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Closely spaced samples (285 in number) of varved sediments from the Upper Permian in Delaware Basin, Texas, have 
been analyzed for 813Cearb, 813Corg, 81SOcarb, Corg, Ccarb, and calcite/dolomite. 813C records a dramatic rise from - 2.8 
to + 5.7%~ in only 4400 years, detected in three sections across the basin, extrapolating smoothly through a 600-year 
interruption by a local (west side of the basin) fresh-water inflow evidenced by low 8180. This continuity and low Co~g 
within the basin, both indicate that the excess net deposition of Corg, necessary to generate the rise in 813C, took place 
in the ocean external to the Delaware Basin. Correlation with similar records from the Zechstein Basin suggest that the 
event was world-wide, although this poses obvious difficulties for the carbon cycle. The rate of rise of 813C, and its 
sustained high level, must imply conversions of oxidized carbon to reduced carbon that are very large depending on 
which reservoirs were involved. 

1. Introduction 

Long- te rm shifts of  i so tope  rat ios  in mar ine  
rocks were ear ly  recognized in the wide var ia t ions  
of  8345 of evapor i te  sulfates (reviewed in C laypoo l  
et al. [1]), and  more  subt le  long- te rm changes have 
been  subs tan t ia ted  for 813C of  mar ine  carbona tes  
[2], as well as for  8180 sulfate [3]. Other  sharp 
changes  with t ime of i so tope  rat ios,  supe r imposed  
on  these long- te rm swings, were de tec ted  at  several  
specific t imes on the geological  t ime scale, for 8345 
(e.g. [4]), and  separa te ly  for 813C (e.g. [5,6]). 

This  is a fur ther  inves t igat ion of  one such sharp  
rise in 813C carbona te ,  that  was previously  found  
near  the base  of the Late  Permian  Zechste in  Series 
at several poin ts  in the Zechste in  Basin of nor th-  
ern Europe  [7-11].  On  the far western edge of  the 
Pangean  cont inent ,  near  the base  of  the Late  Per- 
mian  Ochoan  Series of  the Delaware  Basin, we 

have found  a closely similar  r ise in 813C, and  in 
this p lace  a previously  documen ted  varve sequence 
[12,13] has also enab led  us to t ime precisely the 
i so topic  changes.  

Dur ing  Late  Permian  t ime the cont inenta l  plates  
were assembled  into  Pangea  [14]. The  Zechste in  
Basin was connec ted  to the sur rounding  world  
ocean  along the nor thern  edge of  Pangea  [15], and  
the Delaware  Basin had  its inlet  a long the western 
edge of the con t inen t  [16], about  7000 k m  dis tant .  
Both  cra tonic  bas ins  were sites of  extensive and 
thick depos i t ion  of  sediments  dur ing  the final s tage 
of  Permian  time, when very l i t t le  sed imenta t ion  
was occurr ing anywhere  else except  on the borders  
of  the Te thyan  Sea. The  bas ins  lay at la t i tudes  of 
abou t  5°N and  15°N, respect ively [14], and  the 
d o m i n a n t  sediments  in bo th  bas ins  were evapori tes.  
Def in i t ive  fossils are scarce, so a precise t ime 
cor re la t ion  be tween the sect ions in the Zechste in  
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and Delaware Basins is not presently available 
[17-20]. The most that can be said within the 
limits of the evidence, is that the whole of the 
Zechstein Series in the Zechstein Basin is an ap- 
proximate time equivalent of the whole of the 
Ochoan Series in the Delaware Basin. 

During the Late Permian the generalized iso- 
tope age curves showed a minimum of ~34S and a 
maximum of ~13C [2,21]. Against this background 
a detailed study of 613C and related chemistry was 
made. 

2. Geological setting 

Subsidence of the Delaware Basin, accompa- 
nied by sustained reef growth around the margin, 
produced an initially deep, sediment-starved basin 
[22,23]. The finely laminated siltstone and clay- 
stone units of the Bell Canyon Formation (Fig. 1) 
were deposited in the starved basin. Partial closure 
of the arid basin resulted in a net water loss by 
evaporation and a thick sequence of Castile 
evaporites rapidly filled the basin. A brief break in 
sedimentation after Castile deposition, was fol- 
lowed by deposition of the overlying, shallower- 
water, Salado and Rustler evaporites, which over- 
lapped and extended far into the back-reef area. 

The sequence examined in this study includes 
the laminated siltstone and claystone of the Bell 
Canyon Formation, a Basal Limestone which 
marks the onset of evaporite conditions, and the 
calcite-laminated anhydrite of the Castile Forma- 
tion (Fig. 1). The lateral continuity of the sedi- 
ments deposited within the deeper basin is re- 
markable, with correlations of laminations in the 
Bell Canyon and Castile established over distances 
of 113 km [12,13]. The rocks preserve fine primary 
detail even within the laminae; consistently very 
fine grains, and compositional layering. 

The entire sequence is marine in origin. The 
laminated siltstone and claystone of the Bell 
Canyon Formation contain an abundant radio- 
larian fauna (see Anderson et al. [12. fig. 3C], 
originally identified as a silicified fusulinid). The 
radiolarians, plus turbidite materials and struc- 
tures in the upper Bell Canyon Formation, suggest 
a marine and deep-water environment. A marine 
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Fig. 1. Geological section in UNM Phillips 1, western Delaware 
Basin, Texas, showing variations of varve thickness and of 
dolomite/(calcite + dolomite) ratio. 

source for the overlying Castile evaporite is veri- 
fied by correlation of 834S with other marine Per- 
mian evaporites of the world (e.g. [1]), and by a 
bromide content that is only slightly lower than 
normal for marine salt [24,25]. In addition, the 
basal Castile contact is transitional [26]. 

An organic carbon (Corg) fraction occurs as 
discrete laminae in the Bell Canyon and Basal 
Limestone units, and as dark coloration and stain- 
ing of calcite in the Castile [12]. Petrographic 
relations suggest that sedimentation of clastics, 
carbonate and calcium sulfate could have been a 
continuous rain of material to the bottom, 
punctuated by laminae of Corg. The carbonate in 
the Bell Canyon is principally dolomitic (Fig. 1), 
but changes to calcitic in the Castile and Basal 
Limestone. The dolomite has the very fine (2-8 
#m) euhedral form characteristic of a direct 



primary precipitate. Additional details of petrol- 
ogy and mineralogy are illustrated in Anderson et 
al. [12] and Holser [27, fig. 23 and 28]. 

