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Abstract
Submerged paleoshorelines surrounding Santa @ataland in the Southern California
Continental Borderland require late Quaternaryot@ictsubsidence. Our geomorphic analysis of high-

resolution bathymetry combined with seismic reflattprofiles allows mapping of nine submerged
wave-cut platforms around Catalina, preserved at 382 m depth. We identify the bathymetric

expression of the Last Glacial Maximum (LGM) palealine at a depth of 131 m + 1 m. The depth
distribution of these submerged terraces correlaitssea-level lowstands on an ice-volume equiviale
eustatic sea-level curve using approximately unif®eistocene subsidence rates. The most plausible
correlation of terraces with sea-level still-starslachieved using a time-integrated mean subsedsate

of 0.3 mm yf* over the last 355 ka, and a mean subsidence frat8®mm yi* over the last 1.15 Ma,
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similar to decadal rates from GPS stations ondlaend. Catalina's terraces require radiometrimgatr
paleontological analysis to assign ages with grezaefidence. However, the presence of terraces at
depths of >350 m indicates that Catalina Islandsdisided ~ 220 m since the formation of its detepes
terraces. The use of submerged paleoshorelinesgirain late Quaternary slip rates is important f
constructing tectonic evolution of continental masgincluding the anastamosing San Andreas fault

system in southern California, as well as for segemic tsunami hazard analysis in coastal comnamiti
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1 Introduction
1.1 Geology

Santa Catalina Island (herein referceds Catalina) is an exposed ridge crest runninglphto
the coast of southern Californigi¢. 1) and is the type locality for the Catalina Schéstane of the
Southern California Continental Borderland (SCCBhtalina Island, one of Southern California's
Channel Islands archipelago, consists of metamagzh&arallon Plate, meta-sedimentary rocks, meta-
volcanic and ultramafic rocks subducted in the Mésozoic (Grove et al., 200@ig. 2). This protolith

was metamorphosed in blueschist-to-amphiboliteefaduring Farallon subduction (Grove et al., 2007),

and unroofed during detachment of Late Cretacemngsfc strata and Jurassic basement from the wester

margin of the Peninsular Ranges Batholith (Atwat8i70; Atwater and Molnar, 1973). Catalina Schist
crops out on Catalina and on Palos Verdes peniifsuldills), and is inferred from boreholes to be t
basement rock of much of the SC{Bg. 1) (Wright, 1991; Crouch and Suppe, 1993).

The igneous southern portion of Catalina Island imruded by rocks of andesitic and dacitic
composition during mid-Miocene (19 Ma) obliqueinf (Vedder et al., 1979; Legg et al., 2007).
Miocene sedimentary rocks, including the San OnBfexcia, form less than 5% of the subaerial
geology of CatalinaKig. 2) but also form part of Santa Cruz-Catalina Ridgamof the island. Catalina
emerged from the Pacific following the depositidhate-Miocene deep marine fossiliferous sediments
near Mount Banning (Smith, 1933) and Miocene tdyeRliocene shallow marine sediments in
Cottonwood and Middle canyoliSig. 3a). These deposits are now approximately 140 m abwaern
sea level (Smith, 1933; Muhs et al., 2012). Catails currently affected by strike-slip faultingag the
North American/Pacific plate boundary, translatiagt mm/yr N44W relative to stable North America
(Table S1).

1.2 Physiography of Catalina

Active faulting has influenced the shape of thastline and drainage patterns on Catalina Island.

The Catalina Island structural block is boundeth&osouth and west by the Santa Cruz-Catalina fault

(SCCF), and to the east by the San Pedro BasinKB5fR). 1). The NE coast of Catalina between
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Avalon and Two Harbors is defined by the Long Pé&iatilt, mapped in this study by seismic and
seismicity, that continues offshore for at leasn§kig. 2). The SW-facing coastlines are defined by a
stepover in the Santa Cruz-Catalina Fault that miarks the NE boundary of the Catalina Escarpment.
The majority of large drainages on the SW sidénefisland converge toward Little Harbor where the
Santa-Cruz-Catalina fault (SCCF) crosses the dnastThe SCCF was likely reactivated during
Pliocene uplift of Catalina (Legg et al., 2007) aqradsibly also during Quaternary subsidence. Rpn
capture where the SCCF crosses onshore suggeisitsstithcontrols topography. In contrast, drages
on the southernmost portion of Catalina Islandnamee likely to be influenced by sheeted mafic dikes
that strike parallel to Silver Canyon. The nontld ®f Catalina Ridge is adjacent to the southertigro
of Santa Cruz Island, and is truncated by the Apadaume Fault (Chaytor et al., 2008).

Unlike neighboring Channel Islands, which beardteicial features of their emergence from the
Pacific Ocean, Catalina's rugged landscape cornspase evidence of uplift (Lawson, 1893; Smith,
1897; Ritter, 1901) . However, water-lain andesée well as mid-bathyal marine fossils of Pliocage
indicate that Catalina emerged from the Pacifieadier than the Pliocene, and certainly following
middle Miocene exhumation of the Catalina Schistrfibeneath the Peninsular Ranges Batholith (Grove
et al., 2007). Any wave-cut platforms dating frthis episode of emergence have apparently been
dissected by ephemeral streams and canyons, andrdisered by landslides. Modern topography is
influenced by the erodability of basement rocksilevthe bathymetry is influenced by ocean curremid
slope stability of sediments. Terrace slope stghd highest on terraces derived from graniticks
followed by those derived from lawsonite-blueschiEpidote-albite and lawsonite-albite greenschist
derived terraces are disrupted by frequent slifigs 2). Landslides may add to seismogenic tsunami
hazard posed by the island for nearshore commargig. S1). Submarine landslides near Catalina
occur on slopes <1° (see section 4.4.1).
1.3 Tectonicsand vertical motion of the SCCB

