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ABSTRACT 30 

At the boundary between the Western Transverse Ranges province and Inner Continental 31 

Borderland of Southern California, strain is partitioned across the sinistral-oblique Anacapa-32 

Dume Fault system. Sycamore Knoll, a pop-up structure 20 km west of Point Dume in the 33 

hanging wall of the north-dipping Anacapa-Dume Fault, stands out as an anomalous bathymetric 34 

high along the Southern California coast. We synthesize new and existing geophysical datasets, 35 

including multibeam bathymetry/backscatter and single/multichannel seismic, to understand the 36 

morphology and tectonic implications of Sycamore Knoll. We identify a complete eustatic low-37 

stand submerged marine-terrace package encircling Sycamore Knoll platform that corresponds to 38 

the Last Glacial Maximum (LGM). The marine-terrace deposits and wave-planed surface of 39 

Sycamore Knoll require a late Quaternary uplift rate of 0.55 (+0.5/-0.3) mm/yr relative to sea-40 

level. By combining our uplift rate with previous estimates of basin subsidence and a revised 41 

structural model of the Anacapa-Dume Fault, we determine a maximum slip rate in latest 42 

Quaternary time of 1.50 (+0.5/-0.3) mm/yr and hence a post-LGM rate of convergence across the 43 

Anacapa-Dume Fault of 0.60 (+0.2/-0.1) mm/yr. 44 

 45 

1. INTRODUCTION 46 

In Southern California the Pacific-North American plate boundary spans the coastline with 47 

multiple active strands of the San Andreas fault zone present both onshore and offshore (Fig. 1a). 48 

Knowledge of slip rates on faults is essential to quantify seismic hazard, though such information 49 

is rarely available in the marine setting because of the expense of obtaining underwater geodetic 50 

measurements and the inaccessibility of outcrops for traditional paleoseismic investigations. 51 

Sequences of marine terraces formed at interglacial and interstadial eustatic high-stands and 52 
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preserved by tectonic uplift have been well-documented in Southern California and frequently 53 

used as strain markers for constraining geologic vertical-motion rates on near-shore faults (e.g. 54 

Muhs et al., 1992; Niemi et al., 2008). However, fewer studies have been made of submerged 55 

low-stand marine-terrace sequences preserved by tectonic subsidence (e.g. Chiocci and Orlando, 56 

1996; Pinter et al., 2003; Chaytor et al., 2008; Castillo et al., 2017). Here we use a new model of 57 

the submerged terrace sequences offshore Santa Catalina Island and at Pilgrim/Kidney Banks 58 

(Fig. 1a; Castillo et al., 2017) to interpret analogous deposits around Sycamore Knoll (SK), a 90-59 

m deep 10-km2 flat-topped bathymetric high offshore the Malibu Coast approximately 10 km 60 

south-southeast of Point Mugu and 20 km due west of Point Dume. We use new multibeam 61 

bathymetry and backscatter data in tandem with legacy single-channel airgun seismic and new 62 

CHIRP (swept-frequency, single-channel seismic) profiles to map a complete terrace package at 63 

SK corresponding to the Last Glacial Maximum (LGM) eustatic low-stand, which ended ~20 ka. 64 

We compare the modern depth of SK's wave-planed platform to a sea-level curve corrected for 65 

glacial-isostatic adjustment (GIA) using published estimates of local LGM sea-level to determine 66 

a maximum Quaternary uplift rate for SK. Because the relationship between rates of uplift and 67 

convergence is dependent on fault-zone geometry, we supplement this study with an 68 

investigation of thrust tectonics in the Anacapa-Dume Fault (ADF) system at SK using legacy 69 

multi-channel seismic profiles. We refine the previous structural models of Fisher et al. (2005, 70 

2009) and Sorlien et al. (2006) to better account for the newly identified features of SK, 71 

providing us with an estimate of N-S convergence rate across the ADF and a revised 72 

understanding of fault segmentation at the southern boundary of the Western Transverse Ranges 73 

province.  74 

 75 
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2. GEOLOGIC BACKGROUND 76 

2.1. TECTONIC EVOLUTION OF THE SOUTHERN CALIFORNIA CONTINENTAL 77 

BORDERLAND 78 

The Southern California Continental Borderland (SCCB) is the 100–250 km-wide region of 79 

highly faulted ridges and basins that constitute the North American continental margin from Baja 80 

California to the Western Transverse Ranges (WTR) (Fig. 1a). The SCCB originated from large-81 

scale crustal extension that began around the Oligocene-Miocene boundary as the California 82 

continental margin transitioned from microplate subduction to the modern San Andreas 83 

transform (Atwater, 1970; Clark et al., 1991; Atwater and Stock, 1998). Prior to the opening of 84 

the Gulf of California, the WTR separated from the Peninsular Ranges and rotated clockwise 85 

about a vertical axis as much as 110˚ along a major crustal detachment fault (Crouch and Suppe, 86 

1993; Kamerling and Luyendyk, 1985; Luyendyk et al., 1985; Wilson et al., 2005). Around 5–8 87 

Ma, motion of the Pacific plate relative to the North American plate began to shift from 88 

northwestward to north-northwestward (Atwater and Stock, 1998), slowing rotation of the WTR 89 

and causing north-south crustal shortening in the SCCB, in turn forming the major compressional 90 

trends in the Santa Barbara and Ventura basins and transpression in the SCCB (Crouch and 91 

Suppe, 1993; Weldon et al., 1993; Wilson et al., 2005; Legg et al., 2007). 92 

The Inner Borderland is bounded on the west by the Santa Cruz-Catalina Ridge Fault, to 93 

the north by the Northern Channel Islands Thrust (NCIT) and ADF, and to the east by the 94 

Peninsular Ranges (Howell and Vedder, 1981; Shaw and Suppe, 1994) (Fig. 1a). The marine 95 

basins of the Inner Borderland consist largely of Miocene Monterey Formation overlying early-96 

to-middle Miocene volcanic rocks, beneath 1.5-2.5 km of Plio-Pleistocene sediments derived by 97 

fluvial discharge from Los Angeles Basin and Ventura Basin (Gorsline, 1992). The acoustic 98 
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basement in this region is Catalina Schist, comprised of metamorphosed mafic material from 99 

subduction of the Farallon Plate as well as meta-sedimentary and meta-volcanic rocks, which all 100 

experienced blueschist-to-amphibolite facies metamorphism during Cretaceous-early Tertiary 101 

time (Crouch and Suppe, 1993; Grove et al., 2008). The Catalina Schist was unroofed during the 102 

opening of the SCCB when the Cretaceous and Jurassic Franciscan Complex (now forming the 103 

Outer Borderland and the WTR) detached from the western Peninsular Ranges Batholith 104 

(Atwater and Molnar, 1973; Kamerling and Luyendyk, 1985; Nicholson et al., 1994; ten Brink et 105 

al., 2000). 106 

2.2. REGIONAL FAULT STRUCTURES 107 

The NCIT is a W-E striking moderate-angle thrust fault that marks the southern limit of the 108 

WTR province (Fig. 1a) (Crouch and Suppe, 1993; Shaw and Suppe, 1994; Dolan et al., 1995; 109 

