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12 [1] In clay-rich sediment, microstructures and macrostructures influence how sediments deform when
13 under stress. When lithology is fairly constant, anisotropy of magnetic susceptibility (AMS) can be a
14 simple technique for measuring the relative consolidation state of sediment, which reflects the sediment
15 burial history. AMS can reveal areas of high water content and apparent overconsolidation associated with
16 unconformities where sediment overburden has been removed. Many other methods for testing
17 consolidation and water content are destructive and invasive, whereas AMS provides a nondestructive
18 means to focus on areas for additional geotechnical study. In zones where the magnetic minerals are
19 undergoing diagenesis, AMS should not be used for detecting compaction state. By utilizing AMS in the
20 Santa Barbara Basin, we were able to identify one clear unconformity and eight zones of high water
21 content in three cores. With the addition of susceptibility, anhysteretic remanent magnetization, and
22 isothermal remanent magnetization rock magnetic techniques, we excluded 3 out of 11 zones from being
23 compaction disequilibria. The AMS signals for these three zones are the result of diagenesis, coring
24 deformation, and burrows. In addition, using AMS eigenvectors, we are able to accurately show the
25 direction of maximum compression for the accumulation zone of the Gaviota Slide.
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34 1. Introduction

35 [2] Understanding and predicting when and where
36 submarine landslides will occur is a still a challenge
37 to the marine science community [e.g., Kayen et al.,
38 1989; Schlee and Robb, 1991; Booth et al., 1993;
39 Locat and Lee, 2002]. It is imperative to develop
40 adequate techniques that allow insight into the
41 prefailure and postfailure stratigraphy.

42 [3] Slope failure and creep may sometimes be imaged
43 with multibeam and chirp data [e.g., Edwards et al.,
44 1995;O’Leary and Laine, 1996;Eichhubl et al., 2002;
45 Hill et al., 2004], but these techniques do not provide
46 the full spectrumof information required to completely
47 interpret these features. Layers with excess water
48 create zones of weakness in the strata that may localize
49 failure or slide surfaces [Dugan and Flemings, 2000],
50 whereas unconformities may lead to apparent over-
51 consolidation that record the past history of failures and
52 erosion.Mello and Karner [1996] describe deviations
53 from normal consolidation as compaction disequili-
54 bria. While many methods for exploring compaction
55 disequilibria are destructive [Lambe and Whitman,
56 1969], anisotropy of magnetic susceptibility (AMS),
57 the focus of this study, provides a minimally-invasive
58 approach to quickly assess core sediments.

59 [4] The ability to detect the two types of compaction
60 disequilibria (underconsolidation and apparent over-
61 consolidation) is another step in predicting the recur-
62 rence interval and size of submarine landslides that
63 helps determine the tsunamigenic potential of an area
64 [Driscoll et al., 2000;Ward, 2001]. Continental shelf
65 and slope areas are becoming increasingly important
66 for economic development of hydrocarbons, wave
67 energy, and other resources. Slope stability is a
68 critical engineering component to managing safe
69 development.

70 [5] In this paper, we will first discuss the types and
71 causes of compaction disequilibria including high
72 water zones that are underconsolidated and apparent
73 overconsolidated zones associated with exhumation
74 by landslides. We will then describe how AMS can
75 be used to identify compaction disequilibria. Finally,
76 we will apply AMS techniques to the Santa Barbara
77 Basinmargin, a regionwith known slope instabilities
78 [e.g., Fisher et al., 2005].

79 2. Compaction Disequilibria

80 2.1. Underconsolidation

81 [6] Bulk permeability of sediment is determined by a
82 combination of local microstructure, grain permeabil-

83ity and the degree of macroscale permeability deter-
84mined by material continuity. In Figure 1a, we show a
85schematic drawing of sediment undergoing consoli-
86dation. Clay particles tend to have positively charged
87edges and negatively charged faces. These electrostatic
88forces tend to cause clay particles to aggregate edge to
89face (EF) [Bennett et al., 1991] as shown in the upper
90part of Figure 1. During consolidation, volume loss
91results in the collapse of the clay structure to the more
92compact face to face (FF) structure.

93[7] Overpressured zones are likely to occur in
94areas with high rates of sedimentation because
95the rate of pore fluid escape cannot keep pace with
96the accumulating overburden [Mello and Karner,
971996]. Differences in permeability associated with
98small changes in consolidation, mineralogy, and
99bioturbation may retard upward migration of fluids.
100Zones of excess water content can develop below
101such layers. These high water content zones could
102inhibit the normal consolidation of the clay depo-
103sitional structure, thus keeping the EF clay contacts
104from changing into FF contacts (Figure 1a). Under
105load, these open structures collapse to a stable book
106structure that cannot reinflate. This inability to
107reinflate with increasing pore pressure implies that
108undercompacted horizons are primary depositional
109features created as the overlying layer is deposited.

110

1112.2. Apparent Overconsolidation

112[8] Overconsolidation is a reduction in the water
113content producing an apparent disequilibrium,
114where material is more consolidated than predicted
115for a given depth according to empirical compac-
116tion-loading curves. One factor leading to apparent
117overconsolidation is the existence of erosional
118unconformities. First, sediments are deposited and
119buried in an unperturbed compaction scenario. If
120overlying sediments are removed by slope failure or
121erosion, and the underlying material has undergone
122some component of inelastic deformation (as is the
123case for clays), then that inelastic strain will remain,
124resulting in an apparently overconsolidated zone.

125[9] Shock induced dewatering can also cause over-
126consolidation [Lee et al., 2004]. Locat and Lee
127[2002] summarized work showing that with repeated
128shake events, sediments that do not fail may lose
129water, compact, and become stronger. They term
130such events ‘‘seismic strengthening.’’

131

1323. Magnetic Fabrics

133[10] AMS is a well-established technique for
134studying fabrics of geologic materials (summarized
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135 by Tarling and Hrouda [1993] and Tauxe [1998]).
136 AMS of clay-rich sediments is believed to be
137 dominated by paramagnetic shape anisotropy of
138 the clay minerals and small magnetic particles that
139 are generally attached to the clay fabric [Kodama
140 and Sun, 1992]. When hemipelagic sediments are
141 deposited in quiescent environments, elongate par-
142 ticles deposit with their long axes subparallel to the
143 bedding plane. This mode of deposition produces
144 weakly oblate to isotropic sediment fabrics.