The vertical tectonic motion of the Catalina bld@s been a subject of debate for over a century,

as is summarized well in other papers (Davis, 2@@humann et al., 2012). The conspicuous absdnce o
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emergent marine terraces on Catalina and the presdrbroad submarine shelves deeper than -130 m
circumscribing Catalina suggest Quaternary subseéRitter, 1901; Emery, 19585i@. 2). Smith

(1933) reported a variety of "Quaternary emergemates" on Catalina Island and argued for Quatgrna
uplift, though subsequent investigators interpnese as fluvial terraces (USDA, 2008; Schumann2R01
or ascribe other origins. Smith's identificatidmmarine surfaces was further complicated by the
presence of Native Americans on Catalina, who traried significant quantities of shells and wave
rounded stones to upslope localities (Glassow, 1B80is, 1985), and all "uplifted marine terraces"
reported by Smith have been dismissed by later everiDavis, 2004). New arguments for Quaternary
emergence based on geomorphology have been propased on knickpoints in Catalina's drainages
(Schumann et al., 2012). However, most knickpamthie Schumann study are located at major thrust
faults, at lithologic contacts, or where landslideflect drainages, supporting the alternate hygxish

that the "knickpoints" are controlled by local cdimhs, not by uplift (see section 4.2). Models of
continuous Quaternary uplift provide no satisfagxplanation for the lack of uplifted terracedarthe
presence of Catalina's submerged shelves thatfissrsmapped by Emery (1958).

Fossil-bearing uplifted marine terraces on neigimgoChannel Islands in the SCCB (eg. Muhs,
1983; Pinter et al., 2001) have been used to dateefhary vertical motion following the methodolanfy
LaJoie (1986), which correlates radiometricallyeditierraces at known elevations to sea-level hagiolst
assuming linear uplift rates. Uplift rates on mdigring landforms such as Palos Verdes Penindwda, t
San Joaquin Hills and most of the Channel IsldRds 4b) have been constrained using radiometric
dating (Bryan et al., 1987; Grant et al., 1999prtital motion estimates for the SCCB are basedlynos
on uplifted terraces with very few quantitative éistigations of submerged terraces.

The use of submergent terraces in constraininicaémotion is well established (e.g. Steinen et
al., 1973; Chiocci et al., 1996, 1997; RohlingletE998; Passaro et al., 2011). These investigati
typically combine bathymetry, multi-channel seismi@ ideally some form of age control, e.g.
radiometric dating of shells recovered from tersagdering submersible dives (Chaytor et al., 2008).

Fossils from submerged marine terraces of Pilgrankg, an isolated bathymetric high at ~130m depth,
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and around Santa Cruz Island have been used ttraiongertical motions (Chaytor et al., 2008). A
particular target is the LGM paleoshoreline (Chatoal., 2008), the topographic expression of glob
sea-level lowstand between 19 and 23 ka (Marin®psoStage 2, or MIS 2) (Yokoyama et al., 2000).
Global sea level was ~120-130m below modern ses thwing the LGM (Fleming et al., 1998). LGM
aged fossils recovered from ~130m depth from Rilgdianks show that sea level during the LGM did
reach at least -120 m, even allowing for rapid (@ré/yr) subsidence since the LGM. Other authors wh
neglect this fossil evidence have argued that tBMllowstand level could have been as high as -3 m
southern California after consideration of glacgostatic adjustments (Muhs et al., 2012).

Uplifted terraces on San Clemente Island to thithspield an average uplift rate of 0.2 mm/year
since 125 ka (Muhs, 1983), and extend up to ~5%3bave sea level. San Clemente Island, which hosts
over a dozen uplifted marine terraces, is the ilexample of emergent marine terraces, yet iahas
submerged terrace at -120 to -130 m which matatmgemal observations (Chaytor et al., 2008) of
maximum sea level drop during LG{#ig. 3). Because sea-level over the last 1 Ma has not been
significantly lower than -130 m for a sustainedg#mof time (Lisiecki & Raymo, 2005) we do not egpe
to see any deeper terrace on an uplifting islartte existence of the one submerged terrace and many
uplifted terraces shows that San Clemente Islasdban uplifting for at least 1 Ma. Schumann et al
(2012) identify four additional submerged terracasSan Clemente Island, but these are clearly shown
with newer bathymetry to be artifacts of griddingadiased datasgiFig. S2), (see Passaro et al. (2011),
their section 2)

In contrast, Catalina has no emergent terracembi#tad a stair-stepped series of flat to very
gently dipping submarine surfaces surrounding stend that we interpret as equivalent submergent
terraces. We suggest that Catalina has been sulp$id the last 355 ka (the lowstand at MIS 1@ a
possibly for 1.15 Ma (lowstand at MIS 34) or mdsased on our analysis of submerged terrace remnants
around Catalina at depths of 32-362 m below sealle¥sing multiple generations of seismic and
bathymetric data collected around the island, we liaterpreted paleo-sea level during formatiothef

sequence boundaries prior to the LGM, and we ated¢hese features with an ice-volume equivalent
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eustatic sea level curve to establish a likely oblogy for the subsidence of Catalina. Our prefrr
chronology of the terraces implies a mean subsileate of 0.25 mm Vrfor the last 1.15Ma, which we
suggest is driven by the position of Catalina Idleglative to local restraining and releasing fault
segments of the San Andreas System. Using seepstratigraphic relationships we show that Catalina
sequence of terraces requires successive seddextands of variable depth on a subsiding mamin,
multiple progressively shallower lowstands on adeically stable margin. Volumetric constraintstba
amount of global ice volume preclude the latterdifipsis of progressively shallower lowstands. Iatv
follows, we describe our bathymetric and seismiaskets around Catalina, and present and justify our

interpretation of nine submerged terraces.

