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Plamen N. Ganev'*, James F. Dolan', Kimberly Blisniuk? Mike Oskin?, and Lewis A. Owen®
'DEPARTMENT OF EARTH SCIENCES, UNIVERSITY OF SOUTHERN CALIFORNIA, LOS ANGELES, CALIFORNIA 90089, USA
2DEPARTMENT OF GEOLOGY, UNIVERSITY OF CALIFORNIA-DAVIS, DAVIS, CALIFORNIA 95616, USA

SDEPARTMENT OF GEOLOGY, UNIVERSITY OF CINCINNATI, CINCINNATI, OHI0 45221, USA

ABSTRACT

Paleoseismologic data from trenches excavated across the Calico fault in the Eastern California shear zone reveal evidence for four surface
ruptures during the past ~9000 yr. Twelve optically stimulated luminescence dates constrain the timing of these surface ruptures, which are
defined by the geometry of growth strata, fissure fills, and upward fault terminations, to 0.6-2.0 ka, 5.0-5.6 ka, 5.6-6.1 (or possibly 7.3) ka,
and 6.1 (or 7.3) to 8.4 ka. Geomorphologic mapping of the 8 km section of the fault extending southward from the trenches reveals two sets
of displacements that record the slip from the past two or three surface ruptures.The slip caused by the most recent event was ~2.0 m, while
the cumulative slip during the penultimate (and possibly the antepenultimate) event was ~4.5 m.The ages of the paleoearthquakes coincide
with periods of clustered moment release identified previously on other faults in the Eastern California shear zone at 0-1.5 ka, 5-6 ka, and
ca. 8-9.5 ka, with two Calico fault surface ruptures occurring during the 5-6 ka Eastern California shear zone cluster. These data strongly
reinforce earlier suggestions that earthquake recurrence in the Eastern California shear zone is highly clustered in time and space. Such
seismic clustering suggests that at least some regional fault networks undergo distinct periods of systemwide accelerated seismic moment

release that may be driven by feedbacks between fault-loading rate and earthquake activity.

LITHOSPHERE; v. 2; no. 4; p. 287-298; Data Repository 2010217.

INTRODUCTION

There is a growing body of evidence that earthquakes cluster at a
wide variety of spatial and temporal scales over both individual faults and
regional fault networks (e.g., Ambraseys, 1971; Marco et al., 1996; Dolan
and Wald, 1998; Rockwell et al., 2000; Friedrich et al., 2003; Dawson et
al., 2003; Weldon et al., 2004; Dolan et al., 2007). Documentation of the
temporal and spatial scales over which clustering occurs is important for
developing tectonic models for accurate seismic hazard assessment (e.g.,
probabilistic seismic hazard analysis [PSHA]). Moreover, an understand-
ing of the mechanisms for clustering would contribute to a deeper under-
standing of earthquake physics and the geodynamics of the lithosphere.

The Calico-Blackwater fault system is the longest in the Mojave sec-
tion of the Eastern California shear zone, a set of predominantly north-
to northwest-striking dextral faults that trends northward from the San
Andreas fault, across the Mojave Desert, and to the east of the Sierra
Nevada (Fig. 1). Recent studies indicate a long-term slip rate for the Calico
fault of 1.8 £ 0.3 mm/yr, averaged over the past 57 = 9 k.y. (Oskin et al.,
2007, 2008). Although this represents approximately one third of the total
geologic slip rate across the six major faults (i.e., Helendale, Lenwood,
Camp Rock, Calico-Blackwater, Pisgah, and Ludlow) that comprise the
Mojave section of the Eastern California shear zone, the paleoearthquake
history of the Calico fault has not previously been documented.

A compilation of paleoseismologic data from the majority of the faults
in the Mojave section of the Eastern California shear zone (but not including

*Corresponding author: 3651 Trousdale Parkway, Los Angeles, CA 90089;
ganev@usc.edu, +1-213-740-8208.
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the Calico fault) revealed that strain release has been highly episodic over
the past 12,000 yr, with pronounced clusters of earthquakes at ca. 8-9.5 ka,
5-6 ka, and during the past ~1000-1500 yr (Rockwell et al., 2000). The
1992 M 7.3 Landers and 1999 M 7.1 Hector Mine earthquakes are the
two most recent earthquakes of the ongoing, latest Holocene cluster.

The lack of previous paleoseismic studies of the Calico fault thus leads
to a simple test of the clustering hypothesis. Because the Calico fault slips
faster than other nearby faults, larger or more frequent earthquakes should
accommodate its slip. If regional clustering of earthquakes modulates
fault-zone activity in the Mojave Desert section of the Eastern California
shear zone, then these earthquakes should fall into the regional cluster-
ing time periods identified by Rockwell et al. (2000). In this paper, we
describe the results of a paleoseismologic trench study and geomorphic
analysis of offset features along the northern part of the Calico fault, and
discuss the implications of our results for earthquake behavior and seismic
hazard assessment.

SITE DESCRIPTION

Our study site is located in the town of Newberry Springs, California,
~30 km east of the city of Barstow (Figs. 1-3). The ~N30°W-striking fault
trace at the site is well expressed on aerial photographs as a very low-relief
(<15-20 cm high), predominantly east-facing scarp and a pronounced
vegetation lineament that extend across the playa deposits (Fig. 2). Two
parallel fault strands, a prominent eastern strand and a more subtle western
strand, are recognizable on the surface. The sediment sources are alluvial
fans to the west of the site originating from the Newberry Mountains.
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Figure 1. Map showing the faults of
the Eastern California shear zone
in the Mojave Desert. The Calico
fault is highlighted in white, gray
star indicates the location of the
trench sites, and the gray quad-
rangle shows our geomorphic
survey area. ALF—Airport Lake
fault, B—Barstow, BF—Blackwa-
ter fault, BLF—Bicycle Lake fault,
CF—Calico fault, CLF—Coyote
Lake fault, CRF—Camp Rock fault,
FIF—Fort Irwin fault, GF—Garlock
fault, GLF—Goldstone Lake fault,
HF —Helendale fault, HLF—Harper
Lake fault, LF—Lenwood fault,
LoF—Lockhart fault, MF—Manix
fault, PF—Pisgah fault, PVF—
Panamint Valley fault, SAF—San
Andreas fault, SDVF—southern
Death Valley fault, TF—Tiefort
Mountain fault.
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Slip rate:
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Figure 2. Aerial photograph showing the surface expression of the Calico  Figure 3. View southeastward toward the playa trench site. The Calico
fault (National Agriculture Imagery Program, 2005). The gray line indi-  fault trace is shown in white. Shown in the distance is the location of
cates the mappable fault trace, which creates a vegetation lineament  Qskin et al.’s (2007) Pleistocene slip-rate study.

with sparse vegetation to the northeast. The trench site is located on

playa sediments to the northeast of the Newberry Mountains. The pho-

tograph in Figure 3 is taken from the overpass at Newberry Springs Road

and National Trails Highway.
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PALEOSEISMIC TRENCHING

We excavated two fault-perpendicular trenches in the playa where the
fault trace was well expressed and where no vegetation was present to
obstruct the excavation, or to disturb the youngest strata. The northern
trench was 30 m long and 0.9 m wide, with a maximum depth of 3 m.
The trench end points were located at 34°49.190'N, 116°39.697'W, and
34°49.182'N, 116°39.715'W. The length of the trench ensured that all
fault strands were exposed. A second trench (the “southern trench”) was
excavated ~100 m to the south in order to assess the repeatability of the
event chronology logged from the northern trench. The southern trench
was 15 mlong and 3.5 m deep. The western 11 m of this trench were 0.9 m
wide, whereas the 3 m east of the main fault zone were 1.4 m wide due
to wall-stability problems. The end points of this trench were located at
34°49.138'N, 116°39.668'W, and 34°49.132'N, 116°39.675'W.