145 [11] Detection of underconsolidation and uncon-
146 formities is possible with nonmagnetic techniques.
147 However, the AMS magnetic fabric method com-
148 plements the other data types and, more impor-
149 tantly, helps identify compaction disequilibria
150 features when they are difficult to detect by other
151 approaches. Other magnetic fabric methods include
152 anisotropy of isothermal remanent magnetization
153 (AIRM) and anisotropy of anhysteretic remanent
154 magnetization (AARM) [McCabe et al., 1985].
155 Unlike AIRM and AARM, AMS is magnetically
156 nondestructive (it does not affect the magnetic
157 remanence) and is the fastest of the magnetic
158 techniques to apply. AIRM and AARM both would
159 yield additional insight into sediment deposition
160 and deformation mechanisms, but are more time
161 consuming to acquire. Moreover, AMS is strongly
162 affected by the clay fabric, whereas remanent
163 anisotropies are not directly sensitive to the clays
164 and it is the clay fabric that is of concern here.

165[12] Because AMS is sensitive to the compaction
166state of clay-rich sediments [e.g., Housen et al.,
1671996; Kopf and Berhman, 1997; Kawamura and
168Ogawa, 2004], it is a promising tool for exploring
169regions of rapid sediment loading. Accelerated
170deposition and sediment loading tend to lead to a
171higher occurrence of slope failures, because rapid
172sedimentation usually is associated with higher
173water content [Schwab et al., 1993]. The majority
174of compaction and dewatering occurs typically
175from the sediment-water interface down through
176the top tens of meters of sediments, with the
177majority being completed by depths of around
178150 meters [Kawamura and Ogawa, 2004]. When
179loaded, clay sediments compact and compaction
180signatures can be observed with AMS measure-
181ments as an increasing oblate anisotropy with the
182V3 direction (eigenvector associated with the min-
183imum eigenvalue using the terminology of Tauxe
184[1998] being near vertical. At depth, processes
185such as cementation and diagenesis begin to lock
186in the shape that is present and all of the ‘‘easy’’
187compaction has been accomplished.

188[13] For deep-sea sediments, Kawamura and
189Ogawa [2004] found that the compaction process
190progresses in either a gradual manner, or a stepwise
191function. Kawamura and Ogawa [2004] suggest
192that low permeability in overlying layers that retard
193dewatering may lead to regions of excess pore
194pressure as evidenced by large void ratios. In

Figure 1. Schematic of compaction disequilibriums. (a) Clay particles in sediment undergoing compaction.
Particles compact and create a reduced permeability layer. Below this layer, excess water content can in turn retard
compaction. The excess is generated by the low-permeability layer that temporarily reduces upward migration of pore
fluids. Below the zone of excess water, compaction increases down section. The graph on the right is an idealized
model of how compaction affects the anisotropy of magnetic susceptibility (AMS) fabric. As compaction progresses,
overall anisotropy increases. Zones of excess water are detected by regions of reduced anisotropy (marked with a gray
band). (b) Platy clay particles in sediment undergoing compaction with a zone of apparent overconsolidation created
by an unconformity.
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195 rapidly depositing sediments, the degree of com-
196 paction should allow AMS to detect these under-
197 consolidation zones.

198 [14] According to Kawamura and Ogawa [2004],
199 sedimentation rates have an influence on compac-
200 tion, where water content remains higher to greater
201 depths for faster sedimentation rates. The deep
202 ocean cores used by Kawamura and Ogawa
203 [2004] have sedimentation rates of 1.7 to
204 3.3 mm/kyr. Slow sedimentation rates allow pore
205 fluids more time to diffuse through low-permeabil-
206 ity layers. The conditions of faster rates found
207 along continental margins preserve disequilibria
208 to greater depths because there is less time for
209 fluids to be expelled from the sediment column.

210 [15] The AMS signature for apparent overconsoli-
211 dation would be an abrupt increase in the degree of
212 anisotropy of the fabric. The AMS signature pre-
213 dicted for overconsolidation is illustrated in Figure 1b.
214 The overall anisotropy is defined as the difference
215 between the eigenvalues ti (which are scaled to sum
216 to unity with the maximum being t1 and minimum
217 being t3). Changes in the degree of anisotropy under
218 normal consolidation would be a gradual increase in
219 anisotropy as shown in the top of the core. An abrupt
220 change to an FF fabric because of overconsolidation
221 would be accompanied by an abrupt increase in the
222 degree of anisotropy reflected by the increase in
223 the separation of t1 and t3 (see Figure 1). Note that

224the relationship of t2 to the others (not shown)
225reflects the shape; where t2 is indistinguishable
226from t1, the shape is oblate. In contrast to over-
227consolidation, underconsolidation zones would be
228reflected by a decrease in degree of anisotropy as
229illustrated in Figure 1a.

230[16] If AMS is able to detect these zones of over-
231compaction (compared to the expected sediment
232overburden and time), then it could provide a quick
233method to detect regions where the overlying
234sediment has been removed. To test the AMS
235method for detection of compaction disequilibria,
236we need a well-studied area with a high deposition
237rate and reasonably well-defined failure history.
238The Santa Barbara Basin and the Gaviota Slide
239provide such an environment.

2404. Geologic Setting

241[17] The Santa Barbara Basin (SBB) is located off
242the coast of Southern California (Figure 2) and is the
243northernmost basin in the California Borderland
244area. The basin is roughly 80 km by 32 km at its
245greatest extent. The northern end of the basin is
246blocked by the Santa Barbara coastline; the San
247Miguel, Santa Rosa, and Santa Cruz Islands delin-
248eate the southern extent of the basin. On the western
249side, the basin has a sill depth on the order of 460 m
250(located at approximately 120�28 027.06 00W,

Figure 2. The Santa Barbara Basin (red box in the inset) is a part of the California Borderlands and is located south
of the Transverse Ranges in California. The motion on the San Andreas Fault System has created a closed basin that
is partially shielded from the flushing action of the California Current. Rapid deposition on steep slopes combined
with frequent large earthquakes has resulted in a number of slides in the recent Holocene sediments. The study areas
are marked with red arrows: the Gaviota slide on the left and the slope crack on the right. The bathymetry is from the
MBARI EM300 multibeam survey [Eichhubl et al., 2002]. Also shown is the location of ODP Site 893 (orange
circle).
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251 34.0�15052.0100N) whereas on the eastern edge of
252 the basin, the sill is shallower, being approximately
253 225 m. The maximum depth of the enclosed basin is
254 593 m (120�01015.6000W, 34�12019.4400N). The sills
255 on the western and eastern boundaries inhibit the
256 flushing of the bottom waters creating an anoxic
257 basin. Typically, there are low oxygen concentra-
258 tions starting at 470 m and the water column is
259 depleted of oxygen by 570m [Edwards et al., 1995].

