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ABSTRACT

The San Andreas fault is the longest faulQalifornia and one of the longeststrike-
slip faults anywhere in the world, yet we know little about many aspects of its bebafiwe,
during, and after large earthquakes. We conducted a study to locate and to estimate
magnitudesfor the largestforeshocksand aftershocksof the 1857 M = 7.9 “Fort Tejon”
earthquakeon the central and southern segmentsof the fault. We began by searching
archivedfirst-hand accountsfrom 1857 through 1862, by grouping felt reportstemporally,
and by assigning Modified Mercalli Intensities to each site. We then used a mddifiedf
the grid-searchalgorithm of Bakun and Wentworth(1997), derivedfrom empirical analysis
of modern earthquakes, to find the location amaignitudemost consistentwith the assigned
intensitiesfor eachof the largestevents. The result confirms a conclusionof Sieh (1978b)
that at least two foreshocks (“dawn” and “sunrise”) located on or near the Parkfield
segment of the San Andreas faptecededthe mainshock. We estimatetheir magnitudesto
beM = 6.1 andM = 5.6, respectively. Thaftershockrate wasbelow average put within one
standarddeviation of the number of aftershocksexpectedbasedon statisticsof modern
southern California mainshock-aftershocksequences. The aftershocks included two
significant events during the firgight days of the sequencewith magnitudesM = 6.25 and
M = 6.7, near the southern half tife rupture; later aftershocksincluded a M = 6 eventnear
San Bernardino in December 1858d a M = 6.3 eventnear the Parkfield segmentin April
1860. From earthquake logs at Fort Tejon, we conclude that the aftersdqponcdasteda

minimum of 3.75 years.
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INTRODUCTION

Two large earthquakes have occurred during historic times (in 1857 and 1906) on the
San Andreas Fault (SAF), although littlekisown about foreshocksand aftershocksof those
events;in particular, little is known about foreshocksand aftershocksof the M = 7.9 “Fort
Tejon” (FT) earthquake which occurred at 8:24 PST on the mornirfyJainuary1857 (see
Figure 1 for location). Sieh (1978b) gatheredhistoric accountsof the foreshocksand the
earliestaftershocks(within the first few weeksof the sequencepf the 1857 FT event. He
compared the geographicaldistributions of intensities from the two largest foreshocks
(“dawn” and “sunrise,” roughly two and one hours, respectively prior to the mainshock;
earthquake names afeom Sieh,1978b) and from two aftershocks(night of 9 Januaryand
afternoonof 16 January1857) to those of modern earthquakesand he used intuition to
locate the epicenters (to a first-order approximation) and to assign approximate magnitudes.
More recently, Bakun and Wentworth (1997) developed an algorithm for constraining

both epicenter and magnitude for early California earthquakesin cases where few
observationsexist and where the felt area (or areaof a particular intensity) is difficult to
ascertain. In addition, critical data has recently been uncoveredin severalforms, one of
which being earthquake lodept at Fort Tejon from January1857 through May 1861. In

light of the new algorithm and new data,we choseto re-evaluatethe largestforeshocksand
aftershocksof the 1857 FT earthquake,and to extend the searchfor aftershocksthrough

April 1862, over five years after the mainshock. We publisheda USGS Open-File report
(OFR) (Meltzner and Wald, 1998), which containsour data,a detailed descriptionof our
analysis, and a catalog of reported earthquakes in southern and central Califoth&tifoe
period January 1857 to April 186%his paperis essentiallya synopsisof the OFR,to which

we will refer on occasion.

METHODOLOGY
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We combined data from pre-existing catalogsand papers with felt reports from
primary sourcesto prepareour earthquakecatalog for January1857 through April 1862.
After catalogingthe events,we associatedfelt reports temporally and “red-tagged” any
aftershocksif either (a) seismicshakingwasreportedin two or more placesat roughly the
same time, or (b) shaking was unusuatyong or damagewasdone in at leastone location.
For the larger events,we assignedModified Mercalli intensities to each site based on
descriptions of damage or reports of felt shaking. Tlengventsfor which we had at least
three intensity data points, we applied a grid-search algorithm basdditaslightly modified
from, that of Bakun and Wentworth(1997) -- namely, it waslacking site correctionsand a
distance weighting function they included (see the Appendix for further discussionof
modifications we made for our analysis).

