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ABSTRACT 

6180 ~alues have been determined for 53 coexisting chert-phosphate pairs 

from the Phanerozoic and Precambrian. In addition, 6~80 values were also 

determined for 18 biogenic phosphates from the Phanerozoic. 

The oxygen isotope data for the chert-phosphate pairs permitted the 

calculation of the temperatures of formation of the chert-phosphate pairs as 

well as the 6 180 of the waters in which they equilibrated. In turn the 

calculated 6180 of the waters permitted the calculation of temperatures from 

the isotopic data of the biogenic phosphates. The temperatures for the 

Tertiary and Mesozoic samples are compatible with the literature values 

determined from oxygen isotope data for well-preserved calcareous marine 

skeletal remains. The temperatures calculated from the chert-phosphate pairs 

of the Paleozoic are usually higher and vary in cycles of about a 150 million 

year period. The early Precambrian temperatures are as high as 80°C and 

decrease with time. The use of chert-phosphate pairs for temperature 

determinations are sufficiently promising to warrant further investigations of 

this type on well preserved chert-phosphate or carbonate-phosphate pairs. 



' 

3 

INTRODUCTION 

Oxygen isotope paleotemperatures have been measured using many fossil 

skeletal remains. However, with few exceptions, this method of temperature 

determination has been restricted to post-Paleozoic periods because of lack of 

well preserved older fossil remains. Paleotemperature estimates for the 

Paleozoic and older periods of time were made from measurements of the oxygen 

and hydrogen isotope composition of microcrystalline cherts by Knauth and 

Epstein (1976). They obtained relative temperature values for the Phanerozoic 

using some 60 nodular cherts. Temperature estimates were also made using 

several Precambrian samples. They obtained a pattern of temperatures 

indicating that the earth had cooled almost continuously since the early 

Precambrian. This method of measuring temperatures is rigorous provided the 

original oxygen and hydrogen isotopic composition of the cherts were preserved 

and were in isotopic equilibrium with the ocean waters during their 

formation. It was also necessary to assume that the 60 and 6180 of the oceans 

did not vary with time. Actually it is not known for certain whether the 

cherts are in isotopic equilibrium with ocean water since they are not primary 

precipitates. The oxygen isotopic records in cherts could also be partially 

or entirely due to changes in the isotopic composition of the ocean water 

during the history of the earth (Perry and Tan, 1972). Although arguments 

were presented by Knauth and Epstein (1976) to provide some confidence in 

these estimated temperatures it was clear that their estimates required 

confirmation by other data. 

Since the development of the oxygen isotope paleotemperature technique 

(Urey!!_ al., 1951; Epstein!!_ al., 1953), it was realized that the analysis 

of coexisting mineral pairs, both in isotopic equilibrium with ocean waters, 

would be the ideal way to obtain reliable temperatures of the oceans of the 
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past. More specifically, Urey &tl (1951) calculated that the fractionation 

factor for oxygen isotope partition between phosphate and carbonate in 

equilibrium would be a good candidate for a reliable temperatures scale. 

Longinelli and Nuti (1973) analyzed the o~80 of modern carbonate shells 

and the phosphate extracted from them and obtained a difference in their 0180 

of about 10°/oo. However, they concluded that this difference is constant 

with temperature. Thus, it is not possible to use the phosphate-carbonate 

pairs to determine oxygen isotope temperatures. This conclusion does not seem 

reasonable considering that oxygen isotope fractionation factors usually 

decrease with temperature and approach one at very high temperatures. As we 

discuss in our experimental sections certain precautions must be taken to get 

precise 0180 values for phosphates. These were not discussed in the papers by 

Longenelli and Nuti (1973). 

Tudge (1960) developed an analytical procedure for the isotopic analysis · 

of phosphates. The phosphate sample is dissolved in acid and, after several 

different precipitations, the final precipitate BiPQ4 is fluorinated to 

release the oxygen for isotope analysis. By using heavy water in the 

dissolution procedures Tudge was able to show that no measurable oxygen 

isotope exchange between dissolved phosphate and water occurred in any of the 

solution-precipitation steps. 

More recently, Shemesh &tl· (1983) and Luz &tl· (1984) have analyzed 

ancient phosphatic remains, including some conodonts from the Paleozoic, and 

have found that the 0180 values for these phosphatic fossil remains decreased 

with age in a manner reminiscent of the trend observed in cherts by Knauth and 

Epstein (1976). With this in mind, we decided to analyze phosphates trapped 

in cherts, some of which were previously analyzed isotopically (Knauth and 

Epstein, 1976), and obtain the 0180 values for coexisting phosphates and 
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granular microcrystalline quartz (gmc quartz} pairs. The choice of the chert

phosphate pairs was governed by the possibility that the phosphates were 

sealed in the chert and shielded from isotopic exchange with water subsequent 

to their incorporation as part of the chert deposit. 

EXPERIMENTAL 

(a} Sample Selection 

One hundred Phanerozoic and 125 Precambrian chert samples were tested, 

of which a total of 29 Phanerozoic and 23 Precambrian samples contained enough 

phosphate for further work. The test consisted of extractions of phosphates 

from 1.5 g of cherts and the precipitation as a yellow ammonium 

phosphomolybdate complex. The phosphate contents of the samples were 

estimated by compar~ng the amounts of precipitates produced from the chert 

samples, with those prepared from standard phosphate solutions. 

With few exceptions, the Phanerozoic specimens were collected from 

nodular or bedded chert accummulations in sedimentary carbonate formations in 

North America. All these cherts have been examined petrographically and 

usually only the 6180 values of those composed of granular microcrystalline 

quartz (gmc quartz} were considered to be reliable for paleotemperature 

considerations. On the other hand, the Precambrian chert specimens are from 

various sources and different kinds of sedimentary formations in Africa, 

Australia and North America, and some of them are partially recrystallized. 

The consequences of this alteration on the oxygen isotopic record of these 

samples will be discussed in some detail below. Wherever possible, we have 

also analyzed some conodonts, phosphatic shells and other biogenic phosphate 

samples for comparison with the phosphate in the cherts. In addition, we have 

also analyzed a number of chert-phosphate pairs which were clearly not 
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cogenetic nor in equilibrium to determine if the isotope record agrees with 

these conclusions. 

(b) Techniques 

The chemical procedures for the separation and purification of phosphate 

basically follows that of Tudge (1960). The chert samples, tested to give 

about 0.4 millimoles of BiP04, are crushed to a fine powder. The phosphate is 

dissolved in lOM nitric acid and precipitated as ammonium phosphomolybdate and 

redissolved and precipitated as magnesium ammonium phosphate, redissolved 

again and finally precipitated as bismuth phosphate. The precipitate is 

filtered, dried at 80°C, and weighed as BiP04• 1/2H20 after exposure to 

laboratory air for 15 minutes. 

Prior to fluorination about 20mg aliquots of BiP04• 1/2H2o are weighed 

into small Ni-boats and the boats and their contents are transferred into a 

glass container and heated up slowly under vacuum to 420°C in order to 

completely dehydrate the sample. The evacuated glass vessel containing the 

samples is opened in a dry box and the samples loaded into nickel fluorine 

reaction vessels. The BiP04 is reacted by about five-fold excess of BrF5 at 

240°C. The 02 formed is converted to CO2 for mass spectrometric analysis. 

