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of the fault zone. Stratigraphic units were mapped by con- 
necting contacts between CPTs. Most sedimentary units can 
be correlated across each cross section and between the cross 
sections. Many of the units are also laterally continuous and 
nearly flat beyond the area of detailed study. Local facies 
changes cause apparent dips of some contacts. Vertical 
stacks of upwardly decreasing apparent dips were interpreted 
as faults (see below). Apparently---dipping units above flat- 
lying units were interpreted as facies changes. Contacts were 
projected toward fault zones from adjacent unfaulted areas. 
Therefore, dips of units within fault zones are not true dips. 

Fault Identification 

Faults were identified from several types of evidence. 
The general location of the fault zone in the study site was 
identified during preliminary studies (Freeman et aL, 1992). 
On the cross sections, faults were recognized by abrupt 
changes in otherwise laterally continuous units. Faults are 
interpreted to exist where a vertical sequence of laterally 
continuous units drop, and change thickness, and/or change 
lithology. Increasing apparent vertical displacement of units 
with depth between adjacent CPTs was interpreted as a zone 
of faulting between the CPTs. Plots of depth versus apparent 
vertical displacement were prepared for suspected fault 
zones. The plots confirmed the general trend of increasing 
displacement with depth and suggested a history of multiple 
ruptures of several of the fault zones. 

The top (upward termination) of a fault was assumed to 
be overlain by flat-lying units of constant thickness. An in- 
terpreted fault between adjacent CPTs may represent a zone 
of more than one break because resolution of individual 
faults is limited by the spacing of the CPTs. Spacing of CPTs 
was limited by land ownership and access constraints. 

Some of the features attributed to faulting might be 
caused by a combination of folding and variations in stratig- 
raphy. However, with a few exceptions (discussed in detail 
in the Appendix), the interpreted locations of faults cannot 
be attributed solely to stratigraphic changes. Changes in 
thickness and lithology of most units are gradual outside the 
interpreted fault zones. Given the lateral continuity of the 
units across the site, it would be surprising to have vertically 
aligned abrupt stratigraphic changes caused solely by dep- 
ositional processes. Apparent downdropping of units could 
be explained by either folding or faulting. However, the ac- 
companying changes in thickness of units are more plausibly 
the result of displacement and deposition over a scarp than 
folding. In this case, a scarp is defined as relief of the ground 
surface caused by movement on an underlying fault. 

Results 

Three cross sections spanning the northern part of the 
graben are shown in Figures 4a, 4b, and 4c. The location of 
the cross sections is shown in Figure 2. Data from CPTs and 
borings confirm that the area north of the fault zone is un- 
derlain by approximately 20 m of nearly fiat, laterally con- 

tinuous, Holocene-aged strata of sand, silt, clay, and gravel, 
which were deposited atop late-Pleistocene-aged sand and 
silt. 

The stratigraphy is summarized in Figure 4a. The basal 
Holocene unit (unit B) is a distinctive, coarse sand and 
gravel layer with a high penetration resistance. Units 1 
through 11 are also well defined and relatively easy to cor- 
relate across the study site. Units 12 through 16 are more 
laterally variable in thickness and lithology. 

Nine samples from the borings were radiocarbon dated 
(Table 1). Radiocarbon dates can be used to estimate the age 
of the sediments. None of the sample ages are out of tem- 
poral sequence, suggesting that contamination by detritus is 
not a significant problem at the site. The depositional history 
of the site is revealed by analysis of the stratigraphy and 
comparison of the elevation of dated samples with sea-level 
elevation at corresponding times (Fig. 5). Rapidly rising sea 
level during the early to middle Holocene caused aggrada- 
tion of fluvial sediments (units B through 8). About 8000 yr 
ago, the elevation of the site became approximately coinci- 
dent with sea level. As sea level continued to rise, a brief 
period of estuarine deposition (units 9 and 10) was followed 
by deposition in a shallow littoral environment (units 11 
through 14). Units 13 and 14 are interpreted to be littoral 
sands with lateral thickness changes and marine fossils 
(shells). As sea level stabilized and deposition continued, 
clay-rich units 15 and 16 were deposited in an estuarine en- 
vironment. The uppermost 60 cm of sediment were not 
mapped because they were modified by site development. 