260 [18] The sediment accumulation rates in the SBB
261 are extremely high and have been estimated to be
262 on the order of 1400 mm/kyr [Hendy and Kennett,
263 2000]. The currents and sediment production in
264 this particular region have been extensively studied
265 [e.g., Soutar and Crill, 1977; Reimers et al., 1990;
266 Bray et al., 1999; Dorman and Winant, 2000; Oey
267 et al., 2004; Warrick et al., 2005]. During the
268 winter months, sediment input is dominated by
269 terrigenous input that corresponds to winter pre-
270 cipitation and erosion that occurs in California. At
271 Ocean Drilling Project (ODP) site 893, the domi-
272 nant terrigenous sources are the Santa Clara and
273 Ventura Rivers [Marsaglia et al., 1995; Hein and
274 Dowling, 2001]. The northern slope area of the
275 SBB is more likely to have the terrigenous sedi-
276 ment sourced from the Santa Ynez Mountains.
277 Spring months experience high biogenic produc-
278 tivity that is dominated by diatoms [Thunell et al.,

2791995]. The productivity is probably driven by
280upwelling of nutrient-rich waters.

281[19] The area around the SBB (Figure 2) is a
282tectonically active zone with frequent large earth-
283quakes up to magnitude 7 [Shaw and Suppe, 1994].
284The SBB has a large number of slope failure
285features, which could have been triggered by local
286earthquakes.

287[20] The study area is the northern slope of the
288SBB bounded by the shelf break to the north, the
289basin floor to the south, the Goleta Slide to the east
290and the Conception Fan to the west. The Concep-
291tion Fan appears to be inactive [Fischer, 1998].

292[21] The swath bathymetry (Figure 3) was collected
293by the Monterey Bay Aquarium Research Institute

Figure 3. Enlargement of the Gaviota Slide on the northern slope of the Santa Barbara Basin shows a well-imaged
underwater landslide. Two gravity cores were acquired within the slide boundaries; core 1 is in the accumulation zone
(toe) of the slide. Core 2 is in the evacuation zone. A large crack on the right is connected to the Goleta Slide to the
east. The crack extends east-west along the slope between the Gaviota and Goleta Slides for 8 km. It is between 5 and
20 m wide and appears to cut the many rills that run downslope. Core 4 is located 780 m upslope from the crack. The
bathymetry is shown with a vertical exaggeration of 6x. CHIRP seismic lines a and b are shown in Figures 4 and 5,
respectively.

t1.1Table 1. Locations and Lengths of the Cores Collected
on the R/V Sproul During August 2004a

Core Latitude Longitude
Depth,
m

Length,
m t1.2

1 34�21040.200 �120�06028.800 480 1.68 t1.3

2 34�22012.000 �120�06027.000 439 0.73 t1.4
4 34�22044.400 �120�03025.800 322 1.25 t1.5

ODP 893 34�17015.000 �120�02012.000 577 187.00 t1.6

a
Ocean Drilling Project (ODP) Leg 146 Hole 893A is included as it

is near the study area. t1.7
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294 (MBARI) using a 30 kHz EM300multibeam system
295 [Eichhubl et al., 2002]. The soundings were gridded
296 at 25 m cell spacing. The MBARI bathymetry gives
297 an excellent view of the features in the basin that are
298 on the scale of meters and larger (Figure 3).

299 4.1. Goleta

300 [22] The most prominent deformation feature ob-
301 served in the SBB is the large Goleta Slide on the
302 northeastern corner of the basin. The aerial distri-
303 bution of this large feature is 11 by 14 km with
304 three main areas of runout. The center runout has
305 the highest topography, whereas the western runout
306 has the lowest with a difference of about 50 m. The
307 head scarps are located at the edge of the shelf-
308 slope break and are steep with heights up to 50 m
309 that transition into a number of blocks with large
310 amounts of drape. The toes of the slides extend out
311 into the basin 9–12 km, reaching to within 970 m
312 of ODP site 893 (see Table 1 for location).

313

314 4.2. Gaviota

315 [23] The Gaviota Slide (Figure 3) is located to the
316 west of the Goleta Slide and extends 3 km from
317 the head scarp down to the bottom of the toe. The
318 evacuation zone appears to have removed 6–
319 8 meters of material (relief measured at the head
320 scarp). The Gaviota Slide is a very recent feature as
321 evidenced by the minimal pelagic drape mantling
322 the slide scar. The slope break above the Gaviota
323 head scarp is 100 meters below sea level (mbsl).
324 The slope dips on average 3.6� down to the basin
325 floor at 480 meters where the dip of the sea floor
326 diminishes to about 0.5�. Edwards et al. [1995]
327 estimated that the slide excavated 0.01–0.02 km2

328 of sediment failing in two main stages. They report
329 the details of the slide morphology and an event
330 chronology.

331 [24] It is likely that the 21 December 1812 earth-
332 quake (estimated Mw � 7.2) triggered the Gaviota
333 Slide [Borrero et al., 2001]. Borrero et al. [2001]
334 cite historical reports of a small tsunami observed
335 along the coast just after the quake. Edwards et al.
336 [1995] believe that the Gaviota Slide failed some-
337 where in the range of 1345 CE to 1871 CE with a
338 best estimate of 1812 CE. The excavated scarp is
339 covered by pelagic drape, which would constrain
340 the age of the slide. However, these types of
341 unconformities can be difficult to recognize in
342 cores, especially after the horizons oxidize. Be-
343 cause of the contrast in the degree of compaction
344 across the unconformity, it is possible that AMS
345 fabric could be used to detect the unconformity.

346
3474.3. Other Small Slides

348[25] The main difference between the smaller slide
349structures in the basin compared to the Goleta Slide
350is that the smaller slides have much less runout.
351There are three areas, or groups, of small slides: the
352northeastern side of the basin, the very steep slides
353on the southern wall (not studied in this paper), and
354the Gaviota Slide on the northern side of the basin.
355There are undoubtedly a large number of smaller
356slides that are below the resolution of the EM300
357multibeam system available at the time of the
358study.

359[26] Two small slides on the northeastern corner of
360the basin lay between the Goleta Slide and the end
361of surface expression of the Mid-Channel trend
362anticline structure. These slides are on a shallow
363dipping slope and have well-defined head scarps.
364The slide just to the east of the Goleta has an
365evacuated zone at the top that is 0.6 km long with a
366slope of 1.4�, whereas the toe runs for 1.6 km on a
367slope of 1.2� with a maximum width of 0.97 km.
368The slide to the east has a double-humped slide
369scar and is difficult to see in the bathymetry. This
370structure has an overall slope of 1.4� and an total
371extent of 2.9 km from the headwall scarp to bottom
372of the toe.

373[27] On the western edge of the basin is a very
374subtle sl ide centered at 120�18 037.80 00W,
37534�16024.0600N described by [Edwards et al.,
3761995]. The upper deformed section of the slide is
3774 km long and dips an average of 0.9�, whereas the
378lower surface is smooth and extends about 2.4 km
379at a slope of 0.6�. The material was able to fail at a
380slope of just 1�, that may be very similar to the
381low-angle slide that Field et al. [1982] describe
382near the Klamath River, CA. It is possible that
383there was a wide spread underconsolidation zone
384or clay-rich layer that allowed for easier mechan-
385ical failure during an earthquake event.

