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Introduction

HISTORICAL SKETCH

Not long after the discovery of strontivm in 1790, search for the element in nature
revealed a widespread distribution of the element in waters. During the early nine-
teenth century many qualitative and a [ew quantitative determinations were made indi-
cating considerable quantilics of strontium in mineral springs and brines [ Mellor,
19231 . Forchhammer in 1865 and Dieulalait in 1877 discovered much strontium in the
ocean also, which subsequently led to a series of varying estimates for the strontium
content of normal sea water of salinity 35 parts per thousand.

Dezgrez and Meunier (1926} found 8.7 mg/1 with are spectrograph of sulfate pre-
cipitale; Thomas and Thompson (Thompson and Robinson, 1932} found 13.2 mg/1:
Ramage (1936) reported 40-50 mg/1 with a lame method; Noll (1934) found 7.0-7.8
mg/l with x-ray spectral methods on oxalate precipitates; Mivake (1939) found
14,4 mg/1 gravimetrically after separalion with nitrate; Vinogradov found 8.0 and
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10.0 me/1 (Vinogradov, 1938; Vinogradov and Borovik-Romanova, 1945}, Then at
about the same time several new studies fixed the value for the ooean within a =mall
range of uncertainty, Smales (1951) found 10,0 mg/1 with flame and radicaclive
methods; Chow and Thompson (1955) found 8.0 mg/1 with Mlame methods directly
on sea waler; Bowen (1956) found 85 mg/1 by neutron activation: Hummel and
Smales (1956) found 8.0 mg/1 with radiocactive and stable isotopes: and Odum
{1950b, 1951h) reported 8.1 mg/1 with fame methods on oxalate precipitates, Thus
il seems agreed that the Sr/Ca ratio of sea water iz close to 8 mg/1 (5r/Ca Ratio, 9.0
atormaz, 1000 atoms) .

Reliable modern analyses of fresh waters have been few, Lohammar (1938) reported
a series for Swedish lakes, Odum (1951¢) reported data from Florida, Wilska (1952)
from Finland. and Borovik-Romanova, Korolev and Kutsenko (1954} from Russia,
Further analyses were reported by Straub (1950} and MeGrain and Thomas (1951).

In saline walers some uncertain and fragmentary data on water residues are re-
ported by Clarke {1924). Francis (1923) observed some high strontium values in
natural brines which he interpreted as due to the increaszed solubility of saline water,
Delecourt {196) interpreted some analyzes of high strontium in ground brine by
Camaran {1946} as an indication of little changed ancient ocean water with a hypothe-
sis that strontium had decreased in recent geological ages, This is doubtful since the
Sr/Ca ratio of this brine 4.6/1000 by atoms was actually lower than that for the
present sea (9.23/1000) .

Inereased interest related to atomic energy due to the difficulties in dealing with
strontium 90, a long lived by-product of fission led to new studies. Alexander, Nus-
baum, and MacDeonald {1954) analyzed surface waters and ground waters relative to
50 municipal water supplies in the United States. The widespread coverage of these
data help permit generalizations regarding the geochemical distribution of strontium
in waters,

If the trace element contents of fossils and rocks are to be used to indicate some-
thing of the nature of aguatic depositional environments paleoecologically, the relation-
ship of the strontium/calcium ratio to regional water types must be understood. This
was one motivation which led to further analysis,

METHODS

New analyses of waters in this paper were made with a flame photometric deter-
mination on caleium and strontium chloride solutions, These solutions were prepared
from evaporates of 4 liter samples of fresh water as follows. After ashing and extracting
with hyvdrachlorie acid, ammonium oxalate 5 to 10 times in excess was added to the
acid solutions which were then adjusted slowly at boiling temperatures to basic con-
ditions with ammonium hydroxide, The resulting oxalate precipitates of calcium and
strontinm were collected on filter paper, ashed at 600 deg. to carbonates and redissolved
in 209% HCI at approximately (.1 M Calcium.

The intensity of the flame emission at 4607A for strontium and 4227A for calcium
was estimated [rom flame in which moist air was passed through a nebulizer and into
the air intake of a Fisher burner lined with a glass inner jacket, A flame photometer
was devised from a qualitative, classroom, Ceneo grating spectrograph by mounting a
photomultiplier tube opposite the calcium line and another opposite the strontinm line.
The output of the photomultiplier tubes was passed into a D. C. amplifier and read on
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a 10 inch, zero to 50, microameter, With this apparalus it was possible to read stron-
tium, calcium, and the background blue flame successively in a few seconds by tilting
the nebulizer and by throwing a circuit switch to indicate first the calcium emission
and then the strontium emission. Standards were made from known carbonate concen-
trations also dissolved in 20% HCL Laborious as these methods are, they have insured
that all interference of foreign substances was eliminated.