Seeber and Sorlien, 2000). The ADF and Malibu Coast Fault (MCF), which runs sub-parallel to 110 

the ADF between Anacapa Island and Point Dume, are together responsible for at least 30 km of 111 

left-lateral offset since the late Miocene (Crouch and Suppe, 1993). West of Anacapa Island, the 112 

MCF becomes the left-lateral Santa Cruz Island Fault, which likely merges with the NCIT at 113 

depth.  Southeast of Santa Cruz Island, the right-lateral Santa Cruz-Catalina Ridge fault system 114 

merges obliquely into the NCIT from the south (Chaytor et al., 2008; Schindler, 2010). Shaw and 115 

Suppe (1994) argued that the NCIT diverges north into the Ventura Basin immediately east of 116 

Anacapa Island and does not connect to the ADF. Alternatively, the MCF and ADF are segments 117 

in a continuous sinistral-oblique fault system that intersects the NCIT and links the Santa Cruz 118 

Fault to the Santa Monica and Hollywood-Raymond Hills faults, defining the southern limit of 119 

the WTR province (Fig 1a; Sorlien et al., 2006; Fisher et al., 2009; Pinter and Sorlien, 1991; 120 

Pinter et al., 1998). Immediately east of Anacapa Island, the ADF is a single-strand left-oblique 121 
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slip fault striking ENE and dipping north with no mapped seafloor expression. Between 122 

Hueneme and Mugu canyons, the ADF is mapped by Fisher et al. (2009) as an imbricate thrust 123 

system with three principal strands striking W-E, which merge immediately southwest of SK 124 

(Fig. 1b). In this area the MCF diverges from the ADF, striking ENE before coming on land 125 

between Point Mugu and Point Dume. East of SK, the ADF curves around Point Dume and re-126 

merges with the Santa Monica Fault near the Santa Monica coast (Fig. 1a; Dolan et al., 2000; 127 

Sorlien et al., 2006).  128 

2.3. SEISMICITY AND NEOTECTONICS 129 

Historical seismicity and evidence for paleoseismicity along the southern border of the 130 

WTR province suggests that the ADF and nearby faults have been active in Holocene time 131 

(Fisher et al., 2009). The distribution of aftershocks (10–17 km depth) from the 1973 Point Mugu 132 

earthquake (ML 6.0), the largest yet recorded along the Malibu coast, was consistent with a 133 

uniform NE-SW compressive stress though individual aftershocks exhibited a variety of focal-134 

mechanism solutions ranging from pure left-lateral slip to pure reverse slip and did not align 135 

along any one focal plane (Ellsworth et al., 1973; Stierman and Ellsworth, 1976). The ADF and 136 

MCF systems most likely converge at depth (Sorlien et al., 2006), and Sorlien et al. (2006) 137 

explain the complexity of the 1973 aftershock sequence by suggesting that the Point Mugu 138 

earthquake ruptured near the intersection of the two fault systems. Ross et al. (2004) estimated 139 

the ADF to be capable of producing an earthquake of ML ~7.5. Dolan et al. (2000) suggested the 140 

potential for recurring earthquakes MW >7.0 on the Santa Monica Fault through simultaneous 141 

rupture with either the Hollywood-Raymond Hills Fault to the east or ADF to the west. 142 

West of SK, uplifted high-stand marine terraces on Santa Cruz and Anacapa Islands suggest late 143 

Quaternary fault motion on the Santa Cruz Island Fault, a left-lateral strike-slip fault that crops 144 
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out north of the NCIT (Pinter et al., 1998; Pinter et al., 2003). High rates of sedimentation 145 

associated with the Hueneme-Mugu fan system may mask any evidence of Holocene activity on 146 

the ADF between Anacapa Island and SK (Junger and Wagner, 1977; Normark et al., 1998; 147 

Normark et al., 2006; Sorlien et al., 2006). Fisher et al. (2005) identified extensive submarine 148 

landslide deposits in Quaternary basin sediments south of SK that suggest this segment of the 149 

ADF is active in modern time. As interpreted by Sorlien et al. (2006), the steep southern face of 150 

SK represents a fault-fold scarp, where slip on the ADF reaches the sea-floor. East of SK, 151 

structural deformation of the seafloor evident south of Point Dume requires significant Holocene 152 

activity on the eastern ADF (Fisher et al., 2009). Paleoseismic trenching of the onshore segment 153 

of the Santa Monica Fault revealed at least six surface ruptures in the past ~50,000 yr (Dolan et 154 

al., 2000), and the 1979 Malibu earthquake (ML 5.0) in northern Santa Monica Bay demonstrates 155 

modern activity on an unmapped fault segment proximal to the intersection of the offshore 156 

segment of the Santa Monica Fault with the San Pedro Basin Fault Zone (Hauksson and Saldivar, 157 

1986). 158 

2.4. SYCAMORE KNOLL 159 

We treat SK as two coincident but distinct features: the geomorphic SK platform, which is 160 

an elliptical, flat-topped bathymetric high at -90 m relative to modern sea level (RMSL), ~4.2 km 161 

E-W by ~2.5 km N-S, between Point Dume and Point Mugu (Fig. 1b); and the tectonic SK 162 

anticline, which is a doubly-plunging anticline with anomalous structural relief along the ADF. 163 

The SK anticline is partially responsible for the morphology of the SK platform because of 164 

continued shortening across the ADF expressed as uplift in the hanging-wall. The southern 165 

boundary of the SK platform is defined by a steep fault scarp modified by submarine landslides. 166 

To the west and north, the SK platform is bounded by submarine canyons that cut Pliocene 167 
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sediments and flow into the greater Hueneme-Mugu fan system. To the east, the SK platform is 168 

bounded by a smaller submarine canyon that flows into the Santa Monica Basin.  169 

 170 

3. DATA AND METHODS 171 

We incorporate new and existing geophysical datasets in order to constrain the timing and 172 

modes of deformation and erosion at Sycamore Knoll. We utilize multibeam bathymetry and 173 

backscatter maps (Figs. 1-3), water-column data (Fig. 2), and ROV (remotely-operated vehicle) 174 

sea-floor photographs (Fig. 4), all acquired by the Ocean Exploration Trust's E/V Nautilus on 175 

cruise NA078 in 2016. Interpretation of these geomorphic data is supplemented by high-176 

resolution, swept-frequency single-channel seismic (CHIRP) acquired on cruise NA078 (Figs. 5-177 

6) and by lower-frequency, gas-injection airgun single-channel seismic (SCS) acquired by the 178 

United States Geological Survey (USGS) on cruise A1-02-SC in 2002 (Fig. 7; Normark et al., 179 

2003; Triezenberg et al., 2016). We further utilize a dense grid of 2D multichannel seismic 180 

(MCS) data from WesternGeco acquired on two separate cruises in 1982 (dataset W-5-82-SC) 181 

and 1985 (dataset W-40-85-SC), all publicly available in the National Archive of Marine Seismic 182 