The Basal Limestone, as defined in the Phillips 
core, seems to be an entirely different kind of 
sedimentation. Near  its base, clastic deposition 
diminished and then essentially stopped, while 
calcite increased markedly to form a laminated 
limestone (Fig. 2). It has been recrystallized to 
coarse calcite, while still preserving the lamina- 
tions. Some vestige remained of the marine regime 
of the underlying laminated siltstone, in the form 
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Fig. 2. Time series of the thicknesses of varve laminae of 
clastics, organic carbonate, inorganic carbonate, and sulfate in 
the transition zone from the top of the Bell Canyon Formation 
through the Basal Limestone Member and into the Anhydrite I 
Member of the Castile Formation, UNM Phillips 1. "CaCO3" 
is total CO 2 calculated as CaCO 3. 
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of radiolarians in the first few thin organic laminae 
between the calcite laminae. Dolomite as the pre- 
dominant carbonate mineral of the underlying Bell 
Canyon Formation gave way to nearly pure calcite 
in the Basal Limestone (Fig. 1), or to 50-90% 
calcite even in the overlying anhydrite. A lime- 
stone underlies the CaSO 4 facies in many evaporite 
basins [28], where its stratigraphic position, thinly 
laminated structure, and impoverished or absent 
fauna suggest that these limestones are an initial 
phase of evaporative deposition, and probably an 
inorganic precipitate. The relation of the Basal 
Limestone to evaporative precipitation is also indi- 
cated by the substantial continuity of the rate of 
carbonate deposition into Anhydrite I (Fig. 2). 

3. Varves and calibration 

Lamination pairs or couplets in both the Castile 
and Bell Canyon Formations are deduced to repre- 
sent seasonal and annual deposition (varves). The 
continuity of the laminations over most of the 
14,000 km 2 of the basin was used by Anderson [13] 
to establish that seasonal climatic forcing was re- 
sponsible for recording the observed planetary 
perturbational climatic effects. Annual deposition 
is also indicated by the scale of the laminations, 
which are commensurate with annual rates of de- 
position: 0.1 mm in claystone and siltstone, 1.0 
m m  in limestone, 2 + mm in anhydrite, and 50 + 
m m  in halite (Fig. 2). The laminations provide the 
basis for calibrating the rate of isotopic change in 
the sequence. The varves in the Castile and Basal 
Limestone were measured individually, and 
analyzed initially in units of 50. The critical " t ran-  
sition zone" (in Phillips 1) was then restudied in 
10-year samples. The varves in the siltstone and 
claystone were measured and analyzed in units of 
200, owing to close spacing of laminations. Time 
in "varve  years" is designated for samples with 
respect to an arbitrary zero at the base of Siltstone 
I of the Bell Canyon Formation, assuming 3500 
years for the varves of Siltstone I and Claystone I 
that was only estimated [12]. 

Geochemistry was studied on three cores that 
span the Delaware Basin from west to east near its 
midsection. Cowden 4 is near the western ero- 



114 

sional edge of the Castile evaporite, Phillips 1 is 23 
km to the east of Cowden 4, and University 37 is 
another 96 km east of Phillips 1 and only 8 km 
from where the earlier Capitan reef bounds the 
Delaware Basin on the east. Phillips 1 was studied 
in the most detail, after the major features were 
found there, they were compared with the corre- 
sponding sections (as established by varve correla- 
tion) of the other two cores. 

The inlet channel from the ocean was near the 
southwestern edge of the Basin, about 100 km 
south of the section line. The configuration of the 
basin and locations of the three cores are figured 
in Anderson, et al. [12, fig. 1]. 

4. Analytical methods 

Segments of 10, 50, or 200 varve couplets were 
sawed from the cores, and then ground to powder 
using a ball mill. An aliquot of the powder was 
analyzed by standard X-ray diffraction procedure. 
Weight percent dolomite/(dolomite + calcite) was 
calculated using the area under the respective peaks 
(Cu-K~ 20 = 30.8 ° and 29.5 °) and the Weber and 
Smith [29] formula. The major components desig- 
nated approximately as Corg, calcium carbonate, 
and calcium sulfate + clastics were determined by 
weight differences on ignition [30], with firing 
temperatures of 200-550, 550-1000, and > 
1000°C, respectively. Independent time series for 
the major components were based on the uni t / t ime 
sampling procedure [13]. 

The carbon and oxygen isotopes in carbonate 
minerals were measured using the conventional 
phosphoric acid method. For the samples contain- 
ing > 50% dolomite we used the procedure de- 
scribed in Magaritz and Kafri [31], measuring only 
the dolomitic component. The CO 2 gas was 
analyzed in a Varian M250 mass spectrometer and 
the results are given using the " 8 "  notation rela- 
tive to the PDB standard as e.g.: 

8180 = [ (180/160)samp |e -- (180/160)st. ] 
[ (180/160)st. X 1000%0 

and 313C (and 334S) are similarly defined. Repro- 
ducibility of duplicate samples is better than 

0.15%o. The 8180 values of the dolomites were 
corrected by -0.849'~ [32]. 

Samples were prepared for isotopic analysis of 
Corg as follows: Dried samples were ground to fine 
powder, treated with 10% HCI to remove carbonate 
interferences, rinsed with deionzed water, centri- 
fuged two or three times, and re-dried at 60°C in a 
vacuum oven. Organic carbon in the samples was 
converted to CO 2 in evacuated, sealed quartz tubes 
containing a 1 : 1 mixture (by weight) of CuO and 
Cuprox ® by combustion at 1000°C for at least 
four hours. Cooled tubes were broken open in 
vacuo and the gas mixture circulated through dry 
ice-acetone cold traps to remove H 2 0  and over hot 
Cu to remove CO and 02 . Purified CO 2 was 
trapped in a sample bulb immersed in liquid 
nitrogen, and the residual non-condensable gas 
(N2) was pumped away. The amount of CO 2 pro- 
duced by the combustion procedure was de- 
termined manometrically, after which the sample 
was transferred to the inlet of the mass spectrome- 
ter. 13C/12C ratios were determined relative to 
two secondary standards that had been standar- 
dized against PDB. Precision of previous mass 
spectrometric determinations using the procedure 
outlined above was 0.02%o, based on 5 samples of 
sucrose-carbon ranging in size from 1.8 to 3.8 mg 
C, which gave a mean 313C value of -10.47%o. 

