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High-Resolution Stratigraphy with Strontium Isotopes 

Abstfact. The isotopic ratio of strontium-87 to strontium-86 shows no detectable 
variation in present-day ocean water but changes slowly over millions of years. The 
strontium contained in carbonate shells of marine organisms records the ratio of 
strontium-87 to strontium-86 of the oceans at the time that the shells form. 
Sedimentary rocks composed of accumulated fossil carbonate shells can be dated 
and correlated with the use of high precision measurements of the ratio of strontium- 
87 to strontium-86 with a resolution that is similar to that of other techniques used in 
age correlation. This method may prove valuable for many geological, paleontologi- 
cal, paleooceanographic, and geochemical problems. 

One of the most important and difficult 
problems id geology is that of age corre- 
lation, particularly the establishment of 
synchroneity of events on a global scale. 
We examined the resolution and applica- 
bility of measurements of the ratio of 
87Sr to 8 6 ~ r  for correlating ages of Ceno- 
zoic marine carbonate-bearing sedimen- 
tary rocks. This method appears to be a 
valuable addition to other stratigraphic 
correlation tools because it is indepen- 
dent of facies and latitude and may not 
require the high sample density of paleo- 
magnetic and stable isotopic methods (1, 
2). 

Burke et al. (3) determined the stron- 
tium isotopic composition of marine pre- 
cipitates spanning in age the entire Pha- 

nerozoic Era. From their data. which 
were much more precise than those ob- 
tained previously (4), they were able to 
reconstruct the history of variations of 
87Sr/86Sr in ocean water. They showed 
that fluctuations of 8 7 ~ r / 8 6 ~ r  in seawater 
occurred more frequently and more 
abruptly than had been thought (4, 5). 
Their data show the major trends in the 
strontium isotopic evolution of seawater 
and the possibilities for stratigraphic ap- 
plications. 

We sought to make more precise mea- 
surements on carefully selected samples 
to determine the ultimate applicability of 
strontium isotope stratigraphy and con- 
centrated on samples of Cenozoic age for 
several reasons. The data of Burke et al. 

Table 1. Chemical and isotopic data for Holocene samples. 
- 
Sam- 
ple 

Description 

Mercenaria mercenaria 
Tellina radiata 
Cerastoderma edule 
Turritella communis 

Turritella 
Cumingia californica 
Dosinia dunkeri 
Ctena bella 

Tellina gaimardi 
Tellina albinella 

Nautilus pompilus 
Hippopus hippopus 

Location Sr Rb 87sr/86sr* 
( P P ~ )  ( P P ~ )  

- - 

Long Island 
Cuba 1494 
Great Britain 
Rimini, Italy 1557 

Baja California 
Sodthern California 1381 
Sonora, Mexico 
Hawaii 1357 

New Zealand 1770 
New South Wales, 

Australia 
Fiji Islands 2155 
Malaysia 1791 

H-14 Bullia debilis South Africa 0.709236 + 20 
H-15 Divaricella divaricata Persian Gulf 1670 0.051 0.709232 t 26 
H-16 Astarte borealis Alaska 1450 0.013 0.709228 k 36 

*Normalized to 86Sr/88Sr = 0.1194 to correct for mass discrimination. Analytical uncertainties given 
represent 2 standard errors of the mean of 200 to 300 individual measurements and refer to the last two digits 
of the ratio. The ratio measured on NBS 987 standard is 0.71031, so that these ratios are higher than those 
reported by Burke et al. (3) by 0.00017. 

(3) show that a rapid monotonic increase 
of 87Sr/86Sr in seawater occurred in the 
latter part of the Cenozoic. This repre- 
sents a particularly interesting period for 
study because of the potential for high- 
resolution correlation during periods of 
rapidly changing 87Sr/86Sr. Young sedi- 
ments also are generally well preserved 
and provide the best opportunity to cali- 
brate the method against other high-reso- 
lution stratigraphic correlation tech- 
niques (6-8). The Cenozoic is also the 
time period best suited for study of the 
causes of 8 7 ~ r / 8 6 ~ r  variations in ocean 
water, because there is detailed informa- 
tion on many possible contributory cli- 
matic, oceanographic, and tectonic pa- 
rameters (9). 