Both trenches exposed fluvial, lacustrine, and playa sediments consist-
ing of well-stratified and thinly bedded pebble gravel to coarse-grained
sand, silt, and clay, respectively (Fig. 4). The fault zone exposed in the
trenches consists of two strands—the eastern (main) strand and a less-
pronounced western strand (Fig. 5). Although motion on the two strands is
predominantly strike slip, subordinate vertical components of movement
have created a down-dropped block between them. Total vertical separa-
tion across the eastern fault at the base of the northern trench is 22.5 m,
and episodic thickening of growth strata across these faults into the central
structural trough helped us to determine the rupture history of the fault.
Both the eastern and western fault strands are exposed in the northern
trench, but only the main, eastern strand of the fault and the eastern half
of the interfault trough are exposed in the southern trench. Major strati-
graphic units are numbered in increments of 10, increasing with depth,
whereas subunits are labeled using a combination of the respective major
stratigraphic unit number plus an alphabetical letter, descending with
depth. For example, unit 90 is a pale yellowish-brown coarse-grained sand
and gravel, whereas subunit 90A is a fine-grained layer that makes up the
uppermost part of unit 90. Detailed descriptions of the stratigraphic units
are included in the GSA Data Repository.!

AGE CONTROL

One of the reasons we originally chose the study site was that playas
tend to concentrate charcoal suitable for radiocarbon dating (the low-
density charcoal fragments stay in suspension until deposited with the last
remaining water to be evaporated on the playa). Unfortunately, we were
unable to find charcoal in any of the deposits exposed in the trenches,
despite intensive efforts to isolate even small quantities through “float-
ing” the low-density charcoal in settling tubes. Fortunately, however, the
sediments at the site were well suited to optically stimulated luminescence
(OSL) dating, which is used to determine the time that has elapsed since
a sediment sample was last exposed to daylight (Table 1) (Aitken, 1998).
This technique has been successfully applied to dating deformed sediments
from paleoseismic studies in the western United States (e.g., Machette et
al., 1992; Crone et al., 1997; Rockwell et al., 2000; Lee et al., 2001; Kent et
al., 2005; Wesnousky et al., 2005) and elsewhere in the world (e.g., Owen
et al., 1999; Washburn et al., 2001; Wallinga, 2002; Rockwell et al., 2009).

We dated 12 samples using OSL methods. At least two samples were
dated from each of the layers bounding each of the event horizons in order

'GSA Data Repository Item 2010217, detailed descriptions of the stratigraphic
units and Figures DR1-DR3, is available at www.geosociety.org/pubs/ft2010.
htm, or on request from editing@geosociety.org, Documents Secretary, GSA,
P.0. Box 9140, Boulder, CO 80301-9140, USA.

to replicate the ages. The sediment samples were collected by pounding
5-cm-diameter, 46-cm-long steel pipes with capped outer ends into the
trench wall. The samples remained sealed in their tubes until processing
in the safe-light conditions in the Luminescence Dating Laboratory at
the University of Cincinnati. Sediment from at least 3 cm from both ends
of the tube was removed, and the rest was dried in an oven at ~90 °C.
Approximately 20 g of the dried sediment were ground to a fine powder
and sent to the U.S. Geological Survey (USGS) Reactor in Denver for
instrumental neutron activation analysis (INAA) to determine the concen-
tration of radioisotopes for dose-rate determination.

The ages of our samples range from 0.6 ka to 8.4 ka, indicating that
deposition of all of the strata exposed in the trenches occurred during
Holocene time (Fig. 6; Table 1). The oldest sample (081407A) was col-
lected from the southern wall of the southern trench, whereas the rest of
our samples came from the southern wall of the northern trench (Table 1).
Although the OSL ages indicate that the sediment accumulation rate has
averaged ~0.4 mm/yr over the past 8.4 k.y., the rate has varied significantly
over that time (Fig. 7). For example, between ca. 5.6 ka and ca. 5.0 ka, the
rate of sediment accumulation increased to ~2 mm/yr, but subsequently
decreased to ~0.2 mm/yr between ca. 5.0 ka and the present.

INTERPRETATION OF PALEO-SURFACE RUPTURES

The trench exposures revealed evidence for four Holocene surface rup-
tures on the Calico fault. We refer to these as events 1 (youngest) through
4 (oldest). The three most recent events are well expressed in the north-
ern trench, whereas evidence for the oldest event is present only in the
southern trench, in which we exposed deeper stratigraphy. As described
in detail next, evidence for these paleoearthquake event horizons includes
fissure fills, the geometry of growth strata (e.g., onlap of fault scarps), and
upward fault terminations.

Event 1

Event 1 is best expressed in the northern trench, where it is recorded by
the geometry of growth strata and upward fault terminations within unit
30, a dense pinkish-brown clay layer. The best evidence for this surface
rupture comes from thickening of unit 30 into the central trough across
both the main (eastern) and western fault zones (Fig. 5; Figs. DR1 and
DR2 [see footnote 1]). Specifically, unit 30 increases in thickness across
the western fault strand from ~10 cm west of the fault to 3040 cm in the
center of the northern trench. Unit 30 includes two subunits: unit 30A,
a denser, more indurated clay, overlies unit 30B, which is slightly more
friable. Unit 30B was most clearly defined on the southern wall of the
northern trench, extending from meter 8, where it is fault contact with the
uplifted older units to the east, across the midtrench trough to the western
extent of the trench.

Unit 30B exhibits a relatively constant thickness of 10—15 cm, particu-
larly west of meter 16. In contrast, unit 30A is restricted to the midbasin
trough and onlaps unit 30B at meter 10 and meter 22 (Fig. 4). At meter 8,
two strands of the main fault offset subunit 30B, but do not cut overlying
unit 10. The eastern of these two strands juxtaposes unit 30B against unit
70 clay exposed in the uplifted block east of the main fault strand. Ten cen-
timeters to the west, the second strand exhibits a 10-cm-high, east-side-up
vertical separation of the lower part of subunit 30B.

Unit 30 thins markedly westward at the location of the western fault at
meter 21.5. The exact stratigraphic level of the upward termination of this
oblique reverse fault exposed is not clear; the fault cuts all strata below
unit 40, but it cannot be traced confidently upward through the unit 40
soil overprint or into unit 30. However, the relatively constant thickness of

LITHOSPHERE | Volume 2 | Number 4 | www.gsapubs.org

289


http://lithosphere.gsapubs.org/

Downloaded from lithosphere.gsapubs.org on August 9, 2010

GANEV ET AL.