Sulfur isotope ratios were measured on calcium 
sulfate of the Castile evaporites, after precipitation 
as BaSO 4 [1] and thermal decomposition to SO 2 
[33,34]. The resulting SO 2 was analyzed on a Mi- 
cromass 602 mass spectrometer. The results are 
recorded as ~34S relative to the CDT standard, 
with a reproducibility of + 0.15%o. 

5. Results 

Long-term variations in 813C and Corg in the 
U N M  Phillips 1 core are shown in Fig. 3a. A zone 
(44,500-52,000 years) including the transition be- 
tween the clastic cycles and the evaporitic cycles is 
enlarged in Fig. 3b. The lower part  of the section 
(Bell Canyon Formation) up to year 47,000 shows 
"normal"  313C values ranging between - 2 . 5  and 
+ 1.8%o, while Corg varies between 0.5 and 2.0%. 
Above a "transit ion zone" (after year 52,000) the 
section is characterized by fairly constant "anoma-  
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Fig. 3. ~13C and Corg (wt.%) in UNM Phillips 1: (a) entire section; and (b) enlargement of the t$13C transition zone at 44,000-54,000 
years. ~34S in (b) are on aliquots of the samples analyzed for 813C; the 834S values listed for the overlying Castile evaporites are those 
reported by Claypool et al. [1] from the same core but at indeterminate levels within each member. Note that all scales are larger in (b) 
than in (a). 

lous" 813C values (+6.5  + 1%o) a n d  Corg content 
(about 0.1%), with fluctuations that are minor 
compared with the lower clastic section. The de- 
crease i n  Corg is definitely not due to dilution by 
CaSO4: the ratio Com/(Com+Ccarb ) decreases 
sharply from about 0.2 in the underlying clastic 
section to about 0.01 in both the Basal Limestone 
and the overlying Castile anhydrites. The absolute 
rate of C deposition decreased from more than 
0.01 mm a g-1 in the claystone to about 0.0001 mm 
a-~ in the overlying Castile. The anomalously high 
813C and l o w  Cor  e continued through the rest of 
the Castile evaporite with only minor variations 
(Fig. 3a) [13,35,36], and to the very youngest 

carbonates of the Permian, in the Rustler Forma- 
tion [37]. 

In between these two parts of the core we 
observed a transition zone in which the carbonate 
became enriched in 13C (Fig. 3b). In detail these 
changes began within Claystone III, at about year 
47,000 (Figs. 1, 3). At this time a correlated up- 
ward trend began, involving both 813C and Com. 
After a short reversal at about year 48,000 this 
upward trend was substantially continuous and 
linear to the top of Claystone III, at year 50,000, 
rising from ~13C = - -2 .8%m Co, s = 2.5%, to 8a3C = 
+ 3%m Corg = 9%. Just when deposition of the Basal 
Limestone started, 813C values temporarily de- 
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c reased  wi th  large  f luc tua t ions ,  in this core,  and  

Corg d r o p p e d  dras t ica l ly  first  to 1 wt.% and  then  

i m m e d i a t e l y  to 0.1%. A t  the top  o f  the Basal  

L imes tone ,  nea r  yea r  51,400, w h e n  the  first  cycle  

of  Cas t i le  evapor i t e  d epos i t i on  began ,  it seems that  

the  p rogress ive  e n r i c h m e n t  of  13C c o n t i n u e d  as i f  

it h a d  no t  been  i n t e r r u p t e d  by  the  Basal  L ime-  

s t one  depos i t ion .  O n e  can  ex t r apo l a t e  the r is ing 

s lope  of  6 t3C across  the Basal  L i m e s t o n e  and  see a 

s m o o t h  c o n t i n u a t i o n  in the  ear ly  par t  o f  the  

A n h y d r i t e  I cycle,  up  to 613C of  + 6%~ at a b o u t  

yea r  52,000. In  con t ras t ,  Corg r e m a i n e d  as low or  

even  lower  in A n h y d r i t e  I (and  ove r ly ing  m e m b e r s )  

t h a n  it was in the  Basal  L i m e s t o n e  M e m b e r  (Fig.  

3). 
Fig. 4 c o m p a r e s  the  t r ans i t ion  zone  in Phi l l ips  1 

wi th  C o w d e n  1 n e a r b y  to the  wes t  and  U n i v e r s i t y  

37 far  to the  east.  T h e  same  sharp,  large rise in 

613C is c lear ly  d i sp l ayed  in all cores,  and  s o m e  

f iner  features ,  such  as the p r e l i m i n a r y  peak  at 

47,500 years,  are  c o m m o n  to the  two wes te rn  

cores.  
M e a s u r i n g  the ra te  of  change  of  813C va lues  

TABLE 1 

Carbon isotope analyses of organic and carbonate carbon in 
varve packets from the Phillips 1 core (values in %~ versus PDB 
standard) 

Years a 13 Corg a 13 Ccar b ~13 C 

Castile euaporite 
184,695-- 184,744 

76,938- 76,987 
51,838- 51,887 

Transition zone 
51,246- 51,296 
51,100- 51,149 
50,875- 50,949 
50,625-- 50,824 

-25.6 +5.5 31.1 
-25.1 +5.3 

- 24.8 + 5.9 30.7 
- 25.0 + 4.6 29.6 

-27.9 +0.8 28.7 
- 27.3 + 1.7 29.0 
-25.4 +2.1 27.5 
- 29.4 + 3.1 32.5 

Bell Canyon Formation 
48,075- 48,274 - 29.1 
47,650- 47,874 - 29.0 
46,049- 46,249 - 28.4 

41,920- 42,119 -28.4 
38,917- 39,116 -28.7 
26,236- 26,435 - 28.9 

-28.8 

- 2.8 26.6 
-0.7 28.3 
- 2.0 26.4 

-1.4 
- 1.0 27.4 
- 1.0 27.7 
-0.7 28.2 

52 ,000  _ 

51,000 

5 0 , 0 0 0  

o 4 9 , 0 0 0  

4 8 , 0 0 0  

47, 0 0 0  

4 6 , 0 0 0  

~ N I V g R S I T  Y - PHILLIPS I COWDEN 4 1 ~  ~ ' I  

"4 I-3 I-2 I-I I 0  II  I~ 13 14 j5 • 5~ 

I " " '  ' ~  '-~ '-' I o " '~ , ,  ,~ , -  
.~3 C , % o  P B D  °,-4 ,-3 ,-~ ,-, i ~ I 0 II 12 13 14 

Fig. 4. Comparison of 813 Ccar b at corresponding levels of the transition zone among three cores spanning the Delaware Basin. Curves, 
and scales for 613C, are displaced to avoid overlap confusion. Core locations are shown in fig. 1 of Anderson et al. [12]. 
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in (a). 

through the transition zone gives 8.5%0 in 4500 
years, o r 2 × 1 0  39~a-X. 

