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North America by dating calcite in the evaporite~ 
of the Ochoan Castile Formation. While there are 
no fossils to constrain the Castile Fomtion di- 
rectly biostratigraphicaly, Oclloan fauna from the 
nearby overlying Rustler Hills Fonna tion, Dcla- 
ware Ra3in [5] (Fig. 1) allows global correlation 
and the diagnostic marine Sr minima places thc 
Castile Formation below the Permian-Triassic 
boundary [G-81. Thus, a depositional ape will bc 

- . . . . . . . . 
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OKLAHOMA a maximulll age for tbe Permian-Triassic bound- 
ary. 

There are several models for the major extinc- 
tion at the Permian-Triassic bounddry wlleea 
about 90% of marine species were eliminated [9]. 
Testing of the models is hampered by the incom- 
pleteness of the stratigraphic record, because 
many of the ~l~luine deposits from this lime are 
evaporites that are non-fc~ssiliferous. As sea level 
fell to a Phanerozoic minhnurn during thc Per- 
mian, evaporite deposition wa.s reaching a maxi- 
mum. Permian-Triassic evaporitcs account for 
nearly 35% or the world's eviporitc sesourccs 
[lo]. While the bioslratigraplly of norlira1 marine 
smlimentary sequences across the Permian-l'rias- 
sic boundary may be well eslablisliecl, it is nol. 
clcar how Lhcse sequences correlale to lhose 
f ~ o m  terrestrial and non-fossiliferous marine sec- 
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.Fig. 2. (A) Lamillatiolls of calcite (dark) aud gypsLlm (,wllitc) frou 8 State Line Outcrop sample. The continuity of the lamina- 
;. lions soggests CaCOx precipitation occurretl irisutit~nenusly acrnss what is now the Delaware Basin. The ~ i l e  bar represents 

I an. (B) Hand picked clean calcite sample, separated fron~ 111e gypsum, u s d  fur U-Pb unalpis. The sale bar represents 1 nlm. 
(C) Pldn light pholo~nicn~graph or the Caslilr Fonnaliun from ~ h s  Stab Lule Outcrop. h couflet is conlposcd of onc layer of 
calciile amd gypsum. Scnlr bur is 1 ml. (D) The same photomicro~aph, but with il while card 1;13], which shows Ihr prrsence of 
orga~ric ~aaterial within the calcite. Scale bar is 1 nlm. 

  ow ever, the Oclaoal~ Rustler Formation of the and marine Tethyan sections [20,21]. Detailed 
Rustier Hills (Fig. I), southeast of the State Line uSr/H%~ studies of the laminations throughout 
Outcrop, clearly overlies t.he Castile Formation the thickness of the Castile For~nation exhibit 
and coniains a well defined Permian marine fauna characteristics of Late Permian seawater with 
[5,19], On t.he basis of these faunas, the Ochoan "~r/~%Sr of 0.706923 171. In fact, the Castile For- 

[has been correlated with the Late Permian Tatu- mation records some of the lowest R 7 ~ r p b ~ r  values 
ian Series of the Russian Ural Pliitform [19]. known in the Phanerozoic, providing a unique 

signa.ture for comparison to other sectiorls [6,8] 
1.3. ,.C~zemosfr.rrt~g~'a~~I~j~ (Fig. 3A,B). In the type Clinese section the 

"SrIS%r ratio rises from a value slightly higher 
Based on "sr1"sr chenlostratigrapby the Cas- than the Castile Formation to a value of 

tile Formation is Late Permian in age. This reln- 0,70717, just below the 'boundary ash' [h]. 
tionship has beell used to correliite the Ciistilc Calcite-1-eplaced marine cements from the Per- 
Formation with evaporites of the Zechstein Basin mian Reef Complex retain primary aragonite Sr 

PB4, 
'c.. 
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Rg. 3. (A) Detiiild slratigraphy of  he Permian Basin. "SrlR"~r values [6] from 
graphic position and no age i s  implied. The age 01 265 MR for the base of the 
values [8] for tile Chinese section up to the Triassic boundary. This shows th 
X7SrlX%r rroin [he Castile Formiition is plotted with respecl to its stage correla 
dalu sel or [R]. 
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isotope geodlernistry. This calcitc yiclds the same 
" ~ r l ~ ~ ~ r  ralios of 0.7069 as the Castile Fornia- 

% ~ 2 2 2 5 ~ 2  tion. Based on this evidence we interpret these 
I I I I I I I  as late marine cements deposited while the basin 

was filled wit11 evaporitic tnarinc brines during the 
time of deposition of the Castile Formatioi~. This 
is coilsistent with the modcl of Kirkland et a!. [7], 
who hypothesize that the Sr isotopic signature of 
the Castile Formation is derivcd from marine sed- 
water which recharged the basin from the direc- 
tion of the Pem~ian Rccf Complex. 