The results are given in the conventional a-notation relative to SMOW 

(Standard Mean Ocean Water). 

We have modified the published procedures by heating the phosphate 

samples to 420°C and by avoiding exposure to air in order to improve the 

precision of the o~ 80 data. The bismuth phosphate precipitated from solution 

is in the hexagonal a-form (Mooney-Slater, 1962). The a-phase can be 

dehydrated at temperatures between 75 and 175°C but then if the sample is 

exposed to laboratory air it ~ill be almost completely rehydrated in about 15 

minutes. This is illustrated in Fig. 1. The hydration of the bismuth 
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phosphate can increase the yield of oxygen up to 12.5 percent. Since the 0 180 

of atmospheric water is much lower than the 0180 of the phosphates we have 

analyzed, the error introduced by the hydration can be very serious. This is 

illustrated in Fig. 2. The 0180 of the phosphate, in.itially about 14.5°/oo, 

is decreased to 12.5°/oo by the addition of water of hydration. The 0180 of 

the phosphates we have analyzed are as high as 27°/ou, so the errors could be 

greater. The rehydration was prevented by heating the Bi PO1+ • 1/2 H2O to higher 

temperatures to convert it to the a-form (Mooney-Slater, 1962). As Fig. 1 

shows, the a-BiPO4 does not rehydrate significantly even after one hour 

exposure to the laboratory atmosphere. As an added precaution the a-BiPOi+ is 

only exposed to dry nitrogen in the dry box during its loading into the nickel 

reaction vessels. We have also used the basic procedures as described by 

Tudge (1960), Longinelli (1965), and Kolodny et !l, (1983) and found their 

procedures do not adequately remove the water of hydration prior to 

fluorination, and their data must be biased towards lower 0180 values. 

We have also found that complete precipitation is necessary in the 

various steps of the phosphate extraction procedure. Incomplete precipitation 

of our pure phosphate standard caused large oxygen isotope fractionations. 

For example, recovery of 55 percent of the total phosphate in the final BiPO4 

precipitation decreased the 0180 value of the precipitate by 4.1°/oo. Such 

effects are most likely to occur when one deals with small samples of 

phosphates and if caution is not exercised in the precipitations. 

Bunton et al. (1961) showed that dissolved phosphate exchanges 

isotopically with the solvent water in acid and neutral solutions. We have 

repeated the experiments of Tudge (1960) by spiking our solution with 18O-rich 

water to ascertain if our procedures introduce oxygen isotope exchange with 

the phosphate. We observed no appreciable exchange. 
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Our standard deviation for repeat fluorinations of a single bismuth 

phosphate powder is ±0.09 u/ou. For the repeat extractions of the phosphates 

from different pieces of the same chert sample the standard deviation was 

±0.12°/oo. The decrease in precision could in part be attributed to the lack 

of homogeneity in the samples. 

We have fluorinated a fluoro-apatite sample separated from the 

Siilinjarvi carbonatite intrusion in Finland and compared the 6180 value of 

this oxygen with the oxygen extracted from the bismuth phosphate made from the 

fluoro-apatite made by our usual chemical procedures. The 0 180 values of 

these two samples were 5.1 and 5.2 °/oo, respectively. A similar comparison 

was made for direct and indirect extraction of oxygen from reagent KH2P04• 

The 61 80 samples were 12.3 and 12.0 °/oo respectively, showing that our 

chemical procedures do not cause significant isotopic fractionation. 

We have also analyzed two samples given to us by Y. Kolodny, for purposes 

of comparing our data. One sample is his BiP04 standard, and the other a 

phosphorite (KP-65) from Chatham Rise. The 6180 values given by Kolodny are 

13.1 and 25.1 °/• respectively. In comparison, our results are significantly 

higher at 14.2 and 27.0 °/• respectively. In addition, the precisions given 

in the papers by Kolodny et al. (1983); Shemesh et al. (1983) and Luz et al. 

(1984) are± 0.5, ± 0.3 and± 0.5 °/•, respectively, which are similar to the 

precision of the data in Fig. 2 for the a BiP0
4

• Although the standard 

deviation for these data is± 0.45 °/•, the actual difference between the 6180 

of the hydrous and anhydrous BiP04 could be as high as 1.9 u/• depending on 

the 6180 of the H20. 
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The location, a short description of each sample, and the isotopic data 

for the cherts are shown in Table 1. They are divided into three groups: 

(A) samples from nodular or bedded cherts in Phanerozoic formations, (B) 

samples originating mainly from other kinds of chert units which are expected 

to give anomalous data, and (C) Precambrian chert samples. Table 1 contains 

the 0180 values of the cherts, of the phosphate and the 6 values 

[0 180 (Si02) - 0180 (P04)J. The 6 value is approximately equal to 1000 ln a, 

where a is the isotope fractionation factor between the two compounds. The 

0180 values of phosphate from skeletal remains are given in Table 2. 

The 0180 values of coexisting microcrystalline quartz and phosphate in 

all the chert samples we have analyzed to date are plotted in Figs. 3 and 4. 

With some exceptions, there is roughly a linear relation between the 0180 

values of quartz and phosphate extracted from the cherts. In general, the 

type of plot shown in Fig. 3 can represent the relation between the 0180 of 

coexisting mineral pairs (e.g. quartz and apatite) that have equilibrated with 

water of various 0180 values at various temperatures. At extremely high 

temperatures, the difference between the 0180 values of the minerals would be 

close to zero. If the high temperature equilibration took place in the 

presence of a large excess of water of 0180 = 0 °/m, then the 0180 values of 

all components would be close to zero. 

Inasmuch as the equilibrium 0180 value of quartz is greater than that of 

phosphate, the 6 values representing the isotherms will increase with 

decreasing temperature. For example, if 6 = 10°/oo were the 40°C isotherm for 

the quartz-phosphate pair, the 0180 of a~l quartz-phosphate pairs equilibrated 

at 4ouc would plot on that line. However, the 0~ 80 values for the quartz-
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phosphate in equilibrium with a large excess of water of 0180 = 0 °/~, at 4O°C 

would plot at a specific point on that isotherm. 

An array of points such as that formed by the Phanerozoic A data (Fig. 4) 

has a special meaning. A line through these points will extrapolate to a 

point where the 0 180 values are close to zero for the quartz, phosphate and 

the difference between the two. This is a rigorous representation of the 

effect of temperature on the 0180 values of the silica and phosphate in 

equilibrium with a large excess of water whose 0 180 is approximately equal to 

zero. Naturally, the points lying at lower values of a equilibrated at higher 

temperatures. 

Non-equilibrium mineral pairs can fortuitously have 0180 values that plot 

in the area for equilibrated pairs. It is therefore necessary that plots of 

this type should involve many data points representing what are 2..£riori 

estimated to be isotopically equilibrated mineral pairs. 

{!u Phanerozoic Nodular Cherts 

A large fraction of the Phanerozoic samples seem to be well preserved 

according to the criterion of microcrystallinity of the quartz in the 

cherts. Since isotopic exchange is likely to be associated with 

recrystallization and grain coarsening, microcrystallinity should be a good 

criterion for preservation of the original chert. 