2 Methods
2.1 Seismic and Bathymetric Data

We used multiple generations of seismic dataugtiog 1970s USGS boomer and airgun single-
channel data, 2008-2009 California State Universibng Beach 16-channel sparker data, as well as
2014 Stanford University 35-channel boomer d@table S2) to interpret sequence stratigraphy, the
extent of sedimentation and bedrock geomelny correlate seismic data with bathymetry we used a
digital-elevation model (DEM) at 2m lateral res@uat produced by California State University,
Monterey Bay (CSUMB) to generate several slope-sobad shaded relief raster imadEgys. 2, 3, S2)

that we imported into SMT Kingdom Suite

2.2 Interpretation Methods and Correlation

Marine terraces mark surfaces formed during sea-ktill-stands and therefore provide
constraints on Quaternary paleo-sea level if tiggieece boundaries can be dated (LaJoie, 1986;
Osterberg, 2006). Marine terraces surroundingli@atésland can be confidently identified using
combined seismic and bathymetric data. Terracebrbligh T9 were mapped at increasing depths and

distances from Catalina, using our bathymetric D&t paying special attention to identifying the in-



171  tact outer edge of each terrace traéid.(2, Table 1). We selected portions of each surface that ate w
172 developed north of the island based on our DEMraimiimally dissected or covered by new sediment
173  based on our seismic profiles. We then samplea t&ng the zonal statistics tool in ArcGIS. Theam
174  elevations (column 3, Table 3) are estimated frathymetry, and correspond closely to peaks in the
175  elevation histogram (column 5, tablé”p. 6¢) (Passaro et al., 2011). Where high-resolutiomseis

176  and bathymetry data exist on upper near-horizaetedces, we find there is good agreement between
177  bathymetrically-derived terrace depths and thoseatitled using seismic data. The histogram

178  unequivocally demonstrates the existence of themugguraces around Santa CataliRay. 6¢).

179 Bathymetry provides a modern depth to each subplsurface, but leaves paleo sea-level poorly
180 constrained. Seismic data provide evidence tlat Earace observed in the bathymetry correlatés avi
181  sequence boundary and that these planar surfez@sdaed marine terraces covered by younger

182  sediments. Bathymetry provides a poor approximaticthe terrace back-edge elevations because new
183  sediment and landslides usually overlie the abaedoerrace back edge. Seismic data provide

184  constraints on the elevation of terrace back edggsesenting the inland extent of marine terrace

185  erosion. Using several sets of seismic data, wesared the mean depth of clearly identifiable seqeie
186  boundaries using water acoustic wavespeed of 138@na a sediment acoustic wavespeed of 1900 m/s.
187  For example, we examined digitized paper recordsgif-resolution single-channel Uniboom seismic
188  data acquired across several terraces southeasatuin (Fig. 5). From 3 — 3.5 km from the start of

189  seismic line 68Fig. 5), beneath the sea-floor at 0.125s, a horizontkdatbn at 0.145 s clearly truncates
190 reflections dipping seaward at 1 — 5°. We iderttifig clear erosional unconformity as a wave-cut

191  platform, now buried by 0.02 s travel-time or 19hitkness of younger sediments. Submerged terrace
192 T2 is the seafloor underlain by these younger senis

193 The observation of the unconformity on the seisthaita, not possible with bathymetric data

194  alone, provides conclusive evidence that submetgyealce T2 is associated with the unconformity and
195  was thus formed as a result of wave erosion dwisgalevel stand, even though it is not the agtasae-

196  cut platform. Two other sequence boundaries foates T5 and T6) were similarly interpreted on



197  profile 65. These and other terraces were fumfegsped using modern digitally-recorded sparker or
198  boomer dataKigs. 5, 6). Sparker datéFigs. S1, S3), despite having lower resolution than boomer data,
199 can eliminate explanations for the planar surfatber than as wave-cut platforms, such as aspeiitie
200 the exposed bedrock or landslide deposits. 35+&dn5 k-J uniboom data collected by us in 20lveha
201  been processed and prepared for preliminary ird@pon(Fig. 6). These ultra-high resolution data have
202  avertical resolution of ~0.5m and allow detailegpping of individual sequence boundaries and

203  erosional incisions. On seismic line 246%g. 6) beneath the seafloor at 0.25 seconds between&!.5-4
204  km, steeply dipping downlap sequences were trudcatd overlain by sediment transported from higher
205 elevations. This sequence boundary, which undefliehas bathymetric expressidig. 6b) despite

206  being covered by a minimum of 0.01s (9.5 m) of w@dlit; because it is so narrow it appears only weakl
207  on the histogranHig. 6¢). The depths derived from seismic lines nortthefisland agree well with

208 terrace depths derived from bathymetric data. Isotithe island, terrace depths vary due to tiloig

209  Catalina toward the mainland (see section 4.3.1).

210 2.3 Chronology

211 Terrace number§1-T9 were assigned in order of increasing depthjntreasing age, to

212 laterally continuous sub-planar surfaces that arseribe the island. Our terrace depth data, comabin
213 from bathymetry and seismic data, were plottedglbe vertical axis of the sea-level curve at ttri@

214  (Fig. 7). We used Lisiecki and Raymo's (2005) PliocenesRieene stack of 57 globally distributed