‘g pue y sBoj uo s1aul09 yae|q Aq pauijino

ale (Ydual) UIBYMIOU 3Y} JO [|EM UIBYIOU dY] UO 9Z-LZ SI918W Uaamiaq) gLy Pue (Yduall uidyuou 3y} JO [|eM UJdYHIoU 3y} UO |-/ Si319W Uaamiaq) yLyq sa4nbi4 pue (ysuas usdyuou
3Y31 JO [|eAM UIBYINOS 3Y] UO gZ-LZ SI919W U3dM]Ia() g5 PUe (Yauai) uIdyHou Y] JO [[eM UIBYINOS aY] UOo ZL—/ SI919W Uaamiaq) g sainbi4 Jo suoneso 'saysuai ayl jo Aydeibiess pue
21n39n43s [e19uab 9Y) MOYS YoUudl} UIBYINOS Y3 JO [[EM () UIBYINOS PUE. ‘Youdl) uIdYHOoU 3y} JO (g) [|EM UIBYI0OU PasIdanal pue () [|em uiayinos ays jo sboj youauy yney payijdwis “p ainbiq

Jausnoe| deap :doj Je sainjonis
dn-sea) pue aweyy Jussedde ‘Aejo usaib asuaq -001 HUN

90BJaI0YS BULISNOE| {|9ARIB pue pues pappag-ssold ‘paureld
-9s1e00 ‘usalb ajed A|jeoo| ‘pal 0} UMoIG-ysimo|iak ajed -06 Hun

06 Nun Jo Joke| 1eddn paurelb-aul4 -y06 Hun

auLsnoe| ‘Aeo pue pues pauresB-auly Aeib-ysiusa.b sjed
ojul spiemdn Buipelb pues paulelb-asie09 ‘Usain -qog Hun

QULISNOE] J|IS PUE PUES PauleB-wnIpaw
0} -aul ‘uaaib aed Aian ‘snoaseofeo AlybiH -008 HuUN

¢Sus| [eIAnyy ‘jenelb  pue pues
paureB-951200 0} -WNIPaW ‘UMOIG-UsIMO|[oA Bjed -g08 Hun

£IUBWIPaS SuLISNOE| USIB Ul [10S B]eU0gED ‘SaINPOU
ajeuoqied juepunge ‘Aejo s|qeuy ‘Aeib-ysiusaib ajed -y0g8 Hun

4 0001011

]

syun oyde.Biens

Juswipas ekeld Ales {09 yun wouy i bunesedes
doj 1e sainjon.is awey ‘Aejo UMoIg-ysiuld -0 Wun [

ewipes eAe|d ‘Aejo umoiq oed A1eA -09 Wun [

auuisnoe] ‘skejo umoiq Bl Yim pappagualul ‘pues
paureib-8s1200 0} -Wnipaw ‘umolq aled Aap -0G Wun B

pues paureiB-asie0o ui [10s ajeuoqied (|| abeis) padojersp
-llom Ajayelapow Aq pajuudiano uozioy (10s diqwe) -0y tun [

V0 Hun uey ajqeny a1ow Apybis ‘Aejo yuid -gog Wun [
Juswipas eAeld ‘Aejo yuid asuaq -y¥0g Hun —

Juswipas ueljos/eAe|d ‘pues ojqewy paurelB-auly Ao -0z wun [
awipes eAeid s pue Aejo AeiB-ysiiuid 0L wun [

15

0e B

>

7 o

@

¥ o

0z g

gL e

) =N

o B

g0 2

3

0 2

v e 2 B 0F 6 8 7 9 S ¥ € z i 0 0
153m (W) 9OUB)SIP [BJUOZLIOH 15v3

M UIW GZ9°6€ 941
N UlW geL’6Y vE

M uw 899°6€ 911
N UlW 8EL'6Y vE

0
(w) aoeuNns mojaq yideqg

62 8c 12 9c SC 4
1S3Im

€2 [44 e 02 6l 8l Ll 9l

St 14 €l

(w) aoue)SIp |BJUOZIIOH

cl L ok 6 8 L 9 S 4 € 4 3 0

—
(%]
<C
w

w0
(w) aoeuns mojaq yideqg

0g 6¢ 8¢ L2 9¢ S¢ ve

183m
MUIWGLL6E 9LL
N Ul 2816 vE

€2 [44 e 0c 6} 8l A 9l

E vi €l

(w) @oUESIp |BJUOZIIOH

T D
1sv3 <
MUIW Z69°6E 91
N Ulw ot L'6% ¥€

www.gsapubs.org | Volume 2 | Number4 | LITHOSPHERE

290


http://lithosphere.gsapubs.org/

Paleoseismologic evidence for multiple Holocene earthquakes on the Calico fault | RESEARCH

Downloaded from lithosphere.gsapubs.org on August 9, 2010

3 10 si10118 pajyblem pue 10118 seyes 8Sop 81eI0dIodUl SI0LITss

*9%GF INOCE & PaJewW}Se 90IN0S Blad WOl 018 UB 8pnjoul SI04g suni (0002 ‘©UIM Pue AeLN|y ‘HY'S) esop-aaielausbai jonbie-aibuis payeoidal woly psuiwialep (*q) esop wsjeainbe uesw paiybisp,,

"9%0 1> 4O Jo118 UopeIadnoal Uo paseq ale esay] > uesw ajenojed o} pesn serewnse (*q) esop jusjeainbe payeolides Jo Jequiny..
"JUSJUOD BIN}SIOW 10} pajenualie ase sjusuodwiod

ewwed pue elaq pue ‘(866 1) USXIY PUB 08JWEPY WO} 8le Sjel 8Sop ewweb pue Bjag 0} SUOIBIIUSOUOD [BJUSWSIS USAUOD O} POZI|iN SI010B4 (866 | ‘USMIY PUB D8IWEPY *J0) G/°( Se UsYE) A|LBiligie sem

qy Jo} Jojoey uoienuaye eleg "(6/61) [yeplo| wolj siojoe} azis-urelh ajeiodiodul suol

1Is0dwoo Y pue ‘Y] ‘M o} sioloe} uonenusle eleg ‘sjuauoduwiod J1WsSod pue ‘ewiwed ‘eleq Wolj oyel 8sop [e1o]
"0 F Se uayel sem Ajurepaoun “(#661) UONNH PUB J00SaId 0} BUIpJ0dOR PoleNO[ed SABI OILUSOD WOJ) 8} 8SOP O} UORNQLIU0D PalewSTs
"94G F %0 | SB USXe} SBM JUSjUOD JOJeM [eUOIjoe.) PajewST,

‘%0 |+ Se ud)e] sem >~:_mtmocD ‘J@AuUeg ul 3___0&“_ 1010e9Y JEed|onNN >m>._3m _mo_mo_omo ‘SN 1e painseaw Juawipas a|oym Jo m_w>_.m:m UOIlBAIJOE UOJINBU [BlUBWNIISUI WOJ) SUOIjelluU8du0d |eljusws|3,

‘|ons] BOS 8A0QE SIB}eW—|SBW ‘8dusdsaulwn| pajeinwis A|[eondo—i1S0 "Mo299°9L) ‘N.0Z8 7€ S! sejdwes ayj Jo uoeoo| 8y 8joN

