E nlhqu.\kcs.l \ulh, .\ml\ml ar l’osser l’!.mts m

Southern Ncw \ ork and '\m lh(’l n \*uv Jrr cy o )

f'covcrw;.t is tnore’ campl..le' for?
Al‘*tncl 3rmmr ucnwlv in lhr greater New lnrk (':rv area is concemm!cd ulung -"York State and’ .nd)uccnt areas and 1

severol northeast-trending foults of which the Rumnpo[au!r appears 1o be the mmr er fur \ew l"nbl.md !-or Ncw,York :
active. Three nuclear power planis at Indian Point, New York,:are sitnated dmr 10 -
the Rumapo fuult. For o reactor site in nse for 40 years, the pmlmh:h!v that the site.
will experience an intensity equal to or in excess of the desiya (sufe slnmluwn) currh LY
quake iy emmuml to hr ahbout § to II nercrnr y

is the dc!cghun ls'proh'chh".

The R:\mupo “fault s)'s!cm. ' which_
bounds the Triassic-Juassic Newmk
graben on its northwest side, has been
known for about 100 years but has been:
commonly pvcwmed to be an imctive

fault. Prior to the advent of plate tectonic |

concepts in the fate 1960°s, Trissic de-
formation was generally thought 1o be
""thc Iast dying gasp of Paleorvic otoge-
ny.*" The separation of Nuorth America
from Africa in the Trassic-Jurassic is
now penerally recognized ax the !ast

areat tectonic event in the area, which’

greatly influenced the subsequent peo-
lopic histury, The hypothesis thit the

fault is dead now appears to hive been

tenable only in the near absence of local

instrumental earthquake data, Although .

a number of workers since 1961 (/) have
suggested  correlation  of carthguakes
with this and other nearhy (aults, the
data were insufficient to definitcly estab.
lish such correlations, The rccent in-
pravement in the seisimographic cov-
crage for this area enabled us to deter-
mine precise locations far 33 eurth.
quakes and many focal mechanism sulu-
tions. ‘The results clearly indicate that
seisnue activity is related to fanlts that
trend nurtheast to north-northeast,

= Yheew suandic lieur wiiti e, 16 e
S Indian Point reactors thin within the
e same distance from any uther nuclear
ower plant in the United States. The re-
ctors are situated within § km of i major
g\' brianch of the Ramipo fanlt system. As
: l.ntc HIY 1972 however, the l-'in;nl Fn\irnw

M

" actor unll 2 stated, “*There are ro (mly
major faults in or near the site.”” This
. view was disputed by the State of New
'_~4,Yorlv.. and that concern led to heanngs
YO scismic sifety held befure the Atonne
Sufety aml Licensing Appeal Beood
SCHEe mn,

STF, Vo I ABRIL 14T

'_ (ASLAH) of the”-Nuclear” Rq.ul.llory

Commission (NRC) in 1976 and 1977. In .
<1975 Ratcliffe () rcw[.mzed an lndlvld :
“ual fault, possibly of the R.un.npo sys
“tem, that passes beneath reactor unit 3

Since then, considerable effort has been
devoted to peologic m: pping aml studies,
of local carthquakes near the icactors (2,

4-6).
have occurred on the Ramapo foult both

10 the sonthwest and nostheast of the
- plant as wcll as :\lmmt dm.ctly beneath |

it. . Cona

Stn.nuf'c information '\nd judament
are intimately involved in severl of the
questiuny litigated in the NRC hearings.
on Indian Point. Since we participiated s

.cvcnls Uscd in this rcpon uxmg hunh

||\C\C cventsis rem; uk hly samvl.\r lulh |l
~of historical cvents for the period” I'v‘~
through 1959 (). Both the record in Ti |g

Since late 1976, several shocks

- mechanism svlutions for \unlhc.l\!"u-

‘lhe Ranmpo fault, \Ve d-.lcrmmcd lhf
'mu;mmdc\ (rr1n) of these und” Nhu

1 and the hu\lom shocks shuw concen
trations of seismic activity in the north
crn. western, and southeastern pnh of
New York State; the central part uf lln
state is essentially ascismic,
Earthquitke Tocations, faults, :\ml Ix el