In order for measurements of 87Sr/86Sr 
in marine carbonates to be useful for 
stratigraphic correlation, the ratio in 
ocean water must be uniform at any time 
(lo), the ratio must change sufficiently 
rapidly with time so that the uncertainty 
in any measured change is relatively 
small, and 8 7 ~ r / 8 6 ~ r  in carbonate precipi- 
tates must not be subsequently modified 
by diagenesis. We attempted to put lim- 
its on the homogeneity of ocean water by 
measuring modern carbonate shells from 
all the major oceans (Table 1). The na- 
ture and extent of diagenetic alteration in 
the older samples has not been specifi- 
cally investigated. Although diagenesis 
is certainly of general importance, it 
does not appear to be a problem for the 
majority of the samples measured in this 
study, most of which were chosen with 
the intention of minimizing the potential 
problems of diagenetic alteration. 

The carbonate samples analyzed in- 
clude, in addition to the modern shells, 
ooze, and chalk from Deep Sea Drilling 
Project (DSDP) cores from the Atlantic 
anu Pacific Oceans, fossil molluscs and 
foraminifera from Oligocene and Eocene 
strata in the Gulf Coast area of the 
United States, and whole rock samples 
from the Oligocene Scaglia Cinerea marl- 
stone in the Contessa Valley, Italy (11). 
Also, molluscan fossils from European 
localities, including some stage strato- 
types, were measured. All but four of the 
DSDP samples are from sub-bottom 
depths of less than 150 m. The maximum 
burial depth of the lowermost sample of 
the Scaglia Cinerea was about 300 m 
(12). The DSDP sites 522 and 590B are at 
low latitude, where biostratigraphic con- 
trol is good and magnetostratigraphy is 
accurate because hydraulic piston coring 
was used to obtain undisturbed sediment 
(13). Site 400A is at high latitude, where 
biostratigraphic control is only fair 
and drilling deformation prevented de- 
tailed magnetostratigraphic studies (14). 
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Among the fossil shells, many are Sca- 
phopoda; these were chosen because 
they contain aragonite and consequently 
high strontium concentrations (15), 
which are indicative of minimal diagenet- 
ic alteration. Of the samples in which 
strontium concentration was measured, 
all but two have concentrations greater 
than 1350 ppm. 

All the Neogene samples were as- 
signed ages based on biostratigraphic 
zone assignments and the time scale of 
Berggren (7). The Paleogene samples 
were assigned ages based on magneto- 
stratigraphy and the time scale of Ness e t  
al. (8), or based on biostratigraphic zone 
assignments and the correlations with 
the magnetostratigraphic scale (7, 16, 
17). 

In order to minimize contamination 
from noncarbonate materials in the sam- 
ples, all were dissolved in warm 5 molal 
acetic acid, and only the soluble frac- 
tions were analyzed (18). The ratios of 
8 7 ~ b  to 8 6 ~ r  in all of the samples were 
less than 0.0012 and are therefore too 
small for there to be any significant con- 
tribution to 87Sr/86Sr from decay of 87Rb 
since the time of deposition. The proce- 
dures for mass spectrometric analysis 
will be detailed elsewhere, but closely 
follow those described in (19). 

Measurements of modern shells yield- 
ed a mean 8 7 ~ r / 8 6 ~ r  ratio of 0.709234 with 
a standard deviation of 0.000009 (Table 
1). These data suggest that seawater is 
extremely uniform in strontium isotopic 
composition. The small variations we 
found are well within the statistically 
estimated 95 percent confidence limits of 
our individual analyses, and the standard 
deviation of our 19 measurements is 
small enough so that it could reflect only 
the analytical limitations. These data in- 
dicate that 87Sr/86Sr may be uniform in 
modern marine carbonates to a level that 

is below our current resolution. Because 
different laboratories may measure 
slightly different values for 8 7 ~ r / 8 6 ~ r  be- 
cause of differing instrument characteris- 
tics and measurement techniques, we 
propose the use of a parameter A ~ ~ s ~  
(Figs. 1 and 2). 