The figures 3 and 4 contain the 0 180 values for quartz and phosphate from 

cherts which we have estimated, a priori, as being well preserved. These 20 

samples come from various geographic locations and cover a time span of 

approximately 500 million years. It would be a remarkable coincidence if the 

relation in Fig. 3 and 4 between the isotope data for those cherts did not 

represent chert-phosphate pairs all in equilibrium with a large excess of 

water whose 0 180 ~ 0°;~ at a range of temperatures. It is likely that such 
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uniformity of the 0180 value of the water would indicate that it is marine or 

marine water possibly contaminated to a small degree with meteoric waters. 

The 0180 value of meteoric water in times of warm climates would probably 

occupy a narrow range, as has been indicated by the oD values of the water in 

cherts reported by Knauth and Epstein (1976). The one exception (square data 

point Figs. 3 and 4) consists of a quartz-phosphate pair whose 0 180 values are 

both lowered consistent with a low oD value shown in Knauth and Epstein 

(1976). 

The 0180 values of the granular microcrystalline quartz, the phosphate in 

the Phanerozoic cherts, and the A180 values generally decrease going back in 

time (Fig. 5), and are very roughly consistent with the results of Knauth and 

Epstein (1976) for cherts, and of Shemesh !t al., (1983) for phosphorites. As 

mentioned above, one Triassic sample is unusually low in its 0180 value. 

However, in spite of this, all Triassic samples lie on about the A= 9 °/oo 

isotherm, indicating that they formed roughly at the same temperature but the 

0~80 of the water in which one of them formed was more negative than the 

marine waters. 

The 0 180 values of the microcrystalline quartz and the phosphate, and the 

A180 values clearly reflect temperature variations in the oceans during the 

Phanerozoic eon. Such a systematic isotopic temperature record would not be 

likely if the isotopic composition of ocean water were not relatively constant 

and if the isotopic record of the cherts and phosphates were not preserved 

with time. Further evidence that the chert-phosphate isotope record is 

determined in the marine environment is afforded by comparing the 0180 values 

of the phosphates in the cherts _with those for the marine biogenic phosphatic 

skeletal remains like conodonts, inarticulate brachiopods, fish bones, and 

phosphate extracted from be1emnites. 
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t£2 Other Phanerozoic Cherts 

The previous discussions apply only to granular microcrystalline (gmc) 

quartz in nodular and bedded limestone formations. In these cases the gmc 

quartz acquired its ol 8 0 values during the early diagenesis probably very near 

the sediment-water interface, so that the isotopic composition of the 

interstitial water is buffered and the temperature is set by the overlying 

water mass. This is true because of the consistency of the ol80 values of the 

cherts, phosphates and carbonates in the post Triassic samples, as will be 

discussed in later chapters. 

In addition to granular microcrystalline cherts, we have also analyzed 

some specimens from other kinds of chert deposits where the quartz and 

phosphate are not cogenetic. They include four cherts which contain a high 

percentage of fibrous chalcedony instead of gmc quartz, and one deep sea chert 

in which the silica is in the form of opal-CT which is enriched in 0180 

relative to cherts (Knauth and Epstein, 1975). 

Chalcedony is fibrous microcrystalline quartz deposited directly from 

solution usually filling cavities. The length-slow chalcedony is thought to 

be associated with replacement of sulphate minerals in evaporite deposits 

indicating a lack of a genetic relationship to the phosphate, {Folk and 

Weaver, 1952, Pittman and Folk, 1971). The chert containing length-fast 

chalcedony (P-66 and P-84) have unusually low a180 values, indicating high 

temperature or just unusually low o~ 80 values for the cherts. These low 

values can be acquired by exchange with fresh water. This is verified in our 

cases by the oD values of -141 and -129°/m for the water extracted from these 

samples. 

Sample P-105 from the Miocene Monterey formation is actually a mixture of 

brecciated chert! and dolomite containing the phosphate. The chert and 
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phosphate are _ thus not cogenetic. Sample P-50 from the Cambrian consists of 

cherts with a fresh water component, judging from the oO value of -105u/• for 

H
2
0 in the chert. The 0180 of the phosphate is similar to other Cambrian 

samples in group Phanerozoic A. Thus the A180 value for sample P-50 is 

unusually low {5.6 °/•), indicating an apparent unreasonably high 

temperature. The 0180 values of the quartz and of the phosphate in the 

Permian sample P-42 has a A180 value of 17.1 °/• corresponding to a 

temperature of -27u C. This is not possible and is undoubtedly caused by lack 

of isotopic equilibrium. This sample, which is from the Kaibab formation, is 

unusual in that its phosphate content is much higher than in most of the 

Paleozoic cherts. The Kaibab formation represents a transgressive and 

regressive marine cycle (Peterson, 1980) introducing the possibility of 

injection of non-marine fossil remains of unusually low 0180. The 0180 value 

of this chert is similar to another Permian P-31 sample {29.9 compared to 30.1 

0
/•), the phosphate, however, is 6.4 °/• lower. Clearly the 0180 of the 

phosphate seems anomalous making the A180 values and the temperature 

anomalous. 

We have deliberately analyzed samples which lack cogenetic quartz and 

phosphate to see if these give anomalous isotope values. However, samples P-

42 and P-50 were not among these. The 0180 values determined their lack of 

equilibrium. One of the important features of the relation between the 0180 

values of coexisting mineral pairs is the ability to ascertain obvious non

equilibrium systems. 

~ Precambrian Cherts 

The available Precambrian samples, which contained sufficient phosphate 

for study, were not necessarily the most suitable for our study. The best 

preserved chert samples often had too little phosphate. The samples we 
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analyzed came from a variety of geological settings. Accordingly, the data 

for these samples must be discussed with this in mind. 

The chert-phosphate pairs we analyzed consisted of: (a) two samples from 

the late Proterozoic in which black cherts interbedded pyritic black shales, 

(b) a suite of cherts associated with dolomites in the Upper and Middle 

Proterozoic, (c) cherts from banded iron formations in the Lower Proterozoic 

and in the Archean, (d) cherts from the Archean Onverwacht group of Africa, 

and (e) Archean silicified stromatolitic limestones. As a comparison to these 

reasonably well preserved samples, we have also analyzed two metamorphosed 

specimens from the iron formation in the Isua Supracrustal Belt of Greenland 

and one partially recrystallized sample from the Keewatin Iron Formation of 

North America. 

Oxygen isotope data for the Precambrian chert-phosphate pairs are shown 

in Fig. 6. The relation between the 0180 values of the cherts and phosphates 

are compared to the envelope defined by the 0180 values for phosphates and 

microcrystalline quartz in the Phanerozoic nodular cherts. It is interesting 

to note that the oxygen isotope data of chert-phosphate pairs from the 

silicified dolomite and banded iron formations both form an elongated field 

parallel to the corresponding field for the Phanerozoic nodular cherts. 

Except for the two isotopically anomalous Onverwacht data points, the isotopic 

relation for the chert-phosphate pairs is surprisingly good and similar to the 

Phanerozoic data. Therefore this relation could be explained analogously to 

the Phanerozoic trend; quartz and phosphate have equilibrated simultaneously 

with a large water reservoir isotopically similar to that equilibrated with 

the Phanerozoic chert-phosphate pairs. 

