithologies, each with their own characteristic rates of erosion. Type I keyholes, with
their chaotic joint patterns, typically erode at a
slower rate than Type II keyholes with their uniformly vertical joint sets. Erosion of Type II keyholes is both faster and more devastating in terms
of coastal modification. Type I keyholes are able
to maintain their tall walls and narrow alleyways,
thus focusing most wave energy on axial expansion. In contrast, the walls of Type II keyholes
are easily widened by wedge action performing
most efficiently against weak side walls plated by
rocks with closely spaced joints. If present at all
in this environment, blowholes and sea caves would
be very short-lived phenomena. The intersection
of Type II keyholes also leads to the excision of
sizable sea stacks from the mainland (Fig. 4A).
Observation of modern processes in operation
on the Punta Cabras rocky coastline suggests the
following pattern of development through time.
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Exhumation of Middle Cretaceous andesite from
the Alisitos Formation during Late Cretaceous
time was mainly the result of uplift due to the
emplacement of the granitic Peninsular Ranges
batholith, now forming the spine of Baja California (SILVER et al., 1963; GASTIL et al., 1973). Due
to the E- W tilt of the Alisitos Formation related
to its regional uplift, the initial exposure of andesite on the Cretaceous Pacific Ocean in the Punta Cabras region must have presented a relatively
straight N -S coast.
Due to structural inconsistences in the andesite,
however, coastal erosion proceeded at different
rates in different places. Where vertical jointing
exhibited itself in the cliff face (Fig. 2A), shallow
inlets rapidly developed (Type II keyholes, East
Headland, Fig. 2B). Wave shock operated preferentially where ever the highest frequency of joint
sets was exposed. As inlets were enlarged, effective wedge action kept side walls low at the expense of axial growth. Coastal erosion was much
retarded where the andesite was structurally unflawed by the presence of any joint patterns at
all, as near Las Minas (LESCINSKY et al., 1991,
Fig. 2B). Crenulation of the coastline advanced
as structurally weak areas retreated under wave
attack, while structurally sound areas better resisted wave attack to form major promontories.
Only in those limited places where chaotic
jointing manifests itself on the seaward edge of
promontories, would other inlets form. Fractures
associated with these joints selectively developed
blowholes, which enlarged as sea caves. Roof collapse led to the creation of steep-walled inlets
(Type I keyholes). Wave energy funneled into such
inlets from the surf zone, acted to extend the long
axis at the expense of width. Keyhole beach on
Punta Cabras (ZWIEBLE and JOHNSON, 1995, Figs.
2A and 2B) is the prime example of this kind of
feature. Although wave shock on promontories
facing the open ocean is violent, much energy is
absorbed by an array of such inlets.
Given the spotty map distribution of andesite
with little or no structural weaknesses due to lack
of joint patterns, resistant promontories could be
entirely bypassed by coastal retreat to form offshore islands. This is apparently what happened
during the breaching of one andesite peninsula
near Las Minas in Late Cretaceous time (JOHNSON
and HAYES, 1993) and the same fate also befell
the Punta Cabras peninsula (Fig. 1B). The rela-
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tionship of these Cretaceous rocky islands to their
mainland strongly implies they were originally
surrounded by lands with highly jointed andesite.
As these lands eroded away, they formed ernbayments along side the promontories which filled
with clastic sediments belonging to the Upper
Cretaceous Rosario Formation. The islands were
essentially parted from the mainland by the erosion of intersecting Type II keyholes, just as large
sea stacks are forming today (Fig. 4A). Actual sea
stacks on this scale consisting entirely of jointed
andesite would eventually be destroyed, but their
liberating keyholes would thus enlarge to the proportions of a geographic strait behind the islands.
Additional evidence that activity of this sort
truly took place during Cretaceous time is preserved in the form of neptunian dikes (i.e. crosscutting sedimentary structures). A small keyhole
inlet with arrested growth might be described as
a neptunian dike. Figure 4B illustrates a neptunian dike located at the west end of Half Moon
Bay. The dike was cut in andesite belonging to
the Middle Cretaceous Alisitos Formation and
filled with sandstone belonging to the Upper Cretaceous Rosario Formation. The opening developed on the protected side of Punta Cabras when
it was an island. Lower wave energy on this side
of the island facing the mainland probably accounts for the structure's small size. Had the
structure matured under higher wave energy, it
would have formed a Type I keyhole inlet.
The high incidence of joints in parts of the AIisitos Formation also explains the curious nature
of some basal "conglomerates" belonging to the
Rosario Formation. The Alisitos Formation was
the parent rock for andesite cobbles and boulders
eroded from the rocky shoreline. Although the
Cretaceous nonconformity between the two formations represents an open coast, many of the
eroded andesite clasts are oddly angular. It is almost as if they were unaffected by abrasion in the
intertidal zone. Figure 4C shows a single, well
rounded boulder from the east side of Half Moon
Bay. The boulder survived intact as part of a basal
deposit, but it is clearly marked by at least two
distinct jointing planes. With the dispersement
of sufficient wave energy, this single boulder could
be reduced to four very angular cobbles. Thus,
wave shock on highly jointed andesite cliffs may
have effected comparatively rapid shore retreat,
but the abrasion process suffered a kind of dou ble
jeopardy in attempting to round the corners of
jointed clasts. As a result of belated fracture along