1.4. Age of the Pcrrnli~m~~.Triussic hounclary 

Testing of the modcls for this major extinction 
event depends on precisely dating the boui~dary, 
i.e. with an uncerlainly of one million years or 
less [9]. The age obtained for the Permian-Triassic 
boulidrtry hrsd on U--Pb dating of zircon from 
ash layers above and below the boundary wiihin 
the Soutl~ China marine stratotype at Meishin are 
under debate because of the range of wncordanl 
U-Pb ages for zircon, up to 15 million years, 
found within individual ash layers 191. Decisions 
as to which zircon ages to accept were based on 
evaluating the importance of inheritance or lcad 
loss. The assuniption in these studies is that igne- 
ous zircons found in a given ash crystallized only 
shortly plior to the development of the ash be- 
cause the lifetime of most m a p  bodies is similar 
to or less than the analytical uncertainties. A ben- 
tonite bed immediately below the Permian-Trias- 
sic boundary (I8 cm below) in conjunction with 
ages ia as11 beds above and below the bounda~y 
has been the locus of attempts to precisely date 
the boundary. The weighted mean '06Pb/238U 
SHRIMP age for individual zircons from this 
bed is 251.223.4 Ma [22]. Sanidine gives a 
mean 40Ar/3%r age of 249,9+0.3 Ma [23], which 
adjusts to an U/Pb age of 255 Ma if corrected by 
2% [24]. A weighted mean 'ubPb123W age of se- 
lected concordiailt zircon U-Pb ages using TIMS 
on single and multiple zircons yields 25 1.1 + 0.3 
Ma [25]. Single zircon u~alyses by TTMS in [9] 
and the single zircon analyses in [25] have n ringe 
in concordant U-Pb (?.gees from 241 to 257 Ma [9]. 
Howcvcr, bascd on an age 9 cm above the bound- 
ary of 252.5 5 0.3 Ma, Mundil et al. [9] proposed 
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change chemistry. U was separated using HNO, 
anion excl~mge chemistry. Pb samples were 
loaded with silica gcl and phosphoric acid hr 
fractionation control on single Re filaments and 
run on a Finnigan Mat 262 at 1250°C in static 
mode. Pb was corrected for a fractionation of 
0.1 1 (0.01)% per atomic mass unit baed on 15 
rwis of SRM 982; average values and 20 
standard deviations for I5 runs are 2 M ~ b l  

that the age of the boundary is older than 253 
Ma. 

It i s  quite clear that thwc are colnplexities in 
the u.-Pb ages for zircon that are not yet well 
understood. These coinplexitics may be due to 
lead loss, extended periods of zircon crystalliza- 
tion prior to eruption, or inheritance that lead to 
age discrepancies &it are lnuch larger than the 
analytical uncertainty [L)]. 

' " ~ b  = 36.6830 + 0.0075, 2071?b/206Pb = 0.466599 2 
0.00004, and " ' ~ b / ~ " ~ b  =0.99809 + 0.00034. The 
total procedural Pb blank was 150 + 50 pg. U was 
loaded with graphite and FT3P04 on a single Rc 
filament and run on a. Fi1luig.m MAT 262 at 
1800°C in static mode. Multiple runs of the U 
standard U930 showed no need for fractionation 
currection for U. All of the data wcrc rcduced 
using the PBDAT progrin of Ludwig [26]. 

2. Analytical procedures 

The samples for this study are calcite interlay- 
ered with gypsum on n rnm scale (Fig. 2) from the 
State Line Outcrop (Pig. 11, loca.bd w i t h  the 
Anhydrite III uuit [13]. However, only the calcite 
was used in evaluation of U-Pb. A hand sample 
was crushed with a mortar and pestle, to niediunl 
sand-size grains. The crusl~cd sunpie was then 
washed with wa.te1 five times in a sonicator to 
rerno\le any dust and rinscd wilh acetorre to d~y. 
Seven 70 90 ing a.liquots of brown calcite (Pig. 
2B) were separated by hand at 10 x nlagnification 
on a binocular microscope and every effort was 
made to avoid sanlpling gypsunl. The aliquots 
were spiked with a mixed 2 0 5 ~ b - 2 3 6 ~  tracer and 
dissolved with 1 N HNOs. Ph and U were co- 
precipitated in a Fe hydroxid*amn~onia step. 
Pb was separated using standard HBr (ulion ex- 