386

3874.4. Crack

388[28] A large crack (Figure 3) is evidence of recent
389deformation on the northern side of the basin. This
390crack extends 8 km, trending east-west between the
391Goleta and Gaviota slides from 120�00017.5500W,
39234�22028.9200N at a depth of 355 meters on the east
393to 394 meters on the west at 120�05034.7500W,
39434�22022.6700N. The slope across the crack ranges
395from 4.9� to 5.5�. The crack continues from the
396western edge of the Gaviota Slide another 2.4 km
397before dying out where the slope diminishes to
3983.9�. The crack is less defined along its eastern
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399 extent and is overprinted by larger rills that exhibit
400 up to 5 meters of relief. These rill features appear
401 similar to those described by Spinelli and Field
402 [2001] north of the Humboldt amphitheater in
403 northern California.

404

405 5. Methods and Results

406 5.1. CHIRP Seismic Data

407 [29] Seismic lines covering the northern slope of
408 the SBB were collected during August 2004 using
409 the Scripps Institution of Oceanography subbottom
410 unit (Figures 4 and 5). The CHIRP seismic system
411 [Schock et al., 1989] is a modified EdgeTech Xstar
412 system with an ADSL link from the fish to the
413 topside computers. The data were collected with a
414 50 ms sweep from 1 to 6 kHz. The Xstar SEG-Y
415 records were processed with seismic-py and
416 SIOSEIS (P. Henkart, SIOSIES, http://sioseis.ucsd.
417 edu, 2005), and were plotted with pltsegy. (The

418seismic-py software is available from the authors
419upon request.)

420

4215.2. Coring

422[30] Cores were acquired with the Scripps Institu-
423tion of Oceanography ‘‘King Kong’’ gravity coring
424device using clear plastic core liner with an inner
425diameter of 8.26 cm. The core head was loaded
426with 136 kg and deployed at 30 m/minute into the
427sea floor. Table 1 summarizes the three cores
428collected for this study and the nearby ODP Site
429893 (see Figure 2).

430[31] Biogenic gas could potentially disturb the
431fabric of the cores as they are brought up from
432depth. By using clear core liner, we were able to
433observe the sediment-water interface and overlying
434water clarity as soon as it was removed from the
435core barrel. On deck, we observed excellent pres-
436ervation of the sediment-water interface complete
437with hummocky bioturbated sediments. We ob-

Figure 4. CHIRP seismic line imaging the western half of the Gaviota Slide. Line extends 2.5 km from 509 mbsl
(120�06030.0000W, 34�21009.0000N) upslope to 377 mbsl (120�06029.0000W, 34�22031.0000N; line a in Figure 3). Cores
1 and 2 are marked in red in the figure insets with length scaled to a velocity of 1500 m/s. The vertical axis is two-
way travel time (TWT) in seconds. The horizontal axis is in shot numbers, and the scale bar is based on the average
number of shots per 100 m. Note that the CHIRP firing rate varies with water depth. Core 1 is located in the
accumulation zone of the Gaviota Slide in an area of disrupted reflectors. Core 2 was collected in the evacuation zone
of the slide and penetrates the overlying drape into the material below the slide surface.
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438 served no evidence of deformation as a result of
439 gas expulsion.

440 [32] All cores were split, described, photographed,
441 and X-rayed. Cores were then sampled with 8 cm3

442 paleomagnetic cubes as densely as practical with a
443 typical spacing of 3 cm. The 8 cm3 specimens were
444 weighed wet, dried by cooking at 50� C, and then
445 weighed dry to determine weight percent water.

446 [33] Core 1 (Figures 4 and 6) was collected from
447 the accumulation zone of the Gaviota Slide at a
448 water depth of 480 meters. The sediment was
449 initially deposited in the oxygenated zone where
450 bioturbators could potentially disturb depositional
451 layering. The sediment was then transported by
452 slope failure to the top of the low-oxygen zone.
453 The top 20 cm of the core was disturbed (photo
454 Figure 6) during transport and splitting. The feature
455 at 40 cm is a section boundary. The rest of the core
456 shows faint sediment layers with some mottling.
457 The core is a dark gray color (Munsell 5Y/3/2).

458 [34] Core 2 (Figures 4 and 7) was acquired in the
459 evacuation zone of the Gaviota Slide. There is a

460very thin disturbed zone at the core top (<7 cm)
461and a thin zone at 10 cm where the core was
462disturbed during splitting. There is a wavy surface
463at �27 cm that we interpret to be an unconformity
464separating the sediments exhumed by the slide
465below from the more recent pelagic drape above.
466The preslide layer may be capped by a thin veneer
467of slide rubble. On the basis of the height of the
468head wall (Figure 4), it appears that the material
469below the slide scar had been buried to a depth of 6
470to 10 meters before being exhumed. Below this
471unconformity, the sediment exhibits a marked
472increase in induration. Occasional burrows are
473observed, but the core is generally a monotonous
474gray sediment.

475[35] Core 4 (Figures 5 and 8) was collected above
476the crack to assess if deformation was occurring
477upslope. This 125 cm core is generally homoge-
478neous in texture and color (dark gray). Slight core
479splitting disturbance is observed down to �13 cm.
480The top 35 cm of sediments have a water-saturated,
481dark appearance and the bottom 25 cm have a
482slightly lighter color. There are a few zones that

Figure 5. CHIRP seismic line across the crack between the Gaviota and Goleta slides. This line extends 1.9 km
from 420 mbsl (120�03030.0000W, 34�22009.0000N) upslope to 247 mbsl (120�03020.0000W, 34�23009.0000N; line b in
Figure 3). Core 4 is marked in red in the figure inset with length scaled to a velocity of 1500 m/s. (See also caption in
Figure 4.)
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483 exhibit laminations (40–50 cm, 58 cm, 80–82 cm)
484 and from 15 to 25 cm there are well-preserved
485 burrows (Figure 8). There are a few shells and shell
486 fragments in the 18–22 cm interval and at 62 cm.
487 This core was acquired in an area with continuous
488 seismic reflectors that suggest little to no evidence
489 for internal deformation (Figure 5).

490

491 5.3. Remanence Measurements

492 [36] Magnetic remanence measurements were per-
493 formed at the Scripps Paleomagnetic Laboratory
494 using 3-axis CTF and 2-G cryogenic magneto-
495 meters. Alternating Field (AF) demagnetization
496 was accomplished using a Sapphire Instruments
497 SI-4 in steps up to 40–180 mT depending on the
498 particular specimen’s demagnetization curve.
499 Specimens were demagnetized along all three axes
500 with Z being last. Double or triple demagnetiza-
501 tions were not used. Representative Zijderveld
502 diagrams are shown in Figure 9.