Y0F0'S Y0F 06} oy 9C0F¥8€ 200F 120 00°CHH 1% €6'S 9 081-G¢} 0L G9S L9k 028've 2Nv10d HZ0S180
y0F0S S0F99I 43 €C0Fvee 200¥F610 0566 €8¢ 8E'y S0c  08L-S¢t 0Lk G9S L9k 028've 9NVIOd  ©20S180
y0F99 90*F26l Se GecoFey'e <200¥F610 00" kHH lee 98¢ 7L 081-G¢t 0Lt S99 L9LL 028've 0INV10d 4205180
YOF L9 L0F¢e8l e 8L'0F00€ 100 F 640 0186 6L .8 Le’e  081-S¢t 08} S99 L9k 028've 6NY10d 3205180
S0F€L ¥'0F902 144 LL0F€8C LOOFLLO 0€°'68 (WA 208 so'e Se1—06 ove S9S L9k 028've ENVIOd  d/0S180
YOFv'S 80F L6} ¥k 020 F IS€ L00F020 0050+ 8'L 986 l0'S  08+-G2t 0tk G9S L9k 028v¢ 8NV1Od 005180
y0F99 90FLee oY ¥20F 0¥ 200F610 00°GEl 9v'e 00°€l (1% G21—06 0Lt G99 L9LL 028'v¢ INV10d 9205180
L'0F0%¢ 20¥28 0L 920FS0Y 200F 120 009tk /8¢ 206 g9t 081-G¢t 08 S99 L9k 028've YNv10d V05180
L0FV'8 €1 F8¢€e 8 620F 0¥ 200F910 00°8€l 29°€ €0, 8E’L S21—06 00€ S9S L9k 028've ZNV10d V.,0¥180
1'0F90 §ec*Fge 61 GC0F0LyY 200¥F220 0080} 85°¢C 0.0t 8y'y G21—06 (0)4 S99 L9t 028've LENVIOQ 1204150
co0FVve FOFEVL se 920F92y 200F 120 00V LE 88'¢ ge'8 18y 0S1-G2 08 S99 L9LE 028've C¢INV10d 1204150
LOF L)L 8'0F |6} 4 $20F26'€ ¢0'0¥F220 0002+ 0S¢ 0€0} L0y S21—06 0 S99 L9k 028'v¢ SNV10d 9/0/150
(o) (wrh) 8%\“,_\%6._ mmkmva._

(ex) 149S0p dleAInba (A3/D) (A3/D) (wdd) (%) (wdd)  (wdd) ozIs (wo) (jsew) Jaquinu Jaquinu
500e 150 uesa|\ U y8lel8s0Qg §40lWS0) «ad B AUl «N sppied  yidea  epnly uoneooT Kioyeloge o|dweg

S3DV 1¥OILdO ANV ‘STLYWILST *a ‘SALvH IS0 TVLOL ‘SINILNOO FHNLISION

‘SNOILVHLINIONOO Id0LOSIOIAVH ‘SNOILYOOT I1dINYS LNINIAIS INOHS A3 LOVHLIXT SLINS3H ONILYA 7SO 40 AHVIWANS "1 319vL

'€ JUAA? Jo poddns ul 33udpIAS sapinoad pZ 1818W Je 07 HUN UIYHM I} 3INssy f "2injdni 89epns Juadal Jsow 3y} 0} anp aq Aew Aay3 snyj} pue ‘quaixa piemdn 113y} wIdISIp 0}
NP S131 I9ABMOY ‘JUdAS ajew3jnuad ay) 0} pajejal aq Aew suoneuiuld) ainydni paemdn ay | '9z Si9)8W pue Lz s19)9w usamiaq 6oj ydesboloyd pajielaq (g) '3uana yuasai
1SOW 3y} 10} D2UBPIAS BpIA0Ad || 18)3W pUE @ 1933 USIMIA] SUOIIRUIWIS) din}dni piemd( € JUSAS 10} 92UBPIAG SBpIA0Id ‘pue.ls Jney uId)sea ay} Jo 3sea ay) 0} S||ij dNSSly
yum Buoje ‘uonesedas [earan ay| "0L Hun jo diess ayj Jsutebe Buissaning ‘0G-0€ ‘suun 136unoA yum w |~ si uoneledas |ed1a/ (g pue £ S1919W U3aMIa( JqISIA) puess
jInej (wiv)sea) urew ay) jo 6oj ydeiholoyd () "Yauail u1dyHou ay} JO ||eM WIBYINO0S ay) Woly 9zZ—Lg S1919W pue zL—/ sid)aw usamiaq sboj ydesbojoyd pajielaq g ainbi4

0€ o€
o 7T o
D
youea41-JO W00 m
0T .
001 0T o
06 >
=1 ¢l =
wv
=
01 o g
(1]
50 o o
{474
0 pareqimorq N
q 9 5z ¥z £ w 1z zl Ll 0l 6 8 [
1SIM (W) duelsIp [e3uozLIOY 1sva vV

291

LITHOSPHERE | Volume 2 | Number 4 | www.gsapubs.org


http://lithosphere.gsapubs.org/

Downloaded from lithosphere.gsapubs.org on August 9, 2010

GANEV ET AL.

Age of sample (ka)

Event1_0.6+0.1 1.1+0.1 30A
20201 308
40
34+0.2
50+04
50
Event 2 50+04
56+04 0
54+04 56+04 |[ee
Event 3 70
6.1+04 73+0.5 |ee
80A
e | 308
80C
80D
Event 4
90A
90

100

Figure 6. Composite stratigraphic column of
playa units derived from both trenches. Black
circles are depth locations of dated optically
stimulated luminescence (OSL) samples with
the respective ages on the left. Determined
stratigraphic positions of event horizons are
also labeled on the left. Descriptions of each
unit are provided in Figure 4.
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Figure 7. Sediment accumulation rate curve showing distributions of
optically stimulated luminescence dates with depth below the surface
(measured at meter 21 on the south wall of the northern trench for con-
sistency). Uncertainty incorporates all random and systematic errors,
including dose rates errors and weighted average uncertainty. The dashed
line represents the best estimates of the sample ages, providing the sedi-
ment accumulation rate. The gray polygon represents the error envelope
on the sedimentation rate. Depths of event horizons are shown at meter
21 from the north wall of the northern trench.

subunit 30B from meter 16 to the west end of the trench across this feature
argues that subunit 30B was deposited on a near-horizontal surface and
has subsequently been folded by slip on the thrust fault. Subunit 30B is
composed of playa clay, and such fine-grained strata can drape significant
scarps, but even clay units would likely exhibit some thickening across
such a pronounced topographic scarp if it had existed prior to deposition
of subunit 30B. Taken together, these stratigraphic and structural obser-
vations indicate that the most recent surface rupture at the trench site
occurred after deposition of subunit 30B and before deposition of subunit
30A, which is interpreted to have largely filled in the postevent structural
trough created during event 1.

Thickening of unit 30 into the midtrench trough records sedimentary
growth of at least 20-30 cm following event 1. However, the top of unit
30 adjacent to the western fault is not flat, suggesting that growth of unit
30A did not completely fill the trough to its pre-event, horizontal playa
surface, leaving a subtle (~10 cm high on southern wall, ~30 cm high
on northern wall) east-facing scarp. This remaining subtle event 1 scarp
was subsequently completely buried during deposition of unit 10, which
extends up to the current near-horizontal playa surface. Thus, total vertical
separation in event 1 across both strands is probably at least ~30 cm, and
possibly more than 60 cm.

