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DISCUSSION
Marine geology and geomorphology were mapped in the Offshore of Aptos map area, extending from approximate Mean High 

Water (MHW) across the inner shelf and midshelf in northeastern Monterey Bay within California’s State Waters. MHW is defined at 
an elevation of 1.46 m above the North American Vertical Datum of 1988 (NAVD 88) (Weber and others, 2005). Offshore geologic 
units were delineated on the basis of integrated analyses of adjacent onshore geology with multibeam bathymetry and backscatter 
imagery (sheets 1, 2, 3), seafloor-sediment and rock samples (Reid and others, 2006), digital camera and video imagery (sheet 6), 
and high-resolution seismic-reflection profiles (sheet 8). Aerial photographs taken in multiple years were used to map the nearshore 
area (0 to 10 m water depth) and to link the offshore and onshore geology.

The onshore geology was compiled from Brabb (1997) and Wagner and others (2002); unit ages, which are from these sources, 
reflect local stratigraphic relations. In addition, some Quaternary units were modified by C.W. Davenport on the basis of analysis of 
2009 lidar imagery.

Most of the offshore part of the map area occupies very gently dipping (about 0.1° to 0.4°) continental shelf, extending from the 
nearshore to water depths of about 70 m. In the southwestern part of the map area, the shelf is incised by the north-trending head of 
Soquel Canyon, which has a maximum depth of 260 m on the south edge of the map. The shelf is underlain by upper Neogene 
bedrock and a variably thick (as much as 32 m) upper Quaternary sediment cover (see sheet 9). Sea level has risen 120 to 130 m 
during about the last 21,000 years (for example, Stanford and others, 2011), leading to broadening of the continental shelf, progres-
sive eastward migration of the shoreline and wave-cut platform, and associated transgressive erosion and deposition. Sea-level rise 
was apparently not steady during this period, leading to development of shoreline angles and adjacent submerged wave-cut platforms 
and risers (Kern, 1977). These features commonly are removed by erosion or buried by shelf sediment, however, their original 
morphology is at least partly preserved along the rim of Soquel Canyon. Geologic map units include three wave-cut platforms (units 
Qwp1, Qwp2, Qwp3) and risers (units Qwpr1, Qwpr2, Qwpr3), separated by shoreline angles at depths of about 96 to 100 m, 108 
m, and 120 to 125 m. The deepest paleoshoreline (about 120 m deep) approximately corresponds to sea level during the final stages 
of the last sea-level lowstand (Stanford and others, 2011). Submergence during sea-level rise also cut off the direct connection 
between Soquel Canyon and coastal watersheds, rendering the submarine canyon relatively inactive. Although slightly sheltered by 
the headlands of northern Monterey Bay, the Offshore of Aptos map area is now subject to significant wave energy and strong 
currents.

Shelf morphology and geology are also affected by local faulting, folding, and uplift. The shelf in the Offshore of Aptos map 
area is cut by a diffuse zone of northwest-striking, steeply dipping to vertical faults mapped with high-resolution, seismic-reflection 
profiles (sheet 8). Seismic profiles traversing this diffuse zone cross as many as 13 faults over a distance of 8 km (see, for example, 
fig. 3, sheet 8). Mapped fault lengths in this diffuse zone are typically 2 to 7 km, and the strike of these offshore faults ranges from 
about 325° to 350° from southwest to northeast. Faults in this diffuse zone cut through Neogene bedrock and locally appear to 
disrupt overlying upper Quaternary sediments; the presence of warped reflections along some fault strands suggests there may be 
both vertical and strike-slip offsets. This broad, distributed zone of deformation resembles the northwest-trending Monterey Bay 
Fault Zone (Greene, 1977, 1990), located about 10 km west in outer Monterey Bay, which similarly lacks a lengthy continuous 
“master fault.” Deformation in both the Monterey Bay Fault Zone and the diffuse zone of faults in the Offshore of Aptos map area is 
attributable to their location in the 40-km-wide, northward-narrowing structural zone between two major right-lateral strike-slip fault 
zones—the San Andreas Fault Zone to the east and the San Gregorio Fault Zone to the west (fig. 1–1) (Greene, 1990; Brabb, 1997; 
Wagner and others, 2002; Dickinson and others, 2005).