New York and northem New Jersey e
shown in Fig, 2. A more detailed de g
tion of the seismic dati is given ‘cler
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Fig. 1. Epicenters of i thguakes (1970 throuch 1977) i aertheistern North Amenicin hwatad s
sations netwon ks in the area. Note the naithenst alipmnent of (‘\\lhqu.u\.t\ in nuvlhc'r Nen
Jersey and sosithern New York, Stars ddenote events of unknown oripin,
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‘th ; Thc :nsocnnon of \usnm: :ulm-

N themmre. an c\nmmmmn of !hc fm‘.al‘
' mechanisin solutivnis shows thit foF each,.
5 suhmon ofve of, Ihc nml:ﬂ pl.mu tund
m\nh 0) norlhc.nsl ‘which i is also. the prc
~ dominant trend of xhe faults in llm area
) ', This remarkable sp.m.nl correlation’ amt”
the cun\ntcncy of the nodil planes w-lh | nms
“<_the trend of the m'\ppcd hululc.wchmc ,,7'
= doubt thnl carthqinikeés in this aren necur

:ﬂnng p«ecxts(mg huln ' ‘

,muees with the dip of

nd ycnl(vuc cw\h nu: 5.

“ the Triassic. Newark b: 1nin, the area be-
- lwccn thc an.upo fmlt .\nd lhc Hudson

Epicentar locations Faults o 700
@ ERM LY km ~=- Dashed where :pp'oﬂ

O ERHS2 km - - mate ot inlerred
LOERHSS km’ - e~ o tinrmal, hachures on
o © downthrown side ',
Focal ~~ « Thrust or.reverse, teeth!
mechanisms . . on averthrust block '

a1~

tiew York
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“Fig. 2. Fault map (4, 8, 29) of seuthenstern New York amd porthern New Jersey shawing cpivens
ters (circles) of instrumeantally located eartngunkes from 1962 through 1977, Indicited ungers
“taintied (ERI) in epicentral locations represent approsimately two siandard deviations, Focal
mechanism solutions e upper-hemisphere plots; the dark area tepresents the compressivonid
wrwdent. For event 14 there are tais possitle il mey hmmm Suhations: the daty however,
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y. with this's m.uor fault syster is particu-. .~,'
: ;uly clnr in Fig,'3, where'the hypoun-
cys of cvcpts,wnh rctmb!c l‘m.nl dcplhs:

: h.u not_ hcun dcmunslr.\ml .||nn;"

crly‘,dip’ nf the hy"p'o'-f-
,-lj',thc f:ums detcrmmcd fmm foeal mcch.n-f.

Rcl.mvely little .nctmty |s fouml \v:lhm :

,hmmdm;. 1hc l':n .unhn m H 31
hml\ ' .

frum Pruamhnnn lo Jm.mvc 'lmc £
'Ahhough “Triassic- Jurasaic™ mmcm

» continuous along lhc entire mnr:/\""
Fi igure 3 indicates that seismic ~va Y

Ramapo fault extends toadepth nf -w! ]
410 km. In contrast, much of the sei;
“activity northwest of the Ramoo ‘-
occurs at shallow depths (110 2 ks -
. is of swarm type. This evidence snpi s
nm the Rumapu hull may have a pee
_seismic potential’ than ad)accnl l.--

‘ nmthwes( of it. : B

Focal mechuanism suluhon\a lml-.

lh.n hs;.h-.mg.!c reverse faulting. i

" predominant mede of wnhmru-
, fault movement in lhns area; this du'-
. from the sense of movement dmm‘ :
STrassic-Jurassic (4, 8, 1), T{l‘nn '
state of stress in this.arca has chie
with time, The present m.mnmm
“pressive stress direction s m.ul)
*farm and fremds west northwest’ mh‘
dicates  reictivition  of suullw.n-
potthwest-dipping faults, -

In s plate tectonic framewank, (h«'
const of North America was v .
along a plate boundary dunng the
assic but is presently a region interis
a lithospherie plate. In a worll
stinly of intrplite phenmmena, S¢°
(712) found that inteaplte earthqu
such as those in castern North Amery
femd to occur wlong major precvis,
Fatrlts that were reictivited by conti
tal frugmentation in the Mesozoic o ¢
nOZOIC Cras, M.my of these teuctic .
faults are still seismically active 1 -
but, of course, not to the extent 1hat 1.
were duning the initial stages of conti-
tal nfting.