Surveys (NAMSS) (Figs. 9-11; Triezenberg et al., 2016). 183 

3.1. SINGLE AND MULTICHANNEL SEISMIC 184 

CHIRP data were acquired on cruise NA078 using a hull-mounted Knudsen K3260 Sub-185 

bottom Profiler with a swept-frequency ping of 3.5-210 kHz. Because of their overlapping 186 

frequencies, the echosounder and sub-bottom profiler were fired at alternating intervals, yielding 187 

coincident track lines but limited in-line horizontal resolution. CHIRP profiles were processed in 188 

OpenCPSTM. We interpreted the unmigrated envelope of the deconvolved seismic signal without 189 

attenuation correction (Figs. 5-6). 190 
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SCS profiles were acquired by the USGS Coastal and Marine Geology Program for marine 191 

geohazard assessment between Point Arguello and Point Dume in 2002 (cruise A1-02-SC). Data 192 

were recorded on a 2-channel, 5-m-long, 8-hydrophone streamer at a sample rate of 4 kHz using 193 

a 24 in3 gas-injection airgun operated at 2000 psi with only one chamber (Normark et al., 2003). 194 

SCS profiles in this paper were not migrated (Fig. 7). Combining backscatter, CHIRP, and SCS 195 

data to analyze seismic facies and depositional systems allowed more sophisticated 196 

interpretations of the data (Figs. 2-8).  197 

MCS profiles were acquired by WesternGeco on cruises W-5-82-SC and W-40-85-SC, 198 

which were conducted for hydrocarbon exploration in 1982 and 1985 respectively. Data were 199 

acquired using large-volume airgun arrays, and processed through a post-stack time migration 200 

prior to release by the company (Figs. 9-10). Dips interpreted in MCS profiles were based on a 201 

time-to-depth conversion using the velocity model from well Mobil 3490-1 published in the 202 

supplement to Sorlien et al. (2013). The well was not logged past the top of Miocene volcanics, 203 

so we assume an acoustic velocity of 4 km/s, which is at the lower end of the reasonable range. 204 

Hence our estimates of dip are minima where measured below top Miocene volcanics. 205 

SCS, MCS, and CHIRP were imported together for integrated interpretation in IHS 206 

Kingdom Suite. All SCS and MCS profiles presented in this paper are publicly available in SEG-207 

Y format in NAMSS (Triezenberg et al., 2016). 208 

3.2. MULTIBEAM BATHYMETRY AND BACKSCATTER 209 

Multibeam bathymetry and backscatter data were acquired by E/V Nautilus on cruise 210 

NA078 using a Kongsberg EM302 30kHz hull-mounted multibeam echosounder. The 211 

echosounder data were processed following a standard workflow in QPS Qimera
TM

, and buoyant 212 

gas columns above methane seeps were visually identified in the water column reflectivity 213 
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profile (Fig. 2). Multibeam figures shown in this paper are raster images generated using a DEM 214 

with 10 m gridded horizontal resolution.  215 

3.3. ROV PHOTOGRAPHS   216 

During standard dive operations from E/V Nautilus, two shipboard ROVs, Hercules and 217 

Argus, work in tandem. Hercules is equipped with a high-definition video camera that 218 

continuously streams by fiber-optic cable to the E/V Nautilus control van, and thence 219 

to scientific partners (in this case, Stanford University) in near-real-time. This telepresence 220 

enabled us to be involved in the E/V Nautilus cruises and ROV dives throughout NA078 in the 221 

SCCB, and make requests for adjustments to dive plans, sample recovery, etc. Three stills 222 

captured from the video stream (Fig. 4) show examples of the variety of features observed on 223 

and around SK platform, which we use as geological ground truth for our geophysical 224 

interpretations of subaerial terrace deposits (Fig. 4a), hydrocarbon seeps through these subaerial 225 

terrace deposits (Fig. 4b) and eroded sedimentary outcrop (Fig. 4c).  226 

 227 

4. RESULTS 228 

4.1. MORPHOLOGY OF THE SYCAMORE KNOLL PLATFORM 229 

We identify two distinct sedimentary units that circumscribe the nearly planar upper 230 

surface of SK platform, using their distinctive backscatter intensity that is positively correlated 231 

with grain size (Collier and Brown, 2005; Ferrini and Flood, 2006). The shallower sedimentary 232 

unit completely encircles the paleo-island and is characterized by relatively high backscatter 233 

intensity (Fig. 2b; shaded orange in Fig. 2c) corresponding to surficial sand with minor gravels 234 

(Fig. 4a). The surface of the high-reflectivity sedimentary unit is convex upward, with its back 235 
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(inner) edge approximately 2 m below the sub-planar upper surface of SK, and its lower surface 236 

onlapped by the outer, bathymetrically deeper, sedimentary unit (Fig. 5).  The lower sedimentary 237 

unit has lower backscatter intensity (Fig. 2b, colored blue in Fig. 2c), consistent with the muddy 238 

surface observed during a short ROV ascent up the southeast side of SK. We characterize the 239 

combined coarse and fine sedimentary units as a terrace package. Internal reflectivity in the 240 

upper and lower sediment packages is limited, but foreset tops as well as the base unconformity 241 

of the combined terrace package above Pliocene outcrop (Fig. 4c) can be confidently identified 242 

in several profiles radially distributed over the seamount (Fig. 6).  Following the depositional 243 

model of Castillo et al. (2013, 2017) and Patruno et al. (2015), we differentiate between sandy 244 

subaerial deltaic deposits (i.e. beach deposits emplaced directly by wave action) and subaqueous 245 

deltaic deposits that are finer grained and sourced from sediments suspended in the water column 246 

and deposited by currents. The outermost foresets are acoustically transparent in CHIRP data, 247 

owing to decreasing availability of coarse sediment during transgression.  Foresets consistently 248 

dip away from the seamount, regardless of the dip of the folded Pliocene sediments beneath, and 249 

variations in dip reflect changes in current-induced bed shear stress. Subaerial delta clinoforms in 250 

temperate zones exhibit gently dipping foresets (<6˚), whereas subaqueous delta clinoforms are 251 

deposited in deeper, calmer waters and exhibit steeply dipping foresets (up to 27˚) (Patruno et al., 252 

2015). We use dip variations to interpret and distinguish subaerial and subaqueous deltaic 253 

deposits (Figs. 5-6).  254 

Marine terraces provide a vertical datum for estimating vertical tectonic motion if paleo-255 

sea-level markers are present within the stratigraphy (e.g. clinoform rollovers of subaerial 256 

deltas). The marine terrace package surrounding the wave-planed platform at SK consists of a 257 

single subaerial delta and a single subaqueous delta. In the case of the terrace sequence identified 258 
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at Santa Catalina Island by Castillo et al. (2017), marine transgressions following glacial and 259 

stadial eustatic low-stands increased sediment supply eroded from the paleo-island allowing 260 

continued subaqueous delta deposition that mantled the rollover of subaerial clinoforms forming 261 

a sequence over many marine isotope stages. In contrast to Santa Catalina Island, subaqueous 262 

deltaic sedimentation at SK could not have extended beyond the eustatic low-stand because the 263 

knoll is an isolated bathymetric high with only two sediment sources: regionally-sourced 264 

hemipelagic mud/silt and locally-sourced sediments derived by wave-erosion from the Pliocene 265 

outcrops at the crest of SK. The former of these sediment sources may have contributed some 266 

sediment to the subaqueous deltas, as well as to the hemipelagic drape that is observed between 267 

outcropping strata on the wave-planed surface of SK. At SK, locally-sourced material is only 268 

available during marine regression approaching a eustatic low-stand, when the SK platform is 269 

close to sea-level. Consequently, the structure of the marine terrace package at SK represents a 270 

simplified end-member of the low-stand marine terrace model where there is almost no 271 

retrogradational sequence. The only region of SK where this package varies in morphology is 272 

towards the south face of the knoll, where a steep landslide scarp associated with the ADF has 273 

yielded an irregular depositional surface and potentially removed segments of the terrace 274 

material by critical slope failure. 275 

Our line-drawings interpreting CHIRP and SCS profiles (Figs. 5, 7) show an overview of 276 

terrace morphology at SK and the relationship of the terrace package to folded Pliocene 277 

sedimentary strata. The wave-planed surface of the SK platform is relatively level with gentle 278 

relief of outcropping Pliocene layers and small vertical offsets across fault structures (see Section 279 