215  benthic3™0 records to generate a sea-level curve, and hssuared a linear relationship betwééio

216 and sea level, so that

§180(t)-680(ty)

217 depth = -9.173x1073

: 1)
218  where the denominator was chosen so that the amelidf sea-level fluctuations matches geologic
219  observations. The range of irregularly sam@€@® values converted to depths provides relativegpale

220 sea level depth-ranges during high and low sed-aads (Osterberg, 2006). We smoothed the

221 irregularly time-sampled output of equation 1 watimoving average window of 6 samples (6 sampl2s
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ka), effectively bandpassing th&0 time series to better fit global observationsiofocene/Quaternary
sea-level stands (Lambeck et al., 2002; Hanebuah,e2009). The discrepancy between dated coral
terraces and th&°0 curve from benthic foraminifera is minimal aghiand lowstands, and the relative
magnitudes and timing of stands are preserved (tgtlagnd Shackelton, 1986). Our 6-sample
smoothing increased ages of lowstands by approglyna®o which will decrease our estimates of
subsidence rates by up to 2%. Smoothing also etyce the amplitude of sea-level fluctuations which
could inflate our estimated subsidence rates lanad.

In order to assign ages we next match our texapths with our paleo sea-level curve. Sea-level
lowstands during the late Quaternary epoch havecquéncy of ~110 ka. The product of this freqyenc
and the subsidence rate gives us the expectedalalistance between successive submerged terraces
below global sea level minima. T1-T9 have an ayerseparation of 40 (Table 1). This spatial
frequency of terraces limits the subsidence rate-@4 mm/yr, assuming one major terrace is cut per
lowstand. This constraint on the subsidence rdéss out the possibility that T4 (now at 165 m ¢ pt
was cut during the LGM because this scenario implértical subsidence of ~1 to 2 mm/yr with respect
to Pilgrim Banks (now at ~-130 m), and subsiden@mim/yr would produce terraces ~110m apart on
Catalina. The limited subsidence rate, <0.4 mnakgo rules out T2 (-109 m) as having been cuthduri
the LGM elevation at -130 m because this corratatvould require rapid uplift of ~1.0 mm/yr. This
rapid uplift scenario would also expose any tersang during the Last Interglacial (LIG), a seriés
globally observed sea level highstands dated ~&0k&2at a maximum elevation of ~6 m above mean sea
level. Within the LIG, the MIS 5 terrace is a rahietrically dated paleosurface, as wide as 1 km fro
shelf-edge to back-edge, observed on uplifting @bhtslands including San Clemente (Muhs, 1983).
1.0 mml/yr of uplift would place the MIS 5 terra@st80-125 m today. We observe no subaerial
terraces on Catalina, hence we infer Catalina'ster@&ce has submerged since it was cut. Any LIG
terrace cut on Catalina requires ~20 m of subsel®etween MIS 5 and MIS 2 to accommodate post-
LGM uplift yet leave no trace of an uplifted LIGrtace, requiring rapid changes in both the magsmitud

and direction of the velocity of the Catalina block



248 Since neither T2 or T4 can reasonably represent &M terrace, the remaining possibility is T3.
249  This assignment allows us to explain the distrimubf all of Catalina's terraces at the correctivalr

250 spatial frequency while honoring sequence stratigjiarelationships. The average terrace separation
251  implies a maximum subsidence rate ~0.4 mm/yr sirfcevas cut, and the absence of a LIG MIS 5

252 subaerial terrace (cut at +6m) implies a subsideatge> 0.06 mm/yr since ~100 ka. In figure 10lwvk
253  the modern T3 depth to the LGM lowstand and TholtlG and assume the subsidence rate defined by
254  our submerged terrace sequence is approximatdigromi We then search for approximately parallel
255  (uniform subsidence rate) lines linking all termd® and T4-T9 to other significant lowstands oguiFé
256 7. We also assume that terraces represent thrggety deepest lowstand on any parallel uplifeti@ry
257  (T6 represents the 355 ka lowstand, not the oldérshallower 450 ka and 560 ka lowstands. Thiglog
258 and these minimal assumptions provide the uniquenctiogy ofFigure 7 andTable 2, extending back
259  to ~1150 ka for our deepest terrace, T9. It ssgwe that additional unconformities may be présen
260 the seismic data, which would allow Catalina toéhaubsided for a longer time at a slower pace,

261  although it would be difficult to create a betterrelation of terrace depths and dated stillstahds

262  already present iRig. 7.

263 After correlating erosional sequence boundarig¢k sga-level lowstands, we solved for time-
264  variant uplift rates using

265 hy, = zp + Y=g MpAt (2

266 At =t, —t,_, (3)

267  wherehy,is the elevation at the timgduring which sequence boundary of terraeeas cutgz, is the

268  current depth of the sequence boundany, is the subsidence rate in m/kyr over tffénterval, andat
269 s the interval time in thousands of years betwaetessive sequence boundarieab(e 2, Fig. 7). The
270  deepest terraces are not exposed on the southdestfshe island, so we have sampled depths

271  exclusively from the north side and North Point.

272 3 Results

273 3.1 Terrace Data



274  T1- The shallowest terrace outcrops only on west-fashayes at a depth of ~ -32Figs. 2, 3). Near

275  Whale RocKFig. 3a), this terrace is composed of low-intermediate gnagtamorphic detritus and much
276  of the outer edge of the terrace had been dismeytlilrlandslides. Closer to Little Harbor thedeg
277  extends 1km laterally from shore. T1 is not preésdrere several streams meet the sea at Littleddarb
278  Modern sediment is deposited on a shelf that 28 m below present storm-weather wave base at 10-
279  15m depth.