To summarize, we computed thestmagnitude,M,, and the total rms error between
observedand estimatedintensities,rms[M,], for that magnitude for a grid of potential
epicenters in the felt region. Here, i8lthe mean of Mand

M, = [(MMI, + 3.29 + 0.0206 1) / 1.68],
whereA, is the distance(in km) of observationMMI,; from the assumedgrid point. The
location of the earthquake is bounded by contours of
rms[M] = [rms(M-M,) - rmg(M,-M))],
where rmg(M,-M)) is the minimum rms over the grid of potential epicenters. The point
associated with the minimum rms is the “intensity center.” The®eerror contoursappear
as dotted black lines in Figures 2-6.

The level of confidencecan be assignedto each contour basedon the number of
intensity observations. The rms contourscorrespondingto the 95%, 90%, 80%, 67%, and
50% confidencelevels,for variousquantitiesof MMI observationsare given in Table 1A.
The “best” epicenteris assignedbasedon both the lowestrms error contours and tectonic
considerations;that is, we look for tectonically-attractivelocations in light of the rms
contours.

The magnitude associated with a particular (potential) epiceatebe readfrom the

maghnitude contours for the grid, which appearas solid gray lines in Figures2-6. M, at
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tectonically-attractivepotential epicenterswithin the appropriate confidence-levelcontours

are the best estimates of magnitude for those epicenters.

SOURCES OF ERROR AND UNCERTAINTY IN MAGNITUDE

There are two possiblesourcesof error in magnitude,and each must be assessed
separately. The first potential for error arises frontertaintiesn the earthquake’slocation
(which are inherentin Bakun and Wentworth’s algorithm) and from the possibility of an
observation comindgrom within a geographicpocketof anomalouslyhigh or low intensity;
this first potential for error is accountedfor and assessedstatistically by Bakun and
Wentworth, with uncertainty in M, appropriate for the different confidence levels and
guantities of MMI observations listed in Table 1B.

The second potential source of error is more unique to our situaBesausemany of
the first-hand reports we are dealing with are vague (and in saseshaveonly a one-word
descriptionsuch as severeor slight), we have caseswvhere we are not completely certain of
intensity at a particular location. In their algorithm, Bakun and Wentworth assumedthe
intensity for eachlocation wasknown unambiguously(evenif it may havebeenanomalous
geographically) and dighot consideruncertaintiesin intensities. We must thereforeaddress
the question:if our assignmenbf intensitywas skewedfrom the “true value” -- either by a
bad report or by our misinterpretationof a (vague) report -- then to what extentmight our
results be thrown off?

The bestway to answerthis questionis to accountfor all possibilities. Wheneveran
intensity value wasin question,we assigneda range of valuesso that all possibilitieswere
included. We then plotted different versions of each map (only one representative f@rsion
eacheventis included in this paper) so that we had one version for eachof the possible
combinations of potential intensities, and we noted the extent to which location and
magnitude might be affected by a bad assignnoéribtensity at any particularlocation. As

before, we chose the most tectonically-attractiveepicenter within an appropriate region,
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although in this case, a rangé possiblemagnitudesassociatedvith that epicenter(allowing
for uncertaintiesin intensity) was manually determinedby reading the magnitude at that
location on each version of the map.