The linear relation for the 0180 values of the chert-phosphate pairs from 

the dolomite formations is parallel to but below that of the Phanerozoic 
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chert-phosphate isotope data. The 0180 of the water equilibrated with the 

chert-phosphate pairs in silicified dolomites appears to be about 2 to 3°/oo 

greater than for the other Precambrian samples. It is possible that the 

silicification of the dolomite could have taken place with a water-rock ratio 

that was still high, but not high enough to eliminate entirely the effect of 

the more positive 0180 values of the dolomite. Other scenarios could also 

explain the higher 0180 of the water during the silicification of the 

dolomites. 

The 0180 values of the cherts and phosphates from the silicified Archean 

stromatolites from the Fortescue Group (P-123) in Australia, from the 

Ventersdorp Supergroup (P-113) and from Insuzi Group (P-122) in South Africa 

plot ~s a group with the lowest 0180 values recorded in Fig. 4. The oxygen 

isotope ratios for quartz and phosphate for these samples are considerably 

lower than for most other chert samples analyzed in this study. 

These sedimentary rocks seem to have been deposited in similar tectonic 

environments. Stromatolitic limestones in the Fortescue Group and in the 

Ventersdorp Supergroup were laid down in intermontane basins in a region of 

basin-and-range topography, and they both are interbedded with elastic 

sediments (Walter, 1983). According to Mason and Von Brunn (1977) the Insuzi 

Group comprises a repetitive sequence of quartz arenites and dolomites 

containing occasional sandy layers trapped between successive laminae. 

Accordingly, the silicified stromatolite samples from the Fortescue and Insuzi 

Groups both contain macroscopically visible elastic material. The Ventersdorp 

Supergroup samples come from a similar depositional environment. Because we 

analyzed the total quartz and phosphate from these samples, the resulting 

oxygen isotope ratios cannot be regarded to represent those of the pure 

cherts. 
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Banded iron formations are formed as chemical sediments in which chert 

layers alternate with layers of iron compounds. The early Proterozoic time 

was a major epoch of iron sedimentation in Earth's history (James, 1983), and 

almost all of them were deposited before 1.7 x 109 years ago {Gole and Klein, 

1981). In this study we have analyzed one chert sample from the Gunflint Iron 

Formation of Canada, two samples from iron formations in the Hammersley Group 

from Australia, and four samples from the Manjeri Formation in the Belingwe 

Greenstone Belt of Africa. 

The 0 180 values of coexisting chert and phosphate in banded iron 

formations are linearly correlated (Fig. 6). More specifically, the trend 

defined by the data points seems to be a direct continuation of the trend made 

by the Phanerozoic cherts, down to lower 0 180 values. We conclude that these 

banded iron formations have crystallized in equilibrium with the same oxygen 

reservoirs as the Phanerozoic cherts. Due to the lower 0 180 and a values, the 

temperatures of equilibration rrust be higher for the iron formations. 

For a comparison we have also analyzed three recrystallized samples from 

metamorphosed banded iron formations. The first of these is from the Archean 

Keewatin Iron Formation, and the other two from the metamorphosed Isua 

Supracrustal Belt. The data points for these samples lie outside the area for 

the unmetamorphosed samples (Fig. 6). 

The four cherts in the Onverwacht Group represent still another type of 

chert deposition. One of the samples {P-112) from the Upper Hooggenoeg 

Formation has been classified by Knauth and Lowe (1978) as silicified 

volcanoclastic detritus. Two samples (P-108 and P-124) from the Kromberg 

Formation are massive black cherts lacking detailed textures. According to 

Knauth and Lowe {1978) there is a strong possibility that they are silicified 

tuffs or ~drothermally altered volcanic ash. The fourth chert (P-107) comes 
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from the Zwartkoppie Formation, and it has been classified by Knauth and Lowe 

{1977) as a silicified carbonate. The 0 180 values of chert and phosphate in 

these · samples seem to be outside the range of the other Precambrian samples 

{Fig. 6). The 0 180 values of the cherts are fairly constant, between 15.2 and 

17.4, but the oA 80 values of phosphate vary between 8.0 and 17.9, and as a 

result there seems to be no correlation between them. Most of these 

Onverwacht samples probably represent disequilibrium between the chert and the 

phosphate. 

W The o~ 80 of the Marine Waters 

The combined 6180 values for coexisting chert-phosphate samples allow the 

calculation of the 0180 of the water in which the samples equilibrated. 

Basically, the method of calculating these values requires the estimation of 

temperature from the a180 values and then the application of this temperature 

value to a [0 180 {Si02) - 0180 {H20)] versus temperature {T) plot {see 

equation below). Since Tis now known and 0180 of Si02 is measured, the 0180 

of the water is determined. Because the estimation of T from a180 is not very 

accurate, the accuracy of the calculated 0 180 values of the water will not be 

high. 

The calculated 0 180 of the water is plotted against the age of the chert

phosphate pairs {Fig. 7). The waters from the Phanerozoic have a maximum 

value of about 0°/oo, and with the one exception of the non-marine Triassic 

sample, none are below -6°/oo. Considering that the chert-phosphate pairs 

could have been equilibrated in water which may have contained some meteoric 

waters {Knauth and Epstein, 1976), we consider the maximum 0 180 of the 

Phanerozoic waters to be close to the -1 °/oo value. The equilibration of the 

phosphate ·was probably carried out by the biota. 
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The 0180 of the Precambrian waters are also surprisingly constant if we 

consider that samples from the silicified dolomite are consistently higher 

than 0°/oo because of the special conditions of silicification. The •0180 

values of most of the Precambrian waters also range between Oto -6°/oo 

values. 

Both Muelenbachs and Clayton (1976), and Gregory and Taylor (1981), have 

proposed a mechanism for maintaining a constant 0180 value of the oceans 

involving buffering by basalts and seawater interaction, and our data agree 

with their conclusions. 

(f) Paleotemperatures 

One of the objectives of this investigation was to calculate temperatures 

from the isotopic record in the coexisting microcrystalline quartz and 

phosphate. The isotopic data for the gmc quartz-phosphate pairs in the 

Phanerozoic appears to reflect a paleotemperature record acquired by the 

equilibration of the coexisting minerals with a dominant amount of water. In 

addition, with a few exceptions, the 0180 of the water in equilibrium with the 

chert-phosphate pair is roughly equal to O 0 /oo. Twenty sample pairs formed 

under these conditions include some of known marine origin whose ages span 

from the Eocene to the Cambrian. Based on our isotope data, it is reasonable 

to suppose that the majority of the chert-phosphate pairs were equilibrated 

with ocean waters. Under these circumstances the o~ 80 data allow us to 

calculate temperatures using the 0180 values of the microcrystalline quartz, 

the 0180 values of the coexisting phosphate, as well as from the a180 of the 

gmc quartz-phosphate pairs. 

To determine temperature from isotope data we must have a calibrated 

temperature scale for the phosphate-water and for the quartz-water systems. 

Neither of these calibrations have been made for low temperature under 
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controlled laboratory conditions. Longinelli and Nuti (1973) published a 

temperature scale based on analyses of phosphatic skeletal remains and the 

estimated environmental temperatures of their habitat. Kolodny et!]_. (1983) 

confirmed their results. Aside from the inherent difficulties associated with 

such a calibration, such as difficulty of estimating habitat temperatures, 

presence of a vital effect, and estimating the isotopic composition of habitat 

waters, the techniques they have used gave o~80 values for the phosphate with 

an error of± 0.5 °/•, and differs with our data up to 1.9 °/•. We have shown 

that 0180 values for the BiP04, which is the final product in the extraction 

of phosphates from natural phosphate samples, must be carefully dehydrated 

prior to fluorination because it prefers to exist as BiP04 • 1/2H20. The H20 

arises from the laboratory or atmosphere, depending on the procedures. The 

oxygen originating from the H20 would naturally have both variable and lower 

0180 values. We have found that our o18Q values are different from that of 

Kolodny by +1.9 to +1.1 °/• depending on the 0180 value of the phosphate. 