OSL sample 081507A from subunit 30B and samples 051707] and
051707B from subunit 30A constrain the age of event 1. The lower sample
yielded an age of 2.0 + 0.1 ka, whereas the upper samples yielded ages of
0.6 + 0.1 ka and 1.1 = 0.1 ka, respectively. Thus, the most recent surface
rupture at the trench site occurred after 2.0 + 0.1 and before 0.6 + 0.1 (or
1.1 £ 0.1) ka. We note, however, that if there was any undetected partial
bleaching of these (very young) samples, this would result in ages that
are slightly too old. Whereas the general reproducibility of the ages of the
other sample pairs from deeper in the section argues that partial bleaching
is not a major problem in the trench, the ~500 yr difference in the ages
of samples 051707J and 051707B, which were collected from the same
stratigraphic level only 30 cm from each other, suggests that there may be
some minor partial bleaching in some samples. Although we suspect that
this effect is relatively minor, it would be most pronounced in the young-
est samples. Thus, the OSL ages constraining event 1 should probably be
considered maxima.

The upward terminations of the secondary fault strands exposed
at meter 9.5 and meter 11 require additional discussion. Both of these
faults clearly extend upward to at least the top of unit 40, but they can-
not be traced confidently upward into unit 30B. We suspect that this is
because the shallowest few tens of centimeters of the trench exposures
encompassing units 10-30 exhibited pervasive, irregular cracking. This
cracking does not appear to be tectonic in origin, but rather is related to
development of a weak, blocky soil texture in these units. Thus, although
the stratigraphic contacts in this section could be mapped in detail, the
exact upward terminations of the faults could not be unequivocally distin-
guished from nontectonic cracking within the lower part of unit 30. The
possibility that the faults at meter 9.5 and meter 11 do terminate upward
at the base of unit 30B suggests the possibility of another event horizon at
this stratigraphic level.

If these upward fault terminations do record an additional, pre—event
1 surface rupture, this event must have occurred before deposition of unit
30B at 2.0 ka, and after the 3.4 ka age of unit 40. The 3.4 ka OSL date
from unit 40, however, dates the deposition of this unit, and these sediments
must have been exposed at the ground surface for a significant period of
time prior to deposition of subunit 30B, as evidenced by the presence of
the cambic and carbonate soils that developed within unit 40, but which
are not evident in unit 30. The observation that the faults at meter 9.5 and
meter 11 are clearly discernible to the top of unit 40, through the cambic
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and carbonate soil overprints, indicates that these faults must have rup-
tured after most, or all, pedogenesis in unit 40. Thus, if the poorly defined
upward terminations of these faults do record a distinct event horizon,
this earthquake must have occurred just before deposition of unit 30B at
ca. 2 ka. Evidence against the occurrence of a separate event horizon at the
base of unit 30B includes: (1) the inconclusive stratigraphic level of the
upward terminations of these faults, which may have been obscured by per-
vasive soil-related cracking of unit 30; and (2) the complete absence of any
stratigraphic or structural evidence for significant vertical separations of
the unit 40—subunit 30B contact across the faults at meter 9.5 and meter 11.
This is in marked contrast to the four surface ruptures that we documented,
all of which exhibit significant vertical separations. Moreover, subunit 30B
consists of clay that was deposited in a low-energy playa environment, thus
making it unlikely that post—unit 40 erosion beveled off any scarps associ-
ated with the meter 9.5 and meter 11 faults strands. It is more likely, in our
view, that these faults exhibited only minor slip in the most recent event,
and are present, but difficult to discern within subunit 30B. Alternatively,
many small-displacement faults may not reach all the way to the surface
in earthquakes (e.g., Bonilla and Lienkaemper, 1990). Thus, although it is
possible that another surface rupture occurred just before event 1, prior to
deposition of unit 30B, we think this possibility is unlikely.

Weak evidence for a possible post—event 1 surface rupture comes from
east of the main fault, where at least six cracks and small fissures terminate
~0.1-0.2 m below the present ground surface at the base of, or within,
unit 20, to the east of the main fault at meter 8 on the southern wall of
the northern trench. Unit 20 is lithologically similar to unit 30, and these
units may be correlative. However, unit 20 is only exposed on the eastern
side of the eastern fault in our northern trench, so this correlation remains
somewhat speculative, and the implication of these cracks (which do not
appear to have accommodated any slip) remains unclear. If these cracks
are younger than event 1, it is possible that they record cracking of the
playa surface during strong ground shaking in other earthquakes (i.e., they
did not record actual surface rupture on the Calico fault at our trench site).

Event 2

The penultimate surface rupture (event 2) is defined in the northern
trench by both upward fault terminations and sedimentary growth of
units 40 and 50 across both the eastern and western fault strands into the
central trough. As described in detail in the stratigraphic section of the
Data Repository material (see footnote 1), units 40 and 50 are the same
depositional unit. We distinguish unit 40 as a separate unit based on the
development of a weak cambic soil that has been overprinted by a stage
II carbonate soil. The depositional unit made up of units 40 and 50 con-
sists predominantly of lacustrine, medium- to coarse-grained sand along
with several pale-brown clay subunits that are continuous throughout the
northern trench. Within unit 50, the presence of several thin, laterally
continuous clay layers allows us to define the geometry of sedimentary
growth following event 2, as well as the exact stratigraphic position of
the event horizon. Unit 40/50, which onlaps eastward against the fault
scarp of event 3 (discussed in the following section), thickens eastward
across the western fault strand from a thickness of ~20 cm at meter 26 to
a thickness of ~120 cm at meter 12. The parallelism of the lowermost clay
subunits within unit 50 suggests that they were deposited on a relatively
horizontal substrate. In contrast, fanning of bedding dips for the overly-
ing clay interbeds at meter 10.5-12.0 records onlap during sedimentary
growth above a west-facing scarp that developed along the main (eastern)
fault during event 2 (Fig. 5). The geometry of these growth strata indicates
that the event horizon for the penultimate surface rupture lies near the
middle of unit 50. This observation is supported by minor reverse faulting

that occurred during event 2 between meters 21 and 22 along the second-
ary, western fault strand (Fig. 5; Fig. DR1 [see footnote 1]). This strand
displaces the layers below unit 50, as well as the lowest subunits within
it, and terminates upward within the upper half of unit 50. Additional evi-
dence in support of event 2 is provided by an upward fault termination at
an interbedded clay subunit of unit 50 near meter 24.5 on the southern wall
of the northern trench.

Thickening of unit 50 (from a thickness of 20 to a thickness of 120 cm)
from meter 26 to meter 12 in the section of the midtrench trough records
sedimentary growth of at least 1.0 m following event 2. This stratigraphic
growth can be interpreted as a minimum because unit 50 is not exposed
east of the main fault at meter 8, and therefore the upper part of unit 50
may have been eroded. Thus, the total vertical separation in event 2 is
likely on the order of ~1.0 m.