Finally, the two sources of error must be combiaad the overall uncertaintymust be
determined. We took the range of possible magnitudeswhich arose from the intensity
uncertaintiesand we convertedthat range into a mean and magnitude uncertainty (e.g, a
range of 6.1 to 6.5 became &3.2). We then added an additional uncertaidyallow for
the uncertaintyin epicenterand the possibility of geographicallyanomalousintensities)as
determined in Table 1B fathe appropriatenumber of intensity datapoints. For this paper,
we added an additional magnitude error of +0.2 (valid for 3 to 6 observationsat 50%
confidence; see Table 1B) to the error associated with the uncertainty in intenAitiesugh
this is not a completelyrigorous statisticalapproachi,it givesus reasonableestimatesof the

overall error at 50% confidence.

LARGEST FORESHOCKS

Sieh (1978b) identified a swarm of small foreshocks scatteredacross much of
northern and central California in the nine-hour period precedin@:®% am mainshock,as
well as the more widely-felt “dawn” and “sunrise” foreshocks centeredin a region
northwestof Parkfield, CA; he estimatedlocations and magnitudesfor the two widely-felt
foreshocks. Below we take another look at thesetwo foreshocks, using the algorithm
modified from Bakun and Wentworth (1997), although the vague natutfgea&portsof the
smallerforeshocks prevents us from further analyzing any of them.

“Dawn” foreshock. A map showing the resultsof the grid-searchalgorithm for the
“dawn” foreshockis given asFigure 2. The location of the point of leastrms error (the
intensity center)implies a location near that of the 1952 M = 6.0 Bryson earthquake;the
1952 earthquake might have beproducedby movementon the Nacimientofault (Richter,

1969), although the highestintensitieswere centeredon the Rinconadafault (Sieh, 1978b).
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(The Nacimientofault is roughly parallelto and about 20 km southwestof the Rinconada
fault in central California; see Figure 1 for location.) The rms error contours are elongated in
a direction roughly perpendicularto the SAF and to the coastline,although this elongation
occurs naturally as a result tife population distribution: there are observationpoints which
bound the rms error contoursfrom the northwestand from the southeastput there are no
data points to bound the rms error values from the northeastubhwest. In addition to the
Bryson location, the 50% confidenceinterval (which, for 6 observationscorrespondgo the
areawithin an rms error contour of ~0.11) on the map in Figure 2 includesthe presumed
northwestern extent of the 1857 mainshock rupture andka8®f the SAF to the northwest
(equivalently,a stretchof the SAF from ~10 to ~50 km northwestof Parkfield). Note that
several historical records indicate that the ruptaeg have extended up to 50 km beyond the
northwestern limit indicated in Figures 1(3ieh,1978a). The 50% confidenceinterval also
includes the epicenter of the 19BB= 6.7 Coalinga earthquake.

Varying the intensity valueswithin our bounds of uncertainty (as noted in Roman
numeralson Figure 2) has very little impact on the results: the contour shapesremain
elongated,and the point of leastrms on the SAF rangesfrom 30 to 45 km northwestof
Parkfield. In Figure 2, the magnitudeis M = 6.1 along this stretch of fault, but alternative
MMI selectionsallow the magnitudeto wanderbetween6.0 and 6.3. This eventwas not
reported, however, by a reliable observer 15-20 miles northwest dB&ato, which leadsus
to believethat a magnitudeof 6.3 is too high (Sieh,1978b). (MMI I, or “not felt,” is not
handled by the algorithm of Bakun and Wentworth.) The most tectonically-attractive location
within the region oflow rms error is the SAF, consideringthat the mainshockoriginatedon
that or a nearby stretch of that fault only two hours later. Using rms error contours,we
constrainthe location to a stretchof the SAF from ~10 to ~60 km northwestof Parkfield.
Consideringerror in magnitude arising solely from uncertainty in intensities,we assign a
magnitudeof M = 6.1 + 0.1; yet we must also allow for uncertainty in magnitude, as
determined in Table 1B and as discussed earlier inpdyier. We add an additional error of
+0.2 for uncertainty in magnitude to the error determined for uncertainty in intensitiget

a magnitude (and overall error) of M = 6.1 + 0.3 (50% confidence) for the “dawn”
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foreshock. The location for this earthquakeis consistentwith Sieh (1978b), and this
maghnitude is at the upper end of the range he determined.