Several faults were identified between the CPTs on each 
cross section. The faults are numbered (e.g., 1A, 1B, 1C on 
cross section 1; 2D, 2E, etc.) to facilitate discussion. Cross 
sections 1 and 2 span the northern fault zone boundary of 
the graben. Cross section 3 includes part of the southern 
boundary as well as the northern fault zone boundary of the 
graben. The normal component of motion of the graben 
faults has caused progressively greater vertical displacement 
of units with increasing depth. For example, the top of unit 
B, dated at about 11.7 ___ 0.7 ka (Table 1), has a maximum 
vertical separation of 3.9 m across the fault zone on cross 
section 3. Vertical displacement of younger units near the 
top of the section is minimal. 

Interpretation 

Paleoseismic Event Recognition 

The method used to identify paleoearthquakes on the 
cross sections is similar to methods used in traditional pa- 
leoseismic trench investigations. In trenches, event horizons 
are identified by changes in elevation, thickness, and lithol- 
ogy of stratigraphic units across a fault. Faulted horizons are 
covered by less deformed or undeformed units. Although 
subsurface investigation with CPTs does not allow direct ob- 
servation of fault zones, the stratigraphic horizons of paleo- 
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Table 1 
Radiocarbon Dates 

Elevation Radiocarbon Calibrated Ages 
Sample Boring (m) Unit Years B.E* (lo-) kaf (2o') Description 

Beta-43459 B-9#1 - 4 . 3 9  14 (?) 4459 ± 130 4.335 + 0.360/-0.405 shell 

Beta-43458 B-9#2 - 6 . 8 4  11 or 12 (?) 5360 ± 80 5.485 + 0.170/-0.195 shell 

Beta-42281 B-3#1 - 9.39 9/10 contact 7050 ± 80 7.830 + 0 .135/-  0.170 wood 

Beta-42280 B-2#2 -15 .70  4 8530 ± 200 9.485 + 0.465/-0.495 wood 

Beta-42278 B-l#3 -14 .02  4 9330 ± 100 10.335 + 0.455/-0.300 wood 

Beta-42285 B-4#3 - 15.97 3 or 4 9390 ± 230 10.370 + 0.630/-0.440 wood 

Beta-42282 B-3#4 -17 .16  1/2 contact 9510 ± 70 10.540 + 0.380/-0.235 wood 

Beta-42283 B-3#5 -18 .23  B 10100 ± 150 11.680 + 0.650/-0.690 wood 

Beta-42286 B-4#4 - 23.29 P >30,770 - -  wood 

Samples analyzed by Beta-Analytic Inc. of Coral Gables, Florida. 

,&~3 for Beta-43459 is 0.9 and for Beta-43458, -2 .1 .  &~3 for all other samples assumed to be - 2 5 .  B.E ages are reported as years before 1950 A.D. 

?All ages and errors are rounded to closest 5 yr. Years reported in ka are defined as calendar years before 1950 A.D. Calibrated with CALIB v. 3.0.c 

(Stuiver and Reimer, 1993). Shell dates are calculated using the marine calibration curve and an R value of 225 ± 35. 
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Figure 5. Plot of radiocarbon dates and depths of 
samples superimposed on global late-Pleistocene/Ho- 
locene sea level (compiled from Bard et al., 1990; 
Chappell and Polach, 1991; Gibb, 1986). The corre- 
lated unit and interpreted depositional environment of 
the samples are labeled. 
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seismic events can be identified by applying the same cri- 
teria. 

A recognizable surface rupture is defined for our pur- 
poses as a differential vertical displacement of a previous 
ground surface that is large enough to be recognizable at the 
resolution of our methods. The minimum thickness of cor- 
relatable units (24 to 42 cm) limits the minimum resolvable 
vertical separation to 12 to 21 cm. Additional uncertainty in 
elevation measurements (up to 5 cm) increases the minimum 
resolvable elevation difference to 17 to 26 cm. 

Plots of apparent vertical displacement with depth re- 
vealed increasing displacement suggestive of multiple-rup- 
ture events but were not useful for identifying the strati- 
graphic horizons of individual events because the faults are 
right oblique slip rather than pure dip slip. To identify pa- 
leoseismic events, it is necessary to evaluate both apparent 
displacement and changes in stratigraphy. A faulting event 
can be identified by differential vertical displacement of 

stratigraphic units and corresponding thickening of a unit 
due to subsequent deposition, or "ponding," of sediment 
against a scarp. Lithologic changes across the fault zone may 
provide additional evidence of an event. 