We dated one sample (081507H) from the bottom of unit 50 and two
samples (081507G and 081507F) from the top of the unit, bracketing the
occurrence of event 2. The lower sample yielded an age of 5.6 + 0.4 ka,
whereas the upper samples yielded an age of 5.0 + 0.4 ka. These OSL
dates indicate that event 2 occurred between 5.6 + 0.4 ka and 5.0 + 0.4 ka.

Event 3

Event 3 is well expressed in the northern trench, where it is defined
by the geometry of growth strata, upward fault terminations, and multiple
fissure fills within unit 70, a pinkish-brown clay (Fig. 5; Figs. DR1 and
DR2 [see footnote 1]). The sedimentary growth during event 3 is most
pronounced across the main (eastern) fault zone, where unit 70 thickens
westward from ~50 cm at meters 8-11 to >1 m west of meter 11. East
of meter 8, unit 70 thins and pinches out eastward by meter 3. The pro-
nounced difference in thickness (0.6 m) of unit 70 between meter 7.5 (east
of the main fault) and meter 8.5 (west of the fault) probably reflects ero-
sion of the top of the layer east of the fault. Alternatively, it may reflect
strike-slip juxtaposition of a layer of variable along-strike thickness. We
think this is less likely, however, because of the near-horizontal morphol-
ogy of the site, as reflected in the highly planar nature of most of the strata
expressed in our trenches. Significant erosion of unit 70 east of the fault is
also indicated by the fact that it is overlain directly by the much-younger
unit 20. We did not fully expose the unit 70-80 contact across the entire
length of the down-dropped, midtrench trough, but unit 70 thins westward
from at least 90 cm at its thickest point adjacent to the main (eastern) fault
to ~60 cm west of meter 22 across the western fault strand.

Based on the geometry of several fissure fills and the depth of upward
fault terminations, event horizon 3 lies within unit 70. Specifically, the
event horizon is marked by the top of a fissure fill at meter 24. The fissure
extends downward for ~70 cm through unit 80 and is filled with clay from
unit 70. Moreover, we were able to trace a weakly developed paleosurface
for several meters to the east and west of the fissure on the southern wall
of the trench at the same stratigraphic level as the fissure fill. A similar fis-
sure fill was observed in the northern wall of the northern trench at meter
10 at the same stratigraphic level (Fig. DR1 [see footnote 1]). Moreover,
the occurrence between meter 8 and meter 3 of multiple fissures within
units 80C, 80D, 90, and 100 filled with clay from the lower part of unit
70 suggests that the lower part of unit 70 was at the ground surface during
event 3. A fault between meter 11 and meter 12 also terminates upward at
the same stratigraphic level as the top of the fissure fill. Unit 70 does not
thicken appreciably across the western fault zone, implying that this fault
strand experienced minor slip during event 3.

Two OSL samples (081507E and 081507D) from the bottom of unit
70 and two (081507C and 081507B) from the top of the unit constrain
the age of event 3. The lower samples yielded ages of 6.1 + 0.4 ka and
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7.3 + 0.5 ka, whereas the upper samples yielded ages of 5.4 + 0.4 ka and
5.6 £ 0.4 ka. These ages indicate that event 3 occurred before 5.4 + 0.4 ka
(or 5.6 = 0.4 ka) and probably after 6.1 + 0.4 ka. We suspect that the 7.3
+ 0.5 ka age, which was collected from the same stratigraphic level as the
6.1 + 0.4 ka age, may be less reliable because this sample exhibited the
lowest dose rate of all the samples dated, perhaps resulting in an anoma-
lously old age. Alternatively, if the 7.3 + 0.5 ka age is valid, then event 3
occurred between 5.4 + 0.4 ka and 7.3 = 0.5 ka.

Event 4

Event 4, the oldest event horizon we describe, was only observed in
the southern trench, where slightly slower sediment accumulation rates
allowed us to expose deeper stratigraphic levels (Fig. 4C; Fig. DR2
[see footnote 1]). The event is defined by geometry of growth strata and
upward fault terminations. Specifically, if we assume that unit 70, which
contains the event 3 horizon in the northern trench, was located near the
present ground surface to the east of the main strand in the southern trench
(i.e., above unit 90 on the east side of the fault), as seems likely, then the
total event 4 vertical separation is ~1.5 m across the main strand between
meter 3 and meter 4 in the southern trench. The large minimum vertical
separation across the top of unit 90 suggests that event 4 was a relatively
large-displacement event. Event 4 is also defined by two fault strands that
terminate upward within unit 80D (at meter 3 and meter 4). Moreover, unit
80D, which developed above unit 90, thins eastward against a preexisting
scarp that ruptured the top of unit 90 or the lower part of unit 80D. We
interpret this as possible evidence for an older event, although this scarp
could also have formed during event 4. The overlying unit 80C pinches out
against the west-facing scarp formed during event 4. Unit 80A does not
change thickness within the trench exposure west of the fault, suggesting
that post—event 4 deposition of unit 80C and the upper part of unit 80D had
filled in the down-dropped area to the west of the fault and reestablished a
near-horizontal surface. These observations indicate the occurrence of at
least one surface rupture (i.e., event 4) either during or immediately after
the latter stages of deposition of unit 80D.

One OSL sample (081407A) from the top of unit 90 in the southern
trench, and two samples (081507E and 081507D) from the bottom of unit
70 in the northern trench, bracket the age of event 4. The sample from unit
90 yielded an age of 8.4 + 0.7 ka, whereas the two unit 70 samples yielded
ages of 6.1 £ 0.4 ka and 7.3 = 0.5 ka. These three ages indicate that event
4 occurred before 6.1 + 0.4 ka (or less likely 7.3 + 0.5 ka) and after 8.4
+ (.7 ka. As explained earlier, we suspect that the 7.3 + 0.5 ka date may be
less reliable than the 6.1 + 0.4 ka date because the older sample exhibited
the lowest dose rate of all the samples we dated.

MEASUREMENT OF SMALL-SCALE GEOMORPHIC OFFSETS

In addition to our trench study, we also measured displacements
in Holocene alluvial deposits exposed over an 8 km length of the fault
extending southward from the trench site. We focused on small-scale dis-
placements (<10 m) in an effort to define slip during the past several sur-
face ruptures of most relevance to our paleoseismologic results. Measured
displacements at 16 different locations include horizontal and vertical off-
sets of channels and alluvial-fan surfaces that range from 1.1 = 0.2 m to
8.7+, m (Fig. 8; Table 2). Several of these offsets are preserved along
a releasing bend of the Calico fault. In some cases, only one (horizontal
or vertical) component of oblique slip could be measured, and total off-
set was inferred from the ratio of horizontal to vertical displacements at
nearby sites (Fig. 8). Altogether the measured displacements fall into two
sets: one set of six, ranging from 4.6 + 0.7 m to 8.7 ¥/, m, with an

average of 6.7 £ 3.0 m, and a second set of 10, ranging from 1.1 + 0.2 m
to 3.0 = 1.0 m, with an average of 2.0 + 1.0 m. The presence of at least
two different sets of displacements is further implied by the total oblique
displacement of 2.1 + 0.7 m at location 14 and 4.5 + 0.7 m at location 13
(Fig. 8; Table 2). At these adjacent locations, a fault scarp (location 14)
is present in an offset channel inset into a displaced alluvial fan (location
13). This observation suggests that the channel was incised after at least
one earthquake that offset the alluvial-fan surface, and that a subsequent
earthquake offset the channel further.

