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The Stability of the World Strontium

Cycle’

Howard T. Odum
Department of Biology, University of Florida, Gainesville

HE CHEMICAL ELEMENTS that make up
the biosphere circulate in systems driven by
radiant energy and in patterns deseribed as

4 biogeochemical eyeles. The study of the strue-

] ture and progress of such eyecles has been a fruitful
approach to earth science. ,

_ A fundamental property of these eyeles is the degree

of stability. A stable cycle is one that maintains an

unchanging rate of cireulation and constant standing

concentrations in the varions parts of the system. Al-

- though the stability principle of Fechner (1) suggests

that a system should trend toward a stable state, it
has not yet been possible to determine whether any
" of the cyeles are actually stabilized. Major obstacles

are the lack of quantitative data on present eyeles
- and the absence of direct evidense about the eyeles in

| the past.
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Historically, the sedimentary cyele as a whole was
visualized as in a complete eirculation at an early date
by Hutton {2). Later, Blackwelder {3) deseribed the
phosphorous system as a closed cyele, More often,
however, authors making geochemical studies have
proposed that evolution and progressive changes are
. oeewrring in the oyelie patterns. Thus, for example,
changes in the concentrations of the oeeanic clements
have often been postulated, as in the stodies of Clarks
(4), Conway (5), Kuenen (£}, Hutchinson (7}, Ran-
kama and Sahama (8), and Rubey (9. Specifically,

© changes in the oceanie strontium eoncentration have

been pmiu!atcd by Delecourt (10) and Conway (5).
Even the biogeochemical eycles of those elements that

- eirculate throngh the atmosphere, such as oxygen,

ﬁrlmn, and nitrogen (atmophilic elements), have
ten been postulated to he unstable and in transition
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and Hutchinson (13) has quantitatively conszidered the
carbon eyele from the point of view of self-regulating
mechanisms, Evidence 1s now needed to indicate di-
rectly the degree of stability of biogeochemical cycles
in the past.

The purpoze of thizs communication is to deseribe
quantitatively the world strontium eyele and to pre-
sent some direct evidence bearing on the stability of
this cycle during the geological past. By way of com-
parison, some rough caleulations are made of the flux
of some other nonatmophilic biogeochemical eycles,

THE STRONTIUM CYOLE

Strontium, like the somewhat similar and more
abundant ealeinm, has been found in all the phases
of the biosphere in which analyses have been made,
Although resembling caleium chemically, the ioniza-
tion constants, solubility produets, and other proper-
ties differ usually by a factor of from 2 to 100, so that
most natural processes act on the two elements differ-
entially. Strontium moves in a eycle gualitatively re-
sembling that of caleinm but quantitatively different,
and is about 1/500 as concentrated in most phases,
The ratio of 8r/Ca by atoms iz used in presenting
information on strontium, because the ratio makes
possible the comparison of the strontium content and
the more familiar caleium content, and because the
ratio changes during a process only when there is a
differential action on the two elements,

By being excluded from ultrabasie and basic rocks,
strontium works upward in the lithosphere during
fractional ervstallization because of itz large ionie
radius, It i1z found abundantly along with potassinm
in voleanie rocks, alkali rocks, and pegmatites, as
shown by Noll (14). From these and other igneous
rocks and from sediments strontium, along with cal-
cium, is removed in weathering and passes down the
rivers partly in solution and partly in the eryztalline
particles of silt. The erystalline fraction iz immedi-
ately deposited in marine argillaceons sediments, and
the soluble fraction tends to inerease the strontium
coneentration in the sea. However, the incorporation
of strontium into the carbonate and phozphatic skele-
tons of organisms removes strontium from the sea,
together with caleium, in about the same Sr/Ca ratio
as in the materials coming down the rivers. The
strontinm-bearing caleareons and argillaceous deposits
are elevated in the courze of orogenesziz and are suhb-
sequently eroded, zo that the strontinm and ealeinm
return again to the sea. Some sedimentary strontinm
is probably incorporated into magmas, from which it
is returned to the continental surfaces az voleanie or
plutonic igneous rock, and thus the eyele iz at least
partly closed. The cirenlation of strontium through
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Fi16. 2. 8r/Ca in shells of FPhyso as a function of the Sr/Ca
in aguaria,