4.3. below). Along NE-SW SCS profile 804a, Pliocene sedimentary rocks near the seafloor have 280 

an apparent dip of ~5˚ S on the margin of the SK anticline, become horizontal ~0.5 km from the 281 
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south flank of the knoll, and dip more gently towards the north of the anticline (Fig. 7). SCS 282 

profile 804a only clips the eastern edge of SK platform, and so only shows a minor portion of SK 283 

anticline that becomes broader and higher-amplitude towards the center of SK. The terrace 284 

sediment package is broader on the north flank of SK than on the south. Fisher et al. (2005) 285 

identified the modern surface of SK as "Terrace 1" and the north-dipping unconformity shown in 286 

Figure 5a as "Terrace 2," and suggested both represent back-tilted, wave-planed platforms. 287 

Fisher et al. (2005) used a single seismic profile to interpret the "Terrace 1" surface as dipping 288 

~0.1˚ N, which implies that the north side of the platform is ~3.5 m deeper than the south side of 289 

the platform. However, our complete high-resolution bathymetry shows no consistent dip of the 290 

SK platform (Fig. 3). Instead, the bathymetry is rough at small scales, due to erosion controlled 291 

by Pliocene bedding planes (Fig. 3a, Fig. 4c) and younger faults (Fig. 2b), both of which have 292 

very diverse strikes (Fig. 2). Only negligible doming of the SK anticline can have occurred since 293 

the platform was cut (Fig. 3). The apparent post-Pliocene unconformity ("Terrace 2" of Fisher et 294 

al., 2005) underlying the sediment package on the NE side of SK has a true dip of ~1.3˚ to the 295 

ENE at this location, determined by taking the trend of the approximately linear Pliocene outcrop 296 

at the inner terminus of the subaerial delta as the strike of the unconformity. Our recognition of 297 

the continuity of the marine-terrace package entirely around SK (Fig. 2), hence also an outward-298 

dipping post-Pliocene unconformity, actually steeper on the south than on the north (Fig. 7), 299 

precludes wave-planing at a eustatic high-stand or low-stand as the source of the "Terrace 2" 300 

unconformity. 301 

4.2. UPLIFT RATE 302 

Two features provide constraints on the vertical-motion history of SK: first, the wave-303 

planed upper surface of SK that represents a protracted period of erosion, and, second, the 304 
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subaerial-to-subaqueous delta transition observed below the level of the wave-planed surface. 305 

The SK terrace likely did not form during a eustatic high-stand or high interstadial because 306 

erosion during marine transgressions, low-stands, and low stadials rarely preserves high-stand 307 

features in areas of subsidence.  Additionally, emplacing the SK terrace at the Marine Isotope 308 

Stage (MIS) 5 or other high-stand close to modern sea-level would require a quite rapid 309 

>>1mm/yr subsidence for the terrace to reach its current depth of -90 m RMSL while 310 

overcoming simultaneous uplift of SK in the hanging wall of the ADF. We can also rule out the 311 

possibility that the SK terrace package corresponds to a pre-LGM eustatic low-stand or low 312 

stadial based on three criteria. First, terrace deposits from low-stands or low stadials higher than 313 

or comparable to the LGM would be subject to erosion during the pre-LGM marine regression 314 

and post-LGM marine transgression. Second, we do not observe a retrogradational parasequence 315 

of terrace deposits such as at Santa Catalina Island or Pilgrim Banks (Castillo et al., 2017), which 316 

rules out the possibility of protracted subsidence. Uplift is additionally supported by the knoll’s 317 

present depth at -90 m, shallower than any existing regional estimates of LGM GIA-corrected 318 

relative sea-level (-95 m – -123 m: Muhs et al., 2014; Johnson et al., 2017). Third, terrace 319 

deposits from pre-LGM low-stands and low stadials without an overlying LGM terrace package 320 

would require subsidence until ~20 ka followed by rapid uplift. Such behavior is incompatible 321 

with the known timeline of tectonic evolution of the northern Inner Borderland (see Section 2). 322 

Therefore, we conclude that SK is uplifting and that the wave-planed surface and the 323 

subaerial/subaqueous delta deposits at SK must have formed at the LGM eustatic low-stand. 324 

Whereas the intact terrace deposits can be no older than the LGM, the significant stratigraphy 325 

and volume of material missing from the surface of SK platform requires long-term uplift and 326 

erosion over a sequence of marine regressions and low-stands since at least Pliocene time. 327 
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Several disparate estimates of local LGM low-stand GIA-corrected sea-level in the 328 

Northern Channel Islands have been published recently, including -95 m RMSL at Santa Rosa 329 

Island (Muhs et al., 2014), approximately -100 m RMSL near Point Dume (Clark et al., 2014), -330 

111 m RMSL in the western Channel Islands and -101 m RMSL in the eastern Channel Islands 331 

(Reeder-Myers et al., 2015), and -123 m RMSL near Hueneme Canyon (Johnson et al., 2017). 332 

The recently published claim of Johnson et al. (2017) that LGM sea-level east of Hueneme 333 

Canyon was as deep as -123 m RMSL would require a maximum uplift rate of 1.65 mm/yr for 334 

the surface of Sycamore Knoll, which is as much as an order of magnitude faster than the 335 

accepted uplift rates of the northern Channel Islands (Chaytor et al., 2008; Pinter et al. 1998, 336 

2003). We discount this -123 m value as (1) based on “wave-cut platforms” observed only over a 337 

1-km stretch of the 100-km length of coastline surveyed by Johnson et al. (2017); (2) the wave-338 

cut platform and shelf-break at -100 to -116 m observed by Johnson et al. (2017) over a far wider 339 

area that is far more consistent with the plethora of studies suggesting GIA-adjusted LGM sea-340 

level in this region was from -95 to -111 m RMSL (Clark et al., 2014; Muhs et al., 2012, 2014; 341 

Reeder-Myers et al., 2015); and (3) the possibility that the -123 m platform represents very local 342 

preservation of a subsided older low-stand at c. 150 ka (Castillo et al., 2013, 2017). 343 