The published temperature scale has some additional difficulties. In 

this scale, the difference between the 0180 of the cogenetic carbonate and 

phosphate does not change with temperature over a range from zero to 3ouc. 
This is contrary to what has been observed for a number of mineral pairs 

(Friedman and O'Neil, 1977). We have run a few carbonate-phosphate pairs 

including a shell which grew at 6.5°C in water with a 0180 value of -0.3 °/• 

and an intergrown carbonate-apatite pair from a metamorphic pegmatite. The 

0180 value for the carbonate-phosphate pairs are shown in Table 3. It is 

obvious that the A values vary with temperature and the coefficient is roughly 

10°C/1°/• at room temperatures. For these reasons we chose to estimate our 

own temperature - 0180 phosphate relation. We first analyzed phosphate 

extracted from a modern invertebrate shell which gave a 0180 = 25.5°/•. Its 
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growth temperature can be calculated from the o~80 value of the shell 

carbonate. This gives one datum towards a calibration point for the low 

temperature range. It was necessary to get a 0180 for the quartz at 6.5°C and 

a calibration point for the high temperature range and this was done in the 

following way. We calculated a least square curve, using 13 data points with 

the highest 0180 for the chert for any value of A. We made this selection 

based on the observed oD vs. 0180 relation in .cherts (Knauth and Epstein 1976) 

which indicated that some of the cherts were equilibrated in marine water but 

with some addition of meteoric water. Under those conditions, for a A value 

the cherts having the lowest non-marine component would also have the highest 

0180 value. This least square relationship shown in Fig. 4 should in 

principle represent the relationship between the 0180 value of cherts and the 

A values for chert-phosphate in equilibrium with ocean water. It follows that 

the (0 180-1) value of the phosphate from the shell grown at 6.5° C corresponds 

to the 0180 value 38.1°/m for chert, both of these in equilibrium with water 

whose 0180 = -1°/m. We now have the low temperature calibration point. 

The higher temperature point can be determined by using the laboratory 

calibrated o~80 (Si02) - temperature relation (Clayton et al., 1972; Friedman 

and O'Neil, 1977). At 200° C the 0180 of the quartz in equilibrium with water 

of 0180 = -1 is 11.2 °/m. Corresponding to that value for quartz the 0180 of 

the phosphate, taken from our least square curve, is+ 6.8 °/m. 

It is now possible to write the equations for the relations between the 

temperature and the 0180 of the chert, the 0~ 80 of the phosphate and the A 

values equilibrated in oceans of 0180 = -1 °/m or of any other 0180 value. 
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The equations are: 

18 6 2 
a O (Si02- H20) = 3.24 • 10 /T - _2.26 

18 6 2 
a O (P04 - H20) = 2.17. 10 /T - 1.94 

18 6 2 
a O (Si02 - P04) = 1.07. 10 /T - 0.32 

The a180 values and the 1000 ln a are used Jnterchangeably. 

We would like to point out that the temperature vs. 0~ 80 relations we 

specify by the above equations must be considered a necessary convenience 

rather than serious temperature scales. We stress that the reliable 

temperature seal es for our data- do not exist at the present time. The 

calibration of any one of these scales would serve to add some confidence to 

the calculated temperatures. The temperatures we will calculate are probably 

correct in a relative sense, but the absolute temperatures must await further 

work. 

We elected to use the relation between the a180 and temperature for 

calculating the paleotemperatures of the Phanerozoic from the chert-phosphate 

pairs because it is independent of the 0180 of the water. 

We used the 0 180 of 14 marine biogenic phosphates consisting of 

conodonts, inarticulate brachiopods, fish bone debris, a modern shell 

(Scaphander .!P_.) and shark teeth, and phosphates in three belemites to 

calculate paleotemperatures assuming the o~80 value of water is zero for 

recent samples and -1 °/• for all others. We have constructed Fig. 8 by 

including all the temperature data calculated from the a (Si02 - P04) values 

and from the 0180 of the biogenic phosphates. 
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There are a number of papers which discuss the 0180 values for Paleozoic 

(Dickson and Coleman, 1980; Brand, 1981; 1982) and for Triassic (Kaltenegger 

et al., 1971) carbonate fossil shells which are considered to be well 

preserved. The Paleozoic samples give oxygen isotope temperatures much higher 

than those expected for the present day oceans. The Triassic aragonitic 

samples when corrected for calcite content give temperatures similar to the 

present. However, if these corrections are not made, the temperatures are 

somewhat higher. We have used the uncorrected values. We have plotted these 

data as well as the data of Douglas and Woodruff (1981) on the planktonic and 

benthic foraminifera to produce a comparison of some of the carbonate fossil 

temperatures with our temperature data. Our data suggest that the ancient 

ocean waters were isotopically similar to the present day oceans (Fig. 8) and 

therefore we feel that the high isotope temperatures recorded in these shells 

are valid and are not too inconsistent with most of our chert-phosphate 

temperatures. 

The temperature record for the Paleozoic shown in Fig. 8 is mostly for 

the ocean near the equator, the location of most of the sampling sites during 

that time. Our data show that the minimum temperatures, which are probably 

the most reliable ones, during the Cambrian were as high as 45°C, dropped to 

about 22°C during the Ordovician, rose again to about 4O°C in the Devonian and 

dropped to about 18°C in the Pennsylvanian-Permian and rose again in the 

Triassic and dropped to 15°C in more recent times. It is important to note 

that most of the lower temperatures were calculated from the 6 180 for the 

chert-phosphate pairs and these should be independent of the 0180 of ocean 

water in which these minerals formed. The higher temperatures shown in Fig. 8 

are calculated mostly from the 0180 values of phosphates from conodonts. This 

may be due to the habitat of the conodonts or to a partial metamorphism that 
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affected these foss•ils after their burial or to the uncertaintity of the 

temperature scale. These fossils should be resistant to isotope exchange if 

they were not dissolved and reprecipitated, since phosphates are difficult to 

exchange even after dissolution under conditions of normal natural 

concentration and acidity. 

It is interesting to note the possible cyclicity of about 150 million

year period that our data show (Fig. 8). A more detailed sampling of the 

Phanerozoic time would be necessary to confirm the presence of these cycles. 

It is obvious that climatic changes of this type should have a profound effect 

on the rates of evolution and its causes. 

In summary, the isotopic data for gmc quartz and phosphate extracted from 

cherts provide evidence for the presence of high temperatures in the 

Phanerozoic. These measurements lend support for high temperatures obtained 

from the 0180 and 60 of gmc quartz by Knauth and Epstein (1976). The high 

temperatures of the early Paleozoic and Triassic may be excessive in the light 

of the presence of the modern higher forms of life which are now quite 

sensitive to temperature. However, man maintains his temperature at 37° C, 

and there are small birds whose body temperatures are maintained at well over 

40° C. Consequently, complicated biologic systems do not .!_Priori disqualify 

life from existing at the type of temperatures we calculated. Obviously we 

must obtain more information about the conditions under which cherts and 

phosphates acquire their 0180 records. 