On the hasis of foeal mechimiem
tions, Aggarwal (J0) postuliated the
activity in the New Yurk City aren
belong to « lurger seismotectoniv g
inve evtemling southwesterly (o Vi
approzitately along the Fal! Line,
tweons aml Cenozoie deformitin

Cfonnd abeng T that sone in Delas

SN Tand aned Virging 0130, The -0




an\! cover nnly ats. ye.u nvn~ span, the

s-historic recond of felt shoch shuws that 'J N
'mm h Luger carthquikes have occuned -
in the ‘greater New Yok City area, .
. Among the larger events ktown to have

- oceutred -duiing the last 250 years ate
"~ three shocks (1737,

of intensity V[ on the inedified Mevealli | e
1A, and -

“ 1957 of intemvity VI, Since precively fo-

18K4,
(MM) scale and three (1781,

cated shocks of the last 15 years show

such a clove relationsbip 1o northenst.
trending faults, the targer felt shocks, for
- most of which precise locations are not -
Cavailable, are most geasonably invtere

preted o, occumng aloag the same:

- faults, In other areas wheve n himper rec:
“ord of instrumental lovatioms s avail
able. larper shocks shiow an even pieiter

tendency than smaller shogks o b hwal.
i2ed on major throughpoiee Calts (73),

Large uncertainties are inherent in efs
.. furts 10 locale eatthquakes solely from

felt seports (9); consequentty, the larper

. events cannut be unequivecally Binsiciate

¢d with a specific faull. Within the uncer.
tainty in the data, however,
these eventa may have occrited on the
Ramipo fault, The IRKS sluwk aas felt

from Marylind to New Hhampshire; futle

en luicks and cracked planter wete re-
ported at 30 sites from cistern 'connyl-
vania to central Connectivul. Althruph
two tecent catulogs (9, 103 place the epd.
center in Brooklyn, New Yk, Poth jist
Rockwoud (17) as their osiginal seinge of
data, He placed the center of the zone of
masimum shaking in aortheastain New
Jersey, At epicentral fovution In that
arcit iv suppoited by aewspaper copanty
of foreshuks that were felt in Pateryen,
New Jersey (J4). Felt repnuts fin the

1737 shock are much ore limited. The

smadler felt irea of-the 1927 event places
it sumewhere along the notth shue of
New Jeraey neae Asbury Pk, well off
the Ramapo faulr,'

Felt tepante fur shocks in IK'M and
1957 and limited instrumentid ditny for

1957 (my = 1.4) inllicate that they og.

curied near the southwest end of the
Pinnapo fault ncar point A in Fig, 2. The
1753 cmlhqu.n\c wiss lugiated by Sinith
7 in New Jerney near the Ramapo tault,

In addition, felt teports and Jimited ind

and 19279) ¢
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* tion showing focal depihs nimd focat mecha.
- pism solutions (the dak aren b the com-
pressional Quadrant) for events within |0
hm of the Ramapo fault trace. The event i
ber is heyed 1o the epicenter number in bz, 3;
only thing events are plidted for which te-
Tahe focn! depdhs conld be determined, Bars
repeesent ene standard deviation. Northeast
of epicenter 26 tFig, 2) honizonta) Jistame bs
measured [rom one of two majur franches of
the fault on the bl\l\ of (oci' mechanism
mhmom
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fig. 4. Cunndative pumi-er (V) of carthynab ey
of mannitide my O reater per year av 4 fung.
tion of magnitule. Data sets are each for the
120:-hm-Jong sepment «f the Ramapo Laalt and
for ahucha Jocated withon 10 Am of the fah,
The question mark demetes the memmum v,

Lo ve, that b, the incomplete detectabrny of

events of that magnitinde. The stnpe of the

strumentd data indicite that sin ewthe . cwive, 0.13, wan deteimined indepemicatly

_ Quike (my ~ 3.9)in 1951 occtred atwwit
Bk wutthwess of the Hamnapo L't and

A shiwk of iy = 3in 1947 iccurred on or
the fhithep, anlt (Fig, 2,

" for 1esent vhinhy in Y@ York and adiecent
nteas. The intensitym gnaitinde retativmhip 14
from (19). The uncertainty, £ 0.13, in the val.
vefathnm N o a = b reprgeents the 93
o cent confidence n-tval.

.

m nm\.n' r“‘ N
* Point teactinss The relativ cly shml pc-n
od of historical dita tabout 250 yeinsy i

not suficient 1o esablish an upper buin!