“Sunrise” foreshock. The analysis of the “sunrise” foreshock is more of a challenge,
as many of the primary reports upon which we would need to relgidtfor this foreshock
are ambiguousand unreliable,and basedon our analysis,this earthquakewas considerably
smaller than the “dawn” foreshock. We have only three locations neitable reportsof an
earthquake felt at about sunrise: three reports from San Franciscby @he observerl5-20
miles northwestof SanBenito, and one from Visalia. It is not evenclear that this was one
moderately-sized everas opposedto two or threelocal events. We estimatean appropriate
magnitude and location if indeed it was a single earthquake, but we emphasize thatrioere
concrete evidence that mandates a single-event hypothesis.

For the “sunrise” foreshock, the algorithm identifies a region of low rms eritbin
an elongatedsetof contoursstretchingsouth-southwesto north-northeastand intersecting
the SAF northwest oParkfield (seeFigure 3). The intensity centeris in the easternCentral
Valley, although this location is unlikely, as the earthquakewas not recorded in the
Meteorological Records at nearby Fort Miller (only a foreshock at 2:30 a.m. and the
mainshockwererecordedthere). We plotted alternatemaps for this event (not shown; see
Meltzner and Wald, 1998, Figure 4B) incorporating four observations we considered not to be
fully reliable, in addition to the observations noted in Figure 3. If we consider all ofiips
and then constrainthe location to the SAF, the resultis a stretch of fault ~10 to ~100 km
northwestof Parkfield. The magnituderangefrom thesemapsis M = 5.6 £ 0.1, although
factoring in uncertaintyin magnitudeaccordingto Table 1B givesusM = 5.6 £ 0.3 (50%
confidence). This region of the SAF is characterizechistorically by creep,although recent
work by Toppozada and Borchardt (1998) indicates the occurm@naeV = 5.25 along this
portion of the SAF in 1855 (seeFigure 1). If we assumethat the observationausedin this
analysis all describe the same earthquake, our redtsonsistentwith thoseof Sieh. Note,

however, that Sieh made these very assumptions in his own work.
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LARGEST AFTERSHOCKS

9 January 1857 (night) aftershockBetween 22:27 ané2:53 PST on the night of 9
January, one particularly strong earthquake was reported in a number of localgmsgliern
California and in Visalia (Tulare County). (Keep in mind that in 1857, timing was often
impreciseand inaccurate;for the mainshock,quite a few reportswere off by more than an
hour.) The bestfits to the observedintensities(seeFigure 4 for an exampleof a particular
choice of the assumedintensities)point to a location in the mountains northwestof the
Garlock Fault, in a region bounded roughly by CA State Highway$84and 178; the fault
involved may havebeenthe Garlock or SierraNevadafault, or any of a number of smaller
faults. Estimatednagnitudeis M = 6.25 + 0.5 (50% confidence),consideringboth sources
of error discussecearlierin this paper. No portion of the SAF is included within the 50%
confidence interval in any of the plots for this aftershock.

But reports from the Tejon Indian Reservationare inconsistentwith a M = 6.25
earthquake on or near the Garlock Faulte Tejon Indian Reservation20 km northeastto
east-northeasdf Fort Tejon, at the mouth of Tejon Canyonin the TehachapiMountains,
would havebeenthe closestobservationpoint to the intensity center,and one would expect
the intensity there to be V or greater; yet in the daily journal ofT#jen Indian Reservation,
only “ten slight shocks during the day” following tmeainshockare noted for January9th,
suggesting that nothing was felt with intensity greater than Il or W& must rememberthat
numerous aftershockswere felt over much of California in the hours following the
mainshock, and it is possible that some of the reports tesettain a location in the vicinity
of the Garlock fault might be describirggeparatesvents. (Contrarily, we cannotassumethat
every shock at Tejon Reservatismsrecordedor that, following the MMI VII-VIII shaking
experiencedduring the mainshockthat morning, the reporter would bother describing an
earthquakewith MMI V-VI; in other words, our concern here might be unfounded.) We
therefore propose Bl = 6.25+ 0.5 eventon or northwestof the Garlock fault, althoughwe
cannot be certaithe eventwasquite that large or quite in that location. If, for argument’s

sake, we constrain the location to the SAF, the magnitude would be M = 5.6 = 0.4.
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Alternatively, a scenarioof two earthquakesat separatdocations,eachof 5 =or< M =or< 6,
could explain the observations.

