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ABSTRACT ation. The ages (Table 1) correlate well with the
Analysis of emergent marine terraces in the San Joaquin Hills, California, ar€f°Th dating  last interglacial period (Edwards et al., 1987),
of solitary corals from the lowest terraces reveal that the San Joaquin Hills have risen at a ratemarine oxygen isotope substage 5e.
of 0.21-0.27 m/k.y. during the past 122 k.y. Movement on a blind thrust fault in the southern Los  Three solitary coralsBalanophyllia elegans
Angeles basin has uplifted the San Joaquin Hills and has the potential to generate ap, M3 samples 12654-0, 12654-1, and 12654-2; Table 1)
earthquake within this densely populated area. Our structural modeling suggests that the fault from the second terrace along the coast of the San
dips to the southwest and slips at ~0.42—0.79 m/k.y., yielding an estimated minimum averag@oaquin Hills (Fig. 2) had initié@?3U values sig-
recurrence interval of ~1650—3100 yr for moderate-sized earthquakes. Recognition of this blindnificantly higher than the modern marine value,
thrust extends the known area of active blind thrusts and fault-related folding southward from suggesting diagenetic alteration. The range of

Los Angeles into coastal Orange County. 230Th/238 values for a set of California solitary
corals correlated to the last interglacial period

INTRODUCTION AND tions of shorelines and terrace platforms usin(Btein et al., 1991) is a guide to the magnitude of

GEOLOGIC SETTING geotechnical excavations, borings, natural expaiagenetic shifts iR%°Th/238U values (and*°Th

The Whittier Narrows and Northridge blindsures, and topography (Fig. 2). We correlatedges). We assume that the rangé&#th/238U
thrust faults in the Los Angeles, California, are@oastal terraces with inland terraces by compariragtivity ratios (0.7516—0.8516) for the Stein et al.
were recognized only after they generated danefevation, stratigraphic relationships, degree fL991) samples is due solely to diagenesis, that
aging, moderate-sized earthquakes, @/ and dissection, soil profiles, and faunal assemblagdkse same percentage spread affected our samples
6.7) in 1987 and 1994 (Bullard and Lettis, 1993(Kanakoff and Emerson, 1959; Peska, 1984). at the 12654 locality, and we then center this
Scientists of USGS and the Southern California spread on the med#Th/238 ratio of the 12654
Earthquake Center, 1994). Blind thrust faults arslEASUREMENT OF UPLIFT RATE samples. The lowe&t°Th/23 ratio corresponds
often associated with active folds (Stein and Fossil localities in the northern San Joaquito an age of about 120 ka, and the highest ratio
Yeats, 1989; Ward and Valensise, 1994; Lettis éills have been used for zoogeographic correl@orresponds to an age of about 240 ka.
al., 1997). Indications of late Quaternary foldingion and aminostratigraphic dating of upper Qua- A specimen oParacyathus pedroensfsom
are present in the San Joaquin Hills at the soutternary marine deposits in the Los Angeles basithe first terrace (locality GK-90-14, Fig. 2)
ern margin of the Los Angeles basin (Fig. 1). Weut there are significant uncertainties in amingielded an age of 106 ka (Table 1). The sample
present stratigraphic and geomorphic analysesatid dating due to temperature sensitivithas an initiab***U value close to the modern ma-
combination witr?3°Th coral dating to calculate (Wehmiller et al., 1977; Kennedy et al., 1982rine value, suggesting that the radiometric age is
rates of uplift and evaluate the potential for blind.ajoie et al., 1991). Th&Th dating of solitary reliable. Barrie et al. (1992) correlated the lowest
thrust earthquakes beneath the San Joaquin Hilksrals is a more reliable method of dating marinSan Joaquin Hills terrace with substage 5a on the