From La Selva Beach west to the western edge of the map area, the upper Miocene and Pliocene Purisima Formation (unit Tp; 
Powell and others, 2007) forms discontinuous outcrops that extend from coastal bluffs into the offshore to depths as great as 25 m. 
The seafloor outcrops are most prominent offshore of Soquel Point and have relatively low relief, which is most likely a result of low 
structural dips. The Purisima Formation also forms outcrops in the steep walls of the head of Soquel Canyon. Other “hard” bottom in 
the map area is mapped at the location of a wastewater outfall pipe offshore of the mouth of the Pajaro River (artificial fill, unit af).

Modern nearshore and inner shelf to midshelf sediments are mostly sand (unit Qms) and a mix of sand and gravel (units Qmsc 
and Qmsd). There is an extensive area in northeastern Monterey Bay where unit Tp bedrock is overlain by a very thin cover of 
Qms; such areas are mapped and labeled as composite units (Qms/Tp) and shown with a stippled pattern on the map. Storlazzi and 
others (2011) showed that active sediment transport in the nearshore of northern Monterey Bay can lead to significant burial and 
exhumation of offshore bedrock reefs, and it is likely that the sediment cover in the mapped composite areas is ephemeral and 
transient.

Scour depressions similar to those mapped adjacent to bedrock near Soquel Point are common along this stretch of the Califor-
nia coast (Hallenbeck and others, 2012; Davis and others, 2013). Such features have been referred to as “rippled-scour depressions” 
(Cacchione and others, 1984) or “sorted bedforms” (Goff and others, 2005). They form where surficial offshore sandy sediment is 
relatively thin (thus unable to fill the depressions) owing to both low sediment supply and to erosion and transport of sediment 
during large ocean swells. The elongate, linear, shore-normal bands of small scour depressions between Aptos and La Selva Beach 
are morphologically unique and comparable occurrences have not been recognized elsewhere along the California coast. Although 
the general areas in which both unit Qmsd scour depressions and surrounding Qms sand sheets occur are not likely to change 
substantially, the boundaries of the unit(s) are likely ephemeral, changing seasonally and during significant storm events. 

An offshore transition from unit Qms to the finer grained marine sediments of unit Qmsf is present at water depths of 25 to 30 
m. Unit Qmsf commonly is extensively bioturbated and primarily consists of mud and muddy sand. Edwards (2002) and Grossman 
and others (2006) suggested that these finer grained sediments form an extensive “mid-shelf mud belt” that is sourced primarily by 
the San Lorenzo River, Pajaro River, and smaller coastal watersheds.

Modern nearshore and inner shelf to midshelf sediments are mostly sand (unit Qms) and a mix of sand and gravel (units Qmsc 
and Qmsd). There is an extensive area in northeastern Monterey Bay (northwestern part of the map area) where unit Tp bedrock is 
overlain by a very thin cover of Qms; such areas are mapped and labeled as composite units (Qms/Tp) and shown with a white-
stippled pattern on the map. In addition, a small area near the head of Soquel Canyon (southwestern part of the map area) is overlain 
by a thin cover of Qmsf; this area, which is labeled as composite unit Qmsf/Tp, is shown on the map with a gray-stippled pattern. 
Storlazzi and others (2011) showed that active sediment transport in the nearshore of northern Monterey Bay can lead to significant 
burial and exhumation of offshore bedrock reefs, and it is likely that the sediment cover in the mapped composite areas is ephemeral 
and transient.

A 4.3 km² zone of hummocky seafloor (Qmsh) surrounded by fine-grained Qmsf occurs in the southeastern part of the map 
area at 30 to 35 m water depth, about 3 to 4 km north of the head of Soquel Canyon. Bathymetric contours reveal that the hummocky 
zone has an embayed up-slope margin, and relief on individual hummocks within the zone is as much as 100 cm over a lateral 
distance of 100 m. The hummocky zone probably resulted from liquefaction, and associated induced ground failure forced by strong 
ground motions from earthquakes. The embayed upper margin of the zone also indicates some slumping, surprising given the 
extremely gentle dip of the shelf (about 0.2°) at this location. Earthquake sources capable of generating strong ground motions at this 
location could include the distributed fault zone in northeastern Monterey Bay (several mapped faults cut through the hummocky 
area; see fig. 3 on sheet 8) or the nearby San Andreas Fault (20 km to the northeast) or San Gregorio Fault (19 km to the southwest). 
Recent large earthquakes on the San Andreas Fault include the M6.9 1989 Loma Prieta earthquake and the M7.8 1906 Great Califor-
nia earthquake (Northern California Earthquake Data Center, 2014). 