Changes in the amount of apparent vertical displace- 
ment across a fault combined with thickening (ponding) of 
the overlying sedimentary unit on one side of a fault are 
interpreted as probable evidence of paleoearthquakes. Be- 
cause there are small lateral changes in thickness of most 
units, minor changes in lithology are also present on opposite 
sides of the oblique-slip faults. These changes can either 
provide additional evidence of an event horizon or make the 
correlation of units across a fault uncertain. The evidence 
for each suspected event in each cross section is presented 
in the Appendix and summarized below. 

Cross Section 1 

There are three fault zones numbered as 1A, 1B, and 
1C in cross section 1 (Fig. 6). There is evidence for at least 
one paleoearthquake on each fault in cross section 1 and 
evidence suggestive of two rupture events on fault 1A. The 
youngest event on fault 1A occurred at the approximate time 
that the lower part of unit 10 was at the ground surface. The 
horizon of the event is.not well constrained due to strati- 
graphic changes in units 8 and 9. Similarly, it appears that 
fault 1B ruptured either unit 8, 9, or the base of unit 10 to 
form a scarp. Rupture of fault 1C apparently occurred when 
the top of unit 10 or the lower part of unit 11 was at the 
ground surface. There is also suggestive evidence that an 
early Holocene event on fault 1A displaced units 1 and B. 

Cross Section 2 

Each of the three interpreted faults (2D, 2E, and 2F) on 
cross section 2 appears to have ruptured at least twice since 
deposition of unit B. The youngest event on fault 2D ap- 
parently ruptured to the top of unit 14c or near the base of 
unit 15 (Fig. 7). There is good evidence for an older event 
that broke unit B and suggestive evidence of a third event 
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Figure 6. Detail of fault zone in cross section 1. Location of samples for radiocarbon 
dating is marked by numbered bullets. See Figure 4a for location. 

that may have occurred when unit 1 was at the ground sur- 
face. Fault 2E may also have moved three times: when unit 
1 was at the ground surface, after deposition of unit 10, and 
possibly very recently. Fault 2E may have ruptured to the 
top of the section. Fault 2F appears to have moved at least 
once and possibly twice during the Holocene, most recently 
when unit 14b was at or near the ground surface. Changes 
in stratigraphy also suggest that fault 2E ruptured when unit 
B was at the ground surface, but the evidence is inconclu- 
sive. 

Cross Section 3 

There are six faults interpreted on cross section 3. As 
shown on Figures 8a and 8b, faults 3G, 3H, 3I, and 3J show 
down-to-the-south separation, and faults 3K and 3L show 
the opposite sense of separation. Fault 3G displaces sediment 
up to unit 14b, suggesting that the most recent event oc- 
curred when unit 14b was at or near the ground surface. Fault 
3H may have ruptured several times during the Holocene. 
The youngest event most likely occurred when unit 14b or 
the lower part of 14c was at the ground surface. Two older 
events may have occurred when unit 1 was at the ground 
surface and after deposition of unit 9 or the lower part of 
unit 10. There is good evidence for at least two events on 
fault 3I. The youngest event probably occurred when unit 
14b or the lower part of unit 14c was at the ground surface. 

At least one and probably two events, occurred when units 
B and/or 1 were at the ground surface. Only one event, near 
the top of unit 13 or the lower part of unit 14, is recognized 
on fault 3J. Stratigraphic variations and elevation changes 
suggest that multiple displacements occurred on fault 3K at 
the approximate horizons of units 0, 3, 6, and 13 or 14. Fault 
3L displaces units up to unit 14b. Differential displacement 
near the base of the section suggests that two older events 
occurred: after deposition of unit 0 and again after deposition 
of unit 1. 

Number of Paleoearthquakes 

Some of the interpreted paleoseismic events discussed 
above could be artifacts of nontectonic lateral variations in 
stratigraphy. For example, two apparent events on fault 3K 
that are not exhibited by other faults are probably caused by 
stratigraphic variations. However, multiple apparent paleo- 
seismic events at the same stratigraphic horizon on different 
faults provide stronger evidence that a paleoearthquake oc- 
curred at that horizon. To separate paleoearthquakes from 
stratigraphic variations, the horizons of suspected paleoseis- 
mic events on all faults in the three cross sections are plotted 
for comparison in Figure 9. Surface ruptures most likely 
occurred at the stratigraphic horizons where there is evi- 
dence of paleoearthquakes on multiple faults. Figure 9 
shows evidence of at least three surface ruptures in the lower, 
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Figure 7. Detail of fault zone in cross section 2. Location of samples for radiocarbon 
dating is marked by numbered bullets. See Figure 4b for location. 

middle, and upper parts of the section. In addition, there is 
good evidence that two events, rather than just one, ruptured 
the lower part of the section. The upper part of the section 
may also have ruptured twice, rather than once, although the 
number of faulting events near the top of the section is 
poorly constrained due to lateral stratigraphic variation in 
the littoral sediments of units 13 and 14. Therefore, a max- 
imum of five and a minimum of three recognizable surface 
ruptures have occurred within the studied section of the NBF. 