503 [37] There are two styles of demagnetization be-
504 havior. The first (Figure 9: Core 4 - 012 cm) is
505 characterized by smooth decay to the origin with

506median destructive fields (MDF) of around 30 mT.
507The second is characterized by low MDF values
508(�10 mT) and a tendency to deviate from the
509origin, behavior often associated with greigite
510(Fe3S4 [Snowball, 1997; Hu et al., 1998]; Figure 9:
511Core 4 - 063 and 108 cm). The ‘‘greigite’’ signal is
512characterized by a gyroremanent magnetization
513(GRM) which is defined as the magnetization
514acquired during AF that is perpendicular to the
515applied AF field [Stephenson, 1993].

516[38] We plot MDF values for the cores in Figures 6–
5178 in column b. Also shown in Figure 6 and 8 are
518regions with the ‘‘greigite’’-like behavior. Core 2
519(Figure 7) has no ‘‘greigite’’ signal in the AF
520demagnetization curves. For comparison, an exam-
521ple of AF demagnetization of a greigite sample
522(identified with X-ray defraction [Hu et al., 1998])
523is shown in Figure 9: Greigite.

524[39] Principle component analysis (PCA) was ap-
525plied to the set of AF demagnetization vectors for
526each specimen to generate best fit directions
527[Kirschvink, 1980]. Fisher [1953] statistics were
528used to calculate an overall best fit declination for

Figure 6. Core 1 is located in the toe of the Gaviota Slide (Figures 3 and 4). On the left is the core photograph. To
the right of the core photograph are the major core features. The top 20 cm of the core is disturbed (wavy region), and
the discontinuity at 40 cm is a section boundary (S). (a) AMS eigenvalues. t1 is the maximum eigenvector, while t3
is the minimum, and t1 + t2 + t3 = 1. The core has a general trend down core of increasing anisotropy with a more
oblate fabric. (b) Median destructive field (MDF). (c) Bulk susceptibility (clf) shows a gradual decrease down
through the core. (d) Isothermal remanent magnetization (IRM) shows an abrupt transition at the dashed line. Greigite
like behavior is marked for the bottom region of the core. (e) Exponential fit to water content data. Core 1 has two
zones of high water content that are marked as 1 and 2. These zones correlate to areas of lower anisotropy. The weight
percent water is calculated by dividing the weight of 8 cm3 of dried material from the wet weight. On the right are
indicated the extent of groups 1 and 2. Group 1 has high MDF, clf, and IRM. Group 2 is the transition to Group 2,
which has low MDF, clf, and IRM.
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Figure 7. Core 2 is located in the evacuation zone of the Gaviota Slide (Figures 3 and 4). Features are denoted on
the right of the core photo. D is the unconformity, and B are the locations of burrows. There is a zone of disturbed
material 7 cm from splitting. The red arrow marks the unconformity on the core photograph. (a) The AMS
eigenvectors show a strong jump to a more anisotropic fabric for the specimens at 24, 27, and 30 cm below the
sediment water interface. Below 33 cm in the core, the AMS signature is more constant. (b) MDF. (c) clf. (d) IRM.
(e) Exponential fit to water content data. The fit is not robust because of the low number of data points and the
presence of a large unconformity. The weight percent water shows a transition to a constant value at 42 cm depth.
Zone a is soft material which was damaged by the coring process. The dashed line shows the Group 1 to Group 2
transition.

Figure 8. Core 4 is located above the crack between the Gaviota and Goleta slides (See Figures 3 and 5). On the
left, important core features are marked: shell fragments in magenta, burrows in cyan, and layering in orange. Zone
a is caused by burrows that were identified in an x-radiograph. The dashed line shows the IRM transition.
(a) Anisotropy shows a systematic trend increasing down to 84 cm. Zones 1, 2, and 3 deviate from this trend of
compaction. (b) The median destructive field reaches a constant baseline by 48 cm depth. Vector end point diagrams
for three AF demagnetizations (located by asterisks (*)) are shown in Figure 9. (c) clf. (d) IRM. (e) The exponential
fit to the water content data shows increased water content for the three gray zones. Between layers 1 and 2 is a zone
of lower water content (down to 38%). The exponential fit was only applied down to 84 cm because of the size of
zones 2 and 3.
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529 each core. These directions were used to orient all
530 cores (D, Table 2).

531

532 5.4. AMS

533 [40] Specimens were measured on a Kappabridge
534 KLY-2 magnetic susceptometer, using the 15 posi-
535 tion scheme of Jelinek [1978]. Eigenparameters
536 were calculated using Hext statistics [Hext, 1963]
537 with PMAG-1.7 (software available at http://sorcerer.
538 ucsd.edu/software/) [Tauxe, 1998; L. Tauxe, Lectures
539 in Paleomagnetism, http://earthref.org/MAGIC/
540 books/Tauxe/2005/, Magnetics Information
541 Consortium, 2005]. We followed the convention of
542 Tauxe [1998] by referring to eigenvalues as t1. . .3,
543 with t1 being the largest and t3 being the smallest,

544and the associated eigenvectors asV1-V3. Eigenvalues
545are normalized such that they sum to unity.

546[41] In all cores, there is a general increase in
547anisotropy with depth (measured by the difference
548between t1 and t3). The overall trends are inter-
549rupted by brief intervals (labeled in Figures 6–8)
550of decreased anisotropy. Some of these zones
551appear to be related to core processing disturban-
552ces, unconformities or other sedimentological fea-
553tures (e.g., burrows and shell zones). These are
554labeled with letters in Figures 6–8. Others are not
555clearly sedimentological in origin. These are num-
556bered in Figures 6–8. These numbered features
557could be compaction disequilibrium. We will return
558to this topic later.