Our analyses of the Precambrian samples were confined to cherts which 

contained phosphate because we were primarily interested in obtaining analyses 

for quartz-phosphate pairs. These cherts are rare and are not the best 

preserved samples for isotope analyses. The calculated Precambrian 

temperatures are shown in Fig. 9. In this figure we include only temperatures 
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which are below 120° C. In this range we include the temperatures calculated 

from the a values as well as from the 0180 values for the phosphate and quartz 

in the cherts •. The temperature data from the same quartz-phosphate pairs are 

connected with tie lines. Fig. 9 can therefore contain one, two, or three 

calculated temperatures for a single quartz-phosphate pair. For the chert

phosphate pairs which are represented by only one point, this means that the 

other two points lie above the 120° C limit. We consider the lowest of the 

three temperatures calculated from a single chert-phosphate pair to be the 

most reliable. Single temperatures from a chert-phosphate pair are probably 

the least reliable. The phosphate 0 180 values seem to provide the least 

unusual temperatures and seem to be less susceptible to post depositional 

alterations. This possibility has an interesting implication in the sense 

that the phosphate and gmc quartz may retain their own original 0180 values 

for a long time. 

We can evaluate some of the temperature data in Fig. 9 to illustrate how 

one might rationalize the merits of the temperature data. The temperature for 

the 0.7 b.y. period are from two chert-phosphate pairs. The temperature 

calculated from the a values we consider to be the most reliable because the 

other higher temperature values could be due to the effect of water of 0 180 

lower than -1 °/• which would not affect the a values. The temperatures at 

0.9 b.y. are for a single chert-phosphate pair. We prefer the lower 

temperature values because the a calculated temperatures are more sensitive to 

changes of the o~80 values than are the temperatures calculated directly from 

the 0180 values of the minerals themselves. 

The temperatures at the 1 b.y. age are for two chert-phosphate pairs~ 

The temperatures calculated from the 0 180 values of the quartz and phosphate 

from one of the chert samples is the lowest and probably the most reliable. 
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The best temperatures for the other samples are the phosphate and chert 

temperatures at 1.3 b.y., all the three temperatures at 2 b.y., the lowest 

ones at 2.6 b.y. and at 2.8 b.y. For earlier times the least reliable 

temperatures are from the 0180 of the phosphate from the Onvewacht samples at 

3.5 b.y. As Fig. 6 shows, the 0180 data for these samples show no evidence of 

being even close to an equilibrium system. 

In sunmary, it is difficult to judge how reliable the Precambrian 

temperatures might be. The minimum temperatures show a rather nice trend with 

time which might very well be true. The isotopic data were obtained from 

cherts which may not be the most suited for this work. It may be necessary to 

establish a strict criteria for preservation and origin of the cherts to be 

used for analysis. It may also be necessary to exclude cherts which form from 

hydration of volcanic materials, or choose only those cherts which contain 

fossil remains. This initial study could not afford to be too selective in 

the material because of the limited supply and because initial studies must be 

done prior to the establishment of criteria. 

In spite of our concerns about the samples, it would be an error to 

ignore the possibility that the high temperatures we calculated are in gross 

error. We have used isotope temperature scales which are not well established 

so that future reliable temperature scales may give more reasonable 

temperatures but actually not much lower. The presence of gmc quartz cherts 

which have not been drastically altered, and the apparent constancy of the 

0180 of the ocean calculated from the 0180 value for chert-phosphate pairs as 

far back as the early Precambrian are encouraging factors for continuing 

efforts to measure the isotope paleotemperatures in the earthJs early 

history. _Also, there is no !__e.riori reason to believe that the Earth was not 

hot in its early history. High temperatures may be the main reason for the 
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long-time occupation of the Earth by bacteria which can live at these 

temperatures. We know that change in the chemistry of the atmosphere can 

cause high temperatures. 

We feel much more certain about our measured Phanerozoic temperatures. 

We see no reason not to take at least the minimum temperature seriously to 

warrant an expanded effort to use chert-phosphate pairs for temperature 

measurements. At present, this paired system provides good opportunities to 

investigate thoroughly the climatic temperature and isotopic composition for 

the last 700 m.y. history of the Earth. Our data show that we may gain some 

valuable information about the climatic temperatures of a period of time for 

which there is so little information about climate. 

CONCLUSIONS 

(a) We have improved the precision of the 0180 analysis of phosphates. 

Some of these improvements in the techniques should decrease the uncertainty 

in measurement to ±0.1°/oo. 

(b) The 6180 analyses of coexisting mineral pairs (quartz-phosphate) give 

reliable temperatures and the 0 180 values of the water with which the 

minerals equilibrated. 

(c) The 0180 value for the ocean has not varied greatly over the past 3 

x 109 years. 

(d) The Paleozoic temperatures are relatively high compared to present

day temperatures. Since the Cambrian the temperatures of the oceans decrease 

with time, but superimposed on this decrease is a possible cycle with a period 

of 150 x 106 years. 
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(e) The oxygen isotope temperature record of the earth's surface since 

3.5 x 109 years ago as obtained from our limited sampling, shows that the 

temperatures of the surface of the earth were initially very high and have 

cooled progressively since that time. 
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Figure Captions 

Fig. 1. A comparison of the rates of hydration of a-BiP04 and e-BiP04 after 

both were heated to 145°C and then exposed to the laboratory 

atmosphere. 

Fig. 2. A comparison of the 6180 value and yield of the standard BiP04 in 

thee-form [o] and in the a-form, (+). 

Fig. 3. The relationship between the 6180 values for quartz and for the 

coexisting phosphate extracted from the cherts. This figure 

includes all of our data on these samples. Phanerozoic A samples 

are considered to be equilibrium pairs, whereas the Phanerozoic B 

samples are considered out of isotopic equilibrium. 

Fig. 4. The relationship between the 6180 of the cherts and the 6 [6 180 

(Si02) - 6~ 80 (PQ4)] values for coexisting chert-phosphate pairs. 

The solid line is the least square relation between the 6 and 0 180 

(Si02) for 13 Phanerozoic data points with the highest o~ 80 (Si02) 

values at various 6 value ranges. These 0 180 (Si02) values will 

give the highest average 6A80 value for the "oceans" during the 

Phanerozoic. 

Fig. 5. The variation with geologic time of (a) the 6180 for the gmc 

quartz; (b) the 6180 for the coexisting phosphates; and (c) the 

6 values for the chert-phosphate pairs. The similar variation of 

the isotope value with time for all three plots means that the 

isotope variations are due to temperature variations. 
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Fig. 6. A plot similar to Fig. 4 for the Precambrian samples. Note the 

similarity in the A vs. 6180 relation for the banded iron formations 

(BIF) and for the dolomite formations to the Phanerozoic samples. 

Note the unusual range of 6180 values for phosphates in the 

Onverwacht samples. 

Fig. 7. The 6180 of the waters associated with the formation of the chert as 

calculated from the 6180 values of the coexisting chert-phosphate 

pairs. 