Ages of Paleoearthquakes 

Radiocarbon dates of samples collected from continu- 
ously cored borings were correlated with stratigraphic units 
to constrain the time of paleoearthquakes. Calibrated radi- 
ocarbon dates are plotted on Figure 9 at the sample collection 
horizons. The oldest recognized paleoseismic events oc- 
curred in the early Holocene. The earliest event occurred 
after deposition of the oldest Holocene sediment (unit B) 
dated 11.7 + 0.7 ka and before deposition of the top of unit 
1 or the base of unit 2, dated 10.5 + 0 .4 / -0 .2  ka. The 
second oldest event occurred shortly before, or at approxi- 
mately the time of deposition of the sample dated 10.5 + 
0 .4 / -0 .2  ka. Thus, two early Holocene events may have 
occurred in the span of approximately 1200 yr. 

At least one event occurred in the middle Holocene, at 
the approximate time that unit t 0 was at the ground surface. 
Two samples (from unit I 1 or 12, and from the top of unit 

9 or the base of unit 10) constrain the age of this event to 
between 5.5 + 0.2 ka and 7.8 + 0 .1 / -0 .2  ka, respectively. 
The youngest event or events occurred after deposition of 
the base of unit 14b. A sample tentatively correlated with 
the base of unit 14 is dated as 4.3 + 0.4 ka. Therefore, it 
appears that an event occurred shortly after 4.3 ___ 0.4 ka. 
The presence of a younger near-surface rupture event is sug- 
gested. Based on the shallow depth of the apparent rupture 
termination, such an event could postdate 4.3 + 0.4 ka by 
several millenia. 

Discussion 

1933 Earthquake 

The age of the youngest surface rupture along the NBF 
could not be determined from this study. The epicenter of 
the 1933 M w 6.4 Long Beach earthquake was approximately 
5 km southeast of the study site (Hauksson and Gross, 1991). 
The 1933 earthquake most likely occurred on the NBF be- 
cause the epicenter is approximately coincident with the 
]napped trace of the Holocene NBF as mapped by Bryant 
(1988), and because the preferred nodal plane (Hauksson 
and Gross, 1991) parallels the NBF. The 1933 earthquake 
caused ground disturbance along the NBF in Orange County, 
including the study site (Barrows, 1974). However, none of 
the reported ground deformation was definitively attributed 
to surface rupture. One reported observation of surface rup- 
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ture in Newport Beach (Guptill and Heath, 1981) proved 
inconclusive with further study (Freeman et aL, 1992). At 
the study site, analysis of the CPT cross sections and other 
data neither preclude nor show convincing evidence of sur- 
face rupture within the past millenium. 

Size and Number of Paleoearthquakes 

Our methods are biased toward recognition of surface 
ruptures with significant vertical displacement along graben- 
boundary faults followed by deposition and burial of a scarp 
prior to significant erosion. Rapidly rising sea level in the 
early Holocene triggered fluvial aggradation at the site. The 
aggradation caused sedimentation within the graben and bur- 
ial of at least some of the scarps. However, a lower sedi- 
mentation rate due to slower sea-level rise in the mid to late 
Holocene was not as favorable for preservation of fault 
scarps. Therefore, evidence is clearest for three surface rup- 
tures in the early to middle Holocene. Evidence for the two 
youngest events is not as well expressed, partly because of 
changes in the stratigraphy of younger sediments. However, 
a similar, independent, paleoseismic study of the NBF near 
the Santa Ana River (Shlemon et al., 1995) also concluded 
that at least five surface ruptures occurred in the Holocene. 
By analogy, our preferred interpretation is that five signifi- 

cant surface ruptures occurred at our study site during the 
Holocene. 

It is possible that additional smaller surface ruptures 
and/or strike-slip ruptures with negligible vertical displace- 
ment have also occurred during the Holocene and are not 
recognizable with our methods. For example, if reports are 
correct that there was no surface rupture at the study site in 
1933, then earthquakes similar to the M w 6.4 1933 earth- 
quake probably would not be identified by our study. The 
paleoearthquakes identified in this article may have been as 
large as or larger than the 1933 earthquake because they 
apparently produced measurable surface rupture localized 
along a relatively narrow fault zone. 