280 T2 - The most prominent sub-planar and nearly horizdetahce exists at ~ 90 m depth. Where T2 is
281 imaged by seismic dat&ig. 5), ~ 19 m of sediment overly the planar sequencadaty that represents
282  the wave-cut surface responsible for T2's bathyimekpression. On west facing shores, T2 contains
283  some rocky outcrops (e.g. Farnsworth Bdfilg, 3a) rise above T2 with as much as 30 m bathymetric
284  relief. On windward (south and west-facing) shar2ss over 4 km from outer edge to back edge,avhil
285  on the leeward side of Catalina, T2 is less tharkh from outer edge to back edge.

286 T3-T3is preserved on windward shores of the Cat&ls@rpment, where erosion would have been
287  intense during MIS 2 (LGM), and current drivesisezht away from T3. Interpretation of T3 is

288  complicated by the presence of a sequence bouadaogiated with an older terrace also at ~-1@0im
289  8a).

290 T4-T4is a narrow shelf underlying T3 at ~ -165m, &nexpressed in bathymetry on west facing shores
291  and NE of the northern tip of the isla(flg. 6).

292  T5-The T5 surface is apparent on bathymetric sloppsffig. 6b) and histogramé-ig. 6¢). The T5

293  surface corresponds to a buried sequence bountlemghern T5 contains a small area of rocky shoals
294  with a maximum of 10m surface relief and dips t® tlorth 0.7° £ 0.2°. The T5 sequence boundary is
295 nicely imaged in seismic south of Aval(fig. 5).

296  T6- This is the second most prominent terrace ondlaad, apparent in bathymetry surrounding the
297  entire island, except at the Catalina Escarpm&he sequence boundary associated with T6 is owerlai

298 by a sediment prism ~53 m thick over the back edgaoted by the red circle labeled T6-228Hiy.



299  6a), which tapers to <1m thickness at the shelf oedigge. T6 dips to the north at 1.5° £ 0.2° and is
300 clearly shallower at the SE tip of the islafidg; 5a, inset) than at the NW tigFig. 6a).

301 T7-T7is associated with the largest sequence boundatgioed in sediments near Catalina and marks a
302 transition upwards to younger higher-energy defmsitis evidenced by the change in steepness of
303 reflectors at this interface. The T7 sequence Bannin line 2205Fig. 6a) has an apparent north dip of
304 1.7° (258m at the back edge to ~320m at the seafld¥ is absent on other portions of the islamave
305 do not know if the increased dip of 1.7° is becanfd#iting of Catalina.

306 T8& T9- These surfaces are visible in the bathymetryhnofr Two HarborgFigs. 2, 3) and correspond
307 to wave-planed basement at the depths listed tmaob ofTable 1 (Fig. $4). Elevations for T8 and T9
308 come from wave-planed basement in seismic linef&ta2202.

309 4 Discussion

310 4.1 Submerged terraces

311 Wave-cut terraces are a reliable proxy for pakgsvel and provide us a datum for

312  understanding vertical tectonic motions of the Glehislands, and in turn the anastomosing strilge-sl
313 faults that dissect the borderland as a part ofjtbater San Andreas Fault System. Understanding o
314  lowstand deposits, although represented in theatitee (e.g. Steinen et al., 1973: Chiocci et1#96,

315  1997: Rohling et al., 1998: Passaro et al., 2(id9,proceeded at a much slower pace than that of
316  highstands (e.g. Lajoie, 1986) in part becausb@tkpense and difficulty of surveying and coring

317 submerged features. Terraces in subsiding clastigins are rarely preserved, and remain distinct
318  surficial features on the seafloor only when sudustg produces more accommodation space than
319 sediment can occupy. This is the case for Catalimere sedimentation rates are low and subsidance i
320 relatively rapid, so that Catalina's terraces artragradational parasequence set. Subsidenséndtide
321  cutting of broad terraces since frictional resistato wave-cutting is diminished as freshly cufaes

322  subside below storm-weather wave base. Terradds/aeeper and longer-duration sea-level lowstands
323  are more likely to be preserved in subsiding sedtary sequences whereas those caused by lower-

324  amplitude (<80 m) sea-level fluctuations are likiglybe eroded or overlain by subsequent cycles of
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transgression and regression (Bradley and Grigiig)1 Low-amplitude lowstands (eg. 450 ka, 550 ka)
likely to originally have produce terraces wererélfiere excluded from our analysis as likely erobgd
younger deeper lowstands (e.g. 355 ka).

In clastic emergent margins sea-level highstamdsstillstands produce surfaces used in
correlation with the sea-level curve (Lajoie, 198€pnversely, in subsiding margins, low stands siitid
stands are equally likely to be responsible foviogythe morphology we observe in the bathymetije
suggest that highstands are unlikely to be predemsesubmerged terraces because the periodicity and
amplitude of Milankovitch cyclicity causes highstiaierraces to be eroded, buried and /or reoccupied
another sea-level stand before they subside aetagh of wave action. For example, it is likelgtth
Catalina continues subsiding and sea level flucionatcontinue to match Quaternary behavior, T1 ball
obliterated/obscured/reoccupied before reachindghfe zone," below 130m, in which a terrace can be
preserved indefinitely. However, the T5 sequeraendary(Fig. 6a) truncates sediments deposited at a
sea-level highstand. If the lowstand that cut BSat the same elevation or higher than the ofligina
highstand shelf, the highstand terrace may have pesserved. Although none of Catalina's submerged
terraces are strictly highstand terraces, it isibbs that submerged highstand terraces may exist
elsewhere.