_to the size of shocks for a particuly’te.

v tintess somie ;.culu,.ug or lcunmv <
feria are inveled, S ;
Pethaps the most important qurslm'v
imvolving carthquakes and the seismi
safety ol Indian Point is: How active i
the Ramapo fault? We calculate . th
probabitity of ovcuireace (Fig. 4) o
carthquakes of intenvity Vil and Vil

“within 10Am of the fault by extrapedating

the occuntenve of smalice showke e
larger magnitudes using the well-knov e

Cselationship Jog N w a = bA, where A

is the cumulative frequency of shocks, U1

‘Is the mignitude, and & and b ate Con

stants, The b value, 0.73, was obtiing o
for shacks roconded thionghout Nev
Yorb sd New Jersey (10) and is o
sumed to be anplicable 1o this subregion
The x's in Fig. 4 teprewent the rate o
occurtence of shovks within (0 hm o ¢
Ramapo faull between puints A and A
that occuired from 1974 10 1977, We fi
ted the sohid line thiough the % s, atie
the slope 073,

To chevk the piedictabiity of the fiv
quency-maganitude tclatiomhip thus ¢
termined, the rates of ovcarntemye of he
toncal evenls  discusaed calict
shown in Fiig. 3 fof three different pes.

owis, We ertimated the magnitndes of 11
bistorical events from the fallowing sel
tivn between inteasity () and magmitin?:
my ® =020 = 005 ¢ (0.5 2 0.00
for the East Coast (J9), The tutes of on
cutrence of cventa fur the perwds 19
10 1977 (1981 and Y87 carthquakes) ar
FRRT to JY77 (1257, INYS, and IRKS cantl:
qtiakest are in evcellent wpicement wit’
thave predictod by the solid tine (e
Squates (Fie d) indicate the tate o 4.
cutrence of events up tointensity VIt
the perund 37387 throneh 1977 of both 11
1737 and 18K (MM V) e aithquikes o
cutied on or near the lault,

For the ¢ntite tault, the relationsbn
between N and my predivty sahaw b
MM 2 VI about unce per 97 ye
T no upper bannd i placed on 1
marimum size of posaiMe carthguada .
I, buwever, we assne that shas b o
MM = IX or MM = VI canmt anes
then e ume\p\mdm; recutence L
o0 MMz VI are abnite 109 and V.

yrats These estimates are subjigt
frosaibde aystematic ernams ia determmn
magnittnle, to aunvertamtes in the ool
tion between my anid 1 and the b valo,
and 1 pevasitile citne inetrapdare




i Exéluding e&cnu’nf MM 2 IX
< Excluding events of MM 2 \vlll

R 3 th.\h.lmlc calcutation b; Mc(m-rv
" {20) based on historic events’ [ ..

- & No upper bound on size of events

.7 b. Excluding events of MM 21X

o e s

-

. the data to larger magnitudes, \\c csti-
mate that they may be uncertain by afac-:

lnr of 210 3.
" Using this log N-m, relaticnship, we.
o "'dcrive in Table 1 {(methed 1) the recur-.
“rence times for MM intensities at lhc

-~ renctor site to equal or exceed in’ nsie “probabilities’ are’ not greatly’ dcpcndcnl

f;_’ ties VIl ‘and VI, for. three dolfercnl
<. upper hounds on the size of rnwble
ir exrthquakes. The correspunding prob.u-f

* bilities of ‘equaling or. exceeding inten-

sities V11 and V111 for an exposure in- .

" of the nuclear power pl.mt\, are als

tabul.ted, 2+ is about $ to° i1, pcrcunl

L& VI the proh:\bnmy i ..bom 2 pcr-‘ '
-‘_ccnt . )
: Mclhod 2 (T'\MC 1) is a more approxi-
“mnate caleulation based on ihe historic:
rate of occunence of shucks of intensity ~.