The measurements made on the car- 
bonate fractions of the samples from the 
Contessa Valley and DSDP site 522 are 
particularly significant because both sec- 
tions have been the subject of detailed 
magnetostratigraphic investigations (1 I ,  
20). The 87Sr/86~r is plotted against 
stratigraphic position as determined by 
paleomagnetic data in Fig. 1. A straight 
line has been drawn through the data for 
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ease of comparison; it is probable that a 
more complicated curve would be appro- 
priate, although unjustified by the avail- 
able data. The agreement of the data 
from the two sections is remarkable. The 
average deviation of the data points from 
the line shown is equivalent to about 2 m 
in the stratigraphic column or about 0.3 
million years (Table 3). These data 
strongly suggest that diagenesis has not 
significantly modified the strontium iso- 
tope signal in these sediments. 

The entire data set is displayed in Fig. 
2. A relatively smooth line can be drawn 
that passes within the analytical uncer- 
tainty limits (Table 2) of all but two 
points, one of which is the sample DSDP 
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Fig. 1 (left). Measured s7Sr/s6Sr ratios and As7Sr values of late Eocene 

L a t e  E o c e n e  Ear ly  Miocene 
and Oligocene chalks and marls plotted as a function of stratigraphic 
position as determined by magnetic reversals (11, 20). Numbers on 

lower scale designate the paleomagnetic chrons (6). The As7Sr parameter is the difference between a measured 87Sr/s6Sr value and the value for 
modern carbonates, multiplied by lo5. Fig. 2 (right). Measured 87Sr/86~r and AS7Sr values of Cenozoic marine carbonate samples as a function 
of age. 
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Table 2. Chemical and isotopic data for Pleistocene and Tertiary fossils. 

Sample* Stage 

Ple-5b 
Pli- 1 
M-5 
M-2 
M-9 
M-6 
Burd-3 
M-7 
Burd-2 
A-2 
A- 1 
0-4  
0-3 

0-7  
0 -8  
E-13 
E-5 
E-11 
E-10 
E-6 
E-  1 
E-2 
E-4 
P-2 
P-3 

Lower Pleistocene 
Piacenzian 
Upper Tortonian 
(Choptank Fm.) 
Luisian 
Upper Burdigalian 
Middle Burdigalian 
Middle Burdigalian 
Lower Burdigalian 
Middle Aquitanian 
Basal Aquitanian 
Chattian (?) 
Vicksburgian 

Vicksburgian 
Lower Stampian 
Jacksonian 
Jacksonian 
Bartonian 
Auversian 
Middle Lutetian 
Claiborne 
Cuisian 
Wilcox 
Thanetian 
Middle Danian 

*Samples are described in (30). ?Samples for which no age is given are not plotted in Fig. 2. $See 
explanation in Table 1. 
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Table 3. Chemical and isotopic data for acetic acid soluble fractions of chalks and marls. 

Location Sample* Age CaC03t Sr Rb (lo6 years) (%I ( P P ~ )  ( P P ~ )  87Sr/86SrS 

DSDP Leg 90, Core 4-6 (30 m) 1.7 99 1476 0.53 0.709162 t 17 
site 590B, core 5-6 (39 m) 1.9 99 1763 0.55 0.709156 i 14 
Tasman Sea core 6-3 (44 m) 2.4 99 1912 0.50 0.709125 i 17 

core 8-6 (68 m) 2.7 99 1892 0.42 0.709129 k 21 
core 12-6 (107 m) 3.5 99 1780 0.75 0.709113 t 32 