The Los Angeles basin is a northwest-trendinglatforms. It can calibrate amino acid dates anblasis of the lack of extralimital southern (i.e.,
structural trough bounded by active reverse arafjes of faunal assemblages. Because corals m@m water) fossils, the extent of amino acid
left-lateral faults of the Transverse Ranges to thencommon in southern Californi#2Th ages racemization, and elevation of the shoreline
north and by active right-lateral faults of thefrom the Los Angeles basin have not previouslgngle. Elevation of the substage 5a highstand was
Peninsular Ranges to the northeast and southwbsen reported. well constrained as —1 m for the southern Cali-
(Wright, 1991; see inset map in Fig. 1). The San We calculated the average late Quaternafgrnia coast by Muhs et al. (1994), but they
Joaquin Hills are the topographic expression ofaplift rate of the San Joaquin Hills using corateported —20 m to —1 m elevation of the substage
northwest-trending anticline between San Juaamges from three localities and measurements 8¢ highstand. On the basis of terrace and eustatic
Capistrano and Huntington Mesa (Vedder, 197%aleoshoreline (shoreline angle) elevationsea-level correlations (Fig. 3), we conclude that
Lajoie et al., 1991) (Fig. 1). The Newport-Ingle-(Fig. 2). Coral U and Th concentrations, isotopithe substage 5c¢ coral was reworked onto the sub-
wood fault zone and its offshore extensiomatios, and3°Th ages (Table 1) were determinedstage 5a terrace, or the substage 5¢ and 5a sea
(Wright, 1991; Fig. 1) bound the San Joaquitby thermal ionization mass spectrometry usingtands occupied the same platform.

Hills on the southwest. The Newport-Inglewoodhe methods of Edwards et al. (1987) and Cheng The elevation difference between the terrace 2
fault zone generated the 1933,M.4 Long etal. (1999). shoreline angle (32—35 m) and substage 5e sea
Beach earthquake near the mouth of the SantaThree subsamples of a sindParacyathus level (6 m; Lajoie et al., 1991) divided by the
Ana River (Hauksson and Gross, 1991). pedroensiskeleton (sample FP-28) from terraceaverage age of sample FP-28 (122 ka) yields an

Uplift of the San Joaquin Hills began in the2, on the east side of upper Newport Bay, yieldedplift rate of 0.21-0.24 m/k.y. Analogous calcu-
early Pleistocene (Barrie et al., 1992). A suite afimilar ages and initid?3U values only slightly lations for the 12654 locality yield uplift rates of
emergent marine terraces is present along theher than the modern marine value of 146%. 8.24—0.25 m/k.y. for a substage 5e correlation.
coastal San Joaquin Hills (Vedder et al., 19572%. (Cheng et al., 1999). Near-primary uraniuntJsing 0.24 m/k.y. as our best estimate of uplift
We extended previous mapping of terrace deposotopic composition and agreement among thate during the Quaternary, the age of the highest
its (Barrie et al., 1992) and measured the eleveadiometric ages imply minimal diagenetic altershoreline (305 m) is ca. 1.3 Ma, and several inter-
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Figure 2. Map of marine-terrace platforms, location of measured shoreline elevations
(open circles), and fossil localities (stars). See Figure 1 for location.

Figure 1. Regional map of San Joaquin Hills (SJH)
showing approximate location of fold crest of San
Joaquin Hills anticline. Other features: AC—Aliso
Canyon, DP—Dana Point, HM—Huntington Mesa,
LC—Laguna Canyon, NIF—Newport-Inglewood
fault, NM—Newport Mesa, SDC—San Diego Creek,
and SJC—San Juan Capistrano. Epicenters of
1933, 1987, and 1994 earthquakes are marked by
stars. Modified from Vedder et al. (1957). Inset map
shows greater Los Angeles region.
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mediate terraces were probably occupied by mul-
tiple highstands (Fig. 3).

RECENCY OF UPLIFT

The location and thickness of Holocene sedi-
ments in the San Joaquin Hills suggest that tec-
tonic uplift continued during the middle to late
Holocene. Isopach and structure contour maps of
the Holocene Talbert aquifer beneath the Santa
Ana River (Sprotte et al., 1980) suggest that the
aquifer has been deformed. The distribution of
fluvial and estuarine sediments southeast of the
Santa Ana River also suggests that Holocene up-
lift occurred. Newport Bay was incised at least 36
m below present sea level during the last glacial
maximum, but rapid sea-level rise at the close of
the Pleistocene inundated coastal drainages and
induced sedimentary infilling with Holocene sedi-
ments (Stevenson, 1954). Stevenson concluded
that an elevated bench of former marsh deposits in
Newport Bay was created during the late Holo-
cene by emergence. Stevenson speculated that the
emergence was due to tectonic uplift and, based
on elevation profiles, the uplift reflected anticlinal
folding along a northwest-trending fold axis.