Holocene Slip Rate 

The structure of the NIFZ, the long-term right-lateral slip 
rate, and the displacement of Quaternary sediments (Hazen- 
bush and Allen, 1958; Wilcox, 1971; Barrows, 1974; Free- 
man et al., 1992; California Dept. of Water Resources, 1968) 
indicate that the dominant sense of displacement across the 
NIFZ in the region of the study area is right lateral. The focal 
mechanism of the 1933 earthquake was dominantly fight 
lateral with a minor normal component (Hauksson and 
Gross, 1991). At the study site, the presence of a graben in 
Holocene sediments between right-stepping splays of the 
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NBF is also consistent with right-lateral Holocene displace- 
ment. 

If we assume that the paleoearthquakes at the site were 
at least as large as the 1933 earthquake, then a minimum 
Holocene slip rate can be estimated based on the source pa- 
rameters of the 1933 earthquake. The average co-seismic slip 
of the 1933 earthquake was 85 to 120 cm at depth (Hauksson 
and Gross, 1991). If this amount of slip is considered to be 
a minimum amount of surface slip in each of the five sus- 
pected Holocene paleoseismic events, then the minimum 
Holocene slip rate would be approximately 0.35 to 0.55 mm/ 
yr. If  three comparable-sized paleoearthquakes occurred, the 
minimum Holocene slip rate would be 0.21 to 0.33 mm/yr. 
However, as explained above, we prefer five Holocene 
events to three, so our preferred minimum rate is 0.35 to 
0.55 ram/yr. 

This minimum rate is approximately 10 times greater 
than the slip rate estimated at Signal Hill (Fig. 1; Suppe et  

al., 1992) but is substantially less than the 1.1 to 2.0 mm/yr 
Holocene slip rate of the Rose Canyon fault (Lindvall and 
Rockwell, 1995). Shlemon et aL (1995) estimate a total Ho- 
locene slip rate of 1.5 to 2.5 mrrdyr for the NBF near the 
Santa Ana River, based on the vertical displacement of early- 
Holocene sediments and an estimate of the ratio of horizon- 
tal to vertical displacement (6 to 10). At our study site, the 
apparent vertical displacement (2.0 to 3.9 m) of the basal 
Holocene unit (11.7 + 0.7 ka) yields an a p p a r e n t  vertical 
slip rate of 0.16 to 0.35 mrn/yr. Applying the same estimated 
components of motion would yield a right-lateral Holocene 
slip rate of 1.0 to 3.5 mm/yr, consistent with the rate of 
Shlemon et  al. (1995) near the Santa Ana River. Because 
this slip rate is derived from a vertical separation rate within 
a graben, and estimated components of motion, it should not 
be misconstrued as a true slip rate. However, it is interesting 
because it suggests that the total slip rate is several times 
larger than the minimum 0.34 to 0.55 mm/yr Holocene rate 
and could be as high as the slip rate of the Rose Canyon 
fault. 

Recurrence 

The dates of paleoearthquakes on the NBF suggest that 
the recognized surface ruptures were not regularly spaced in 
time, but the dates of events are too poorly constrained to 
rigorously test this hypothesis. The two oldest Holocene 
events apparently occurred within approximately 1200 yr of 
each other, and at least three millennia passed between the 
early- and middle-Holocene events. Therefore, Holocene pa- 
leoearthquakes on the NBF may have occurred in temporal 
clusters, as has been reported for other faults (Grant and 
Sieh, 1994; Marco et  al., 1996; Hiryabayashi et  al., 1996). 

Conclusions 

Application of cone penetrometer testing is a promising 
method for studying subsurface fault zones in stratified, un- 
consolidated sediment where urbanization, access restric- 

tions, or high water tables make trenching unfeasible. Our 
results show that the North Branch of the Newport-Ingle- 
wood fault zone has generated at least three and most likely 
five recognizable surface ruptures in the past 11.7 _+ 0.7 ka 
in Huntington Beach, California. Additional smaller earth- 
quakes similar to the M w 6.4 1933 Long Beach earthquake 
may also have occurred but are not recognizable with this 
method. The minimum right-lateral Holocene slip rate of the 
NIFZ in coastal Orange County is estimated to be 0.34 to 
0.55 mm/yr. The actual slip rate may be significantly higher. 
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Append ix - -De ta i l ed  Descriptions 
of  Paleoseismic Events 