In Figs. 2 and 3 data are presented indicating that
in nature, as in the laboratory, the Sr/Ca ratio in the
shellz of mollusks is proportional to the Sr/Ca ratio
in the environmental medinm. This relationship is the
basis of a self-regulating mechanism controlling the
strontium concentration in the ocean. If the inflow of
strontium into the ocean inereases relative to ealeinm,
the Sr/Ca ratio of the water will increase; this in
turn will increase the Sr/Ca ratio in the shells and
thus tend to lower the ocean Sr/Ca and maintain a
steady-state equilibrivm concentration of the elements,
This situation, in which the rate of flow of strontium
is dependent upon the concentrations of strontium,
fits the conditions deseribed by Lotka (1) for a closed
self-regulating eyele. It seems reasonable that the
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Frs. 3. 8r/Ca in aragonite mollusks as a function of Sr/Ca
of the habitat.

TABLE 3

STRONTIUM 1N FossiLs oveER GEOLOGIC Tin

(Most specimena were generously provided by
Yale Peabody Museum)

&r/Ca in atoma/1,000 atoms

8r/Ca
of
Age and material Cases Sr/Ca similar
modern
material
|
Cambrian
Obolus matinalis
conglomerate 1 2.60 3.60a
Dieellomus pellitugs 1 2.32 3,608
. appalachigm 1 870 3.60s
Ordovieian |
Carbonate brachiopodss 2 1.40 L7580 }
Mississippian ]
Mollasks 2 3.80 2,61
Fenngylvanian
Aragonite nautiloids in 1 357 3.874
asphalt 1 246 3.874
Brachiopods ; highest
values 4 1.64 1.87s 3
all others 5 1.08- 1.75
Mollusks 2 3.43 261
Permian
Eryops tooth 1 2.69 2.40
Jurassic E
Ichthyosanr tooth 1 il 3.200 3
Cretaceous ]
Terebratula 1 208 1800
FBacowlites (aragonite) 1 206  3.87d 7
Scaphitles 1 3.94 3874 -
Hyposaurus bone 1 2.05 329
Belemnites 2 2.09 —

Cretaceous Coon Creek formation, Tenn.

Ostrea 1 1.80 133
Turritella 1 5.18 3.008
Other mollusks a9 444 261
Miocene
Fenus 2 3.08 239 &
Corals ] 1050 10.600
Ostrea 1 1.43 1.33:
Pacten ] 250 T
Dentaliuvm 1 237 234!
Other mollugka ] 289 2.01e:
Pleistocens
Peclen 1 1.99 1,75k
Other molluzks 254 246l

Mean

Values nsed in comparisons above :

a Cramia,

b Two species of Terebratula : Sr/Ca: 1,75, 1.87.

¢ Mean of modern ; possibly unrepressntative. S/
maore in mollusks than in most other groups.

d Naubilus,

e Marine fish bones.

I LogEgerhead turtle bone,

£ Oetrea,

h Turritella,

i Venus.

1 Average of corals furnished by J. Wells, Cornell
sity.
% Average of three species of Pecten: Sr/Ca:l
2.08. :

1 Dentalium.

m Furnished by the Cambrian Research LaboratefTe
ville, IN. C. .

s Furnished by W. F. Prouty, Univeraity of Pit




g A in the other phases of the strontinm
i '.'ﬂéﬁwﬁuﬂhﬂnﬂz sedimentary uplift and erosion, may be
j depend ent on coneentration, alzo. It seems safe to pro-

8§ pose that a self-regulating system 1s in oparatian.
B The next procedure is to find whether the strontium
& oycle has actually held its pattern over long periods
.. *ﬁ,ﬂ- It has been pnsscihle to get some fnl?]}'.dlreﬂl-
. by the analysis of the Sr/Ca ratio in un-
W Liiered fossils. Since Sr/Ca in the caleareous skeleton