DSDP Leg 48, Core 20-3 (259 m) 5.5 69 1806 0.42 0.709051 5 34 
site 400A, 0.709050 t 30 
North Atlantic core 31-1 (360 m) 14.7 71 1929 0.41 0.708736 i 31 

core 40-2 (448 m) 21 ? 59 2115 0.55 0.708593 i 25 
DSDP Leg 73, Core 15-2 (57 m) 23.3 82 1655 0.40 0.708320 i 24 

site 522, core 20-2 (79 m) 27.6 83 2064 0.22 0.708172 i 24 
South Atlantic core 25-2 (93 m) 30.2 9 1 1527 0.22 0.708088 ? 22 

core 35-2 (134 m) 35.2 93 1464 0.14 0.707908 * 25 
Contessa 298.00 m 25.0 62 2709 1.17 0.708268 i 27 

Quarry, 292.35 m 25.7 0.708240 -t- 21 
Gubbio, 269.45 m 29.8 0.708119 i 20 
Italy 241.80 m 33.4 0.707999 i 28 

232.40 m 34.6 74 1571 0.52 0.707958 i 28 
211.80 m 36.5 82 0.707838 i 21 

DSDP Leg 17, Core 39- 1 62 to 63 1125 0.707886 i 21 
site 167, 
Pacific 

DSDP Leg 62, Core 3-3 (62 m) 65 99 1264 0.28 0.707916 -t- 36 
site 465A, core 3-4 (63 m) 65 90 707 0.73 0.707906 i 36 
Pacific core 3-4 (63 rn) 65 99 1249 0.60 0.707914 t 34 

*For DSDP samples, the numbers following the core number represent the section number and the sub-bottom depth. Contessa Quarry samples are described in (11). 
For DSDP site 522 and Contessa Quarry, ages were assigned on the basis of paleomagnetic reversal stratigraphy (11,20) and the t ~ m e  scale recommended by Ness et 
a[. (8). ?Numbers given represent percent of sample soluble in 5 molal acetic acid. $See explanation in Table I .  

400A-40 (early Miocene age). There is 
reason to regard this sample as anoma- 
lous because the other six early Miocene 
samples describe a smooth curve and are 
perfectly consistent with the stratigraph- 
ic succession. Although there are uncer- 
tainties with regard to the age assign- 
ment of this sample (21), this relatively 
deeply buried sediment may have under- 
gone strontium isotopic modification 
during diagenesis. This suggestion is 
based on the results of studies of stron- 
tium concentration in deep-sea carbon- 
ates and interstitial waters (22) which 
show that the effects of diagenesis be- 
come pronounced in sediments buried to 
depths greater than 300 to 400 m. The 
other problematic point is of early Paleo- 
cene age; additional data are required to 
resolve the discrepancy. 

The new data generally agree with 
those of Burke et al. (3) but show signif- 
icantly less scatter. With regard to the 
rate of change of 87Sr/86Sr, the curve can 
be divided into two parts. Between the 
Cretaceous-Tertiary boundary and the 
late Eocene, 87~r/86Sr generally de- 

Fig. 3. Comparison of the rate of change of 
marine 87Sr/86Sr (from Fig. 2) and other paleo- 
climatic and paleoceanographic data. CCD,, 
is the carbonate compensation depth in the 
equatorial Pacific (26); H L  and L L  stand for 
high and low latitudes, respectively (27). The 
absolute value of the fluctuations in sea level 
are approximate; 0 represents the present-day 
sea level (28). The 6180 curve is generalized 
from (23). 

creases and shows minor fluctuations, 
whereas from the latest Eocene to the 
present it has been increasing rapidly. 
Provided that there are no major prob- 
lems with age assignments, the data fur- 
ther suggest that there were significant 
variations in the rate of increase (23) of 
seawater 87Sr/86Sr since the late Eocene 
and that these small variations and the 
larger-scale variations are correlated 

I M ~ o c e n e  I Olig.  I E o c e n e  / P a l e o c .  