16 January 1857 (afternoon) aftershockn the afternoonof January16th, another
significant aftershockoccurred, which wasfelt in much of southernCalifornia, from San
Diego to SarBernardinoto SantaBarbara. The rms error contoursagain point to a source
off the SAF (seeFigure 5 for an example),althoughthis time it is offshore. The intensity
center ranges in the plots from 40 to 80 km southwesh®PalosVerdesPeninsulaand the
50% confidenceinterval (0.136 rms contour) in eachplot is a broad ellipse,elongatedin a
southwesterlydirection, as a consequenceof being unbounded offshore. The SAF lies
outsidethe 50% confidenceinterval on all of the maps for this event,although the coastal
areas of the Los Angeles Basin \igthin the 50% confidence intervah one map, that shown
in Figure 5. In the regioof the intensity centeron eachmap, the magnitudeis within M =
6.7 + 0.3, and accounting for magnitude uncertainty yidlds 6.7+ 0.5 (50% confidence);
however, if we again constrain the location to the SAF, the magnitude wotld=@.3+ 0.3
(50% confidence, accounting for both sources of error).

15-16 December1858 aftershocks. Two significant events were felt near San
Bernardinoon the night of December15, 1858, and the early morning of Decemberl6.
They were felt most strongly at S&ernardino(Modified Mercalli intensitiesV-VI and VI,
for the December 15th and 16&vents respectively)althoughthey werealso felt sharply at
Los Angeles (intensities INAnd IV-V). Ellsworth (1990) estimateavl = 6 for the December
16 event. Unfortunately, we were unable to plot a map for either of these eventshesdae
minimum of three intensity data points (at thieparatdocalities) for the map to be of any
use. Nevertheless, we can reasonably conclude that it was the stesnglegtiakein the San
Bernardino regionin the years following the 9 January 1857 mainshock.

16 April 1860 aftershock. The singularly notable aftershockto occur along the
northern extent of the rupture took placeon 16 April 1860. In general,it appearsto have
been a repetition of the foreshocks near Parkfield, having been felt from Fort Teéjisalia
to San Francisco. A solution for one particuthioice of the assumedntensitiesis shownin
Figure 6. The intensity centeris offshore,roughly 170 km WSW of San Luis Obispo, but

again the rms contours are highly elongatedperpendicularto the SAF, and the offshore
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location of the intensity center results more from a lack of offshore data points than from any
other factor. A “Bryson” location on the Nacimiento fault (again, see Figjua location)

is possible, as the location falls on or near the boundary of the 50% confidésteal, but a
Coalingalocation and locationson the SAF fail to fall within that interval. Neverthelessa
comparisonof intensitiesin this earthquakewith those in the “dawn” and “sunrise”
foreshocks and in modern Parkfield events leaves open the possibility of an event on the SAF.
The main difference for the 1860 aftershockis the lack of reporting sourcesfrom Santa
Barbara,the Carrizo Plain, and northwestof San Benito. The Nacimiento fault location
correspondsto M = 6.3 + 0.3 (50% confidence, accounting for both sourcesof error
discussedin this paper); similarly, if we constrainthe location to the SAF, the associated
magnitude wouldbe M = 6.2 £ 0.3 (50% confidence,again accountingfor both sourcesof

error). Both the Nacimiento fault and the SAF locations are shown on Figure 6.