4.2 Compar ative mor phology

The development of topography on Catalina Islanmdarkedly different than that of San
Clemente Island, which hosts marine terraces owveylyasalt up to 550 m above sea leteg(3). If the
uplift rate for San Clemente of 0.2mm/yr since ka5Muhs, 1983) applies to the entire uplift higtof
the island, then San Clemente's highest and lifdelgst terrace should have been cut at ~2.7 MaceSi
San Clemente's emergence from the Pacific, itadesrhave only begun to be dissected by the canyons
that have propagated upslope from the coast, tigeki of which is ~8km. Flights of non-dissected
marine terraces are preserved between canyorentrast, terraces which formed during Catalina's
emergence have been completely removed by eraaioha mature topography with dendritic drainages

covers the island. No original topography resengb$an Clemente's wave-planed paleo-topography



351  exists today, and canyons as long as 12 km (Mi@dlgyon) extend up to the highest ridgeline,

352  suggesting Catalina emerged (possibly quite rapllying the late Miocene-early Pliocene, and has
353  since been resurfaced by fluvial processes. Stiggedy Schumann (2012) that Catalina has been
354  resurfaced during the Quaternary in an episodamtiruplift are inconsistent with the rates of aamy
355  propagation (3 km/Ma) yielded from San Clementet Gatalina uplifted during the late Quaternary, the
356  resulting knickpoints should be no further thami ikland from the coast.

357 4.3 Catalina-specific terrace information, Last Glacial Maximum, regional consider ations

358 Submerged terrace morphology on the south andfaeisty shores of the island is dominated by
359 erosion from large waves from the open Pacific|evtiie NE side of the island experiences calm seas
360 year round with the exception of the occasionak&ama winds (Shepard, 1937). The NW tip of the
361 island is impacted by the California Current frdm horthwest, which drives longshore sediment

362  transport. South-facing shores are subjected¢e Jdong-period south swells from tropical systemd
363  southern hemisphere storm activity. Catalina t&saexposed to this current are the largest texiace
364 lateral extent. The submerged terraces of Catadiné all other Channel Islands exhibit a bimogalit
365  between the windward (NW to SW) and leeward (E)hwerraces on the E side of the island being
366  narrower than on the SW (Emery, 1958).

367 The lateral extent of the 90 m T2 surface varigsificantly around the island, and may be

368 influenced by highstands prior to 65K&d. 7, dashed line). Near Farnsworth Bank where T2 gelstr
369  (upto 5 km from outer edge to back edge) onlyrdates are visible in the bathymetry at 30, 90, H28l
370 170 m depths. In comparison, the terraces nor@atdlina Island are narrower (up to 2 km from pute
371  edge to back) and 9 are observed rather thanid likely that the broader T2 surface near Farmtdwo
372  Bank has been reoccupied by several sea levelsstatile the more rapidly or uniformly subsiding

373  northern end of the island has recorded severatadesterrace-cutting episodes. We acknowledde tha
374  the lateral extents of the terraces are governedmiyp by the duration of sea-level stands duriroyiting
375  episode, but by the frequency of strong stormsshaoe of the coastline, local uplift or subsideacs

376  currents which drive long-shore drift of sedimefhe interplay of these causes remains poorly



377 understood, yet they are critical for using subdiggraces to understand both tectonics and

378  paleoclimates.

379 The locations where an LGM paleoshoreline have lidentified (Pilgrim Banks and Catalina)
380 are both likely to be subsiding, as suggested $iycaession of marine terraces on Pilgrim Bankslaimi
381 to Catalina's, deeper than 130 m depth. It issfoee likely that LGM sea level in the SCCB wasw f
382  meters higher than -130 m during the LGM. Using @25 mm/yr vertical rate derived from our

383  subsidence analysis, it is possible that Catalli@!s! terrace is ~5 m below its original incisiortspth
384  of ~126 m. During post-glacial sea level rise W&k likely briefly reoccupied, then abandoned atter
385  Older Dryas (~14ka).

386 4.4 Activetectonics

387 4.4.1Tilting of Catalina

388 T5 and T6 are important strain markers for theiomoof the Catalina block. T5 dips

389  approximately 0.7 £ 0.2° NNE and T6 dips 1.5 + ONRIE indicating progressive rotational subsidence
390 (Fig. 8). Our best-fitting chronology suggests T5 recdiltlaccumulated after 278 ka and T6 tilt after
391 355 ka. Seismic reflectors beneath T6 steeperrgssiyely to a maximum dip of ~1.9°, the dip of the
392  basement between 0.5 and 1.75 km on seismic lifB.2CQatalina's tilting toward the mainland wastfir
393  noted by Smith (1897) based on ridgeline morphaloghis tilting destabilizes slopes on the NE sfle
394 theisland, threatening a landslide in the directbLos Angeles and Orange Counties. Catalina has
395  produced landslides in excess of 1.3’ kmith downslope motion of over 5 kri¥ig. S1) (Legg & Francis,
396  2011). Numerical models of tsunami runup resulfiogn the 1.5-1.75 kfhGoleta Slide, north of Santa
397  Cruz Island, suggest up to 10 m runup along a +3@tketch of coastline (Lee et al., 2009). MoadIs
398  seismogenic tsunamis induced by slip on faultsramear Catalina predict a maximum coastal run-up of
399 1.5-2.2 min near-shore communities (Legg et 8I042. Landslides are a likely greater tsunamogenic
400 hazard than fault motion alone. Legg and Kamer(2@P3) describe large basement-involved submarine
401 landslides in the SCCB and recognize that detachfaah surfaces provide slip surfaces for suchédar

402  scale slides. Submarine landslides occur at slopless than 1° and the morphology of the terraces
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suggests that Catalina has already tilted over 1S3bmarine landslides appear more prevalent in
terraces composed of low-metamorphic-grade detititais in those derived from granitic rocksd. 2),
suggesting that parent bedrock lithology is a-fingter control on slope stability of Catalina's si#nged
terraces.