In the course of development of these techniques, it was found that direct flame
analysis of extracts of evaporale residues was nol feasible as indicated by Table 1 where

Tance 1

Distortion of Analyses of Lake Waters Because of THifferent Compasition
of Standards and Evaporates

Tiough
Evapnralis Trenlole Frocipilale Geravimelric
Er/Ca Spedragraphic SrfCa Spretrographic
Ao/ 1000 calcium aloms, 1000 caleium Calcium
[[IOITTEY mg/l alwims mig/l mel
25 10,5 132 214 23.0
192 116 1.32 318

130 14.3 0,491 0.7 23.7
2.82 17.6 1.32 28T 32.2
373 T4.3 L.0OR 284 2h.4
24,6 1.47 L.67 A4 a4
A28 5.2 2.88 1.2 21
14T fd 205 11.4 15.3
HELE 1.24 127 ik T4
30T ha 244 28 4.0
o3 0.41 L.44 29 3.1

analyses before oxalale separation were widely in error, The strontium values reported
by Braidech and Emery (1935) in an are spectrographic study of a number of elements
in evaporates were simmilarly erratic and about 10 times too high presumably because
of interference of other ions.

Sea water analyses were made with ammonium oxalate precipitations from 100 ce
samples processed similarly. As indicated in Table 2 occlusion of sodium oecurred in
two series which also registered slightly higher strontium values, Tt was presumed thal
these values were too high due to siray light from sodium emission, The values for
double precipitations were presumed to be too small because of some strontium loss
in the extra precipitation,
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More Data on Strontium in Waters

The new data are presented in Table 3 in a classification into springs, rivers and
streams, lake regions, and closed basins. Included are some published data of others
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TanLe 2

Strontium Analyses of Sea Water

¢/ Ca Atoens Per 1000 Alsnas
MNunmher - ——— =
Location, Method of Analyses BMlean Rangs

LONG ISLAND SOUND, 1943-48, Salinity, 28-33 %4;
Temp,, 0,0-20° C.; top and bottom samples:
Are spectrograph, log sector, exalate precipitates, 1948 12 BH 6.8 -12.3
Flame specirophotometer, oxalate precipitates, aomo
oeeluded sodium: concentration of solutions, (1.1
molar ealeium; two analyses [rom each sample
hottle, 1949* ... 120 9.21 6.72-12.0
Flame spee trophotometer, oxalate M-;rumtlunb bwiece
precipitated, concentration of solutions 0.1 molar

caleinm B et S T e b 16 872 T7.91-10.00
Flame spectrophotometer, oxalate separations varied

precipitation rmwlllnm 11 molar caleinm solutions® 12 290 R.A2-10.00
Flame spectrophotometer, carbonate pﬂ‘«"l]‘ﬂt'ltlnl'-'-

{11 molar caleinom solutions .. f 5 11.34 49 -13.3

ATLANTIC OCEAN STATIONS

30" 54" N Lat., 62° 10¢ W Long., Dec, 19, 1947 ;

31° 34" N Lat., 36° 20 W Long., Dec. 27, 1%7;

35° 2% N Lat., 10° 22' W Long,, Jan. 4, 1948;

O Hatteras, N, C.. Jonuary, 1950; Depth, 1-4415
metera: Salinity, 34.9-36.9 g Temperoture, 0.02-22,4°
. Flame spectrophotometer, much accluded sodium,
1950

Coneentration of selutions, 0.2 molar caleiom ... ... 47 10,96 10,22-11.08
Concentration of solutions, (L05 molar caleiom® . . 39 0. 76 8.78-12.00
*Preferred value, mean of starred values, reporied
previously {Qdum, 1951} ... 9.23

for comparison as indicated, Because strontium is most nearly related to caleium
among chemical elements it tends to be correlated in distribution. By expressing the
data as Sr/Ca ratio by atoms some idea of the behavior of strontium relative to the
better known calcium can be easily determined.

In Figure 1 are plotted representative data from Table 3 on coordinates of Sr/Ca
ratio and approximate chlorinity, In Figure 2 coordinates of 3r/Ca and Ca are used.
The relationship of strontium to zome general classes of natural waters is indicated.
Theze patterns can be explained in part by consideration of some aspects of the stron-
tium cycle as described in the following paragraphs,

Whereas Rodhe (1951) found strontium in fresh waters of Sweden to bear a con-
slant ratio o the conductivity and to the major ions, this relationship breaks down
when waters from more diverse regions are compared {Figures 1 and 2).