DURATION OF THE AFTERSHOCK SEQUENCE

The 1857 rupture segment of the SAF haggy low level of backgroundseismicity,
and that opens the question as to whether the duration of the aftershock sequende836%the
mainshock would be comparableto the duration of aftershock sequencesof modern
earthquakes on smalléaults in California. Becausethe seismicrecord is more completeat
Fort Tejon for January1857 through May 1861 than at other locationsalong the fault, we
will focus on this record. Ifve assumethat the rate of seismicityat Fort Tejon before 1857
equaled the contemporary rate (which we define as the backgratejgwe can determinea
lower bound for the duration of the FT aftershock sequence.

To determine the contemporary or background rate, we searchedthrough the
Southern California Earthquake Center (SCEC) Data Center’'s earthquake hypocenter
databasewhich, at the time of analysis,was completefor eventsrecordedby the Southern
California SeismicNetwork (SCSN)betweenAugust 1, 1983 and the present. We restricted
the searchto the ten-year period 1984/01/01 00:00:00 to 1993/12/3123:59:59 to avoid
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inflation of the seismicity rate by aftershocksof the January 17, 1994 Northridge, CA
earthquake. We then searched for earthquakes ®f2\6 in a boxboundedby latitudes33°
and 37 N and by longitudes 12land 117 W. For the resultingetof over 3000 eventswe
calculatedthe peak ground acceleration(PGA) predicted for Fort Tejon (34.88N latitude,
118.90W longitude) using a regression for peak acceleration as a functioagfitudeand
distance (Joyner and Boore, 1981) modified for smaller events (H. Kanamori, written
communication, 1998). Finally, we associated P@fueswith Modified Mercalli intensities,
and we tried to determine how many earthquakes could be felt aT &ori in a typical year
of “background seismicity.”

For the ten-yearperiod 1984-1993,an averageof 0.5 eventsper year generateda
PGA at Fort Tejon greater than or equal to 1.4%d.3.7 cm/S), which is the lower bound of
MMI IV (Wald et al, 1999); an average of 1.7 evepisr year generateda PGA greaterthan
or equalto 0.7% g (6.9 cm/<S), which is near or below the lower bound of MMI Il (this
bound is poorly constrained); and an average of 9.4 events peggearateda PGA greater
than or equalto 0.17% g (1.67 cm/<), which is the lower bound of MMI I (Wald et al.,
1999). Hence, in an average year, Fort Tejon will experience shaking o&=MWID.5 times,
shaking of MMI= IIl 1.7 or fewer times, and shaking of MMl Il 9.4 times.

Examining the Meteorological Recordsand Monthly Reports(Sources21 and 22,
respectively, in Meltzneand Wald, 1998, Appendix 2) from Fort Tejon from January1857
through May 1861, we see that earthquakes were repeatestyibedusing the words slight,
severgheavy very severgorvery heavyand were occasionally describedbasely or scarcely
perceptible very slight or extremely heavy Any earthquake that was felt and recordeless
described asgery slightor asbarely or scarcely perceptiblewas probably felt with MMI lllor
greater; any earthquake describedsagereor heavywas almost certainly felt with MM 1V.
Looking through the Meteorological Recordsand Monthly Reports for January 1857 to
November 1859, it is apparentthat the rate at which earthquakeswere felt at Fort Tejon
during this period was well above the background seismicity rate faetien. Specifically,
for the nine-month period from March to November 1859, seventeen(17) distinct
earthquakesvererecordedat Fort Tejon, noneof which should be assumedo havehad an