' reflects Sr/Ca in the water (Fig. 2’}.' the alnnl_v,rsm of
. the Sr/Ca ratio in unaltered fossils is a valid method
| of measuring the Sr/Ca ratio of past waters. Dieula-
4 rlu,airrwiga}l in 1877, by semiq“anntnu\re analyzes of
. ontinm in fossil brachiopod shells, inferred that the
i !nﬁ-éi'&ilt ceean must have had as high a strontium eon-
S aemtration as the modern oecean. Table 3 gives the
. results of some quantitative analyses of selected ma-
mﬁ“ confirm Dieulafait. The spectrophoto-

metrie method that was used on oxalate precipitates
i of stronfinm and ealeinm has been shown to possess
1{}&&3“, or better, accuracy at the 5 per cent prob-
L nbility level.

}%&EMME in Table 3 constitute strong evidence
b that the oceanic Sr/Ca ratio has been of about the
- same order of magnitude at least since the early Paleo-
oié, because the Sr/Ca ratios of the fossil materials
i, resemble those of the modern taxonomic counterparts.

'ﬂ‘i‘:ﬁ@ ‘the ocean is a dominant part of the strontinm
__:_'ﬁulnium eyeles, the implieation is that the two
: I'g],l"-"e had the same relative position through

on years,

‘the application of all four approaches listed
- #bove suggests that the strontium cyele is stable.” As
8 stable steady-state pattern in nature involving both
| lving and nonliving eomponents, the strontium cyele
. Beems to qualify as one of the large entities which in
eeological literature are known as ecosystems as de-
fined by Tansley (24). Tt is suggested that the “stron-

ey T i
H'ﬁ.P'ﬁBN}"stﬂn is a proper application of the term.
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ﬁ'ﬁé_ﬁidﬂuqe on the strontium eyecle and the ealeula-
) ;f_n__.Tnble 2 on other eycles suggest the possi-
3 .th;t n}}l:;ar :l:temuntnl systems may be closed and
8. Possibly the whole sediment. le is i
¥-state equilibrinm. Bk
€ Apparent diserepancy in Table 2 between the
e um‘ﬂutgnwi the rivers and the sodium flux into
e Do When estimated on the assumptions of
= ."-ﬂ'i 2, is not an indication of imbalance but
. ler ml::eppurt for the eriticisms that have been
e a d at the analytical estimates of sodium
lime t-l? rocks fromlnther evidenees by Kuenen
b ]L > #3). The diserepaney is much greater
3 mlﬂﬂ!{ﬂt&d for by the maximum estimate
i umption of sodium aceumulating in the
._prcsent time, Actually, there is no real

proof that the sedium cycle is not now nearly bal-
anced, sinee most of the material entering the sea is
from raised sediments and therefore, on any theory,
ghould almost balance the sodium leaving the sea in
sediments. If the cyele is completely closed, with
igneous sodinm being derived from incorporated sedi-
mentary sodium, the caleulations on age of the ocean
from estimates of sodinm lost to the ocean during
the weathering of erystalline rock are, of course,
invalidated.,

In a system with a definite number of elements, the
degrees of freedom are limited, so that the guantita-
tive solution of one eycle helps in understanding the
others. Thus, the ealenlations of the rates of eircula-
tion of the elements in the sedimentary cycle can be
used to find inconsistencies in data now available, as
in the case of sodium. If the eyele is anywhere near
being closed and’ balanced, the ealenlations provide
ways of estimating hidden parts of the sedimentary
eyele, such as rate of uplift and magmatie incorpora-
tion of sediments, With inereasing aceuracy of esti-
mates from new data, calenlations more refined than
those in Table 2 should provide other checks in the
future. Even if the sedimentary eyele is undergoing
progressive changes in its patterns, it iz at the same
time turning rapidly enough so that the flow rates
should balance in part.
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