Soquel Canyon is a tributary to the much larger Monterey Canyon system (Greene and others, 2002). The canyon axis plunges 
south about 4°; side-canyon walls generally dip about 5° but are locally as steep as 20° to 25°. Non-bedrock geologic units in Soquel 
Canyon are largely defined and delineated on the basis of geomorphology. Units Qcwr and Qcw represent mud and sand draped over 
the submarine canyon rim and upper submarine canyon walls, respectively. Unit Qcfa represents the mainly mud fill of the inactive 
axial canyon channel, and unit Qccb represents sediment that occurs on benches adjacent to the axial canyon channel.  
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LIST OF MAP UNITS

[See Description of Map Units (chapter 8, in pamphlet) for complete map-unit descriptions]

OFFSHORE GEOLOGIC AND GEOMORPHIC UNITS

[Note that composite units (gray- and white-stippled areas) are designated on map by composite label indicating both overlying 
sediment cover and lower (older) unit, separated by slash (for example, Qms/Tp indicates that thin sheet of Qms overlies Tp)]

Artificial fill (late Holocene)—Wastewater outfall pipe offshore of the mouth of the Pajaro River

Marine nearshore and shelf deposits (late Holocene)—Mostly sand; ripples common

Coarse-grained marine nearshore and shelf deposits (late Holocene)—Predominantly coarse sand and gravel

Fine-grained marine shelf deposits (late Holocene)—Mostly mud, very fine sand, and silt

Marine shelf scour depressions (late Holocene)—Inferred to be coarse sand and gravel in low-relief scours

Marine shelf hummocky seafloor (late Holocene)—Zone of hummocky seafloor on midshelf, probably formed by 
liquefaction and slumping

Submarine canyon wall deposits (late Holocene)—Fine-grained sediment draping walls in upper Soquel Canyon

Submarine canyon axial channel deposits (late Holocene)—Fine-grained sediment fill of inactive axial channel of upper 
Soquel Canyon

Submerged wave-cut platform, about 96 to 100 m deep (late Pleistocene)—Inferred to be sand and gravel; may be 
draped with fine-grained sediment

Submerged wave-cut platform riser, base about 96 to 100 m deep (late Pleistocene)—Inferred to be sand and gravel; 
may be draped with fine-grained sediment

Submerged wave-cut platform, about 108 m deep (late Pleistocene)—Inferred to be sand and gravel; may be draped with 
fine-grained sediment

Submerged wave-cut platform riser, base about 108 m deep (late Pleistocene)—Inferred to be sand and gravel; may be 
draped with fine-grained sediment

Submerged wave-cut platform, about 120 to 125 m deep (late Pleistocene)—Inferred to be sand and gravel; may be 
draped with fine-grained sediment

Submerged wave-cut platform riser, base about 120 to 125 m deep (late Pleistocene)—Inferred to be sand and gravel; 
may be draped with fine-grained sediment

Purisima Formation (Pliocene and late Miocene)—Predominantly gray and greenish-gray to buff, fine-grained marine 
sandstone, siltstone, and mudstone

ONSHORE GEOLOGIC AND GEOMORPHIC UNITS

[Units compiled from Brabb (1997), and Wagner and others (2002); unit ages, which are from these sources, reflect local stratigraphic 
relations. In addition, some contacts modified by C.W. Davenport on the basis of analysis of 2009 lidar data]

Artificial fill (late Holocene)—Material placed by humans

Stream-channel deposits (late Holocene)—Sand and gravel deposits within active stream channels

Beach-sand deposits (late Holocene)—Fine to very coarse sand that forms active beaches in in coastal environments; may 
form a veneer over bedrock platform

Alluvial deposits (late Holocene)—Alluvium deposited along active stream channels; mapped where deposits within 
channel cannot be delineated at map scale

Alluvial fan deposits (late Holocene)—Alluvial fan deposits judged to be late Holocene, based on historical inundation, 
location with respect to older fans, or presence of youthful braid bars and distributary channels

Basin deposits (Holocene)—Unconsolidated fine-grained sediment deposited in low-energy environments including 
estuaries, lagoons, marsh-filled sloughs and lakes