Cross Section 1 

Cross section 1 (Fig. 4a) is an excerpt of a longer cross 
section that spans the northern margin of the graben bound- 
ary. The northern half of cross section 1 shows a nearly flat, 
unfaulted section of layered sediments. Sediments in the 
southern half of the cross section have been displaced down- 
ward by faulting along the northern margin of the graben 
step-over. Detail of the fault zone is shown in Figure 6. 
Based on apparent vertical displacement and changes in stra- 
tigraphy, there are three fault zones between CPTs 5B and 
6, 6 and 7, and 7 and 8. 

Fault 1A is the northernmost fault in the graben. At least 
one and possibly two events may have occurred on fault 1A. 

There is progressive downward displacement on fault 1A 
from the base of unit 10 to unit B. Units 11 and 12 appear 
to be continuous across unit 10, suggesting that they are 
unfaulted. Similarly, units 13 and 14 do not appear to be 
faulted, although their coarse texture would make fault rec- 
ognition difficult. The apparent termination of the fault z.one 
below unit 11 suggests that a faulting event occurred prior 
to deposition of unit 11. The stratigraphy on either side of 
fault 1A is very similar except in units 8 thru 10. Unit 10 is 
substantially thicker on the south side of fault 1A. The lower 
part of unit 10, unit 10a, is thicker than the upper part of 
unit 10 (10b), suggesting that the middle of unit 10 was 
deposited (ponded) against a fault scarp and then covered 
with unit 10b. However, a scarp could have formed by sur- 
face faulting of unit 8 or 9 and then been buried by unit 10. 
The event horizon is not well constrained because of strati- 
graphic changes in units 8 and 9. To the north of fault 1A, 
units 8 and 9 are mapped as separate stratigraphic units. 
South of fault 1A, they are not distinguishable as separate 
units, and the contact with the base of unit 10 is not well 
defined. 

The apparent vertical displacement of units B and 1 sug- 
gests that they were faulted by an earlier event. The top of 
units 1 and B are vertically displaced approximately twice 
as much as units 2 thru 10. However, since unit 2 is not 
significantly thicker on the downthrown side of the fault, the 
evidence for this event is considered suggestive. 

Fault 1B displaces units B thru 10a down to the south. 
The apparent vertical displacement does not increase with 
depth, suggesting that fault IB was formed by a single event. 
Unit 11 appears to be unfaulted, and changes in units 12 
through 14 are attributed to facies changes rather than fault- 
ing. As with fault 1A, there are changes in facies and thick- 
ness of units 8, 9, and 10 across the fault zone. The lower 
part of unit 10 is significantly thicker on the south side of 
fault 1 B, suggesting that unit 10a was ponded against a scarp 
formed by faulting of unit 8/9. The scarp could have formed 
when units 8, 9, or the base of 10 were at the ground surface. 

Fault 1C also displaces units B thru 10. The contact 
between units 11 and 12 appears to be unfaulted because it 
is horizontal across cross section 1. Therefore, the apparent 
dip between units 12 and 13 is attributed to a facies change. 
Thickening of unit 11 south of fault 1C suggests that unit 
11 could have been deposited against a scarp created by 
faulting of unit 10. Unit 8/9 is also thicker on the south side 
of the fault. However, unit 10 is slightly thinner, and the 
combined thickness of units 8/9 and 10 is approximately 
constant across fault 1C. This suggests that faulting occurred 
when the top of unit 10 or the lower part of unit 11 was at 
the ground surface. 

Cross-Section 2 

Cross section 2 (Fig. 4b) spans the northern margin of 
the graben. The northern half of cross section 2 shows an 
unfaulted section of layered sediments. Sediments in the 
southern half of the cross section have been downfaulted 
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along the northern margin of the graben step-over. Three 
fault zones on cross section 2 are discussed below and are 
shown in more detail in Figure 7. 