Although it is possible that multiple earthquake events are represented
within each set of displacements, we did not observe evidence for more
than two events in the field. We prefer an interpretation of two to three
events, where the set of smaller-displacement measurements (1.1-3.0 m)
records slip in a single earthquake, despite the variability of these offsets
(~1 to ~3 m). Given the overlapping distribution of measurement errors
of the smallest set of offsets, this interpretation seems likely, and such
along-strike variations in slip at adjacent sites have been noted in surface
ruptures on other faults (e.g., McGill and Rubin, 1994).

If we account for an average of 2.0 + 1.0 m of displacement during
the most recent event, the penultimate event had an average slip of ~4.7
+ 2.0 m. Alternatively, the average displacement of 4.7 + 2.0 m may record
slip from two different surface ruptures (events 2 and 3), which our paleo-
seismic data indicate happened closely spaced in time. The potentially
brief interevent time between events 2 and 3 suggests that new geomor-
phic features (e.g., gullies) may not have had sufficient time to develop
between these earthquakes. In such a situation, the offsets in events 2 and
3 would appear as a single geomorphically defined offset. In summary,
we interpret the two sets of displacements (2.0 + 1.0 m and 6.7 + 3.0 m)
to record the most recent two, and possibly three, surface ruptures on the
Calico fault south of Newberry Springs. However, because we lack age
control for the features that are offset, these displacements should be con-
sidered maxima for the most recent two (and likely three) events revealed
by our trenching study.

DISCUSSION

The paleoseismologic data described here demonstrate that the Calico
fault has ruptured to the surface at least four times over the past ~9 k.y.
(Fig. 9). The ages of these surface ruptures strongly support the hypoth-
esis that earthquake recurrence in the Mojave section of the Eastern
California shear zone is temporally clustered, as originally proposed by
Rockwell et al. (2000). Specifically, the most recent event on the Calico
fault occurred after 2 ka, as part of an ongoing cluster of earthquakes in
the Eastern California shear zone that has been occurring over the past
~1000-1500 yr. Moreover, we see no evidence for any Calico fault surface
ruptures during the pronounced seismic lull documented by Rockwell et
al. (2000) between 2 and 5 ka, despite the continuous, well-dated stra-
tigraphy exposed in our trenches for this time interval. The penultimate
and antepenultimate events on the Calico fault, at 5.0-5.6 ka and 5.6-6.1
(or 5.6-7.3 ka), respectively, also occurred during a pronounced cluster at
5-6 ka documented for other faults in the Mojave part of the Eastern Cali-
fornia shear zone by Rockwell et al. (2000). Thus, the Calico fault rup-
tured twice during the penultimate Eastern California shear zone cluster.
Finally, although the timing of the antepenultimate cluster documented
by Rockwell et al. (2000) is only broadly constrained between ca. 7 and
11 ka, with a peak in moment release at ca. 8-9.5 ka, it appears that our
event 4 occurred toward the end of the cluster between 7.3 + 0.5 and 8.4
+0.7 (or 6.1 + 0.4 and 8.4 + 0.7) ka (Fig. 9).

Evidence for two surface ruptures between 5 ka and 6 ka indicates
that the Calico fault can rupture more than once during each cluster. Thus,
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Figure 8. (A) Map showing a part of the northern Calico fault extending southward from our trench site (white star). Circles
show the locations of measured horizontal offsets identified along the fault. The solid black squares are locations along a
releasing bend of the fault with observed oblique-normal motion. The white squares are locations along the fault where the
oblique component of the fault was calculated knowing either the normal or dextral component and assuming a ratio from an
adjacent site. (B) Graph showing measured dextral and oblique displacements along the fault. See Table 2 for details.
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TABLE 2. SUMMARY OF MEASURED DISPLACEMENTS ALONG THE CALICO FAULT OF
THE EASTERN CALIFORNIA SHEAR ZONE
Location ID  Longitude Latitude Displacement* Error Marker/type Quality
(m) (£ m) of displacement of displacement
1t 537209 3844521 6.2 2.0/0.4 Beheaded channel Very good
2t 537209 3844521 1.5 0.2/0.2 Deflected gully Good
3t 537109 3844699 241 0.6/0.6 Beheaded channel Good
4t 536592 3845251 1.3 0.3/0.3 Deflected channel Very good
57 535604 3846264 3.0 1.0/1.0 Deflected channel Good
6" 534285 3847986 1.7 0.3/0.3 Channel thalweg Good
7t 534285 3847986 2.2 0.4/0.4 Channel thalweg Good
8 533578 3848976 6.0 1.5/1.5 Channel thalweg Good
8NT$ 533578 3848976 2.0 0.4/0.4 Alluvial fan Very good
Total oblique displacement for location 8 6.3 1.6/1.6
9 533289 3849405 8.7 2.3/4.1 Channel thalweg Fair
9N 533279 3849432 2.0 1.011.0 Alluvial fan Very good
Total oblique displacement for location 9 8.9 2.5/4.2
10a 533247 3849504 2.4 0.5/0.5 Channel thalweg Good
10b 533228 3849480 2.2 0.2/0.2 Channel thalweg Good
Total horizontal offset for location 10 4.6 0.7/0.7
10Na 533228 3849478 1.0 0.2/0.3 Alluvial fan Very Good
10Nb 533239 3849486 0.4 0.1/0.1 Alluvial fan Good
10Nc 533247 3849497 0.9 0.3/0.2 Alluvial fan Good
Total vertical displacement for location 10 2.3 0.6/0.6
Total oblique displacement for location 10 5.1 0.9/0.8
1 533188 3849683 1.6 0.4/0.4 Channel/alluvial fan Very good
TIN# 533188 3849683 0.8 0.3/0.3 Assumed -
Total oblique displacement for location 11 1.8 0.5/0.5
12 533178 3849707 23 0.5/0.5 Channel thalweg Good
12Na 533179 3849698 2.6 0.9/0.9 Alluvial fan Very good
12Nb 533196 3849705 1.3 0.3/0.3 Alluvial fan Very good
Total vertical displacement for location 12 3.9 1.211.2
Total oblique displacement for location 12 4.5 1.3/1.3
13 533178 3849776 3.5 0.5/0.5 Channel/alluvial fan Very good
13N 533180 3849789 2.8 0.5/0.5 Alluvial fan Very good
Total oblique displacement for location 13 4.5 0.7/0.7
14** 533176 3849789 1.6 0.5/0.5 Assumed -
14N 533176 3849772 1.3 0.5/0.5 Alluvial fan Very good
Total oblique displacement for location 14 2.1 0.7/0.7
15 532871 3850980 1.1 0.2/0.2 Deflected channel Good
16 532835 3851024 1.7 0.4/0.4 Bar edge Good
*Uncertainties associated with each measurement are based on the maximum and minimum possible dextral offsets
of each marker. Uncertainties associated with each normal offset are based on the best-fit slope of the hanging wall and
footwall on either side of the fault.
fLocation along the fault where offset markers were determined in the field with a tape measure. All other
measurements were determined by walking the offsets with a field-based differential Global Positioning System and
realigning the piercing lines of each marker.
SN denotes the location of normal displacement.
*Assumed normal displacement is estimated based on a normal:dextral ratio of site 10.
**Assumed dextral displacement is estimated based on a normal:dextral ratio of site 13.
10 -
[ ] Eastern California shear zone
% mmm  (Calico fault earthquakes Figure 9. Composition of our
> 8 1 paleoearthquake ages (black
E. ;>: bars) and compilation of seismic
o g moment release data in the East-
% z 6 1 ern California shear zone through
E < time (pale gray) from Rockwell
° n-c 4 - et al. (2000). Note the close cor-
z 2 respondence of the event ages
2 X on the Calico fault (this study)
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a moment release in the region.
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0 events identified in this study.
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although the occurrence of the most recent event after 2 ka suggests that
the Calico fault has already ruptured as part of the latest, ongoing earth-
quake cluster in the Eastern California shear zone, the fault may still be
at risk of a near-future earthquake. Furthermore, because no paleoseismic
evidence exists for a surface rupture in the past ~600 yr, it is unlikely that
the Calico fault ruptured in 1887, as suggested by Bakun (2005). One
explanation for these temporally close ruptures is that this section of the
fault was an overlap zone between two ruptures on the southern and north-
ern parts of the Calico fault system. Another possibility is that during the
5-6 ka seismic cluster, strain was released in two events on the Calico
fault. At this time, we lack sufficient slip-per-event data to test these alter-
native rupture scenarios. However, the slip-per-event data gathered thus
far suggest that ruptures of the Calico fault are similar in size to earth-
quakes on nearby shear-zone faults (~3 m per earthquake; Rockwell et al.,
2000). A higher earthquake frequency thus seems necessary to account
for the higher slip rate of the Calico fault when compared to other nearby
dextral faults in the Eastern California shear zone.