Samples of organic carbon selected to represent 
the range of isotopic, compositional, and strati- 
gaphic variety in the section were analyzed for 
8i3Corg, and the results are compared in Table 1 
with the corresponding values for 6t3Cc,rb. Both 
organic carbon and carbonate carbon show enrich- 
ment in ]3C from the Bell Canyon Formation to 
the Castile evaporite, although not by the same 
amount. 

We have supplemented the detailed work on 
813C and 6180 by analysis of anhydrite from the 
transition zone of the lowermost Anhydrite I for 
834Ssu,,te. The results are shown in Fig. 3b. Previ- 

ous analyses of samples from each of the overlying 
anhydrite and halite units [1] gave results closely 
similar to the new analyses of Anhydrite I (Fig. 
3a). The plot of 834S in Fig. 3b suggests a possible 
negative correlation with 813C [2]. 

The 8180 values of the carbonate minerals gen- 
erally show minor fluctuation (Fig. 5a). These 6180 
values range from - 1.0 to + 4.4%0, but 70% of the 
data have values of 6180 = + 1 _+ 1%o. The only 
large and significant variation (with the exception 
of the depleted 8~80 values in the bottommost and 
uppermost samples) occurred in the Basal Lime- 
stone Member of the Phillips 1 core (Fig. 5b). 
Highly depleted 6180 in limestone (as low as 
- 5.5%o) coincided with the change from clastic to 
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evaporitic sedimentation in the basin. Together 
with the negative 8a80 values, we observed a de- 
pletion in Cam (Fig. 3b) and an increase of 
carbonate minerals in the rocks (Fig. 5b). In this 
zone 813C was depleted and variable, compared to 
the period before and after. These large variations 
in 6180 were not observed in the other two cores. 
However, depletion of 8180 in the carbonate, cor- 
relative with a decrease in 8~3C and an increase in 
carbonate mineral content, also occurred on a 
much smaller scale in Anhydrite IV (Fig. 5a). A 
similar relation with other salinity cycles within 
the overlying anhydrites was reported by Dean 
and Anderson [35], and elaborated by Burdett et 
al. [36]. 

6. Discussion 

6.1. Chemical changes in the Delaware Basin 

The aim in the following discussion is to de- 
scribe and try to relate the change in carbon 
isotope (and accompanying chemical changes) de- 
tected in the Delaware Basin cores, and to specu- 
late on its global significance. A provisional inter- 
pretation of the entire sequence is summarized in 
Fig. 6. 

Below the transition of 8a3C, the marine clastic 
Bell Canyon Formation contains carbonate with 
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laware Basin. Note that the time scale is non-linear and that its 
zero is arbitrarily at the base of the core from UNM Phillips 1, 
within the Bell Canyon Formation. 

isotopic characteristics normal for present-day 
marine carbonate. 

In the transition section, commencing at the 
same time in the three studied sections (Fig. 4) a 
steady rise in 813C began in the Bell Canyon and 
continued or resumed along the same trend in the 
early Castile. An increase in the removal of Cam 
from the active system, beyond that normally bal- 
anced by oxidative erosion of old Cam, could 
account for the correlated rise. Considering only 
the Bell Canyon alone, this reservoir could have 
been confined to the basin itself, or it could have 
included the surface layers of the ocean with which 
the basin had communication. One can simply 
calculate, for example, that inasmuch as up to 30% 
of the carbon in the varves of the Bell Canyon 
zone is Cam (Figs. 3b, 4), that this deposition itself 
could account for a 813C shift of 0.3 x 25%0 = 7.5%o 
in that zone, assuming no buffering of t~13fcarb by 
atmospheric interaction. 

However, the same trend of increase of 813C 
continued after the Basal Limestone, and into the 
base of Anhydrite I of the Castile evaporite. The 
fact that the increase continued in the same linear 
fashion while conditions of sedimentation were 
radically changed within the basin, leads us to 
believe that the rise was generated in the ocean 
outside the basin. 

Another good reason for thinking that the rise 
was derived from outside the basin, is that during 
Basal Limestone and Castile time the deposition of 
organic carbon within the basin was extremely 
low, both in weight fraction (Figs. 1, 3), and in 
actual sedimentation rate. Whether the Cam was 
rising (Bell Canyon), or consistently very low 
(lower Castile), did not seem to make any dif- 
ference in the rate of rise of 813C in the carbonate 
deposited from the surface waters of the basin. 
The rise continued after the beginning of CaSO 4 
precipitation, and the latter required inflow of 
surface seawater into the basin and a reflux of 
about 10% by volume out of the basin ([27]; R.Y. 
Anderson, unpublished modelling calculations). 
Consequently the water mass that was responsible 
for rising 813C must have included at least the 
surface zone of the nearby ocean. 

We do not believe that the rise in 13C can be 
explained by local or intrabasinal processes such 



as diagenesis or evaporation. Diagenesis, including 
post-depositional methanogenesis and sulfate 
reduction, dolomitization, or later alteration by 
circulation of fresh waters, are each capable of 
changing ~13Ccarb on a local scale [38]. For exam- 
ple Irwin, et al. [39] found in Kimmeridge (Jurassic) 
carbonates values of ~13C up to +9%o that they 
attributed to bacterial fermentation of organic 
matter producing CO 2 and c n  4. However, as 
might be expected, those variations were very ir- 
regular in a stratigraphic sense. In the Delaware 
Basin, ~13Ccarb rises smoothly and simultaneously 
throughout the basin (Fig. 4). A normal fractiona- 
tion between ~13Ccarb and ~13Corg has been pre- 
served (Table 1). The fine grains and lamallae are 
preserved in exquisite detail, showing none of the 
recrystallization and textural degradation expected 
during diagenesis. Apparently early diagenetic 
processes were not important in this basin, and the 
section was protected from later changes by the 
overlying evaporites. 

The mineralogy of the carbonate phase in this 
study has almost no effect on the carbon isotope 
variation. Nearby samples of dolomite and calcite 
show only insignificant variations in 813C (Figs. 
1, 3), as was known from previous studies in other 
areas. The Bell Canyon Formation in Phillips 1 is 
all dolomitic but nevertheless has large variations 
of 8180, whereas in the Castile Formation both 
dolomitic samples and calcitic samples have only 
minor fluctuations ( + 1%o). 