DISCUSSION

The late Quaternary uplift rate, anticlinal
structure, and indications of Holocene uplift
imply that the San Joaquin Hills are the surface
expression of an active contractile fold (see
Fig. 1), formed above a potentially seismogenic
thrust fault (Stein and Yeats, 1989; Lettis et al.,
1997; Shaw and Shearer, 1999). Geomorphic
analysis of the San Joaquin Hills provides some
constraints on the geometry of the proposed blind
fault. A fault-bend fold model with movement on
a northeast-vergent thrust fault best explains the
elevation of marine terraces on the northeast limb
of the San Joaquin Hills anticline, as shown
schematically in Figure 4. Anticlinal structure of
the San Joaquin Hills and northeast vergence of
the underlying fault are supported by structural
data of Vedder (1975) and our terrace mapping.

The maximum-magnitude earthquake that
could occur on the San Joaquin Hills thrust can be
estimated from empirical relationships between
magnitude and subsurface fault-rupture length, as
defined by the areal distribution of Quaternary up-
lift. This method does not require assumptions
about fault geometry. The area of uplift extends at
least ~38 km, from northwestern Huntington
Mesa southeast to Dana Point, and therefore the
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Table 1. URANIUM AND THORIUM ISOTOPIC COMPOSITIONS AND CONCENTRATIONS OF SOLITARY CORALS

Locality*/ Species Sample/shoreline 238 22 20y ®Thage' Pt Stage or

sample number elevation (m) (ppm) {ppb) {activity ratio) (ka) initial substage

SDsU Paracyathus 24/33-34 3.471 37.9 0.7616 122.6 157 5e

3812/FP-28a pedroensis 7) 3) (26) (1.0) 4)

SDSU Paracyathus 24/33-34 3.678 61.8 0.7717 124.1 165 5e

3812/FP-28b pedroensis 4) (6) (68) (2.1) (3)

SDSU Paracyathus 24/33-34 3.327 74.5 0.7563 120.4 159 5e

3812/FP-28¢ pedroensis (3) (5) (48) (1.6) (3)

GK-90-14 Paracyathus 16 -17/21 4.681 129.6 0.7131 105.6 173 5¢
pedroensis (6) (1.1) (24) (0.7) 3)

LACMNH Balanophyliia 29-30.5/35-36 3.702 283 0.9448 172.8 247 Seor7

12654/12654-0 elegans (7) 4) 47) (3.1) 6)

LACMNH Balanophyllia 29-30.5/35-36 3.691 419.6 0.9430 167.7 258 S5eor7

12654/12654-1 elegans 4) (2.3) (36) (2.2) 4)

LACMNH Balanophyliia 29-30.5/35-36 3.618 179.6 0.8509 137.6 230 Seor7

12654/12654-2 elegans (22) (1.1) (57) (5.0) (26)

Note: The first three analyses are different fragments of the same individual coral skeleton. All other analyses are on individual corals. Decay
constants for **U and **Th are new values from Cheng et al. (1999): A,,, = 9.1577 x 10%/y and A, = 2.8263 x 10°/y. The decay constant for **U is
referenced in Cheng et al. (1999): A,,, = 1.551 x 10™/y. 2¢ errors are in parentheses and represent errors in the last significant figures.

*Locality data available from E. C. Allison Center, Department of Geological Sciences, San Diego State University (SDSU), San Diego, California;
Invertebrate Paleontology Section, Los Angeles County Museum of Natural History (LACMNH), Los Angeles, California.

1 Calculated from isotope ratios using the standard age equation (e.g., Edwards et al., 1987), with correction for initial *°Th assuming an initial
= Th/”*Th value of (4.4 £ 4.4) x 10®, the bulk Earth thorium isotopic value with an arbitrarily assumed error of +100%. For all samples, the
correction is small and error introduced by the correction is small compared to analytical error.

§ 5V = ([**UF*°U] - 1) x 1000; brackets indicate an activity ratio. Initial U value is calculated from the measured value by using the **Th age.