Fault 2D is the northernmost graben boundary fault in 
cross section 2. The stratigraphic units on either side of fault 
2D are very similar, allowing a high degree of confidence 
in the correlations. The amount of apparent vertical displace- 
ment of units increases progressively with depth, indicating 
multiple-fanlting events. Analysis of the stratigraphy and ap- 
parent vertical displacements suggests that at least two and 
possibly three faulting events have occurred on fault 2D. 
First, the top of unit B is displaced almost twice as much as 
the top of unit 1, suggesting that an event occurred when 
unit B was at the ground surface. The overlying unit 1 is 
nearly twice as thick on the south side of the fault, suggesting 
that it was deposited against a scarp. A second event may 
have occurred when unit 1 was at the ground surface, but 
the evidence for the younger event is not as compelling. The 
top of unit 1 is displaced more than the tops of units 3 
through 14 but less than the top of unit B. Additionally, the 
overlying unit 2 is slightly thicker on the south side of the 
fault zone, suggesting that it was deposited over a scarp. The 
youngest event appears to have ruptured close to thetop of 
the section. The base and top of unit 14c, and all units below 
14c, are at a lower elevation on the south side of fault 2D, 
suggesting that the youngest event ruptured to the top of unit 
14c or near the base of unit 15. The top of unit 15 does not 
appear to be displaced. 

Differential displacement and thickening of units across 
fault 2E also indicate displacement by at least two, and pos- 
sibly three, faulting events. The amount of apparent vertical 
displacement increases with depth across fault 2E. Units B 
and 1 are displaced more than younger units. Constant thick- 
ness of unit 1 and equal displacement of units B and 1 across 
the fault suggest that both units were downfaulted by the 
same event when unit 1 was at the ground surface. Thick- 
ening of unit 2 across the fault suggests that it was deposited 
over a scarp. A younger event is strongly suggested by a 
significant decrease in the amount of vertical displacement 
above unit 11 and a significant thickening of unit 11 across 
the fault. This suggests that unit 10, or the base of unit 11, 
was faulted, formed a scarp at the ground surface, and was 
subsequently buried. Minor apparent vertical displacement 
of all mappable units above unit 11 suggest that faulting in 
the most recent event may have extended to the top of the 
section; however, facies changes in units 15 and 16 make 
the location of the contact and highest level of faulting un- 
certain. 

Fault 2F appears to have moved at least once, and pos- 
sibly twice, during the Holocene. Units B through 14b ap- 
pear to be downdropped to the south, suggesting that the 
most recent event occurred when unit 14b was at or near the 
ground surface. Unit 14c is thicker on the south side of fault 
2F, suggesting that it was deposited over a scarp. The top of 
unit 14c is similar on both sides of the fault zone, but there 
are facies changes in the lower part of unit 14c. This further 

suggests that lower unit 14c was deposited on a scarp. The 
contact between units 14c and 15 does not appear to be 
faulted. 

Changes in the stratigraphy in the lower part of the sec- 
tion suggest that the top of unit B may be an event horizon. 
However, changes in stratigraphy and the appearance of unit 
0 across fault 2F create uncertainty in correlations and event 
identification. The top of unit B is displaced downward 
across the fault more than any of the younger units, sug- 
gesting that the top of unit B is an event horizon. A layer of 
sand between units B and 1, unit 0, was deposited on the 
south side of the fault. The stratigraphic position of unit 0 
suggests that it was deposited on the downthrown side of 
fault 2F. The CPT signatures of unit 1 are very similar on 
both sides of the fault, allowing high confidence in corre- 
lation of this unit. However, unit 1 is higher on the south 
side of the fault than on the north side, suggesting a sense 
of motion opposite the direction of displacement of other 
units. This apparent contradiction could be caused by a large 
strike-slip component of motion in later faulting event(s), or 
significant facies changes in the lower stratigraphic units. 
Either explanation decreases confidence in the interpretation 
of an event at the top of unit B. 

Cross Section 3 

Cross section 3 spans the northern and central portions 
of a graben, as shown in Figure 4c. Apparent vertical dis- 
placement across faults 3G, 3H, 3I, and 3J (shown in detail 
in Fig. 8a) is down to the south. Apparent displacement 
across faults 3K and 3L (shown in detail in Fig. 8b) is down 
to the north. Most of the faults in cross section 3 show ev- 
idence of movement during the early Holocene and/or when 
unit 14 was near the ground surface. 

Fault 3G appears to displace sediments up to unit 14b. 
Unit 15 appears to be flat and of constant thickness on both 
sides of the fault. Therefore, the top of unit 14b or the lower 
part of unit 14c was most likely the ground surface during 
the most recent faulting event. There are significant changes 
in lithology, thickness, and elevation of units B, 1, and 2 on 
either side of fault 3G. The coarse texture of these units and 
the apparent pinchout of unit la  suggest that the differences 
were caused by fluvial channels rather than faulting. 