Consequently, we prefer -101 m RMSL after Reeder-Myers et al. (2015) and Clark et al. (2014) 344 

as the local LGM sea-level for our following calculations, considering upper and lower plausible 345 

bounds of -111 m after Reeder-Myers et al. (2015) and -95 m after Muhs et al. (2014).  346 

We propose a Quaternary vertical-motion history for SK that correlates the knoll's wave-347 

planed and terrace features with the global stack sea-level curve of Spratt and Lisiecki (2015) 348 

corrected for GIA using a local LGM value of -101 (+10/-6) m RMSL (Fig. 8). Prior to Marine 349 

Isotope Stage 3 (MIS 3) (Fig. 8d), SK possessed an older wave-planed platform that was most 350 
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likely cut during MIS 6, and possibly also during older marine low-stands and low stadials. 351 

During marine regression at the end of MIS 3 (and potentially at the end of MIS 5), the present 352 

wave-planed SK platform began to be cut as the uplifting knoll and lowering sea level brought 353 

the surface of SK above the storm-weather wave base (SWWB, ~10 m below sea level) and fair-354 

weather wave base (FWWB, ~2 m below sea level) (Fig. 8c). The rate of sea-level drop outpaced 355 

the rate of erosion leading into the LGM, yielding the modern platform (Fig. 8b). The subaerial 356 

and subaqueous deltas were emplaced at the LGM low-stand, and subsequent sea-level rise 357 

during the post-LGM marine transgression outpaced erosion, allowing the terrace package to be 358 

preserved (Fig. 8a).  359 

High-stand terraces are usually correlated to the sea-level record using the shoreline angle 360 

(Lajoie, 1986) because this represents the maximum storm surge elevation and consequently the 361 

peak of the eustatic high-stand. By contrast, in our model of low-stand terrace deposition the 362 

subaerial-delta clinoform-rollover depth represents the minimum sea-level and thus the nadir of 363 

the eustatic low-stand (Castillo et al., 2017). In the case of Santa Catalina Island, Castillo et al. 364 

(2017) differentiate between the subaerial-delta clinoform-rollover depth and the depth of the 365 

paleo-backshore (the inland terminus of the terrace package) because the terrace packages have 366 

undergone measurable tilting since deposition. For SK, we do not need to make such a 367 

distinction, as the depths of the paleo-backshore and subaerial delta rollover are nearly 368 

equivalent, varying only between 0.119 and 0.121 s two-way travel time (TWTT) around the 369 

knoll (i.e. between -89.25 and -90.75 m RMSL) in our multibeam bathymetry (Figs. 2-3), CHIRP 370 

(Figs. 5-6), and SCS (Fig. 7) data. Correlating the local LGM low-stand depth of -101 (+10/-6) 371 

m RMSL with the modern average clinoform rollover depth of -90 m RMSL, the terrace package 372 

encircling the SK platform must have uplifted 11 (+10/-6) m since the LGM, yielding a latest 373 
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Quaternary uplift rate of 0.55 (+0.5/-0.3) mm/yr relative to sea-level (i.e. not accounting for 374 

basin subsidence).  375 

4.3. SHALLOW FAULT STRUCTURES AND NATURAL GAS SEEPS 376 

In our multibeam bathymetry and backscatter data (Fig. 2), we observe numerous offsets of 377 

up to 150 m horizontal stratal separation among Pliocene outcrops on the wave-planed SK 378 

platform. We interpret these offsets as being formed by steeply-dipping, left- and right-oblique 379 

radial faults that actively displace the seafloor (Fig. 2c). We suggest these small faults are 380 

analogous to structures formed above salt domes. Arching of sedimentary strata leads to faulting 381 

to minimize structural relief above a growing salt intrusion. Crestal grabens form because the salt 382 

is so weak that it transfers the gravitational force of the overburden laterally, allowing overlying, 383 

critically-stressed strata to collapse (McClay and Ellis, 1987; Vendeville and Jackson, 1991). If 384 

the regional horizontal principal stresses are relatively isotropic (i.e. in the absence of crustal 385 

extension), the domal anticline may exhibit radial fault structures (Jackson et al., 1994). The 386 

radial faulting of the SK platform that resembles supra-salt faults was likely driven by localized 387 

tectonic uplift, as opposed to being density-driven deformation. 388 

About 30 backscatter-intensity anomalies were identified above SK in our multibeam 389 

water-column data (Fig. 2a) (cf. Orange et al., 2002), and were mapped in greater detail using 390 

QPS QimeraTM software (Fig. 2a). Streams of gas bubbles identified in the water column likely 391 

originate from natural gas seeps (Fig. 2d). This interpretation is supported by direct E/V Nautilus 392 

observations of a natural oil slick, bubbles rising to the surface, and the smell of natural gas 393 

during our multibeam/CHIRP acquisition. Additionally, seeps identified in multibeam data to the 394 

southeast of SK platform are proximal to bacterial mats documented in streaming video from 395 

ROV Hercules (Fig. 4b). Seep locations (Fig. 2a,c) correlate with fault structures at the crest of 396 
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SK, suggesting that these faults are acting as permeable channels for gas escape from a 397 

previously unmapped hydrocarbon reservoir. The radial fault structures are visible in our CHIRP 398 

data to at least 0.05 s TWTT or ~50 m below the sea-floor (Fig. 5). Although our analogy to 399 

crestal grabens would suggest the surface faults at SK root in the core of the SK anticline, we do 400 

not image them on our SCS or MCS profiles, perhaps because structural offsets are comparable 401 

with our vertical resolution and/or because of insufficient reflection contrast. The gas seeps 402 

suggest the faults reach a hydrocarbon source, presumably the Miocene Monterey Formation 403 

(Lorenson et al., 2007), which is no shallower than 760 m sub-sea-floor at Mobil well 3490-1 404 

(location Fig. 11d) and by seismic correlation approximately 280 m sub-sea-floor at the crest of 405 

SK anticline (Figs. 9-11). 406 

 407 

4.4. STRUCTURAL DESCRIPTION OF SEISMIC REFLECTION PROFILES 408 

We interpret two grids of 2D MCS profiles with a line spacing of ~2 km (one grid oriented 409 

N and E, the other NW, Fig. 11d) to constrain the structure of faults and folds in the vicinity of 410 

SK, using ages from the well ties of Sorlien et al. (2006, 2013). On S-N profile WG85-394 (Fig. 411 

9) the approximate location of the ADF is clearly indicated by the significant structural relief at 412 

SK and poorly migrated/out-of-plane diffraction hyperbolae beneath the south side of the knoll. 413 

The dips of overlying Miocene sedimentary rocks in the hanging wall and of structural 414 

terminations of Neogene strata in the footwall of the ADF limit the apparent fault dip to 35–67˚ 415 

along this profile. Pliocene and post-Pliocene strata thicken both north and south of the ADF at 416 

SK, whereas the Miocene strata thin to both north and south. Miocene volcanics that we consider 417 

as acoustic basement in the vicinity of SK (despite some internal reflectivity) are clearly thrust 418 

over the Plio-Pleistocene sequence. On W-E profile WG85-389 (Fig. 10) the three strands of the 419 
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ADF mapped by Fisher et al. (2005) are clearly defined by structural offsets. Pliocene, and post-420 