It is important to consider whether some of the 
carbon isotope anomaly that we find in this iso- 
lated basin (as well as in the Zechstein Basin) may 
be ascribed to evaporative processes within the 
basin, rather than to input from the surface ocean, 
as we have postulated above. 

In general one might expect that CO 2 would be 
lost during the evaporation of seawater, and that 
such loss would leave the brine enriched in 13C. In 
a putative equilibrium CO 2 degassing during 
evaporation, the drastic reduction in volume of 
liquid would in itself tend to cause a substantial 
loss of CO 2. The loss would be increased by the 
considerable decrease of CO 2 solubility with in- 
creasing ionic strength. Precipitation of carbonate 
minerals, although not in itself accompanied by 
large carbon isotope fractionation, would never- 
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theless add to CO 2 loss through the conversion of 
bicarbonate to carbonate. Kinetic fractionation 
could modify these equilibrium tendencies, partic- 
ularly in the evaporative mechanism, where the 
departure from equilibrium is influenced by the 
differentials of CO 2 pressure and of 813C between 
brine and atmosphere, by the wind speed, etc. Of 
course equilibrium with atmospheric CO 2 would 
erase evaporation effects. 

Wigley et al. [40] have developed a comprehen- 
sive theory of the equilibrium changes of carbon 
isotopes in aqueous systems, including in particu- 
lar a model for (non-evaporative) degassing of 
CO 2 with simultaneous precipitation of calcite. 
Previously Hendy [41] considered many factors 
controlling isotope ratios in groundwaters, includ- 
ing kinetic fractionation due to fast loss of CO 2. 
Both of these models were for relatively dilute 
waters, in which activity coefficients and 
fractionation factors were well known. In response 
to our interest, Creighton Yapp (personal com- 
munication, 1982) has developed a more compre- 
hensive model that includes a variety of kinetic 
effects, and at high concentrations. Such modell- 
ing shows in principle that 813C in the residual 
brine may rise by say 8% from degassing of CO 2 
through evaporation and calcite precipitation. 

However, it seems that this expected rise is not 
a normal result in the development of natural 
evaporite basins. Sabkhas in the Persian Gulf [42], 
Baja California [43], and the Afar Depression [44] 
have carbonates with negative to slightly positive 
813C, while sections in other evaporite basins that 
range from deep water to sabkha conditions in 
Pleistocene Lake Lisan [45], Miocene Mediter- 
ranean [43], Triassic of southern Israel (Magaritz 
and Druckman, unpublished), and Pennsylvanian 
Paradox (Magariz, unpublished) have 813C that 
are all generally negative. Furthermore, 813C in 
the Delaware Basin started going positive thou- 
sands of years before evaporative concentration 
began (Fig. 3). In the correlative case of the Zech- 
stein Basin, referred to in the introduction, the rise 
of 813C started an even longer time before the first 
evaporite [7-11] and continued through returns to 
carbonate facies in subsequent depositional cycles 
[46,47]. Furthermore, as one moves across the De- 
laware Basin from west to east (Fig. 4), the corre- 
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sponding increase in salinity indicated by thick- 
ness of the overlying Halite I [12, fig. 13] is not 
reflected in changes of 813C. 

In a Somewhat analogous situation measured 
equilibrium and kinetic fractionations for 818OH20 
give a theoretical rise of up to 6%o during evapora- 
tion of seawater, but natural systems show only a 
fractional or sometimes negligible increase [48]. 

One major departure from the regularities de- 
scribed above occurs in the Basal Limestone of 
Phillips 1, as a sharp shift to negative 6180, as low 
as 6180 = -5.5%o (Fig. 5). During the next 600 
years 8180carb gradually returned, with the onset of 
calcium sulfate deposition, to weakly positive val- 
ues (8a80 = +1 .0  + 0.5%o) characteristic of 
evaporites [28,42], and thereafter only varied by 
about 1%o during salinity cycles. The negative ex- 
cursion of 8180carb was accompanied by a similar 
excursion in 813C, although that never dropped as 
low as the pre-transition levels (Fig. 3b). These 
anomalies are less dramatically developed in 
Cowden 4, and are absent in University 37 (not 
illustrated). They probably reflect a major influx 
of meteoric water in at least the surface of the 
western part of the basin. A similar type of influx 
of meteoric water was recorded in Holocene 
sapropelic sediments of the Eastern Mediterranean 
[49], and was also suggested in the North Pacific 
during the last phase of the Pleistocene [50]. 

From about year 52,000 and continuing for the 
rest of the Castile section (Fig. 3a) (and indeed for 
the rest of the Permian--see  below), 8~3C re- 
mained abnormally high. The changeover from a 
rising 813C to a high but level 813C seems to be 
abrupt in the data so far available, but definition 
of the precise form of this discontinuity will re- 
quire further analyses. If, as the previous discus- 
sion indicates, the anomalously high level of 813C 
was derived from the surface ocean outside the 
basin, then its continuation at a high level was also 
from that source. 

The worldwide statistical compilations of Veizer 
et al. [2], Lindh et al. [51], and Saltzman et al. [21] 
indicated a high in 813C lasting through the Penn- 
sylvanian and Permian, and the finer time divi- 
sions of the latter compilations also demonstrated 
a low in the Triassic. However, very little pub- 
lished data for these times was available from the 

western U.S.A. (e.g. [52]). The dissertation by 
Wilgus [37] included a few analyses of the overly- 
ing Rustler Formation in the back-reef area of 
West Texas that indicated high 813C continuing 
through the latest Permian in North America, 
except for the Phosphoria Formation. The earliest 
Triassic (in the Western Interior) was again of low 
813C. 

In contrast to the anomaly of 813C, the low 
values in 634S that we determined in the Castile 
evaporite are only a short-term manifestation of a 
well-documented low that began in the Early Per- 
mian and continued through most of Early Tri- 
assic time [1]. This comparison points up the inde- 
pendence of the carbon and sulfur cycles on a 
short time scale, in contrast to a general anticorre- 
lation on a long time scale [2]. 

6.2. A worldwide event in the carbon cycle? 

The previous documentation of a sharp rise in 
613C throughout the Zechstein Basin [7-11] had 
led one of us to speculate that it might be repre- 
sentative of a worldwide event [8]. This led to a 
search for similar anomalies in other basins of 
stratigraphically equivalent age, which has here 
been abundantly confirmed for the Delaware 
Basin. Preliminary data from several profiles in 
the correlative Bellerophon Formation of the Al- 
pine Tethyan facies indicate a similar rise (Holser 
and Magaritz, unpublished). We are therefore con- 
vinced that a very high 813C is indeed a character- 
istic of the world ocean (at least its surface layer) 
during the last stage of Permian time. 