joint planes, a significant portion of angular clasts
were likely to be buried and preserved as part of
the shore deposit.
In the traditional sense of a mature coastline
which has reached equilibrium (HAMBLIN, 1994),
the long span of geomorphologic time over which
the Cretaceous coastline eroded should have resulted in a beveled rocky shore behind a broad
wave-cut platform. This never happened because
the Cretaceous embayment at Las Minas remained well preserved with a large volume of fossil-rich, sedimentary rocks from the Rosario Formatation (JOHNSON and HAYES, 199~3). It might
be argued that if Cretaceous sea level rose continuously during this interval, the coastline would
have been maintained in a state of perpetual disequilibrium.
Late Pleistocene History of Coastal Erosion

Much of the Late Cretaceous embayment south
of Punta Cabras at Las Minas was reoccupied
during Late Pleistocene time (ADDICOTT and
EMERSON, 1959). Although the intervening history has left no geological traces, it is clear that
the shape of the coastline remained almost unchanged after more than 65 million years. One
major difference was the reattachment of Punta
Cabras to the mainland by way of a tombolo, which
eventually expanded into a thick dune deposit
stabilized by plant growth. The Type I keyhole
inlets on Punta Cabras were eroded at this time,
as evidenced by the preservation of a thick Pleistocene coquina deep at the back of Keyhole beach
(ZWIEBLE and JOHNSON, 1995).
Ironically, the modern coast has reached something more approaching the traditional sense of
geomorphic equilibrium, due to the fact that the
welllithified sedimentary rocks in the Cretaceous
embayment are now exposed as a continuous rocky
shoreline crossing the mouth of the old embayment from one andesite promontory to another.
Thus, coastal equilibrium was reinstated to some
degree, due to a relative fall in sea level as opposed
to erosional retreat.
CONCLUSIONS

The modern rocky coastline of Baja California's
Punta Cabras region provides ample clues for the
reconstruction of a coastal history stretching from
Late Cretaceous times onward. Configuration of
the shoreline, with its small embayments separated by stout promontories pointing directly into
the open Pacific Ocean, has changed very little
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over the last 65 million years. There may be "no
way to restore a rocky coast once it has been eroded" (SUNAMURA, 1992, p. 2), but the Punta Cabras
region has been remarkably persistent in maintaining its rugged coastal form in a setting of intense erosion.
Structural integrity of andesite cliffs in the intertidal zone is demonstratively the controlling
factor in the region's coastal evolution. The following conclusions may be reached:
(1) Coastal retreat is slowest in places where
the andesite is characterized by no joints or limited chaotic jointing. These rocks form the heads
of major promontories or offshore islands, segregated by faster rates of erosion surrounding
them.
(2) Structures called Type I keyholes form
preferentially as inlets on resistant headlands and
islands. They are typically long and narrow, with
steep side walls: They are derived from blowholes
and small sea caves eroded in pockets of chaotic
jointing.
(3) Coastal retreat is highest in places where
the andesite is characterized by a high density of
vertical joints, with two or even three different
planes of separation. These rocks became the locus of erosion leading to the development of embayments between and behind more resistant
promontories and islands.
(4) Structures called Type II keyholes form
preferentially as inlets in jointed rocks with low
resistance to erosion. They are typically shorter
and wider than Type I keyholes and they lack
steep side walls. These keyholes closely follow the
orientation of jointing planes. Erosion is particularly effective where two keyholes intersect one
another following different paths. This process is
responsible for the formation of sea stacks, as well
as the separation of small islands.
(5) Through most of its recorded history, the
Punta Cabras coastline has remained in a state
of profound disequilibrium. More than anything
else, a relative fall in sea level is responsible for
the present state of quasi-equilibrium. This has
resulted through the lithification of old embayment sediments and their transformation into exposed rocky shores reconnecting andesite promontories. This process is not taken into account
by the standard textbook model of coastal evolution (HAMBLIN, 1994).
Keyhole inlets, particularly those of the Type
I morphology, are very persistent features with a
good chance of being incorporated into the rock

record. They should be searched for in other igneous lithologies with a nonconformable relationship to sedimentary rocks. Such features are diagnostic of intense wave shock and should be
added to the list of characteristics identifying ancient rocky shores (JOHNSON, 1988b). Keyholes
may also act as important potential traps in the
fossilization of rocky-shore organisms (Z\VlEBLE
and JOHNSON, 1995).
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