Pliocene sedimentary rocks thicken considerably both east of SK and west of the ADF, whereas 421 

the Miocene section only thickens eastward of fault segment AD3.  422 

Maps of travel-time to reflections from top Miocene and top Miocene volcanics show both 423 

boundaries are part of the SK doubly-plunging anticline, with the apex of the anticline located 424 

beneath the southern portion of the SK platform. (We did not map the top Pliocene reflection 425 

because it is in places poorly resolved or incised by modern channel systems.) The interval 426 

travel-time thickness of post-volcanic Miocene strata diminishes to the west of SK in the 427 

hanging-wall of the ADF and increases to the east. The Miocene sedimentary rocks exhibit a 428 

local maximum thickness at the northern margin of SK. No major thrust faults offset Miocene 429 

strata between the ADF and MCF, and structural relief between the hanging-wall and footwall of 430 

the ADF is highest at the longitude of SK (Sorlien et al., 2006). Uplift of the SK platform is 431 

clearly controlled by a reverse component slip on the ADF.  432 

 433 

5. DISCUSSION 434 

The seafloor offshore southern California exhibits many bathymetric highs, such as Pilgrim 435 

Banks, Kidney Banks, and Crespi Knoll (Fig. 1a). These features are similar to SK in that they 436 

are associated with active faults and have wave-planed surfaces and low-stand marine-terrace 437 

packages (e.g. Chaytor et al., 2008; Castillo et al., 2017). However, whereas Pilgrim/Kidney 438 

Banks and Crespi Knoll are cored by metamorphic basement (Catalina Schist) and bounded by 439 

normal faults, SK is a point of anomalously high structural relief of Miocene and Pliocene 440 

sedimentary rocks caused by hanging-wall deformation above the ADF at the southern limit of 441 

the WTR province. At SK, deformation patterns control large-scale seafloor morphology, as 442 
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shown by collocation of the SK anticline with the bathymetric SK platform, and of submarine 443 

canyon thalwegs with structural lows in the top Miocene reflector (Fig. 11a).  In turn, SK has 444 

been a long-lived control on basin sedimentation: Pliocene sedimentary rocks reach their 445 

maximum thickness at the longitude of SK in both the hanging-wall and footwall of the ADF. 446 

The thickness of post-volcanic Miocene sedimentary rocks increases to the east of SK in the 447 

hanging-wall of the ADF (Fig. 11c), likely the result of Miocene syn-sedimentary extension and 448 

post-Miocene basin inversion, consistent with the ADF having been a Miocene normal fault now 449 

reactivated in compression (Sorlien et al., 2006). 450 

Estimating the dip of the ADF at SK is essential to quantify the relationship between rates 451 

of uplift and convergence, but no fault-plane reflection is discernible in published MCS profiles 452 

and detailed correlation of offset strata across the ADF is inhibited by poorly-migrated 453 

diffraction hyperbolae in the same profiles. Fisher et al. (2005) interpreted a listric ADF near SK 454 

with a near-surface dip of ~35˚ N (equal to the dip of the top Miocene reflection), becoming flat 455 

at ~2.5 km depth below the SK platform. Sorlien et al. (2006) interpreted a listric ADF dipping 456 

40–45˚ N near the fault tip and flattening to 20-25˚ N at depth under SK. Fisher et al. (2009) re-457 

interpreted the ADF as nearly planar, dipping 30–35˚ N and extending down >3 km depth below 458 

SK. All of these authors assume a second kink-band south of the anticline in their interpretations, 459 

which must have been eroded into the adjacent basin, and Fisher et al. (2009) do not interpret the 460 

ADF as reaching the sea-floor. Such a model with conjugate kink bands suggests SK anticline 461 

deforms at least partially as a fault-propagation fold, that is, as an anticline that accommodates 462 

sufficient shortening through hanging-wall deformation that the fault tip exhibits zero (or very 463 

little) slip (e.g. Hardy 1997; Hardy and Poblet, 2005; Shaw et al., 2005; Hubbard et al., 2014). 464 

Fault-propagation folding accommodates convergence by continuous folding (arching) of the 465 
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hanging-wall strata. However, Miocene and Pliocene hanging-wall strata exhibit little or no 466 

anticlinal folding despite >20˚ of back-tilting. We can place limits on the rate of folding using 467 

the lack of relief created on the SK platform since LGM wave-planing at ~20 ka. We observe no 468 

more than 1 m of possible doming of the LGM platform in the bathymetry (Fig. 3), yielding a 469 

doming rate of <0.05 mm/yr, or <9% of relative uplift rate. Further, extensive mass-wasting 470 

deposits identified by Fisher et al. (2005) in the Santa Monica Basin immediately south of SK 471 

indicate that the ADF is not blind at the longitude of SK (as required by the fault-propagation 472 

fold model) and that the south face of SK is an active fault scarp. The vast majority of shortening 473 

and uplift at SK must therefore be accommodated by slip on the ADF rather than by hanging-474 

wall deformation, precluding interpretation of the SK anticline as a fault-propagation fold and 475 

instead suggesting the fault-bend fold model of deformation (where all or nearly all slip reaches 476 

the sea-floor) is more appropriate for SK anticline since at least the late Quaternary (see Shaw et 477 

al., 2005; Hubbard et al., 2014).  478 

Sorlien et al. (2006) note that structural relief on the ADF system is at its highest to the 479 

west of SK and conclude that SK was rapidly uplifted because of its position at a restraining 480 

bend of both splays AD2 and AD3 ("double right-bend" of Sorlien et al., 2006). Many other pop-481 

up structures in the SCCB have been attributed to transport through a restraining bend, such as 482 

the >70 km-long, <15 km-wide Catalina block (a basement-cored fault block containing Catalina 483 

Island), which formed on account of an 80 km, 30–40˚ restraining double bend in the near-484 

vertical San Diego Trough-Catalina fault zone (Legg et al., 2007). By contrast, the restraining 485 

segment proposed by Sorlien et al. (2006) is 15-25 km long and ~30˚ from the strike of the 486 

moderately-dipping ADF, yet the SK anticline is <10 km long, relatively equant, and does not 487 

have a separate basement core or free rotation on a fault block, comparing poorly to other SCCB 488 
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restraining-bend pop-ups. Fisher et al. (2009) instead argue that SK is formed above a transverse 489 

zone striking north across the ADF system, though they do not identify a specific mechanism 490 

such as transverse faults or a lateral ramp to the west of SK. Here we explain the anomalous 491 

structural relief at SK as due to local steepening of the ADF immediately east of the imbricated 492 

transverse faults AD1–AD3 that transfer slip across from the ADF to the MCF as the ADF and 493 

MCF merge into the NCIT (Fig. 12). We agree with previous interpretations of the ADF dip as 494 

25–35˚ west of SK (see Fig. 4 of Fisher et al., 2005; Fig. 6 of Sorlien et al., 2006) and 40–50˚ 495 

east of SK (see Fig. 7 of Sorlien et al., 2006). In the absence of a fault-plane reflection, 496 

stratigraphic correlations using MCS profiles constrain the apparent dip of the ADF to 35-65˚ N 497 

at the longitude of SK (Fig. 9), with some additional uncertainty because of the unknown 498 

industry seismic-processing parameters. The ‘tie’ between MCS lines WG85-389 (W-E) and 499 