Not  only the size, but especially the rate of rise 
of this shift of 813C is extraordinary. In the studied 
section of the Marl Slate in the Zechstein Basin 
[9,10], the whole carbon isotope transition zone is 
represented by 60 cm of the core. At a rate of 
deposition of 80 /~m a -1 roughly estimated from 
mean varve thickness [9], this part of the sequence 
represents 7500 years. The total rise time in the 
Zechstein is therefore about twice that in the 
Castile, but is nevertheless very fast in a geological 
sense. 

Evidently a large shift of the carbon cycle to- 
ward excess deposition of organic carbon is in- 
volved here, but the large amount and high rate of 



the 813C increase raise many difficulties of inter- 
pretation. These difficulties are aggravated by the 
probable large size of the reservoirs of carbon 
involved. 

An oceanic accumulation of Corg was previously 
postulated to explain rises of 813C during Creta- 
ceous anoxic events [53]. Those rises were both 
smaller and slower but more crudely timed than 
the one in the Delaware Basin. A rise of over 
+8%0 in 813C was previously recorded by Schid- 
lowski et al. [54] from the Lomagundi carbonates 
of mid-Precambrian ages. They assumed that it 
was due to excess deposition of Corg within a 
closed basin, but 813C and %Corg stratigraphy was 
not available in sufficient detail (as it is from the 
Delaware Basin) to make a clear distinction be- 
tween basinal and oceanic sources. 

It seems unlikely that the surface layer of the 
ocean could sustain its 813C HCO3 at levels in greater 
disequilibrium with 813Cco2 of the atmosphere for 
any appreciable length of time (e.g. [55]) conse- 
quently the reservoir that was in communication 
with the evaporite basins probably included the 
atmosphere as well as the surface ocean waters. 
Furthermore, the present time for mixing of the 
surface ocean waters with the deep ocean is a few 
thousand years, and while vertical mixing may 
have been very much less effective in a possible 
stratified ocean, we still must consider the possibil- 
ity that the carbon reservoirs of the deep ocean 
might also have been involved in the shift of 813C 
that was recorded in the two basins. If the 
surface/a tmosphere  reservoir were first involved, 
and then only slowly mixed with the large deep- 
ocean reservoir, we might have expected an initial 
rise in 813Ccarb, followed by a reversal and slow 
return to normal values. In fact what we observe is 
a steady rise and then a long-sustained high. 

We have made a series of model calculations, as 
to how the present carbon cycle might be distorted 
to generate the kind of carbon isotope record that 
we have found in the Permian. As might be ex- 
pected, the above considerations are so restrictive 
that none of our calculations give a satisfactory 
answer. For example, if only the surface ocean and 
atmospheric reservoirs of carbon were involved, 
and only the very small fraction of organic carbon 
productivity were deposited without being bal- 
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anced by oxidation of old Corg, then the calculated 
rate of rise of 813C is of the right order of magni- 
tude to explain the Permian anomaly. But if the 
whole ocean reservoir of CCarb is involved, then one 
would need to deposit a very much larger fraction 
of the photosynthesized Corg in order to generate 
such a large and fast rise in 813C. But such large 
rates of burial could not be sustained for long 
unless the reflux to surface waters of phosphorous 
nutrient were much more efficient than it is today. 

The carbon isotope anomaly in these Permian 
basins is unprecedented in magnitude and rate. As 
more and more geochemical and geological data 
have accumulated, the worldwide nature of the 
anomaly has become empirically established. At 
the same time, theoretical calculations have so far 
failed to give a satisfactory model explaining how 
the anomaly was generated. As one anonymous 
referee of this paper pointed out, " . . . I t  seems 
likely that [the] shifts reflect a global change in the 
813C distribution. This result is very significant in 
that it cannot be explained without violating hy- 
potheses of how the modern 813C balance is 
achieved." 

7. Conclusions 

The isotopic record in the varved sediments of 
the Upper  Permian of the Delaware Basin, Texas, 
when combined with similar records already pub- 
lished from rocks of the same stratigraphic stage in 
the distant Zechstein Basin, has important impli- 
cations for the geochemical cycle of carbon during 
that time interval: 

(1) The main event is a continuous rise of 
813Ccarb , documented from three cores across the 
Delaware Basin, from 8~3C = - 2 . 8  to +5.7%0 in 
only 4400 years, or at a rate of 2 × 10-3%o a - t .  

(2) The recording (but not the progress) of this 
carbon event is interrupted, for a few hundred 
years, by an influx of fresh water in the western 
side of the basin, depositing the Basal Limestone 
with variably light 818Ocarb and 813Ccarb, and low 

Corg- 
(3) The rise of 813C and the excess of Corg 

deposition which must have generated it, took 
place in the surface ocean external to the Delaware 
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Basin, as shown by its cont inui ty  and by a lack of 
Cot g within the Delaware Basin. 

(4) Correlat ion of some details of the Delaware 

carbon  event with that previously recorded in the 
Zeichstein Series in northwestern Europe suggests 
that these sites probably  record a single event, that 

therefore was pervasive in the world surface ocean. 
(5) While it is theoretically possible that the 

rise of ~13C in the two basins might have been 

separately generated either by CO 2 degassing dur- 
ing evaporation, or by addi t ion of 813C-rich CO 2 

added by diagenetic fermentat ion of Corg-rich sedi- 
ments  into CH 4 and  CO 2, such a rise has not been 
observed in other evaporites. 

(6) Ready equi l ibrat ion of surface ocean water 
with the atmosphere makes it likely that at least 
the combined atmosphere-surface ocean reservoirs 
of carbon were involved in the carbon transfer. 

(7) The persistence of high 813C for at least a 

few hundred  thousand years after its rise, in both 
the Delaware and Zechstein Basins, suggests that 
the deep ocean reservoir of carbonate  may also 
have been involved, even if mixing was inhibi ted 
by oceanic stratification. 

(8) Calculat ions based on reservoirs and fluxes 
of carbon in the modern  ocean do not satisfacto- 
rily model the Permian anomaly.  