The vertical separations measured in the paleoseismic trenches may
provide some insight into the displacements that occurred during the three
most recent earthquakes on the Calico fault. If we assume that the slip vec-
tor has remained constant at our study site over the past three events, then
the vertical components of the total offsets in each event reflect the relative
size of each slip event. The most recent event shows a vertical separation
of 0.5 m, suggestive of a small overall displacement. In contrast, the pen-
ultimate and antepenultimate surface ruptures exhibit larger vertical sepa-
rations of ~1 m each, consistent with larger overall displacement in each
event. The small vertical separation during the most recent event observed
in the trench is consistent with small (~2.0 = 1.0 m) displacements mea-
sured from nearby geomorphic offsets. The remaining geomorphically
measured slip (4.7 = 2.0 m) may be attributed to either one larger penul-
timate event, consistent with the larger vertical displacement observed in
the trench, or it may represent the penultimate and antepenultimate events,
which would imply a similar average slip of 2-3 m in each event. Geo-
morphic offsets on the order of ~2—4 m along the Calico fault imply earth-
quakes ranging from M 7.0 to 7.3 (e.g., Wells and Coppersmith, 1994).
The occurrence of larger-displacement events 2 and 3 of the penultimate
cluster raises the possibility that the apparently small displacement during
the most recent event may be indicative of an ongoing slip deficit.

Interestingly, in addition to the current seismic cluster, the Eastern
California shear zone appears to be experiencing a strain transient char-
acterized by geodetic rates (10°-10" yr) that are faster than the long-term
geologic rates (10°-10° yr) (Peltzer et al., 2001; Oskin and Iriondo, 2004;
Dolan et al., 2007; Oskin et al., 2008). Oskin et al. (2008) documented
a cumulative slip rate across the Eastern California shear zone at 35°N
of <6.2 + 1.9 mm/yr. In contrast, the rate of right-lateral shear across the
entire Mojave Eastern California shear zone measured by global position-
ing system (GPS) geodesy is 10—14 mm/yr (Savage et al., 1990; Sauber et
al., 1994; Dixon et al., 1995; Gan et al., 2000). Thus, there appears to be a
significant discrepancy between the short-term rate of elastic strain accu-
mulation measured geodetically and the longer-term geologic slip rates.
These observations suggest that the aseismically deforming lower crust
and upper mantle beneath the Eastern California shear zone are shearing
at a rate that is faster than the long-term average rate documented geologi-
cally. Mechanically, this implies that an elevated shear strain rate, likely on
a localized, transiently weakened ductile shear zone or set of shear zones,
is driving the current cluster of major earthquake activity here (Peltzer et
al., 2001; Oskin and Iriondo, 2004; Dolan et al., 2007; Oskin et al., 2008).
The mechanisms that permit variable loading rate, and the feedback rela-
tionships that may exist among shear-zone strength, fault loading, and

earthquake activity, remain unresolved (Montesi and Hirth, 2003; Dolan et
al., 2007; Oskin et al., 2008).

Regardless of the exact mechanism that controls the regional cluster-
ing of earthquake activity, or whether or not there is a correlation between
earthquake clusters and transiently elevated rates of elastic strain accumu-
lation, the paleoseismologic data from the Calico fault trenches strongly
support the notion that seismic moment release within the Eastern Cali-
fornia shear zone is highly episodic. Similar examples of spatially and/
or temporally clustered seismic moment release have been observed else-
where on both single faults (e.g., Marco et al., 1996; Stein et al., 1997;
Hartleb et al., 2003, 2006; Friedrich et al., 2003; Rockwell et al., 2009b)
and regional fault networks (e.g., Dolan and Wald, 1998; Rockwell et al.,
2000; Dolan et al., 2007). These observations have fundamentally impor-
tant implications for probabilistic seismic hazard analysis. Specifically,
the increasing body of evidence for clustered earthquake occurrence for
at least some, and perhaps many, faults and fault systems (including, for
example, the Calico fault) suggests that seismic hazard may be strongly
affected by temporally and spatially clustered moment release over epochs
much longer than the typical decadal time scale of postseismic relaxation.

CONCLUSIONS

Paleoseismic trenches demonstrate that the past four surface ruptures
on the Calico fault (event 1, 0.6 [or 1.1 ka] to 2.0 ka; event 2, 5.0 ka to
5.6 ka; event 3, 5.6 to 6.1 ka (or 7.3 ka); event 4, 6.1 to 7.3 ka [or 8.4 ka])
occurred during clusters of seismic moment release identified earlier on
other faults in the Eastern California shear zone as documented by Rock-
well et al. (2000). Two different sets of geomorphic displacements (2.0
+ 1.0 m and 4.7 = 2.0 m) measured in the 8 km south of the trench site
suggest that the past two (or three) of the Calico fault earthquakes were
large-magnitude (M| = 7.0-7.3) events similar in size to the 1992 M 7.3
Landers and 1999 M 7.1 Hector Mine earthquakes. Although the most
recent event we documented in the trenches occurred after ca. 2 ka, during
the ongoing Eastern California shear zone seismic cluster, evidence for
two Calico fault surface ruptures during the 5-6 ka cluster suggests the
possibility that the Calico fault may rupture more than once during each
clustering time period. The evidence of seismic clustering on a regional
network of faults provided in this paper adds to a growing body of data
suggesting that episodic moment release is common on many faults and
fault systems, possibly in response to enhanced loading. Future probabi-
listic hazard analyses need to account for the possibility of temporally and
spatially clustered seismic moment release.
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