WG85-394 (S-N) supports our interpretation that the ADF dips steeply near SK, at the upper end 500 

of this range (65˚ N to NNE), reaching 3 s TWTT at the profile intersection (Figs. 9,10). (Note 501 

that because these are 2D profiles migrated in 2D, reflectors do not appear at identical travel-502 

times on orthogonal profiles, and reflections are almost always under-migrated so shown with 503 

too shallow a dip.)  Because the SK doubly-plunging anticline is coincident with the largest 504 

structural relief along the ADF with no additional hanging-wall deformation and because the rate 505 

of structural relief growth at SK is higher that observed elsewhere along the ADF (Sorlien et al., 506 

2006), the ADF should be expected to steepen at SK, consistent with our observations. Though 507 

translation through a restraining bend could plausibly explain increased structural relief of the 508 

SK anticline, it does not explain why the anticline transitions from a fault-propagation fold east 509 

of SK to a fault-bend fold at SK unless the ADF fault zone geometry is modified close to SK. 510 

Assuming that slip rates are relatively consistent along the ADF, fault steepening adequately 511 
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explains the increase of structural relief at the longitude of SK despite this change in hanging-512 

wall deformation. Steepening is also consistent with the westward transition from a left-oblique 513 

thrust fault to a system of imbricated transverse faults because the steeper fault prefers the along-514 

strike component of slip. We expect the along-strike component of slip on the ADF to increase 515 

westward into the transverse zone because the principal fault strand AD3 strikes closer to N than 516 

elsewhere on the ADF, thus requiring more strike slip to support the same rate of N-S 517 

convergence.  518 

Sorlien et al. (2006) note that the footwall of the ADF in the Santa Monica Basin has 519 

subsided by 4 km in the past 5 Ma, suggesting an average basin subsidence rate of 0.8 mm/yr. 520 

Accounting for additional basin subsidence of 16 m since LGM, the relative uplift rate of 0.55 521 

(+0.5/-0.3) mm/yr at SK converts to a vertical rate of structural relief growth relative to the 522 

footwall of 1.35 (+0.5/-0.3) mm/yr. The previously interpreted dips of 30–45˚ near SK (Fisher et 523 

al., 2005, 2009; Sorlien et al., 2006) yield a shortening rate of 1.35–2.34 (+1.9/-0.2) mm/yr or a 524 

total of 27–47 (+17/-6) m of contraction on the ADF at SK since the LGM, and consequently a 525 

dip slip rate of 1.91–2.70 (+1.0/-0.4) mm/yr. Our preferred dip of 65˚ yields a lower shortening 526 

rate of 0.60 (+0.2/-0.1) mm/yr or total contraction of 12 (+4/-2) m since the LGM. Hence we 527 

obtain a rate for the reverse component of slip of 1.50 (+0.5/-0.3) mm/yr on the ADF. Our new 528 

slip rate compares more favorably to the known long-term rate of structural relief growth near 529 

SK of 0.7 mm/yr since ~4 Ma (Sorlien et al., 2006) than the slip rate estimate from shallower 530 

dips, but still suggests that the rate of convergence of the WTR province with the Inner 531 

Borderland across the ADF has increased over time. Further, long-term rates of structural relief 532 

growth are sub-equal for both the dip-slip and strike-slip components of offset (Sorlien et al., 533 
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2006), so we conjecture that the left-lateral component of slip on the ADF is similar in rate to the 534 

reverse component we constrain here.  535 

We interpret our slip rate as a maximum value because sources of error in the calculation 536 

mostly decrease the true slip rate relative to the estimated slip rate. First, the highest structural 537 

relief on the ADF is at the longitude of SK (Sorlien et al., 2006), so rates of structural relief 538 

growth elsewhere on the ADF must be similar or lower. Second, because the ADF is blind or 539 

near-blind along most of its length except for at SK, the hanging-wall deformation elsewhere on 540 

the ADF is likely better approximated by the fault-propagation fold model, for which the slip 541 

required to produce a given increase in structural relief is half that required by the fault-bend fold 542 

model (Hubbard et al., 2014). Third, the estimate of basin subsidence from Sorlien et al. (2006) 543 

is a long-term estimate over the past ~4 Ma, and the actual post-LGM basin subsidence rate 544 

could be much lower (or even a net basin uplift) due to post-glacial rebound. Conversely, the 545 

along-strike variation in the fault-fold relationship for the ADF in the vicinity of the doubly-546 

plunging SK anticline suggests that the conversion of structural relief growth to slip on the deep 547 

fault is imperfectly modeled by pure thrusting producing a fault-bend fold, since non-negligible 548 

left-lateral slip likely accommodates a small amount of deformation along strike. Finally, while 549 

structural relief increases across the ADF only during discrete seismic events, the Santa Monica 550 

Basin subsides continuously, so we expect a small amount of inter-seismic subsidence to 551 

negatively bias the estimated uplift rate of SK. 552 

 553 

6. CONCLUSIONS 554 

As the offshore extension of the Santa Monica and Hollywood-Raymond Hills faults, the 555 

ADF accommodates shortening across the boundary between the Inner Borderland and WTR 556 
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province with important ramifications for seismic hazard in the greater Los Angeles area. We 557 

interpret multibeam data jointly with CHIRP and SCS profiles to identify a submerged marine-558 

terrace package at SK which was emplaced at the LGM eustatic low-stand. By correlating the 559 

paleo-depth of the SK terrace package with its modern depth, we derive an estimate of 0.55 560 

(+0.5/-0.3) mm/yr of uplift of the SK platform. We further identify a radial network of active 561 

faults cutting the SK platform which are collocated with hydrocarbon seeps from a deep Miocene 562 

source and suggest that uplift may be destabilizing the SK platform and increasing the potential 563 

for submarine landslides. Using a grid of industry MCS profiles, we interpret the ADF to dip 564 

~65˚ at the longitude of SK and map Pliocene and Miocene horizons in the vicinity of the knoll 565 

that suggest SK has been uplifting since late Miocene time. We propose a revised model of fault 566 

structure and segmentation for the ADF which explains the anomalous structural relief of the SK 567 

anticline through fault steepening at the transition to a system of imbricated transverse faults, 568 

associated with a change in the mode of hanging-wall deformation from a fault-propagation fold 569 

east of SK to a fault-bend fold at SK. Incorporating the structural model with a long-term 570 

estimate of basin subsidence from Sorlien et al. (2006), we constrain the reverse component of 571 

slip to 1.50 (+0.5/-0.3) mm/yr on the ADF at the longitude of SK in latest Quaternary time. This 572 

results in a maximum shortening rate of 0.60 (+0.2/-0.1) mm/yr across the ADF since at least 573 

~20 ka.  574 
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 784 
FIGURE CAPTIONS 785 

FIGURE 1. (A) Shaded-relief map of the Southern California Continental Borderland 786 

showing geometry of Anacapa-Dume Fault system (ADF), Malibu Coast Fault system (MCF), 787 