-5 1 I 1 
, I ,  I I I 

0 10 20 3 0  4 0  50 60 
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with the temperature of oceanic bottom 
waters as reflected in the oxygen isoto- 
pic composition of benthic foraminifera 
(24) and with other paleoceanographic 
and paleoclimatic indicators (Fig. 3). Pe- 
riods of particularly rapid growth of ma- 
rine 87Sr/86Sr occurred near the Eocene- 
Oligocene boundary, in the early middle 
Miocene and in the late Pliocene to the 
Pleistocene (25). Extended periods of 
increase of 87Sr/86Sr are correlated with 
decreasing bottom-water temperature, 
increased carbonate compensation 
depth, lower continental temperatures, 
and lower sea level (26-28). Especially 
rapid increases are contemporaneous 
with the onset of glaciations or the for- 
mation of polar sea ice (9). 

With regard to stratigraphic correla- 
tion problems, notable results of our 
measurements are the large difference in 
87~r/86Sr between the sample from a bas- 
al Aquitanian stratum (A-1) and DSDP 
522-15-2 (Globigerinoides datum) (25) 
and the high 8 7 ~ r / 8 6 ~ r  of the Chattian 
sample (29). Also, the strontium isotope 
succession in the Gulf Coast region of 
the United States (Table 2) agrees well 
with those of the Contessa section and 
DSDP site 522, as does the analysis of a 
Stampian sample from the Paris Basin 
(16, 29). 

DONALD J. DEPAOLO 
BONNYE L. INGRAM 

Department of Earth and Space 
Sciences, University of California, 
Los Angeles 90024 
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Chromosomal Locations of the Murine T-Cell Receptor Alpha- 
Chain Gene and the T-Cell Gamma Gene 

Abstract. Two independent methods were used to identlfi the mouse chromosomes 
on which are located two families of immunoglobulin (Ig)-like genes that are 
rearranged and expressed in T lymphocytes. The genes coding for the a subunit of T- 
cell receptors are on chromosome 14 and the gamma genes, whose function is yet to 
be determined, are on chromosome 13. Since genes for the T-cell receptor P chain 
were previously shown to be on mouse chromosome 6 ,  all three of the Ig-like 
multigene families expressed and rearranged in T cells are located on different 
chromosomes, just as are the B-cell multigene families for the Ig heavy chain, and 
the Zg kappa and lambda light chains. Thejindings do not support earlier conten- 
tions that genes for T-cell receptors are linked to the Ig heavy chain locus (mouse 
chromosome 12) or to the major histocompatibility complex (mouse chromosome 

Recent studies have revealed similar- 
ities and differences between the anti- 
gen-specific receptors of the B- and T- 
lymphocyte populations, which, togeth- 
er, make up the bulk of the cells of the 
immune system. The receptors on B 
cells have long been known to be immu- 
noglobulins (Ig). Those on T cells consist 
of Ig-like integral membrane glycopro- 
teins containing two polypeptide sub- 
units ( a  and p) of similar molecular 
weight, 40 to 45 kD in the mouse (1, 2) 
and 40 to 55 kD in the human (3). Like 
Ig's on B cells, each T-cell receptor 
subunit has, external to the cell mem- 
brane, an amino terminal variable do- 
main (V) and a carboxyl terminal con- 
stant (C) domain (4-6). The genes that 
encode these subunits have been identi- 
fied (7-13) and, like Ig genes, are assem- 
bled from gene segments (14-18). There 
are at least four segments for p chains- 

variable (V), diversity (D), joining (J), 
and constant (C)-and three, so far, for c-w 
chains (V, J ,  and C). 

During the search for the T-cell recep- 
tor genes, Saito et al. (11, 19) identified 
in T lymphocytes another Ig-like gene, 
called y. Like the a and P genes, the y 
gene is also assembled in T cells (but not 
in B cells) from gene segments that are 
homologous to the Ig V, J ,  and C seg- 
ments. The function of the y gene is not 
known, but the fact that it is assembled 
from gene segments in T cells (20) and 
shows clonal diversity in V region se- 
quences (21) suggests that its product is 
(or is part of) a second T-cell receptor 
that helps determine T-cell specificity. 
The possibility that there are two recep- 
tors on T cells, rather than one, has long 
been debated, because of a difference in 
the way B and T cells recognize anti- 
gens: B cells (like antibody molecules) 
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