Acknowledgements 

The research was funded in part  by research 
grant  EAR 815985 from the Nat ional  Science 
Founda t ion  to the Universi ty of Oregon, and by 
the Caswell Silver Founda t ion  to the Universi ty  of 
New Mexico. We are indebted to Greg Martinez, 
Tzor  Gal in  and Lance Peterson for some of the 
sample preparat ion and analysis, to D. Price and 
A. Castellanos for analytical advice and assistance, 
to I. Mourarinski ,  R. Selnikov and M. Feld for 
mass spectrometric measurements ,  and to Gail  
Peretsman for assistance in the preparat ion of the 
manuscript .  Creighton Yapp helped with extensive 
discussions of stable isotope modelling, and 
Michael Ar thur ' s  sceptical, incisive comments  
helped us to sharpen our reasoning. The salubrious 
facilities of Pension Latemar at Vigo di Fassa, in 
the I tal ian Dolomites, provided an inspirat ional  
atmosphere for the draft ing of this paper. 

References 

1 G.E. Claypool, W.T. Holser, I.R. Kaplan, H. Sakai and I. 
Zak, The age curves of sulfur and oxygen isotopes in marine 
sulfate and their mutual interpretation, Chem. Geol. 28, 
199-260, 1980. 

2 J. Veizer, W.T. Holser and C.K. Wilgus, Correlation of 
13C//12C and 34S/32S secular variations, Geochim. Cosmo- 
chin. Acta 44, 579-587, 1980. 

3 W.T. Holser, I.R. Kaplan, H. Sakai and I. Zak, Isotope 
geochemistry of oxygen in the sedimentary sulfate cycle, 
Chem. Geol. 25, 1-17, 1979. 

4 W.T. Holser, Catastrophic chemical events in the history of 
the ocean, Nature 267, 403-408, 1977. 

5 H.R. Thierstein and W.H. Berger, Injection events in ocean 
history, Nature 276, 461-466, 1978. 

6 M.A. Arthur, Paleoceanographic events--recognition, reso- 
lution, and reconsideration, Rev. Geophys. Space Phys. 17, 
1474-1494, 1979. 

7 M. Magaritz and K.H. Schulze, Carbon isotope anomaly of 
the Permian period, Contrib. Sedimentol. 9, 269-277, 1980. 

8 M. Magaritz, P. Turner and K.C. Kading, Carbon isotope 
change at the base of the upper Permian Zechstein se- 
quence. Geol. J. 16, 243-254, 1981. 

9 M. Magaritz and P. Turner, Carbon cycle changes of the 
Zechstein Sea: isotopic transition zone in the Marl Slate, 
Nature 297, 389-390, 1982. 

10 P. Turner and M. Magaritz, Chemical and isotopic studies 
of a Marl Slate Core (VT8): influence of freshwater influx 
into the Zechstein Sea, in: English Zechstein and Related 
Basins, D.B. Smith, ed., Geol. Soc. London Spec. Publ. (in 
press). 

11 R. Botz and G. Mialler, Mineralogie, Petrographie, 
anorganische Geochemie und Isotopen-Geochemie der 
Karbonatgesteine des Zechstein, 2, Geol. Jahrb. D47, 3-112, 
1981. 

12 R.Y. Anderson, W.E. Dean, Jr., D.W. Kirkland and H.I. 
Snider, Permian Castile varved evaporite sequence, West 
Texas and New Mexico, Geol. Soc. Am. Bull. 83, 59-85, 
1972. 

13 R.Y. Anderson, A long geoclimatic record from the Per- 
mian, J. Geophys. Res. 87, 7285-7294, 1982. 

14 A.G. Smith, A.M. Hurley and J.C. Briden, Phanerozoic 
Paleocontinental World Maps, 102 pp. Cambridge Univer- 
sity Press, Cambridge, 1981. 

15 J.H. Callomon, D.T. Donovan and R. Trumpy, An anno- 
tated map of the Permian and Mesozoic formations of East 
Greenland, Medd. Gmnland, 168, No. 3, 35 pp., 1972. 

16 P.B. King, Permian of west Texas and southeastern New 
Mexico, Am. Assoc. Pet. Geol. Bull. 26, 535-763, 1942. 

17 J.B. Waterhouse, World correlations for Permian marine 
fauna, Pap. Dep. Geol. Univ. Queensland 7, 2, 1976. 

18 H. Kozur, The boundaries and subdivisions of the Permian 
System, in: Proceedings, International Symposium Central 
European Permian, pp. 401-425, Geological Institute, 
Warsaw, 1981. 

19 D.B. Smith, R.G.W. Brunstrom, P.I. Mannings and F.W. 



Shotten, A correlation of Permian rocks in the British Isles, 
Geol. Soc. London Spec. Rep. 5, 45 pp., 1974. 

20 H. Kozur, The correlation of the uppermost  Carboniferous 
and Permian of Middle and Western Europe with the 
Marine Standard Scale, in: Proceedings International Sym- 
posium Central European Permian, pp. 426-450, Geologi- 
cal Institute, Warsaw, 1981. 

21 E.S. Saltzman, T.B. Lindh and W.T. Holser, Secular changes 
in 13C and 34S, global sedimentation, p 02 and p CO 2 during 
the Phanerozoic (abstract) Geol. Soc. Am. Abstr. Prog. 14, 
607, 1982. 

22 N.D. Newell, J.K. Rigby, A.G. Fischer, A.J. Whiteman, J.E. 
Hickox and J.S. Bradley, The Permian Reef Complex of the 
Guadalupian Mountains  Region, Texas and New Mexico, 
236 pp., Freeman and Co.. San Francisco, Calif., 1953. 

23 J.E. Adams, H.N. Frenzel, M.L. Rhodes and D.P. Johnson, 
Starved Pennsylvanian Midland Basin, Am. Assoc. Pet. 
Geol. Bull. 35, 2600-2607, 1951. 

24 W.T. Holser, Bromide geoche~nistry of salt rocks, in: Sec- 
ond Symposium on Salt, J.L. Rau, ed., Vol. 1, pp. 248-275, 
Northern Ohio Geological Society, Cleveland, Ohio, 1966. 

25 S.S. Adams, Bromine in the Salado Formation, Carlsbad 
Potash District, New Mexico, N.M. Bur. Mines Mineral. 
Res. Bull. 93, 122 pp., 1969. 

26 J.M. Cys, Transitional nature and significance of the 
Castille-Bell Canyon contact,N.M. Bur. Mines Mineral Res. 
Circ. 159, 53-56, 1978. 

27 W.T. Holser, Mineralogy of evaporites, Mineral Soc. Am. 
Rev. Mineral. 6, 211-294, 1979. 

28 G. Richter-Bernburg, Uber salinar Sedimentation, Z. Dtsch. 
Geol. Gesell. 105, 593-645, 1955. 

29 J.N. Weber and F.G. Smith, Rapid determination of calcite 
ratios in sedimentary rocks, J. Sediment. Petrol. 31,130-131,  
1961. 