intensity below III; andfour (4) eventswere describedas either severeor heavy and should
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be considered to have been felt with MM or greater. The equivalentannualrate for this
nine-month period is 22.7 events of MMI Il or greater, and 5.3 events of MMir greater
-- a tenfold increase over background seismicity rates determined alidgep in mind that
the rates for 1859 are minimums, as not all felt earthquakes were necessarily recorded.)
There was a perioffom Decemberl859 to March 1860 whenno earthquakesvere
recorded,but looking at recordsfrom April to Septemberl860, we again find elevated
seismicity rates: in that six-month period, five (5) earthquakes were felt and recoodeahf
which had an intensity below IIl at Fort Tejon, aaideastone (1) of which had MMI IV or
greater. The equivalent annual rate for this peisotl0 eventsof MMI Il or greater,and 2
eventsof MMI IV or greater(althoughit may be a little presumptuoudo determinea rate
based on one event) again,this is abovethe backgroundseismicityrate. After September
1860, no earthquakes were recorded, although it is unclear whetheragia@causeno more
earthquakesvere felt, or simply becausefelt earthquakesvere no longer being recorded.
Regardless, historical records from Fort Tejon indicate that seismicity levels remained elevated
abovethe backgroundrate through at leastSeptemberl860, from which we can conclude

that the aftershock sequence of the 1857 earthquake continued for a minimum of 3.75 years.

SIZE, NUMBER, AND RATE OF DECAY OF AFTERSHOCKS

Another questionarisesasto whetherthe size and number of aftershocksof a large
earthquakeon the SAF are proportional to the size and number of aftershocksof modern
earthquakes on smaller faults. The magnitudesfigirshocksgenerallyfollow a Gutenberg-

Richter relation, with each unit decreasein mainshock magnitude leading to a 10-fold
decrease in the total number of aftershocks (Reasenberg and Jones, 1989). Using the statistics
of Reasenberg and Jones, we calculate that in a 5-year period folloWirg a9 mainshock,
we would typically expectone aftershockof M = 6.9, roughly 4 eventsof M = 6.4, and
roughly 13 eventsof M = 5.9 within the aftershockzone. Yet our dataindicatesthat no

aftershocksequaledor exceededM6.9 and only one aftershockexceededM6.4. We have
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identified four aftershocksthat exceededM5.9, and although we may have missed a few
events of 5.% M < 6.4, it appears that thetal number of aftershocksof M = 5.9 waslower
than expected. The observedaftershocksequencefor the FT earthquakeappearsto be
marginally smallerthan, although not inconsistentwith, what would be expectedbasedon
statisticsof smallereventsin California. However,the size of an aftershockzone is poorly
defined for an eventaslarge asthe FT earthquakeand our small aftershocksequencanay
result partly from studying an area that is too small.

As a final point, one should note that the FT earthquakeaftershocksequencewas
characterizedby slower-than-averagdecay:only one large aftershockoccurred within the
first twenty-four hour period, the largestaftershockoccurredmore than one weekafter the
mainshock, and severallarge events occurred more than twenty-three months into the
sequence.[Hough and Jones(1997) noted that out of thirteen selectedsouthernCalifornia
mainshock-aftershockequencedor which the mainshockand the largestaftershockwere
both overM5.5, eight mainshocks wefellowed by their largestaftershockwithin one hour,
and all were followed by their largestaftershockwithin ten hours; in contrast,the 1968
Borrego Mountain earthquakeand its largestaftershockwere separatecby over one year.]
Poor reporting does not appearto be a factor in this apparentlack of other sizable
aftershocksearly on, as the resolution of earthquakereporting in the hours and days
following the mainshock was higher than at any time later in the aftershock sequémless
an aftershock occurred before shaking from the mainshock had ended, such that the
mainshock and aftershock would be indistinguishable to observers (as in thé&laaddidge
earthquake; Hough and Jones, 1997), it is extremely unlikelyatihatarge aftershocks(M =

5.9) occurred on January 9th which were overlooked.