Figure 9. Zijderveld plots showing examples AF demagnetization data. Horizontal projection, blue circles, and
vertical component (north-down), red squares, are shown in the top of the figure. The greigite sample [Hu et al.,
1998] exhibits demagnetization vectors that diverges away from the origin as it acquired a gyroremanent
magnetization (GRM). The bottom plot shows that the intensity increases for demagnatizations above 60 mT. The
locations of these samples from core 4 are shown in Figure 8b.

t2.1 Table 2. Fisher [1953] Statistics of Alternative Field Demagnetization of the Natural Remanent Magnetization by
Core Sectionsa

Core Section D I N R k a95 Depth, mt2.2

1 1 134.3 50.4 6 5.8591 35 11.4 0.00–0.37t2.3

1 2 343.4 45.5 40 34.7466 7 8.9 0.37–1.68t2.4
2 1 344.7 56.0 23 20.7940 9 10.1 0.00–0.73t2.5

4 1 62.4 52.5 39 36.0973 13 6.6 0.00–1.25t2.6

a
AF, alternative field; NRM; natural remanent magnetization. The declination is in the core section local frame before reorientation to geographic

north. On the basis of a Geocentric Axial Dipole (GAD) model, the expected inclination for these cores is 53.8�. Note: D is mean declination; I is
mean inclination; N is number of specimens; R is the length of resultant vector; k is the Fisher [1953] precision parameter; and a95 is the estimate of
the circle of 95% confidence.t2.7
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559 [42] Eigenvectors for these cores are plotted in
560 Figure 10 after being oriented assuming the average
561 declinations are approximately north. Also shown
562 are the bootstrapped mean eigenvectors [Constable
563 and Tauxe, 1990] which show the mean contour
564 enclosing the 95% confidence bounds. All of these
565 cores show vertical V3 directions (associated with the
566 minimum eigenvalues and plotted as red circles) as
567 expected in sedimentary environments. Cores 2 and 4
568 show the oblate fabric with no preferred alignment of
569 V1, typical of quiet water deposition. Core 1 shows a
570 significant alignment of V1 in the NW-SE direction,
571 suggesting postdepositional compression. The com-
572 pressional direction predicted from bathymetry
573 (Figure 3) is shown as arrow ‘‘a’’ in Figure 10. The
574 preferred orientation from the AMS data is consistent
575 with the 95% confidence level for compression along
576 the axis (labeled ‘‘b’’ in Figure 10).

578 5.5. ccccc
lf, ARM, and IRM

579 [43] To help constrain the origin of the AMS
580 signatures, we measured low field bulk suscepti-
581 bility (clf), ARM, and IRM. ARM acquisition was
582 accomplished with a SI-4 using a 100 mT alternat-
583 ing field and a 40 mT bias field. IRMs were
584 imparted with an ASC impulse magnetizer with a
585 field of 1 tesla. Mass normalized data used the dry
586 specimen mass after drying at 50�C.

587[44] King et al. [1983] suggested that different
588slopes on a bi-plot of clf and susceptibility of
589ARM can show different magnetic grain size
590fractions. In Figure 11, we plot ARM and IRM
591against clf. These plots show two end members
592(Group 1 plotted in red pluses and Group 2 as blue
593stars). According to King et al. [1983], the red end
594member would have smaller grain size compared to
595the blue end member. Features within either end
596member are more likely to be caused by fabric,
597whereas features transitional between the two
598could well be diagenetic in origin or represent a
599mixture of the end members.

600[45] We plot clf and IRM in Figures 6–8, columns c
601and d, respectively. We have not plotted ARM
602because it is similar to the IRM behavior. Group
6031, with high IRM and clf values, is at the tops of all
604three cores. The transition to Group 2 with lower
605IRM and clf is defined by the break in slope after
606the rapid decrease in IRM (marked with a dashed
607line in Figures 6–8).

608

6095.6. Hysteresis Parameters

610[46] To constrain the magnetic composition of the
611material in the cores, we measured hysteresis loops
612for a subset of the specimens (Figure 12) using a
613MicroMag alternating gradient force magnetometer

Figure 10. Best fit eigenvectors with the minimum eigenvectors (V3) as red circles, the maximum eigenvectors (V1)
as blue squares, and intermediate eigenvectors (V2) as yellow triangles. Cores have been rotated to match the best
estimate from principle component analysis (PCA) of alternating frequency (AF) demagnetization of the remanent
magnetization. Arrow a on Core 1 shows the direction of compression determined from morphology observed in the
multibeam data (Figure 3). Arrow b shows the predicted compression direction based on the best fit perpendicular to
the V1 vectors [Schwehr and Tauxe, 2003]. Bootstrap eigenvectors enclosing the 95% confidence bounds are shown
in cyan. Note the well-defined confidence intervals for the V1 in core 1. In contrast, cores 2 and 4 show no preferred
orientation of the V1.
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614 (AGFM). The high field susceptibility (chf) is dom-
615 inated by the paramagnetic grains, while the low
616 field bulk susceptibility (clf), (derived from the
617 Kappabridge measurements) is a combination
618 of ferro-magnetic and paramagnetic grains. The
619 chf/clf ratio gives a rough estimate of the fraction
620 of paramagnetic and ferro-magnetic grains contrib-
621 uting to the low field magnetic susceptibility mea-
622 surements (hence the AMS). The chf/clf ratios range
623 from 0.45 to 0.93, indicating that the high field, or
624 paramagnetic, contributes a substantial portion of
625 the low field susceptibility (Table 3). The paramag-
626 netic susceptibility is, in turn, largely controlled by
627 the clays. Hence, to a first order, the AMS signal
628 reflects clay fabric in these sediments.

629 [47] The specimens plot in the ‘‘multidomain’’ and
630 ‘‘vortex’’ remanent state region of the graph
631 (Figure 12) based on the magnetic simulations of
632 Tauxe et al. [2002]. These results predict that the
633 magnetite grains should be about 115–120 nm in
634 width and somewhat elongate. The two specimens
635 labeled 4-081 and 4-120 are from the ‘‘greigite
636 zone’’ in core 4, hence cannot be easily interpreted
637 in terms of micromagnetic modeling of magnetite.
638 As expected from the bi-plots, the Group 1 speci-
639 mens appear to be finer grained than these in
640 Group 2.

641 [48] From the foregoing, the numbered zones in
642 Figures 6–8 do not appear to be related to changes
643 in composition or to visible disturbance of the

Figure 11. Bi-plots of ARM or IRM versus susceptibility. There are two modal groups of magnetic compositions
indicated by pluses and crosses, which are stratigraphically controlled, pluses being core tops.

Figure 12. Squareness versus coercive field plot after
Tauxe et al. [2002]. Insets a–c show representative
hysteresis loops for points on the graph. Inset a is
enlarged to show the definitions of the hysteresis
parameters. The blue loop is the uncorrected measure-
ments of the magnetization (M) induced by an applied
field (B). The slope of the blue raw loops where they
converge is used to calculate the high field susceptibility
(chf). The rest of the parameters are calculated from the
red slope, which is created by removing the blue high
field slope. The bulk coercivity (Bc) is a measure of how
stable the magnetic grains are and is the point where the
red curve crosses the x axis. Ms is the saturation
magnetization. Mr is the saturation remanence where the
red loop intersects the y axis as the applied field is
lowered from Ms.

Geochemistry
Geophysics
Geosystems G3G3

schwer et al.: compaction disequilibrium 10.1029/2006GC001378

13 of 18



644 cores. It is possible that these zones reflect com-
645 paction disequilibria. As hypothesized, such dis-
646 equilibria would be reflected in the relative water
647 content of the sediment. To investigate further, we
648 measured water content in the cores.