Figure 3. Correlation of shoreline-
angle elevations of coastal marine
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Marine

fault could generate a V6.8 earthquake, using Teﬂaces S

the length regression of Wells and Coppersmit TR

(1994). Alternatively, the magnitude of a maxi- i

mum credible earthquake is estimated by assur

ing that the San Joaquin Hills thrust extends to tt

base of the seismogenic crust at 17 km, dips bFigure 4. Block diagram of

tween 20° and 30°, and extends upward to withimarine-terraces on northern San

2 km of the surface. In this interpretation the S J%aS?;'nH';'gi (V'j;\éideéovl\;ﬁ;dssﬁgrc' ate

Joaquin Hills thrust is a backthrust that soles intactive axial S)L/,rfaces where terrace plat-

the Oceanside detachment (Bohannon and Geforms are folded. Large arrows denote

1998) as part of a wedge-thrust structure. The dsense of folding. Direction of movement (out

of the San Joaquin Hills fault is modeled after thOf ©F into page, respectively) is shown by small

offshore segment of the San Joaquin Hills ant;”?ws aréd plus or minus sign. NIFZ is Newport-
glewood fault zone.

cline, south of Dana Point (e.g., Fisher and Mills

1991). In this model, rupture of the entire faul

area could generate g M.2—7.3 earthquake, us- SR

ing the regression of Dolan et al. (1995). The lat Blind Thrug
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Pleistocene slip rate of 0.42—0.79 m/k.y. is estichappell, J. M., and Shackleton, N. J., 1986, OxygeReska, F., Jr., 1984, Late Pleistocene fossils from upper
mated from inferred fault dip (20°~30°) and the isotopes and sea level: Nature, v. 324, p. 137-140.  Newport Bay, Californiain Butler, B., et al., eds.,

. Cheng, H., Edwards, R. L., Hoff, J., Gallup, C. D., The natural science of Orange County: Natural
measured uplift ratelof 0.21-0.27 m/k.y. . . Igichards, D. A., and Asmerom, Y., 1599, The History Foundation of Orangge Count;yMemoir,
The recurrence time for earthquakes is esti-  half-lives of uranium-234 and thorium-230: v. 1, p. 55-60.
mated from the equatioh= D/V, whereT is the Chemical Geology (in press). Scientists of USGS and the Southern California Earth-
average recurrence timéjs the slip rate, anB  Dolan, J. ., Sieh, K., Rockwell, T. K., Yeats, R. S., quake Center, 1994, The magnitude 6.7 North-