“First (method 1a) we calculate lhc. con-
‘.:\ tn’mnom 1o site intensilies only from

".: carthquakes within 10 km of the site, The * "

-intensity at a distance of up to 10 km. for

carthquakes of modderate size, is ex. .
" pected to be nearly the siime as that at

the epicenter (20). Thus, the probability

“» that site intensity will equal ur exceed,
say. VIl once in 40 years from emth-
‘quakes within [0 km of the site is equiva-,

- lent to the probatility of vccurrence of

i carthquakes of MM 2 VII. For an emth.
- - quake more distant than 10 km the prob. -,
}]. ability that its mtenslty al the site will *
.S “equal or exceed it given intensily is a
. function of the size of the earthquake .
“and the decay of intensity with distance. -
Approtimating the fault zone as a line
source, and assuming the intensity-lis.
tance relationship of McGuire (20) for

"L the East Coast,”we @scd the procedure ~

" developed by Cornell (2/) in method 1b .
v¢ (Tahle 1) ta integrate over the entire fault

“wlengthoThe probahilities of equaling or |
cxcccdmg intensities VIT and VI thus ;

Cealentated are nof greatly .cﬂcct"d hv thc
e of o line nulvvl of an

.1

comi T anye

- n: as than thosé i in Table'l (methml 1by,

hnt are \cnsmve tothei mxcnsny dm mcc ;

relationship. Olhcr attenuation” curvcs
£2), also comvideéred '\ppmpn.nlc for the:
castern United States, give higher esti-

" Table 1 showx ‘that“the . c.dsul.ncd
" on the, matimum size of cnnhqu\\ku‘
l's'mmates obhtained by uc!udmg evénts

of MM = 1%, howcver.,arc pruh shly
-more reulistic. Thus, the prnbab:hty that

“shuldown) c:mhquakc. once in <0 yewrs

Vil in the greater New York City area.

" We take the rate’is 2.5 shocks per 250 -
years since the 1927 cvent is assigned "
MM VI{in one catalog (16) and VI ia an-

uther (9). We assume that these shocks,
_like those in Fig. 2, occur along major

nmthcml-trendmg foults, which we cm-_
Limate ‘have ' n total lcnglh about three

umcs lh'\l ol' the Ramiipo fauli. Assum-

ing a mplure lcnblh of about § km for -

MM VI1(22),'we obtain it totad of 72 rup-
ture segments, four of which we tike as
_bcing within 10 km of Indian Point, This
gives a recuncme time of 1%00 years for
MM V1 within lﬂ km of the plants, This
calculation sulfers from our pour knowl.
edge of the tenpths of mipture zones for

;-eustern earthquakes and of their extent "
“in dcpth.‘Sincc precisely located shocks S pcncm of g tor ncw rcnunr
£:in the area have’ computed’ depths that I

nre Icu lh.m 1i'kniTthe c-ﬂcn!.ncd recm-

Treree time i net preatly alfected by the

£ 0ur best estimatey are larger by
“Ilnc MM mtcnsny ot the reactor site will
tesval of 40 years, the presumed lrfcllmc:.‘.cqml or’ exceed; Y1, the dc\tgn (sile -

For *MM

shock nfmlenslty X, 3 for New le .
ninder the .nsumpnon lh.n. shockt I AN
“thin MM IX ciinnot ot
-are applied 1o Indian Point,'w
s turn periods, of; 2240 “and” 7(1'*'\)'
"'(mclhnd 3. T.nblc 1) for’ mtcnun

pov

i nml Vlll rcspcuxvclv Snmc ofh (XY

tnbuuon of.lcnvny in \p.u.e ine

also:
factor of 10 than that cnmpmcd by
U seismologists (29) for'the same infen
i their estimate sintTers 'from. an-aieis,
riimbomn distribution of setivity .in's v

aml much more hmncd data va n
used in this smdy The § 1o 1 p-u

. probabitities we obliined," of [com

shuuld nat be equated with the trobii:
ty of significant damage or .uu\lcm 4
divictive telease.
Indian Point reactors 2 and \ .m. ‘
. signed for in input accelerution of
pereent of the cuth's pravitational agce -
cration, £ (25), for very hish fiequer
.The power plants, however, are sifu

“within o few hilometers, of brinches
<, the Ramapo fault \y\um. whirg €

" quithes as shallow ax 1o 2 ke oves
Now that we have dsmnn\tr.nul that «

. Ramapo fault is active. it ix ot

- whether nearfield ‘accelerntions: whe
can be as highas 0.5 at hich frequem,

" for moderate-size earthquakes (261, h.,

- been adeyuately considered in the i .
“uf the reactors, The Advisony G
mittee on Reactor Salety of NRC rece
1y recommended a mmmmm (h sign ol
m the I