3. Results 

The a n i y t i ~ d  data for seven aliquots of brown 
calcite are given in Table 1. All reported nncer- 
tailties are 2a. The data were evalualed using 
Isoexcel [27]. A '"uf2'"Pb . - x 6 ~ b / 2 0 4 ~ b  isochron 
ylelds an age of 252 + 5 Ma (MSWD = 2.5) and 
a L35'~/2M~b-207~b/" '~b isochron provides an 
age of 252 +I5 Ma (MSWD=2.5) (Fig. 4). Thc 
initial 2 0 6 ~ ~ 2 M ~ b  and " ' ' ~ b / ' ~ ~ ~ b  ratios are 

Age = 252 r 5 Ma (24  I Age = 252 f 25 Ma (20) 
MSWD = 2.5 

. . 

MSWD = 2.5 1 ; inital 2 0 6 ~ b / 2 0 4 ~ b  = 18.09 t 0.42 (20) I 1 inital 2 0 6 ~ b i 2 0 4 ~ b  = 15.58 f 0.12 (20) 1 ...$ 

Fig, 4. (A$) "BU-206~b i~nd 2'sl~-207~l~ ~ S O C ~ O I I  plots. sllowing 
isocluon. 

., ~. ...... 
isochron ages and inilial isotopic compositions derived fro111 L ~ C  '?3 
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calcite is identical to the gypsum and anhydrite 
( S 7 ~ r / 8 6 ~ r  =0.706923) [7] and the Sr and U con- 
centra tions are fairly high, > 2000 ppnl [6,7] and 
4.5 ppm, respa~ively.. suggesting that these ele- 
ments were not lost during conversion. We have 
to recognize thtt the calcite age may give the time 
of diagenetic alteration. However, the cohel-ence 
ol' Lhe U-Pb data set anti the retention of m u h e  
Sr signatures argue that any diagenesis happened 
quilc carly in Lhc history of Lhc Castile Forn~ation 
calcite. Possible initial heterogeneity in the Pb iso- 
10pcs duc lo lhe shorl residence lime oS Pb in 
oceans [3Q] as well as a clear history of dehydra- 
tion of the gypsum lo anhydritc [31] and (hcn, in 
the case of the State Line Outcrop, back to gyp- 

REGIONAL LWHOSTRATIQRAPH: CORRELATION 
PALO DURO BASIN 

Weat 6nd Central k t  

Allbales Dolomile 
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spect to the diagnostic Sr curve. The age of thc 
Cilsr.ile Formiilion ~ l ~ i i y  be consis tei~t  with the  U- 
Pb zircon age of 251.1 + 0.3 Ma [25] For the Per- 
mian Triassic bo~mdary and is n o t  even inconsis- 
tent with a n  age greater than 253 Ma proposed by 
Munclil c l  al. [9] Tor the boundary.  The tinlo rep- 
resented by the 87S~. /8%~ tninimurrt is poorly con- 
strained [32] and 111us the age of the  Pern~ian- 
Triassic boundary is allowed t o  be much younger 
than the Castile Formation. Clearly [he  conlplica- 
tions in the zkcoa d a t a f r o m  the  Permian-Triassic 

[4] C.E. Joaes. A.N. K-~lliday. 1C.C. Lollma~m. Tile impact 
and diagncsis on high-precision U-Pb dating of a~cient 
rarbonales: an example from the Late Permian or N m  
Mexico, F ~ r t h  Planet. Sci. Lett. 134 (1995) 409423. 

[j] S.G. Lucas, O.J. hdersoa: Ochoalr (Late Pemnian) sll-11- 
tigraphy and chronology. so~ltlicastcra Ncw Mcxico and 
w e 1  Texas, NM Bur. Miner Miner. Resour. Bull. 150 
(1994) 29-36. 

[6J K.E. 'llznjson, R.B. Koeynick. W.H. Burke, E.A. Hetiler- 
ingtnn, A. Fletcher, Constn~ction of the Mississippiall, 
Pnlnsylvanian unJ Prnniun setlwaler P''Sr/x"Sr curvc, 
C~I~III. Cieol. 112 (1994) 145.-167. 

[7] D.W. Kirkland. R.E. DCIUSOII, W.E. Dean, Parent brine 

boundary of Soul11 China [9] suggest that U-Pb 
q ' F s  for. zilcons solnetinles n-Jake it difficult t o  

[y] evaluate the time of dcposilioll of a volciuic 
ash. To test our conclusioll that  the U-Pb age 
o f  the  Castile Formation places a mii.xi~aum con- 
straint on the Permkin-Triassic b o u n d a ~ y ,  more 
ages from carbonales that constririn h e  Sr curve 
fro111 m:~rine sections on other continents are 
needed. 

131-145. 
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