30 W.E. Dean, Jr., Determination of carbonate and organic 
matter in calcareous sediments and sedimentary rocks by 
loss on ignition: comparison with other methods, J. Sedi- 
ment. Petrol. 44, 242-248, 1974. 

31 M. Magaritz and M. Kafari, Stable isotope and Sr2+/Ca2+ 
evidence of diagenetic dedolomitization in a schizohaline 
environment: Cenomanian of Northern Israel, Sediment. 
Geol. 28, 29-41, 1981. 

32 T. Sharma and R.N. Clayton, Measurement of 1 8 0 / 1 6 0  
ratios of total oxygen of carbonates, Geochim. Cosmochim. 
Acta 29, 1347-1363, 1965. 

33 B.D. Holt and A.G. Engelkemeir, Thermal Decomposition 
of BaSO 4 to SO z for mass spectrometric analysis, Anal. 
Chem. 42, 451, 1970. 

34 S.A. Bailey and J.W. Smith, Improved method for the 
preparation of SO 2 from BaSO 4 for isotope ratio annalysis, 
Anal. Chem. 94, 1542, 1972. 

35 W.E. Dean and R.Y. Anderson, Salinity cycles: evidence 
for subaqueous deposition of Castile Formation and lower 
part of Salado Formation, Delaware Basin, Texas and New 
Mexico, N.M. Bur. Mines Mineral Res. Circ. 159, 15-20, 
1978. 

36 J.W. Burdett, M.A. Arthur, D.F. Williams, W.E. Dean and 
R.Y. Anderson, Stable isotopic evidence for subaqueous 

123 

deposition of Upper  Permian evaporites, Delaware Basin, 
Texas -New Mexico (abstract) Geol. Soc. Am. Abstr. Prog. 
14, 455, 1982. 

37 C.K. Wilgus, A stable isotope study of Permian and Triassic 
marine evaporite and carbonate rocks, western Interior, 
U.S.A., Ph.D. Dissertation, University of Oregon, Eugene, 
Oreg., 1981. 

38 T.F. Anderson and M.A. Arthur, Stable isotopes of oxygen 
and carbon and their application to sedimentologic and 
paleoenvironmental  problems, Soc. Econ. Paleontol. 
Mineral. Short Course 10, 1-1 to 1-151, 1983. 

39 H. Irwin, C. Curtis and M. Coleman, Isotopic evidence for 
source of diagenetic carbonates formed during burial of 
organic rich sediments, Nature 269, 209-213, 1977. 

40 T.M.L. Wigley, L.N. Plummer and F.J. Pearson, Jr., Mass 
transfer and carbon isotope evolution in natural water 
systems, Geochim. Cosmochim. Acta 42, 1117-1139, 1978. 

41 C.H. Hendy, The isotopic geochemistry of speleothems, I. 
The calculation of the effects of different modes of forma- 
tion on the isotopic composition of speleothems and their 
applicability as palaeoclimatic indicators, Geochim. Cosmo- 
chim. Acta 35, 801-824, 1971. 

42 J.A. McKenzie, Holocene dolomitization of calcium 
carbonate sediments from the coastal sabkhas of Abu Dhabi, 
U.A.E.: a stable isotope study, J. Geol. 89, 185-198, 1981. 

43 C. Pierre, Teneurs en isotopes stables (180, 2H, 13C, 34S) et 
conditions de grnrse des 6vaporites marines: application 
quelques milieux actuels et au Messinian de la Mrditerranre, 
266 pp., D.S.N. Thesis, Universit6 de Paris-Sud, Orsay, 
1982. 

44 E. Bonatti, C. Emiliani, G. Ostlund and H. Rydell, Final 
dessication of the Afar Rift, Ethiopia, Science 172, 468-469, 
1971. 

45 A. Katz, Y. Kolodny and A. Nissenbaum, The geochemical 
evolution of the Pleistocene Lake Lisan-Dead Sea system, 
Geochim. Cosmochim. Acta 41, 1609-1626, 1977. 

46 D.N. Clark, The diagenesis of Zechstein carbonate sedi- 
ments, Contrib. Sedimentol. 9, 167-203, 1980. 

47 E.P. Muller, F. Theilig, I. Maass, C. Geissler and P. Dostal, 
Die isotope Zusammensetzung des Kohlenstoffs in Sedi- 
menten des Perms und ihre Bedeutung for die Fazies, Z. 
Angew. Geol. 14, 250-257, 1968. 

48 A. Nadler and M. Magaritz, Studies of marine solution 
bas ins - - i so top ic  and composi t ional  changes during 
evaporation, in: Hypersaline Brines and Evaporitic En- 
vironments, A. Nissenbau, ed., pp. 115 129, Elsevier, 
Amsterdam, 1980. 

49 R.C. Thunnel,  D.E. Williams and J.P. Kennett,  Late 
Quaternary palaeoclimatology, stratigraphy and sapropel 
history in eastern Mediterranean deep sea sediments, Mar. 
Micropaleontol. 2, 371-388, 1977. 

50 W.H. Berger, R.F. Johnson and J.S. Killingley, "Unmix ing"  
of the deep sea record and the deglacial meltwater spike, 
Nature 269, 661-663, 1977. 

51 T.B. Lindh, E.S. Sahzman, J.L. Sloan, II, B.W. Mattes and 
W.T. Holser, A revised 13C-age curve (abstract), Geol. Soc. 
Am. Abstr. Prog. 13, 498, 1981. 

52 M.L. Keith and J.N. Weber, Carbon and oxygen isotopic 



124 

composition of selected limestones and fossils, Geochim. 
Cosmochim. Acta 28, 1787-1816, 1964. 

53 A.G. Fischer and M.A. Arthur, Secular variations in the 
pelagic realm, Soc. Econ. Paleontol. Mineral. Spec. Publ. 
25, 19-50, 1977. 

54 M. Schidlowski, R. Eichmann and C.E. Junge, Carbon 
isotope geochemistry of the Precambrian Lomagundi 

carbonate province, Rhodesia, Geochim. Cosmochim. Acta 
40, 449-455, 1976. 

55 B. Bolin, E.T. Degens, P. Duvigneaud and S. Kempe, The 
global biogeochemical carbon cycle, in: The Global Carbon 
Cycle, B. Bolin, E.T. Degens, S. Kempe and P. Ketner, eds., 
pp. 1-56, John Wiley and Sons, New York, N.Y., 1979. 