Fig. 8. The temperatures calculated from: (a) the A values of chert

phosphate pairs (•); (b) the 6180 values of the biogenic 

phosphates (O); (c) the 6 180 of phosphate in a deep sea core 

sample ( ) and (d) the published oxygen isotope paleotemperatures 

for well preserved carbonate fossils (+). The dotted lines are for 

the paleotemperatures for the benthonic and planktonic Foraminifera 

of the past 120 million years. Source of data: Brand (1981), 

Dickson and Cole (1980), Brand {1982), and Douglas and Woodruff 

{1981), and Kaltenegger et al. {1971). The 6180 values for the 

water were included. The temperatures calculated from the 6~80 of 

the phosphase assumed that the 6180 of the water is equal to -1 °/m. 

Fig. 9. The climatic temperatures of the earth over the past 3.5 b.y. The 

Phanerozoic temperatures are from Fig. 8. The data points connected 

by tie bars come from the same chert-phosphate pair. 
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Table I 
The locations, ages, phosphate contents, 0180 values of quartz and phosphate, and 

the differences in their o180 values (A) for the chert samples 

No. Identification, location and Description Age Phosphate o18Q ( 0 /oo) Ll 0 [oo) 
wt.% Si02 P04 

Phanerozoic A 

P-53 
P-89 
P-90 
P-92 
P-91 
P-41 
P-49 

P-58 
P-31 
P-27 
P-30 
P-64 
P-43 
P-56 
P-67 
P-44 

P-45 
P-46 
P-39 
P-60 

So. Israel, chert 
So. Israel, chert 
So. Israel, chert 
So. Israel, chert 
So. Israel, chert 
Zion Nat. Park, Utah, Chinle Fm., petrified wood, K-15 
Minna, Nevada, Excelsion Fm., chert interbedded with 
volcanogenic turbidites, K-256 
Nevada, Prida Fm., chert nodule in dolomite, K-48 
Vinton Canyon, Texas, Hueco ls., chert nodule 
Nevada, Atoka Fm., chert nodule, K-9 
la Tuna, Texas, Atoka Fm., chert nodule 
Texas, Dimple ls., chert bed . 
Hueco Mtns., Texas, Helms Fm., chert in crb., K-59 
Nevada, Monte Cristo ls., chert nodule, K-12 
Nevada, Monte Cristo ls., chert bed, K-8 
Marathon, Texas, Maravillis Chert, nodular chert in 
limestone 
Arbuckle Mtns., Oklahoma, Viola ls., chert bed 
Arbuckle Mtns., Oklahoma, Viola ls., nodular chert 
Nopah Mtns., California, Nopah Fm., chert, K-3 
Bircher, Utah, chert 

Mid. Eocene 
Mid. Eocene 
Mid. Eocene 
Cretaceous 
Cretaceous 
Up. Triassic 
Mid. Triassic 

Up. Triassic 
lower Permian 
Mid. Pennsyl van. 
Mid. Pennsylvan. 
Mid. Pennsylvanian 
Mississippian 
Mississippian 
Mississippian 
Up. Ordovician 

Up. Ordovician 
Up. Ordovician 
Up. Cambrian 
Up. Cambrian 

0.036 
0.034 
0.031 
0.32 
0.013 
0.044 
0.25 

0.030 
0.029 
0.034 
0.042 
0.068 
0.13 
0.033 
0.012 
0.16 

0.073 
0.062 
0.20 
0.17 

-- --

33.2 
33.1 
33.1 
32.9 
31.6 
27.4* 
23.7* 

17.8* 
30.1 
33.2* 
31.4 
33.1 
29.1* 
29.2* 
28.6* 
29.5 

29.1 
29.6 
26.0* 
25.2 

21.3 
21.4 
21.4 
21.3 
19.0 
17.8 
15.1 

8.3 
19.2 
21.7 
19.0 
21.9 
18.8 
18.6 
17.7 
17.6 

18.7 
18.7 
16.9 
15.4 

11.9 
11.7 
11.7 
11.6 
12.6 
9.6 
8.6 

9.5 
10.9 
11.5 
12.4 
11.2 
10.3 
10.6 
10.9 
11.9 

10.4 
10.9 
9.1 
9.8 



~hanerozoic R (Anomalous) 

P-105 · Colsen Canyon, California, Monterey Fm., brecciated Miocene 0.069 25.3 18.3 7.0 
chert associated with phosphate in dolomite 

P-133 deep sea core, opal CT Lower Oligocene 0.047 41.4 24.6 16.8 
P-84 Wyoming, Turritella chert, length-fast chalcedony Eocene 0.034 21.2 15.4 5.8 
P-66 Princeton Coal Basin, B.C., Canada, Allenby Chert, Eocene 0.012 15.8 16.6 -0.8 

chert, 50% length-fast chalcedony 
P-42 Grand Canyon National Park, Arizona, Kaibab ls., Lower Permian 0.28 29.9* 12.8 17.1 

nodu 1 ar chert. Unequilibrium based on 
isotope data, K-28 

P-65 Illinois, St. Louis ls., nodular chert, 30% Mississippian 0.016 34.3 19.5 14.8 
length-slow chalcedony 

P-47 Bear Lake, Idaho, St. Charles ls., chert seam, 
50% length-slow chalcedony, K-220 

Up. Cambrian 0.10 26.0* 14.7 11.3 . 

P-50 Magruder Mtns., Nevada, Emigrant ls., Mid.-Up. Cambrian 0.044 20.1 14.5 5.6 
nodular chert in dolomite. Non-marine chert based on 
60 of -105 °/• *. Phosphate is marine. 



Precambrian 
P-154 Nordanstlandet, Svalbard, Rysso Fm., chert 

interbedded in black shales 
P-157 Nordanstlandet, Svalbard, Rysso Fm., chert 

P-85 
P-59 
P-109 

P-51 
P-87 
P-114 

interbedded in black shales 
Ross River, Australia, Bitter Springs Fm., chert 
Australia, Bangewall, chert 
Glacier National Park, Montana, Belt Supergroup, 
silicified stromatolite 
California, Beck Spring Dolomite, black chert 
Death Valley, California, Beck Spring Dolomite, chert 
McArthur Basin, Australia, Amelia Dolomite, McArthur 
Group, stromatolitic chert 

P-106 Kakabeka Falls, Ontario, Canada, Gunflint Iron Fm., 
chert 

P-115 w. Australia, Dales Gorge Member, Brockman Iron Fm., 
Hammersley Group, banded iron formation 

P-129 w. Australia, Marra Mamba Fm., Hammersley Group, 
Hammersley Basin, Yilgarn Block, banded iron formation 

P-123 W. Australia, Tumbiana Fm., Fortescue Group, 
Hammersley Basin, stromatolitic, cherty limestone 

P-113 Ventersdorp Basin, So. Africa, Rietgat Fm., 
Ventersdorp Supergroup, stromatolitic chert 

P-125 Zimbabwe, Africa, Manjeri Fm., Belingwe Greenstone 
Belt, chert (PPRG 224) Schopf (1983) 

P-126 Zimbabwe, Africa, Manjeri Fm., Belingwe Greenstone 
Belt, dolomitic chert (PPRG 226) Schopf (1983) 

P-127 Zimbabwe, Africa, Manjeri Fm., Belingwe Greenstone 
Belt, chert (PPRG 228) Schopf (1983) 

P-128 Zimbabwe, Africa, Manjeri Fm., Belingwe Greenstone 

P-52 
Belt, chert (PPRG 222) Schopf (1983) 
Schreiber Beach, Ontario, Canada, Superior Province, 
banded chert 

P-122 Wit Mfolozi Inlier, So. Africa, Insuzi group, 
stromatolitic, cherty limestone 

P-107 So. Africa, Zwartkoppie Fm., Onverwacht Group, 
silicified dolomite 

P-108 So. Africa, Kromberg Fm., Onverwacht Group, chert 
P-124 So. Africa, Kromberg Fm., Onverwacht Group, 

chert (PPRG 192) 
P-112 So. Africa, Upper Hooggenoeg Fm., Onverwacht Group, 

silicified volcaniclastic detritus 
P-116 lsua, S.W. Greenland, quartz-magnetite gneiss 
P-117 Isua Supracrustal Sequence, S.W. Greenland, 

silicate iron formation 

0.7 b.y. 