4.4.2 Vertical tectonic motion of the Channel 1dands

We have evidence for vertical motion on threéedént time scales: from the sedimentary
record during the Miocene-Pliocene, from terraggtlilein the late Quaternary, and from GPS recards f
the last decade. The sedimentary record on Catsliggests it was exhumed during the mid to late-
Miocene and emerged from the ocean during the élie¢Vedder, 1979). Cessation of uplift along the
Santa-Cruz-Catalina fault occurred sometime betwleeryoungest early Pliocene marine strata and the
oldest mid-Quaternary subsided terraces, and mapitemporaneous with the inception of a continuous
San Pedro Basin -San Diego Trough Fault (SPB-SDTF).

Post-rift thermal contraction is responsible faraim of the Early-Mid Neogene subsidence of
southern California (Turcotte and McAdoo, 1979%Juding the Channel Islands. The long-wavelength
topography, becoming gradually deeper between Lagekes and the edge of the continental shelf to the
west, and the numerous submerged islands in tlieetdand that are deeper than -130m (e.g. Emery
Knoll), indicate a regional subsidence since middéne time (Emery, 1958). Today’s residual thérma
contraction subsidence signal should be <0.05 mmgditional subsidence is the result of regional
subsidence and localized zones of transtensioespression.

Scripps Orbit and Permanent Array Center (SOPAR$ @ata suggest that Catalina is subsiding
relative to the other Channel Islandslle S1, Fig. 4). Vertical GPS timeseries from the Channel
Islands are strikingly well correlated, mostly doeeference-frame errors and unmodeled atmospheric
effects. Vertical GPS timeseries vary dependinghermethod used when computing solutions, and
consensus on the most accurate method for compegiigal timeseries has not been reached.
However, differencing between vertical timeseriesords over long occupation intervals reveals a

coherent subsidence signal for Catalina Islandivel#o all other Channel IslandBig. 4b). Glacio-
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isostatic adjustment (GIA), i.e. vertical crusteponse to shifting water mass due to glaciatiah an
deglaciation events, may impart a subsidence smmédr-field localities like Los Angeles causing
coastal subsidence as well (Muhs et al., 2012)wd¥er GIA and regional subsidence should act
similarly on all the Channel Islands and can nabaat for the difference in vertical motion among
different islands, including Catalina's or PilgrBanks' Quaternary subsidence relative to other Gdian
Islands (Chaytor et al., 2008).

Time-variant differential motions of faults reldt® the anastomosing San Andreas Fault System
account for the yo-yo tectonics observed in the BCThe uplift of Catalina in the Pliocene to ~200m
above its current elevation occurred largely alttregCatalina Escarpment which links the SC-CF with
the SDTF (Legg, 2007). The SC-CF may have beastivased along vertical transpressional faults not
imaged by seismic, assisting in the uplift of thlamd, and again during Catalina's subsidencet- Pos
Pliocene subsidence may be in part due to trap$f@otion from the SDTF-SC-CF restraining bend to
the SPB-SDTF (Francis and Legg, 2011; Ryan e@l?2). The increasing dips of Catalina's terraces
indicate that some subsidence has been accommduatdlique dextral slip on the SPB-SDTF and that
the remaining subsidence of the island has beatively uniform, either accommodated by slip along
bounding faults or as the entire region subsides.

5 Conclusions

Catalina's submerged terraces correspond to eadsi@ve-cut platforms formed during sea-
level lowstands. Our analysis of submarine bathgyrand high-resolution seismic data for Catalina
Island requires subsidence since 355 ka, and gpssirh longer, contradicting recent interpretasian
Quaternary uplift (Schumann et al., 2012). Thé lefcsubaerial marine terraces on Catalina Islantlie
to erosion of the original wave-cut terraces dufgternary subsidence driven by tectonics. Qudyst
suggests a subsidence rate of 0.32 mm/yr for #18Eb ka, and a mean subsidence rate of 0.25nfion/yr
the last 1.15 Ma, although possibly slower ovesragér time interval. Catalina is subsiding teatatfly,
possibly due to a transfer of motion from the S&@naz-Catalina fault to the San Pedro Basin-Samg®ie

Trough fault. Differenced SOPAC GPS vertical tisggies records reveal a subsidence signal relative
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other Channel Islands, agreeing in direction ofigak motion, although the magnitude of this subsitk
is poorly constrained by GPS. The northern portib@atalina is sinking faster than the south,
destabilizing slopes and contributing to seismogé&sunami hazard in Orange County and southern Los
Angeles County. The broader significance of tlsipgy is to affirm the importance of submarine
geomorphology, alongside the better studied suialamyunterpart, in understanding regional tectenic
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Table Captions

Tablel: Terrace elevation data from bathymetry and seisiaia.

Table 2: Subsidence rate calculations. The three valuésld (top down) in each time column are the
time in ka, depth (at that time), and the subsideate between today and the time in row two oheac

column. The time and depth coordinates of lowstassdected from the sea level cu(#eg. 7).

Figure Captions

Figure 1. Bathymetry of the Southern California Continef8atderland. Contour interval = 250 m.