; ; Shaw, J., Suppe, J., Huftile, G. J., and Gath, ridge, California, earthquake of 17 January 1994:
Is the a_verage displacement per earthquake. We E. M., 1995, Prospects for larger or more frequent ~ Science, v. 266, p. 389-397.
useD = 1.3 m of average uplift (Grant and earthquakes in the Los Angeles metropolitan reshaw, J. H., and Shearer, P. M., 1999, An elusive blind-
Ballenger, 1999) for the most recent event and  gion: Science, v. 267, p. 199—205. thrust fault beneath metropolitan Los Angeles:
the slip rates (0.42—0.79 m/k.y.) to calculate aveFdwards, R. L., Chen, J. H., and Wasserburg, G. J.,  Science, v. 283, p. 1516-1518. _
age recurrence times of 1650-3100 yr for mod- 1987, U-238—U-_234—Th-230—Th-232_ systematSmith, D. E., and Teggart, FJ., eds., 1909, Diary of
erate-magnitude earthquakes ics and the precise measurement of time over the  Gaspar de Portola during the California expedi-
g i q ) past 500,000 years: Earth and Planetary Science tion of 1769-1770: Berkeley, University of Cali-
We prefer to interpret movement of the San | etters, v. 81, p. 175-192. fornia Press, Publications of the Academy of
Joaquin Hills blind thrust to be the product ofischer, P. J., and Mills, G. I., 1991, The offshore New-  Pacific Coast History, v. 1, no. 3, 59 p.
partitioned strike S||p and Compressive shorten- i?ortl-lngéliethtod—Rose Catn)t/pn fau(lit tZOrile,nCa"-Spl’Otii/?, E. Ci_i IZLJ”igs%. gi., Gi’i?eriiNOOd,dR. B., and
; _ ornia: Structure, segmentation and tectoriits, umm, H. A, , Classification and mapping
Ing acro_ss t he souther_n_NeWport_ Inglewood fault Abbott, P. L., and Elliott, W. J., eds., Environ- of Quaternary sedimentary deposits for purposes
zon imilar t rtitioned slip reported b ; ; ; ; ‘i ;
HO i’ s (i‘ggg) pla Oh €d slp elf)o Ae Iy mental perils of the San Diego region: San Diego,  of seismic zonation, south coastal Los Angeles
auksson along the western Los Angeles  california, San Diego Association of Geologists, basin, Orange County, California: California
basin. Grant et al. (1997) reported multiple sur-  p.17-36. Division of Mines and Geology Open File Report
face ruptures on the southern NeWport-IngIeGa”“]’i’é& ?heEtmﬁgjdgf rﬁg-]hL;eaalnIZVJe(l)shg\slgiqt‘hlz.p?agﬁteinsl?ll-l?/ilzgge‘:burg G. J., Lajoie, K. R., and Chen
wood fault zone during the Holocene, but other 54 554 vears: Science, v. 263, p. 796-800. 3. H., 1991, TIMS U-series ages of solitary
than observations of an elevated marsh benchdant, L. B., and Ballenger, L., 1999, Holocene uplift corals from the California coast by mass spec-
Newport Bay and sparse microseismicity, we do  and paleoseismology of the San Joaquin Hills, ~ trometry: Geochimica et Cosmochimica Acta,
not have direct evidence for Holocene activity of Ofan%eLCOUmy, ggliforznéaei ggismolomcal Re-s Az ;)513 p. 37%9\—(3722-R <. 1089, Hidd o
- search Letters, v. 70, p. 266—267. tein, R. S., and Yeats, R. S, , Hidden earth-
the San Joaquin Hills thrust. Grant, L. B., Waggoner, J. T., Rockwell, T. K., and von quakes: Scientific American, v. 260, p. 48-57.
ngever, on July 28, 1769' Gaspar de POI.’t0|a, Stein, C., 1997, Paleoseismicity of the northStevenson, R. E., 1954, The marshlands at Newport
the first Spanish explorer into southern Califor-  branch of the Newport-Inglewood fault zone in Bay, California [Ph.D. thesis]: Los Angeles, Uni-
nia, camped on the eastern bank of the Santa Ana Huntington Beach, California, from cone pene- versity of Southern California, 199 p.
River, ~15-20 km north ofthe San Joaquin Hils, L CER A R P e o e and well 1616, San oaqui Hils-San
. ica Bulletin, v. 87, p. 277-293. i wi , uin Hills—
A Vloient earthquake occurred at noon, fOIIOWeql-|auksson, E., 1990, Earthquakes, faulting and stress in  Juan Capistrano area, California: U.S. Geological
10 minutes later by a severe aftershock and two  the Los Angeles basin, southern California; Jour-  Survey Open-File Report 75-552, scale 1:24000,
other strong aftershocks later that day. After-  nal of Geophysical Research, v. 95, p. 15,365—  3p.
shocks continued for the next five days (Smith k15139‘iz § Gross. 5. 1901 S tVEddigSJ? GG Yi?fk?s' R. F-iﬁtlir]'d SSCh%elhamefi_i_Jli E.,
auksson, E., and Gross, S., , Source parameters , Geologic map of the San Joaquin Hills—
ani:_i Tefggiairt,_ 1909)t.hA|tth:ugiif1 th(_aretharie maigv pf the 1933 Long Bgach earthquake: Seismolog- San‘Juan Capistranp area, Orange County, Cali-
active Taults In southern LCalirornia that cou ical Society of America Bulletin, v. 81, p. 81-98. fornia: U.S. Geological Survey Oil and Gas In-
have generated the 1769 earthquake, Portola&anakoff, G. P., and Emerson, W. K., 1959, Late Pleisto-  vestigations Map OM-193, scale 1:24 000.
location makes a blind San Joaquin Hills source  cene invertebrates of the Newport Bay area, Caliiard, S. N., and Valensise, G., 1994, The Palos Verdes

worthy of serious consideration. fornia: Los Angeles County Museum Contribu- terraces, California: Bathtub rings from a buried
tions in Science, no. 31, 47 p. reverse fault: Journal of Geophysical Research,
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