O. 7 b.y • 
0.9 b.y. 
1.0 b.y • 
1.0 b.y. 

1. 3 b.y • 
1.3 b.y. 
1.7 b.y. 

2.0 b.y • 

2.5 b.y. 

2.5 b.y. 

2.7 b.y. 

2.5 b.y. 

2.8 b.y • 

2.8 b.y • 

2.8 b.y • 

2.8 b.y • 

3.0 b.y • 

3.0 b.y • 

3.5 b.y. 

3.5 b.y. 
3.5 b.y. 

3.5 b.y. 

3.8 b.y. 
3.8 b.y. 

* Data from Knauth and Epstein (1976) and from Knauth (1973), (K-samples). 

0.031 

0.038 
0.005 
0.17 
0.009 

0.041 
0.033 
0.019 

0.13 

0.21 

0.053 

0.069 

0.29 

0.003 

0.007 

0.005 

0.088 

0.082 

0.092 

0.061 

0.011 
0.009 

0.030 

0.042 
0.027 

25.4 

26.6 
27.7 
17 .6 
21.5 

20.3 
17.6 
16.5 

23.1 

20.8 

17.6 

11.9 

13.1 

20.0 

18.3 

18.3 

12.9 

19.5 

11.4 

17.5 

16.1 
15.2 

15.6 

16.2 
17.3 

14.7 

15.6 
20.1 
12.8 
14.9 

14.8 
12.5 
11.5 

14.1 

13.6 

11.3 

8.0 

7.5 

13.4 

12.0 

11.4 

8.0 

15.5 

7.2 

11.4 

17.9 
13.7 

8.0 

11.7 
13.1 

10. 7 

11.0 
7.6 
4.8 
6.6 

5.5 
5.0 
5.0 

9.0 

7.2 

6.3 

3.9 

5.6 

6.6 

6.3 

6.9 

4.9 

4.0 

4.2 

6.1 

-1.8 
1.5 

7.6 

4.5 
4.2 



• 

Table II 
The 0 180 values of the Biogenic Phosphates 

No. Identification, Description, and Location Age Phosphate 01·ao O /oo 
wt. 1, 

P-131 Scaphander lignarius, (gizzard plate), off Plymouth, Recent 15.0 25.5 
England 

P-13 Lingula sp., brachiopod, Bars Negros, Philippines Recent 21.0 21.9 
P-34 Teeth of bull shark, Saratoga, Florida Recent 33.2 22.1 
P-120 Glottidia s~., brachiopod, Topanga Fm., California Miocene 18.3 22.3 
P-130 Discfnisca ugabris, brachiopod, St. Marys Fm., Miocene 31.9 24.2 

Rappanannock River, Virginia 
P-121 Belemnite (specimen 1), Ethiopia, Africa Up. Jurassic 0.034 22.7 
P-121 Belemnite (specimen 2), Ethiopia, Africa Up. Jurassic 0.021 23.6 
P-134 Belemnite, Scotland Up. Jurassic 0.014 23.0 
P-80 Acetic acid residue with conodonts, basal part of Low. Triassic 8.0 14.9 

section, Thayne Fm., Nevada 
P-132 Acetic acid residue with conodonts, middle part of Low. Triassic 16.3 15.4 

section, Thayne Fm., Nevada 
P-79 Acetic acid residue with conodonts and fishbones, Up. Permian 13.7 17.9 

Gester Fm., Confusion Hills, Utah 
P-95 Fish bones, Fort Sill, Oklahoma Up. Permian 19.6 21.1 
P-32 Conodonts, Holt Sunmit, Missouri Up. Devonian 0.36 16.1 
P-118 Conodonts, Saverton Shale, N.E. Missouri Up. Devonian 5.6 16.9 
P-119 Conodonts, Joins Fm., Oklahoma Mid. Ordovician 12.4 16.7 
P-77 Acetic acid residue with conodonts and brachiopods, Low. Ordovician 3.7 15.0 

Utah House Range, Lava Dam, Utah 
P-75 Acetic acid residue with brachiopods, Utah House Up. Cambrian 1.2 15.5 

Range, Steamboat Pass, Utah 
P-76 Acetic acid residue with brachiopods, Utah House Up. Cambrian 0.94 16.1 

Range, Lava Dam, Utah 



No. 

P-131 
P-121 
P-121 
P-134 

Table III 
The relation between the 6180 values of calcite and phosphate, and the 
temperatures calculated from 6~80 CaC03 in biogenic and igneous samples 

Identification 

Scaphander sp. 
Belemnite (spec. 1) 
Belemnite {spec. 2) 
Belemnite 
Pegmatite, Loganville, 
Canada 

Age 

Recent 
Jurassic 
Jurassic 
Jurassic 

6A80 {0/•2 SMOW) A 
CaC03. Po4 (0/•) 

33.1 25.5 7.6 
29.7 22.7 7.0 
30.0 23.6 6.4 
29.6 23.0 6.6 
12.3 9.9 2.4 

T* 
~ 

6.5 
17.0 
15.8 
17.5 

~350t 

* Calculations have been based on the 6~80 (H20) values of -0.3 u/• for the recent shell (P-131) and -1 °/• for 
the Jurassic belemnites, P-121 and P-134. 

t Estimated temperature 

• 



Source of Sameles 

L.P. Knauth and S. Epstein (1976) and L.P. Knauth (personal communication) - P 27, P 30, P 31, P 39, P 41, 
P 42, P 43, P 44, P 45, P 46, P 47, P 49, P 50, P 56, P 58, P 64, P 65, P 67, P 105, P 106, P 107, 
P 108, P 109, P 112. 

Caltech - P 15, P 51, P 52, P 53, P 59, P 60, P 62, P 66, P 84, P 85, P 87, P 116, P 121, P 133, P 134. 
Y. Kolodny and S. Epstein (1976) - P 89, P 90, P 91, P 92. 
J.W. Schopf (1983) - P 113, P 114, P 115, P 117, P 122, P 123, P 124, P 125, P 126, P 127, P 128, P 129. 
Judith Wright (personal conmunication) - P 32, P 75, P 76, P 77, P 79, P 80, P 130, P 132. 

. David Kennedy (personal conmunication) - P 118, P 119. 
E.C. Wilson (personal conmunication), Natural History Museum of Los Angeles County - P 120, P 95. 
H.A. Lowenstam (personal conmunication) - P 13, P 131. 
H.F. Shaw (personal conmunication) - P 34. 

• - ~ c 