Factors Controlling Strontium Content in Waters

THE EDAFPHIC GEOCHEMICAL FACTOR

When acid rainwater falls and percolates soil and rock, it acquires strontium and
calcium especially from those minerals and deposit which are both soluble and rich
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TaoLe 3

Strontium in Natural Waters

[ /T S
Al ligrames Atoms/ 1000 Micrograms
Mama of Boly of Water Per Liler Alnmis Fer Liter
FLORIDA SPRINGS
Fanning Springs, 01d Town, Levy Co., May 6, 1951 660 1.16 168
Blue Springe, mnsun Levy Co., May 6, 1951 . 28.0 .80 40
Troy Springs, Lafavette Co., Ma:.r 6, 1951 . N 54.7 0.79 G5
Manatee Springs, Chiefland, Levy Coi TI.'Ia]. 'Er ToslE s i .7 250 173
Ichatucknes Springs, Columbia Co. . May 13, eI U 125 137
Hart Springs, Wilcox, Gilehrist Co., May 13, W5l 66,7 0.85 124
Silver Springs, Marion Co., Nov. 25, 1950. TLi& 3.0 T84
Poe Springs, Alachua Co., Dec., 1950 - 637 3.0 418
Blue Springs, Gilehrist Co., Dec., 1950 53.3 1.78 208
Crystal Springs, Pasco Co., Dec,, 1950 S 525 4.1 474
Orange Springs, Marion D:u Nov, 5, 1950 R LS A 203
Chussahowitzka Springs, Cittis Co., Feb. 23, NS 43.7 35 445
Mud Spring, Welaka, Futnam Cao., March 1‘;'51 44.4 8.0 Tih
Beecher Spring, thuk,a, Putnam Cn., Marnh, 1951 426 2.7 435
Magnesia Springs, Alachua Co, Jan, 21, 1951 2o 35.0 3.4 268
Rainbow Springs, Marvion Co., Feb, 23, 1951 . e 18.9 20 83
Tuniper Springs, Marion Co., Nov, 25, 1950 13.7 4.9 147
Glenn Springs, Alachua Co., Jan. 15, 1950, ... L 146 1.35 43.2
Drevils Mill uppen Alachua Co. o Ajpril, T950... ; 24.4 20 w7
Iron Spring, Hawthorne, Alachua Ck,, lJI.IEL]., 19510 : (132 10y 11
Salt Springs, Marion Co., Nov, 25, 1950 240 0.3, 123 4840
Silver Glen Springs, \{anm: Co., Nmr 25, 19:;1'} . 14 1.2 68T
Homossassa Springs, Citrus Co., T'e]'u 23, 1.951 52.2 2.2 095
RIVERS AND STREAMS
Housatenic River, Conn,, Dec., 19-1-’!:1 SR s 229 0.91 456
Roundout Creek, Husend,.de, IN. Dul., I 12.2 3440 93.
Hudsen River, l’uughkt‘e[me, M. ~iI l.'l'l‘:t.1 1049 18.6 2,65 107.9
James River, Richmond, Va., Feb. l'_.. 1950 . 1.5 La0 41.4
Koanoke River, Henderson, M. ., Feb, 17, 1950 A
Deloware River, Mewcastle F l.,rnr. Fahi 195000 - .. na 10 144
Withlaconches River, Gulf Hammaock, Hu Feb, 23, 1951 43.2 AT 350
St Johns River, Welaka, Fla,, March, 1_951 ........................ A5 8.1 k]
Dunn Creek, St. Jolns River, Welaka, Fla., Murch, 1951 M4 1.5 HET
Hogtown Creek, Gainesville, Flo., Jan., 1951 12.9 2 T4
Prairie Cresk, Galnesy ille, Fla. Murt,h, 1951 4.4 1.86 17.9
Appalaclncnla River, Lhattuhmchbﬂ Fla. ﬁpn[ 1951 151 10" a0
Suwanee River at Fanning Springes, I"ia., ﬁp:ll 1951 .6 1.80 111
Black Warrior River, Tuscalonse, Ala., ﬁmrﬂ 1951.... 51 1.76 19.1
Hatchel Creek, Galnﬁ'l.l”i" Fla., July, 1951 33 2,00 14.5
Boulder Creek, Colo, (Platte River) Clarke (1924) 6.7 4.2 61.5
Platte River, Colo. (Cache La Poudre) Clarke (1924} a1 38 258
LLAKES
Floridu
Sinke
University of Flarida (milk plant} Jan,, 1951 .. 36 2.20 167
Green sink (after rainy Aug. 29, 1950 12.6 1.18 a3
Seepage lakes
ewman's Lake, Gainesville, Jan. 21, 1951
Hawthorne, Mar ch, 1951 3.5 3.8 G
Luke Wanberg, Alachua Co., Jan 1951 i 3.4 2.41
Humypten Lake, Bradford Co., ]uns- T e 1.7 3.22 12
High caleium lukes
Lake Kanapaha, Gainesville, Jan,, 1951 . . ... ... 65.2 1.80 256
Fowler's Luke, Huwthorne, May, 1951 15.5 a2 10
Bivin's Arm, Gainesville, Jan., 1951 . ... ... .. 7.6 210 173
Kentucky
Devon Park Pond, Covington, Dee. 27, 1949 : S0, 1.25 H2
Wisconsin
Treut Lake, June 27, 1925 e 2.8 2.31 44.4
Helmue Lake, Aug, 27, 1934 1.9 2.56 1.6