Major faults and fault zones are shown with thicle$: A-DF—Anacapa-Dume fault; FFZ—Ferrelo fault
zone; MCF— Malibu Coast fault; NIFZ— Newport-Ingleod fault zone; PVF—Palos Verdes fault;
RCF—Rose Canyon fault; SCCF—Santa-Cruz-Catalindt;F30F—San Clemente fault; SCIF— Santa
Cruz Island fault; SMF—Santa Monica fault; SPB-SBF¥&an Pedro Basin - San Diego Trough Fault.
After Chaytor et al. (2008).

Figure2: Geology, bathymetry, and submerged terrace outggsedf Santa Catalina Island. Geology
adapted from Vedder (1979) and Grove et al. (20828thymetry: slope-enhanced shaded relief map,
data from Cal State University, Monterey Bay, SeafMapping project (CSUMB) and National
Geophysical Data Center. Undissected outer edgasimerged marine terraces are mapped in black
lines. Terraces were mapped using a combinati@bafeismic, slope-enhanced shaded relief maps, and
low-sun angle hillshade.

Figure 3: Topography and Bathymetry @d) Catalina and (b) San Clemente Islands. Catalin
topography: hillshade azimuth 31&nd altitude of 45 San Clemente topography: slope map selected to
show stair-step terraces onshore. San Clemeritgrbatry: Slope-enhanced shaded relief map of NGDC
data gridded using MB-System. Catalina bathymelgpe-enhanced relief map. Data: Cal State
University, Monterey Bay, Seafloor Mapping projé€6UMB) and National Geophysical Data Center.

Underlying bathymetry (both images): grayscale sdalief map, data: Southern California Coastal
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Ocean Observing System (SCCOOS) 1/2 second bathigrgat of Southern California. Topography
(both images): USGS seamless server.

Figure4: A: UNAVCO GPS velocitiegTable S1), relative to Palos Verdes relative to SNARF. Eaul
after Chaytor et al. (2008). B: Projection of @hal Islands looking shoreward along N4AOE. Red
arrows and numbers are rates of uplift relativ€atalina calculated by differencing GPS vertical
timeseries over long occupation intervals. Blagckws indicate vertical motion rates calculatedrfro
marine terrace data.

Figure5: A: Seismic line KELEZ-65Table S1). Vertical resolution: ~2m. Inset contains intetgtion
of sequence boundaries and "bright" reflectdrsCutaway view of Line 65. Cartoon representatibn o
modern bathymetry and underlying sequence straiigraAt cutaway 1 all sediment above wave cut
platform T5 has been removed. At cutaway T6 weonard sediment overlying platform 3.

Figure6: a. Seismic line 2205, constant-offset (40 m) sectiataaollected in 201@ able S2). 1.5 kJ
boomer, vertical resolution ~0.5m. Terrace badkesctircled in red. Terrace treads shown with
brackets over terraces. Inset: interpretation @bmsequence boundaries in line 2205, note diftere
spatial/temporal scale on bottom and right sidigofre. Red lines are sequence boundaries redgensi
for terraces observed in the bathymetoy Slope map and bathymetric contours, north tip dblea
Island. Contour interval 25 m with 100 m index twms. Topography from Los Angeles Region
Imagery Acquisition Consortium, bathymetry from Q8B Seafloor Mapping Lab. Underlying
bathymetry: grayscale shaded relief map, data:fg@ontCalifornia Coastal Ocean Observing System
(SCCOO0S) 1/2 second bathymetric grid of Southedifd@aia. c. Histogram of bathymetry data using
1m vertical bin size. Inset shows location of DBR&ints from 0 to -500m are captured in the histogr
Figure 7: Best-fitting correlation of sequence boundariehwita level curve. Blue line is sea level
curve generated from Lisiecki and Raymo's stack7afilobally distributed benthi®0 records, bold
black line is sea level curve normalized to a wimdd six samples. Each terrace's corresponding
sequence boundary is plotted on the Y-axis of thplgat t=0. Lines of positive slope represent

subsidence rate.



650  Figure8: 3D view of Catalina looking east at North Poirithabx vertical exaggeration. Topography is
651  in brown and higher elevations have "mist." Batkynyr 3D perspective view of DEM overlain with
652  slope map. Brighter colors are steeper slopes.

653

654  Supplementary Material Captions

655  Figure S1: Seismic line CSULB-188Table S2). 1.3 kni landslide west of Catalina Island. covering the
656  scarp and toe of a 1.3 Rrsubmarine landslide near Catalina Escarpment.

657 FigureS2: Left: Gridded bathymetric DEM used in Schuma®@l@). Artifacts interpreted by

658  Schumann as marine terraces are artifacts of ggdain aliased dataset. See Passaro et al. (28/14) f
659  description of these artifacts. Dashed lines 8@ticontours which corespond to the false terraces
660  Right: Bathymetric grid of submerged features offith tip of San Clemente Island. 10m grid produced
661  in MB-System from multibeam bathymetry collectedRiV McDonald.

662  Figure S3: Seismic line CSULB-18{Table S2). Migrated 16-channel seismic data. 2 kJ sparker,
663  vertical resolution: ~15m. Data from north of AmaJ Long Point Fault shown in black. Only major
664  sequence boundaries are effectively interpretek thiése sparker data.

665  Figure $4: a. Seismic line 2202, constant-offset (40 m) sectib8%channel data collected in 2014
666 (TableS2). 1.5 kJ boomer, vertical resolution ~0.5m. Idfiens in acoustic basement are possibly
667  wave-cut notches.

668

669  TableSl: GPS data for Channel Islands and Palos Verdesi®¢ai Data and errors provided by

670 UNAVCO (2013). SNARF: Stable North American Refae Frame

671  Table S2 : Seismic data used in this study.

672