CONCLUSIONS

The two largest foreshocks were locatador nearthe Parkfield segmentof the San

Andreas fault and had magnitudeshf= 6.1 andM = 5.6. They preceded the mainshock by
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two and onehours,respectively. The aftershocksincluded two significant eventsduring the

first eight daysof the sequencewith magnitudesM = 6.25 and M = 6.7, near the southern

half of the rupture. Later aftershocksincluded a M = 6 event near San Bernardino in

December 1858 and M = 6.3 eventnearthe Parkfield segmentin April 1860. Overall,the

aftershockrate was below average,but within one standard deviation of the number of

aftershocks expected based on statistics of mosleuthernCalifornia mainshock-aftershock

sequences. We also conclude that the aftershock sequence lasted a minimum of 3.75 years.
Figure 7 is a summary map, showing locatiéms the two largestforeshocksand the

three largest aftershocksAlthough analysisof the datasuggestghat the largestaftershocks

occurred off the SAF, we plotted (in additionttee preferredlocations)the best-fit locations

if we were to constrain each of the aftershocks to the SAF; the constrained locations should be

consideredpossible,but unlikely, scenarios. For thesefive events,we determinedempirical

strike-slip rupture lengths appropriate for each magnitude, based on the muamgntude-

rupture length regressionof Wells and Coppersmith(1994), and we representtheserupture

lengths on Figure 7, centeredat our preferred location. The preferred and constrained

coordinates for these events are given in Table 2.

APPENDIX: A DISCUSSION ON CONFIDENCE PARAMETERS

A few words of explanation are necessaryconcerning the confidence parameters
given in Tables 1A and 1B. In Bakun and Wentworth (1997), the auihcsled a distance
weighting function both in the algorithm and in the computationof confidence parameters
correspondingto variousrms error contours. This distancefunction preferentially weights
intensity observations from reporting sourge=sar the epicentralregion. This would seema
logical correction, the authors argued, becauseintensity observationsnear an assumed
epicenterare particularly sensitiveto an error in its location, whereasintensity observations

farther away are less sensitive. Indeed, comparing the confidence levels correspondingto
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variousrms contoursfor 60, 70, 80, and more observationswith and without the distance
weighting function (seeMeltzner and Wald, 1998, Appendix 4), we seethat the weighting
function improves the confidence of the rms contours, which in turn means that the
determination of location is improved.

However, for smaller numbers of observations-- in particular, for 30 or fewer
observations (compare Table 1A to data in Bakun and Wentworth, 1999)oppbsiteholds
true: the distanceweighting function actually decreaseshe confidenceof the rms contours.
It appearsthat, with very few observations,the distance weighting function biasesthe
determination of epicentertoward a portion of the observationpoints, when in fact all
observationpoints might be considerablyremovedfrom the epicenter. Since there were
fewer than 30 observations for each of the earthquakes we studied, we did not distattoe
weighting function,eitherin the OFR or in this paper. In the OFR,we publisheda table of
confidenceparameterdor location that was valid for the modified algorithm (lacking the
distance weighting function), as well as a table of uncertainties in magnitudarfous levels
of confidence. Note that the uncertaintiesin magnitudeare independentof and unaffected
by the distanceweighting function. Hence,the confidence parametersfor location for the
modified algorithm in the OFR (not using the weighting function) differed from the
equivalent parameters fahe original Bakun and Wentworthalgorithm (using the weighting
function), although the parametersfor uncertainty in magnitude were the samein both
papers.

Subsequent to publication of Bakun and Wentwdft®97) and to publication of the
OFR, the authors of Bakun and Wentwoffi997) discovereda mistakein their computation
of confidence parameters for both location and magnitude; this mistake also affects the values
for the modified algorithm published in the OFR. Bakun and Wentworth (1999) is a
correction of the confidence parameters published in Bakun and Wentworth (1997), although,
aswith the earlier paper,the correction only considersthe original Bakun and Wentworth
algorithm, which incorporatesthe weighting function. Consequently,for the confidence
parameters for locationthe numbers given in Bakun and Wentworth (199@)not valid for
our modified algorithm, and a specialsetof correctedparametersneededto be generated.

We obtained this set of parameters in a written communication from W. Bakun (1999), and we
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publish itasTable 1A. However,since magnitudeuncertainty parametersare indifferent to
the distanceweighting function, the correctedparametersfor magnitude that are given in
Bakun and Wentworth (199%e valid for our modified algorithm, and we re-print themin

Table 1B in this paper.
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