Dune sand (Holocene)—Very well-sorted, fine to medium sand that forms both active and stabilized dunes in coastal 
environments

Stream-terrace deposits (Holocene)—Relatively smooth, undissected, low-lying terraces adjacent to lower reaches of 
active stream channell

Alluvial deposits, undivided (Holocene)—Alluvium deposited adjacent to active stream channels; may include small 
marine-terraces and channel deposits where such units are too small to delineate at map scale

Alluvial fan deposits (Holocene)—Relatively undissected, unconsolidated layers of sand, silt, and gravel deposited by 
streams emanating from canyons. Identified by fan morphology and topographic expression 

Stream terrace deposits (Holocene)—Mapped where relatively smooth, undissected, low-lying terraces exist adjacent to 
and elevated above active stream channels

Colluvium (Holocene)—Loose to firm, unsorted sand, silt, clay, gravel, rock debris, and organic material in varying 
proportions; typically mapped in hillside swales and narrow immature drainages

Alluvial deposits, undivided (Holocene and late Pleistocene)—Mapped on gently sloping to level terrace surfaces 
adjacent to stream channels where relative age is uncertain 

Stream-terrace deposits (Holocene and late Pleistocene)—Sand, gravel, silt, and minor clay of uncertain age; underlies 
relatively flat platforms elevated above stream channels

Landslide deposits (Holocene and Pleistocene)—Weathered and disintegrated rocks and soil

Alluvial fan deposits (Pleistocene)—Mapped where Pleistocene age is indicated by greater dissection than is present on 
Holocene fans, or the geomorphic feature lies at higher elevations than adjacent Holocene fans

Terrace Deposits of Watsonville terrace (Pleistocene)—Undivided fluvial and alluvial fan facies of semiconsolidated, 
moderately to poorly sorted silt, sand, clay, and gravel

Alluvial fan deposits (Pleistocene)—Discontinuous, semiconsolidated, moderately to poorly sorted layers of silty clay, silt, 
sand, and gravel deposited by streams, sheet flow, and debris flow adjacent to mountains 

Lowest emergent marine terrace deposits (Pleistocene)—Semiconsolidated sand and occasional gravel deposits on 
uplifted marine-abrasion platforms along the coast

Marine terrace deposits, undivided (Pleistocene)—Semiconsolidated sand and occasional gravel deposits on uplifted 
marine-abrasion platforms along the coast; found at higher elevations than Qmt2

Eolian deposits of Sunset Beach (Pleistocene)—Weakly consolidated, well-sorted fine- to medium-grained sand. Forms 
extensive coastal dune field

Eolian deposits of Manresa Beach (Pleistocene)—Weakly to moderately consolidated, moderately well-sorted silt and 
sand. Deposited in extensive coastal dune field

Aromas Sand, undivided (Pleistocene)—Heterogeneous unit of mainly eolian and fluvial sand, silt, clay, and gravel

Eolian lithofacies of Aromas Sand (Pleistocene)—Moderately well-sorted eolian sand

Fluvial lithofacies of Aromas Sand (Pleistocene)—Semiconsolidated, moderately- to poorly-sorted materials deposited by 
meandering and braided streams

Older stream terrace deposits (Pleistocene)—Stream deposits underlying flat-topped ridges with trends parallel to stream 
courses

Continental deposits, undivided (Pleistocene and Pliocene[?])—Semiconsolidated, fine-grained, oxidized sand and silt. 
May represent highly weathered eolian sediments deposited on Purisima Formation

Purisima Formation (Pliocene and late Miocene)—Predominantly gray and greenish-gray to buff, fine-grained marine 
sandstone, siltstone, and mudstone

Santa Margarita Sandstone (late Miocene)—Friable, yellowish-gray to white, medium- to fine-grained arkosic sandstone; 
locally calcareous and bituminous; base of section has local pebble conglomerate 

EXPLANATION OF MAP SYMBOLS

Contact—Solid where location is certain; dashed where location is approximate, inferred, or concealed; queried where 
uncertain

Fault—Dashed where location is approximate or inferred, dotted where location is concealed

Folds—Dotted where location is concealed
Anticline

Syncline

Inferred former marine shoreline

Approximate modern shoreline—Defined as Mean High Water (MHW) (+1.46 m), North American Vertical Datum of 
1988 (NAVD 88)
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