649

650 5.7. Water Content

651 [49] Specimens were weighed after sampling and
652 then dried to calculate an approximate weight
653 percent water. To look for anomalous water con-
654 tent, the weight percent water data were fit with an
655 exponential curve [Dugan and Flemings, 2000]
656 using a nonlinear least-squares (NLLS) Mar-
657 quardt-Levenberg algorithm. Fitting an exponential
658 is not appropriate for core 2 because there is a clear
659 discontinuity at approximately 27 cm and the core
660 length is not long enough to yield the required
661 number of measurements for a stable fit. We split
662 the fit into two sections at the unconformity and a
663 best fit was approximated.

664 [50] We coregistered the AMS fabric with the
665 deviation from the exponential fit to determine
666 zones of interest. Lettered zones are reserved for
667 regions that we are confident are caused by dia-
668 genesis (core 1), coring deformation (core 2), or
669 bioturbation and burrows (core 4). Locations in the
670 core that show both a decrease in anisotropy and an
671 increase in water content have been numbered from
672 1 to n going down core.

673

674 6. Discussion

675 [51] If sediments are homogeneous, they will com-
676 pact progressively with depth accompanied by a
677 gradual loss of fluid. It is rare for sediment on the
678 continental slope to be completely homogeneous
679 because there are almost always variations in
680 permeabilities, densities, etc. The dominant inter-
681 nal causes of differences arise from changes in
682 lithology, clay fabric, and bioturbation. Processes
683 such as dissolution of grains, precipitation of
684 cements, and grain breaking are unlikely to be
685 important factors when considering young near
686 surface sediments.

687[52] In the cores, there are general trends in com-
688paction as reflected by an overall increase in
689anisotropy down core. The trends are not uniform,
690but are punctuated by a large transformation asso-
691ciated with the Group 1/2 transition and smaller
692features associated with visible deformation (let-
693tered zones) and excess water content zones (num-
694bered zones). We will address each of these
695features in turn in the following section.

6966.1. Group 1/2 Transition

697[53] The Group 1/2 transition is indicated by a
698dashed line in Figures 6–8. This horizon corre-
699sponds to an increase in the degree of anisotropy
700(column a) in all cores with Group 2 specimens
701having higher anisotropy than Group 1 specimens.
702All of the numbered zones of decreased anisotropy
703are within Group 2 and do not appear to be
704associated with changes in magnetic mineralogy.

705[54] The transition in core 2 is associated with the
706largest jump in anisotropy of any core. Moreover,
707in this core the Group 2 average anisotropy is the
708highest of any core. Starting at 23 cm below sea
709floor, core 2 has a total anisotropy that increases
710much faster than observed in the other two cores.
711The transition to a larger total anisotropy occurs
712from 23 to 33 cm where anisotropy plateaus to a
713large relatively constant value.

714[55] Core 2 was taken from the evacuation zone
715above the Gaviota Slide (Figure 3). The transition
716region shows visible evidence of deformation
717(Figure 7: core photo) with watery, weak material
718inter-fingering with highly indurated sediments. We
719interpret this abrupt shift as the transition from
720young unconsolidated drape, down through a thin
721veneer of slide rubble overlying the slide surface.
722The material beneath the slide scar apparently was
723buried 6–8 meters before the slide occurred. At that
724depth the consolidation curve had progressed to the
725point where there is little change with additional
726loading. Therefore the degree of anisotropy appears
727essentially constant over short depth intervals.

728[56] Our best estimate for the unconformity is at
729approximately 23 cm. Assuming sediment accu-
730mulation rates ranging from 0.8 m/kyr [Marks et
731al., 1980] to 1.4 m/kyr [Duncan et al., 1971],
732consistent with rates derived by Eichhubl et al.
733[2002], we estimate the age of the slide to be
734between 1715 to 1840 CE, which brackets the
7351812 Santa Barbara earthquake.

736[57] The transitions in cores 1 and 4 are quite
737different from that observed in core 2. In these

t3.1 Table 3. Specimen Susceptibility Measurementsa

Core Depth, m Figure clfmSI chfmSI chf/clft3.2

1 0.635 12a 182.4 82.7 0.45t3.3

2 0.270 12b 133.1 123.1 0.93t3.4
3 0.810 12c 162.9 82.0 0.50t3.5

a
A MicroMag 2900 Alternating Gradient Force Magnetometer

(AGFM) was used for high field susceptibility (chf) and a KLY-2
Kappabridge for low field susceptibility (clf) results.t3.6
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738 cores, the transition between groups 1 and 2 is not
739 associated with a physical discontinuity. Rather,
740 the transition appears to be a diagenetic front.

741 [58] A large number of studies have found high clf,
742 ARM, and IRM in surficial sediments that shift to
743 lower values between 0.2 to 10 m depth from
744 around the world. For example, Geiss et al.
745 [2004] and Pan et al. [2005] describe such tran-
746 sitions in lacustrine sediments; Kumar et al. [2005]
747 in the eastern Arabian Sea; Tarduno [1994] and
748 Rowan and Roberts [2006] in the Pacific; Karlin
749 [1990], Liu et al. [2004], and Riedinger et al.
750 [2005] on continental margins; and Leslie et al.
751 [1990b] focus on the California Borderland in
752 basins just to the south and east of the Santa
753 Barbara Basin. In these studies, clf, ARM, and
754 IRM shift together, however, clf often does not
755 decay until slightly farther down core.

756 [59] There are a number of postulated causes
757 for these observed shifts: (1) changes in sedi-
758 ment supply (possibly on glacial time scales),
759 (2) changes in production and destruction of biogenic
760 magnetite, or (3) pore-water chemistry and biogenic
761 activity that consume a fraction of the magnetic
762 grains.

763 [60] Pore-water chemistry driving the change is the
764 most likely scenario and is the model favored by
765 Leslie et al. [1990b]. The process (detailed by
766 Leslie et al. [1990a]) is driven by changes from
767 an oxic environment at the sediment-water inter-
768 face where sediments go to anoxic conditions as
769 they are buried. This process preferentially con-
770 sumes the smallest magnetite grains, as magnetite
771 is transformed into iron sulfides. Karlin [1990]
772 concluded that magnetic mineral diagenesis is
773 likely to occur in rapidly deposited, sulfidic sedi-
774 ments. On the basis of the AF demagnetization
775 curves, we suspect that a minor amount of greigite
776 may have formed in the base of cores 1 and 4, well
777 below the transition from Group 1 to 2 (Figure 9).
778 Therefore we interpret the Group 1/2 transition in
779 cores 1 and 4 to be caused by a loss of fine grained
780 magnetite with small amounts of iron sulfide
781 production occurring deeper down.