Santa Monica Fault system (SMF), and Hollywood-Raymond Hills Fault system (HRHF). Red 788 

dashed lines show the approximate boundaries of the Outer Borderland (OB), Inner Borderland 789 
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(IB), and Western Transverse Ranges (WTR) provinces. Also shown are the Santa Cruz-Catalina 790 

Ridge Fault (SCCRF), Northern Channel Islands Thrust (NCIT), and San Andreas Fault (SAF). 791 

(B) Inset showing the relationship of the ADF and MCF to Sycamore Knoll (SK), west of Point 792 

Dume. White lines show the location of CHIRP and single-channel seismic profiles shown in 793 

Figs. 5 and 7, and a dashed white box shows the location of bathymetry in Fig. 2. AD1, AD2 and 794 

AD3 are three separate strands of the ADF (as mapped by Fisher et al., 2005). Faults are 795 

compiled from U.S. Geological Survey (2006), Plesch et al. (2007), Legg et al. (2015).  796 

FIGURE 2. (A) Slope-shaded bathymetry of Sycamore Knoll (SK) platform illuminated 797 

from the NE. Triangles indicate the locations of natural gas seeps identified in water-column 798 

reflectivity data. Boxes show the location of panel (D) and Fig. 4 photographs. (B) Multibeam 799 

backscatter. Blue colors represent lower-reflectivity, muddier sediments and orange colors 800 

represent higher-reflectivity, sandier sediments. (C) Map of the extent of subaerial/subaqueous 801 

(orange/blue) delta deposits. The white dotted line indicates the platform edge, coincident with 802 

the subaerial delta clinoform rollover interpreted from CHIRP data. The center of the map is 803 

bathymetry-backscatter overlay, with red lines showing offsets in outcropping Pliocene strata 804 

that we interpret as faults. Stars indicate major groupings of natural gas seeps shown in (A). (D) 805 

(top) Example of an identified natural gas seep showing the multibeam fan and stacked beams 806 

near a fault trace (red). Interpreted buoyant gas columns from other fans are marked in white. 807 

(bottom) All stacked sonar beams for a single line across SK with an inset highlighting a seep 808 

location. 809 

FIGURE 3. Bathymetry at SK shown with an absolute depth scale and two profiles, A-A’ 810 

(W-E) and B-B’ (N-S), demonstrating the level surface of SK platform. Black lines show the 811 

ADF as mapped by Fisher et al. (2005). 812 
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FIGURE 4. ROV photographs from the surface of Sycamore Knoll, showing: (A) wave-813 

rounded cobbles and coarse sands (subaerial delta deposits), (B) a gray bacterial mat indicative 814 

of hydrocarbon seeps (also in subaerial delta deposits), and (C) outcropping Pliocene strata 815 

(wave-planed surface of the knoll). Photograph locations shown on Figure 2a. 816 

FIGURE 5. (A) WSW-ENE CHIRP line 2338 (location shown in Figure 1b) showing the 817 

extent of marine terrace deposits and their relationship to folded Pliocene strata. (B) Line-818 

drawing of (A) with terrace structure interpreted following the models of Patruno et al. (2015) 819 

and Castillo et al. (2017) showing subaerial/subaqueous delta deposits (orange/blue). 820 

FIGURE 6. (center) New CHIRP data used in this study (grey lines), with locations of 821 

insets A-D indicated in red. (A-D) Examples of foreset tops interpreted in CHIRP profiles, 822 

showing the base of the terrace package where visible and the relationship of the terrace 823 

sediments to the folded Pliocene sedimentary rocks below. All profiles have a vertical 824 

exaggeration of 5.5x despite variable horizontal scales.  825 

FIGURE 7. (A) S-N single-channel airgun reflection profile 804a (location shown in Figure 826 

1b). (B) Line-drawing of (A) showing the relatively horizontal wave-planed surface, the change 827 

in dip of Pliocene reflectors across the anticline, and the locations of marine terrace deposits at 828 

SK. Subaqueous delta deposits are too thin to be visible at the depth resolution of this profile.  829 

Our “wave-planed surface” and “unconformity” correspond to so-called Terraces 1 and 2 of 830 

Fisher et al. (2005). 831 

FIGURE 8. Schematic diagram (with vertical exaggeration) showing the evolution of the 832 

SK platform with N-S cross-sections at (D) ~80 ka, (C) ~30 ka, (B) ~20 ka, and (A) the present. 833 

(E) global sea-level curve (blue) of Spratt and Lisiecki (2015) corrected for GIA using a local 834 

low-stand value of -101 m RMSL plotted against the uplifting (at a constant 0.55 mm/yr) 835 
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elevation of SK (black) with dashed line (red) showing the approximate storm-weather wave 836 

base (SWWB), ~10 m below sea-level. 837 

FIGURE 9. (A) S-N MCS line WG85-394 across SK perpendicular to the strike of the 838 

ADF, located on Fig. 11. (B) Interpreted structure and stratigraphy, with age correlations from 839 

Sorlien et al. (2006). Note Miocene normal fault is not interpretable on adjacent profiles, and 840 

does not appear in travel-time maps (Fig. 11). 841 

FIGURE 10. (A) W-E MCS line WG85-389 across SK parallel to the strike of the ADF, 842 

located on Fig. 11. (B) Interpreted structure and stratigraphy, with age correlations from Sorlien 843 

et al. (2006). 844 

FIGURE 11. Travel-times to (A) top-Miocene and (B) top-Miocene-volcanics reflections.  845 

(C) Interval travel-time map between these two reflections. (D) MCS lines used in this study. 846 

White dashed lines show the thalweg of small submarine canyons near SK. Black dashed lines 847 

show the edge of SK platform and the approximate location of splay faults AD2 and AD3, which 848 

exhibit negligible structural relief close to the knoll. 849 

FIGURE 12. (A) Fault map modified from Fisher et al. (2005) showing the position of SK 850 

with respect to the ADF, MCF, and SMF systems. (B) Schematic model, approximately 851 

structural equivalent to, and same scale as, A, of fault structures near SK (dashed black line). 852 

Note the steepening of the ADF at SK and the transfer of slip from the ADF to MCF as it 853 

transitions into the NCIT west of SK across the AD1-AD3 system of imbricated transverse 854 

faults. SMF is simplified for clarity. Structure contours are drawn on all fault segments, from 855 

surface trace (thickest black line) to depth (thinnest gray line). (C) Schematic N-S cross-sections 856 

S1, S2, and S3 (arranged from west to east) and W-E cross-section S4, as located in B. Note 857 

scale change above and below -1 km RMSL in these schematic cross-sections. 858 
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FIGURE 4. ROV photographs from the surface of Sycamore Knoll, showing: (A) wave-rounded 
cobbles, (B) a gray bacterial mat indicative of hydrocarbon seeps, and (C) outcropping 
Pliocene strata. Photograph locations shown on Fig. 2a.
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FIGURE 7. (A) S-N MCS line WG85-394 across SK perpendicular to the ADF. (B) Line-drawing of 
interpreted structure and stratigraphy, with age correlations from Sorlien et al. (2006). 
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FIGURE 8. (A) W-E MCS line WG85-389 across SK perpendicular to the ADF. (B) Line-drawing of 
interpreted structure and stratigrapy, with age correlations from Sorlien et al. (2006). 
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