The stratigraphy on both sides of fault 3H is very simi- 
lar. An increase in displacement with depth indicates that 
fault 3H moved more than once. Units B through 14b appear 
to be faulted, based on apparent vertical displacement. Units 
15 and 16 do not appear to be faulted, although lateral 
changes in both units could obscure evidence of an event. 
Therefore, the youngest faulting event most likely occurred 
when unit 14b or the lower part of unit 14c was at the ground 
surface. Small changes in displacement with depth and mi- 
nor changes in stratigraphy permit the interpretation of two 
older events, but the evidence is only suggestive. An in- 
crease in the amount of apparent vertical displacement below 
unit 10 and a minor increase in the thickness of unit 10 on 
the south side of fault 3H suggest that an older event may 
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have occurred when unit 9 or the base of unit 10 was at the 
ground surface. Similarly, an increase in apparent displace- 
ment and thickening of unit 2 suggests that the oldest event 
occurred when unit 1 was at the surface. 

There is good evidence for the occurrence of at least 
two events on fault 31. As with faults 3G and 3H, the most 
recent event probably occurred when unit 14b or the lower 
part of unit 14c was at the ground surface. This interpretation 
is based on the apparent vertical displacement of units B 
through 14b. The apparent displacement of units 3 through 
14b is approximately the same. Unit 1 is displaced nearly 
twice as much as the units above, and the top of unit B is 
downdropped nearly twice as much as the top of unit 1. This 
suggests that at least one and probably two events occurred 
when units B and/or 1 were at the ground surface. Unit 0 
was probably deposited against a scarp from the earlier 
event. The greater thickness of  unit 2 on the south side of 
the fault suggests that it was also deposited over a scarp 
formed by the faulting of unit 1. 

Differences in elevation of units on either side of fault 
3J suggest that at least one faulting event has occurred. 
Changes in the amount of apparent vertical displacement and 
thickness of units across fault 3J are not large enough to 
discriminate multiple events. All units below the top of unit 
13 are at lower elevation on the south side of fault 3J. Unit 
14b is approximately the same thickness and elevation on 
both sides of the fault, suggesting that the most recent event 
ruptured upward through unit 13, and possibly into the lower 
part of unit 14a, but did not reach units 14b or 14c. 

Fault 3K is near the center of the graben. It displaces 
sediments downward to the north. Differences in elevation 
of stratigraphic units suggest that fault 3K has displaced sed- 
iments up to unit 14a. Units 14c and 16 are of constant 
thickness and nearly flat, suggesting that they are not faulted. 
Therefore, the youngest event on fault 3K probably occurred 
when either unit 14a or unit 14b was at the ground surface. 
Multiple movements of fault 3K are suggested by the ap- 
parent increase in vertical displacement with depth, and the 
greater thickness of units 1, 4, and 7 on the north side of the 
fault. The oldest Holocene event may have occurred before 
unit 1 was deposited. The base of unit 1 is downdropped 
across the fault approximately 50% more than the base of 
unit 2, and unit 1 is substantially thicker to the north, sug- 
gesting that it was deposited over a scarp. Thus, an event 
may have occurred when unit 0 or the base of unit 1 was at 

the ground surface. By the same logic, two more events 
could have occurred after units 3 and 6 were deposited. Unit 
3 is displaced more than the units above it, and unit 4 is 
thicker to the north, suggesting that it was deposited over a 
scarp. Similarly, unit 6 is displaced more than younger units, 
and the thickness of unit 7 could be explained by deposition 
over a scarp. 

Fault 3L displaces units up to unit 14b, suggesting that 
the youngest event occurred after deposition of unit 14b or 
the base of unit 14c. Stratigraphic changes indicate that ear- 
lier events displaced the units near the base of the section. 
The top of unit 0 is displaced 3 to 10 times more than units 
3 through 14, suggesting that an event occurred after depo- 
sition of unit 0. Overlying unit 1 is nearly twice as thick on 
the north side of the fault, providing further evidence of a 
faulting event after deposition of unit 0 or the base of unit 
1. Similarly, there is evidence for an additional event after 
deposition of unit 1, though this evidence is less compelling. 
The top of unit 1 is displaced less than the top of unit 0 but 
more than the top of units 2 through 14. In addition, unit 2 
is three times thicker on the north side of the fault than on 
the south side, suggesting that it was deposited over a scarp. 
Above unit 2, the amount of apparent vertical displacement 
of units does not show a consistent pattern, suggesting that 
the youngest event may have had a substantial component 
of strike-slip motion. 
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