782 [61] The implications for magnetic anisotropy
783 through diagenesis have not been explored in detail
784 in previous studies. Here we find that the finer
785 grained magnetite (Group 1) is likely to be carrying
786 a nearly isotropic fabric. The larger magnetic
787 grains (Group 2) and the paramagnetic minerals
788 carry a fabric that tends to follow the compaction
789 and deformation of the bulk sediment.

790
6.2. Group 2 Sediments

792[62] Below the dashed line in all cores (in the
793Group 2 layers) are several zones of decreased
794anisotropy, accompanied by increased water con-
795tent (labeled as zones 1–4). These zones have a
796relatively lower anisotropy, and relatively higher
797water content than the surrounding sediments (as
798illustrated by Figure 1a in the zone of excess water
799content). These zones could be caused by either
800compaction disequilibria, or by mineralogic
801changes. It appears unlikely in cores 1 and 2 that
802these are mineralogic changes because neither bi-
803plots (Figure 11) nor the clf and IRM down core
804(Figures 6 and 7) show major changes in magnetic
805mineralogy.

806[63] The anisotropy and IRM signatures in core 4
807show subtle changes associated with zones 1–4. At
808the base of zone 2, the increase in clf and IRM and
809anisotropy is associated with a shell fragment.

810[64] In the regions of low water content, the EF
811fabric collapses to FF fabric yielding the observed
812increase in anisotropy. Grain size analysis in core 4
813from the top of zone 2 through the area of
814increased anisotropy show little to no grain size
815variability nor a marked change in mineralogical
816composition. A slight increase in muscovite and
817biotite in the coarse silt fraction is observed in the
818region of increased anisotropy between zones 2
819and 3, which might account for the subtle increase
820in clf (Figure 8). Detailed examination across this
821increase in anisotropy using X-ray and visual
822examination show a minor change in fine scale
823laminations with an increase of layering at 40–50,
82458, and 80–82 cm. This subtle increase in layering
825might be accompanied by an increase in perme-
826ability that limits upward migration of fluids.

827[65] Core 1 was acquired within the accumulation
828zone of the slide, and it is the only core to exhibit a
829compressional signature in the eigenvectors. The
830bootstrap mean V1 trends approximately 30�
831(shown as arrow b in Figure 10). Despite the
832compressional signal, core 1 is the most ‘‘normal’’
833of all the cores in its compaction signal. The
834anisotropy shows a general monotonic increase
835down core as expected from ordinary compaction,
836punctuated by several excess water content zones.
837The Group 1/2 transition is the least abrupt in terms
838of anisotropy of all the cores.

839[66] There are several spikes in the water content
840for core 1 that are observed in the deviation from
841the exponential fit of weight percent water, two of
842which coincide with low anisotropy zones. Zone 1
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843 has a decrease in total anisotropy with a minor
844 increase in water content, overlying another short
845 interval of lower water content. Zone 2 is more
846 dramatic than zone 1, with an increase of 7% water
847 content over the general trend. The four specimens
848 in zone 2 also exhibit the strongest decrease in total
849 anisotropy.

850 [67] In terms of the compaction disequilibrium
851 scenarios outlined in the Introduction, it is possible
852 that zones 1 and 2 are underlying less permeable
853 intervals that act as barriers to fluid migration.

854 [68] In core 2, as observed in the other cores, the
855 areas of high water content are observed in group 2.
856 Zone b appears to be associated with the unconfor-
857 mity and might record a small layer of slide deposit
858 with small clasts above the unconformity. Zones 1
859 and 2 appear to be regions of underconsolidation
860 with little to no change inmagnetic characteristics as
861 observed in clf and IRM.

862 [69] Core 4 has the most unusual Group 2 of all
863 three cores. From 20 to 50 cm, the anisotropy
864 increases and the water content generally matches
865 the exponential curve. Below this interval of ‘‘nor-
866 mal’’ compaction behavior, there are two main
867 regions that have inverted trends in anisotropy:
868 57–63 cm and 87–96 cm (zones 1 and 2, respec-
869 tively). Both of these regions have high water
870 content determined from the weight percent water
871 deviating from the exponential fit. Between these
872 two regions is an area of low water content. Below
873 zone 2, compaction increases slightly and then
874 anisotropy drops again in the excess water zone 3.
875 An increase in anisotropy is observed below zone 3
876 and might be an impermeable layer preventing
877 upward migration of pore fluid causing excess
878 water content and a slight increase in water
879 down core. Note that the there is little to no
880 corresponding shift of clf or IRM at the top of
881 zone 4.

882

883 7. Conclusions

884 [70] The principle results of our rock magnetic and
885 seismic study may be summarized as follows:

886 [71] 1. AMS, when combined with water content,
887 clf, ARM and IRM may add additional information
888 about the compaction history of the sedimentary
889 sequence revealing subtle compaction disequilibria
890 in sediments of relatively uniform composition.

891 [72] 2. Zones with excess water are associated with
892 less compacted AMS signals (relatively lower
893 anisotropy).

894[73] 3. Abrupt change in the degree of anisotropy
895can reveal unconformities caused by evacuation of
896slumped material, and exhumation of underlying
897sediment. These sediments had generally higher
898anisotropies than equivalent levels in other cores
899(apparent overconsolidation).

900[74] 4. AMS eigenvectors detected the slump with
901principle strain axis consistent with that expected
902from the slide morphology.

903[75] In summary, anisotropy of magnetic suscepti-
904bility is a tool for first order exploration of sedi-
905ment consolidation state. The approach is able to
906identify the location of unconformities that have
907apparent overconsolidation, and can point to hori-
908zons that are likely to be underconsolidated. None
909of the methods for detecting compaction disequi-
910librium works for every possible situation, but
911AMS complements the arsenal of techniques used
912for detecting compaction disequilibria. When look-
913ing at AMS signatures, it is important to recognize
914major lithological changes because a change from
915clay-rich to sand-rich sediment could be misinter-
916preted as a major change in sediment compaction,
917or pore pressure. AMS cannot be used in zones
918where rapid diagenesis of the magnetic fraction is
919occurring. Caution should be used when fitting
920exponentials to the sediment water content as only
921small regions of spiking or dipping of water
922content will be detected.

923[76] In addition to underconsolidation, there are
924other mechanisms for destabilizing sediments on
925a slope such as zones of weakness associated with
926certain lithologies or bioturbation, storm wave
927loading, bubble-phase gas, and oversteepening.
928Enhancing our understanding of where undercon-
929solidated zones are likely to occur in near surface
930sediments is helpful for evaluating risk factors
931associated with slope failure. Excess water content
932does not necessarily result in slope failure, but it
933does reduce the normal force of the overlying
934sediment thus allowing the ratio of shear stress to
935normal stress to increase. These zones of weakness
936may be nucleation sites for failures.
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