JWe hcllcve th W oour ¢ mm.olmn.\ r

vl the pohly el bt

LY
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i ing fcdcr‘ll regulations {7) o sites in the
E.m By these regul.mom A capable
faulti |s deﬁn:d on the hasis of either (i)

dcm-vm!ntcd hult movement yunnp,cr ;

than sm 000 years or (it) macroseismicis
ty m\lmmcnmlly dctermined with rvec:

ords of suflicient precision to demon-

strate a direct relationship with the Fault,

There is no cvidence for surface break-.

age in any carthquake in the cential or
castein United States, with the possible

exception of questianable ground break-’

age duting the New Madrid, Missouri,
carthquakes of IRTI-1R12, Yet we knpw
that & number of large a0l damaging
<hock< have ovcurred in these arveas, The
Ram.\po fault is tynical of many enntein

sites in that atmost all of the rodks inthe .
region, with the exception of scattered
15.000-
IS0 > Jus .

postelaciid deposits less than
years old, are older tlun
years, Hence, it is very diflicult to 1cit if
carth movements are as old as 1530 x 19*
years or if they happencd in the pust
0.5 x 10° yeurs. Thus, surfice hreakope
is not ot good indicator of either “capubil-
ity*" or scismic risk for many eastern
sitey. :

The heurings demonatrated that the .
which s not:

defined in the regutations, is rarely vsed -
or dcfined by seismologists. Varions sci-

word “‘miacroseismicity,””

cntific witnesses ditTered to a lage ex-

tent in their concept of macroseismicity

(28). For much of the East, instrumnental
dita of sufficient precision to demon-
strate o telation to specific faults ure very
limited in ttime. Hence, it is not surpris-

ing that no flt in the central or castern’
United States s as yet been dcchrcd.

tegully capatle,

In the wblence of capable. f.mh‘ the .

concept of "*tectrnic prnvnm,u s, nsed
in dcnwnb the intensity of the _dcsq_.n
carthquake froun the historic record of

shocks. The intensity at the site is caleu-

lated hy moving historic shocks.in the
\ame pravinee to the site and shocky in
adjacent provinces o the closest ;mmt
Wl‘hm those provinces (if the shocks

c.mnut n-.nun.uhly be_ cnrrcl aled with a

! APRY. W

""f tion;

P 'Ihc Indian Poml seismic hc.mn; s be’
fore NRC brought out a number of proh- -
‘ lcm\ “aboist the '\pphc-\hlht) of the cxist.

cmumber vr\m.dl pruvinces being mvukcd

“tance, such’ that lhclr intensities ‘the
site are much lower th.m those near the
cpicenter.-In lhc e of Indian Point,

" this lead< to a design c'\nhqunkc of in- . ‘

tensity Vil or A dcpcndm;. on lhc dc.
ggmuon of (cclomc provmccs . :
The rate of ' scnm'c activity alnn;. lhc

- Ramapo fault and i m the l-,.m m gcncml
-+ is clearly lc\s than th'\! for major faults

" in, say, California or Sapan. Although
Ahe federal siting . regulations put the .
quc\!mn of. the capahility of a fault as i’
yesro’ \.ccmon. the present rate of
muovement along Faults obviously varies
by many orders of mugnitude. We be-

W
: ‘\':n)mg v; lmon\ .uhqul thc Lize, dc\q.n.\-,
_ and. conccpt of tectonic ] provinces v ;
2 {28) These: amhxg-mhc\ canresalt in @ 7" :

to kccp critical hnmnc shocks at a d'\-'

4

lieve recognition must be given to the

fact that some fanlts jue more ““capable™
than others. Until this is done, the public

may well ':qu.n!c the designation of capi-

bi'ity with size and rte of occurrence of
carthguakes Bike those atong, say, the
San Andreas fault in California. In the
context of siting nuclcar power plants
and other critical facilities, we believe.!
that the rate of activity must be judpad in’
comparison to the design carthguake of
the plant. The rate of activity along the
Ramapo fault is such that it probably on-
ly warrants concern for cnitical facilitics
sitch as nuclear power plants and hospie
tals for which inteprity must be ensured
at a high level of confidence.
Yasn Po AGtanwal
Lamont-Doherty Geological
Ohservatory of Columbia University,
I’nh,nu!a Ncw York 10964
' U LYNN R, SYkEs
l.mnmn-l)nhtrly (‘euln;uml
Ohservatory and Department of
"Geolngical Sciences, Calimbia
- Urmcrmv Nnv }nrk 100’7
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