Helen Lake, Aug 24, 1034 T 1.2 2.2 5.9
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Lake Mary, Aug, 24, 1934
Lake Adelaide, Aug, 24, 1934,
Mebish Lake, .Tu]:.r 25, 1934,
Lake Mendota, July 18,1927
Lake I'l{f!lltlﬂtﬂ [uncunlrifugcd}
Lake Mendota, July 25, 1928
Lake Erie, June 17, 1929 .

Mlaine
Sabethday Lake, Comberland Co., Dee., 1949
Sebago Lake, Cumberland Co,, Dec., 149
Range Pond, Androscogein Co., Dec, 1949
Connecticut
Low ealcium lakes draining ancient crystalline rock
Lake Quassapaug, Nov,, 1949 .
Mv, Tom Pond, Nov.,, 19, ... :
Westover School Pund Maov., 1940..
Beseck Lake, Nov., 19‘49 ;
Monasiery l"umi Nov. ., 1940,
Lake Wintergreen Reservoir, Naw.,,
Loke Warnmaug, Nov,, 149
Bantum Lake, Nov.,, 1949
Seepage lokes
Bethany Bog, May, 19500 .
Coldhrook Bog, ]'Mutfu]k, Mu}', Nov,, I'M-'éi| :
Maoderate caleium lakes, more fertile, Triassic sediments
|msh~y Pond, Oct,, 1949
Lake Quonnipaug, Nm 1949
Clark I*ond, Mill River, "Nov. 25, 1919
Middletown Reservair, \lm.r ]949
Black Pond, Nov,, J‘,If]-‘:f -
Mt Carmel Pond, Nov, 25, 1949
Lipper Linsley Pond, Dec, 15, 1949 ..
Edgewood Park Pool, Nov,, 1950, .. .
Wallinglord Reservoir, Nov., 1950
Beardsley Pond, Conn., Nov., 1949
Bog Meadow Pond, Now., 1044
Busalt drainage
Wizt Hoek Park Pond (water hilm en mod) Dee, 1, 1949
High caleium lakes, limestone aren
Beeslick Pond, Nov,, 1940
Lake Wonoenskopomae, Nav., 1094
East Twin Luke, Conn., Nov,, 1949

Marth Carolina
Piedmont, University Lake, Dec, 25, 1949,
B T T R e S
Drrnining residusl clays of ancient (‘t‘!."‘lla"ltll? rocks
Enstwood Lake, Orange Co., N, C., Dec, 25, 1949
Seepage lakes: Rladen Co., M. e
Jones Lakes, Diec. 24, 1949
Singletary Lake, Dec, 24, 1949
Lake Waccamaw { Miocene limestone outerop)
I o e e L B Mo A e M g ;
Blaick Lalee; Theal 24 100 oo i st ey :

Sweden
Average of 35 lakes (Lohammer, 1938)

Philippines
Yoleanic lakes
Taal Lake, April 26, 1936 ... )
April 5, 1932 = R,
Laguna de Buy, Murch 1!5 1932 =N
Calibate Lake, March 4, 1032 s
April 3, 1o R

CLOSED BASINS

LT T o o T .
Great Salt Lake, Utah fdﬂll]lh:‘ [thl.lpltutt} 1953 i
Utah Lake, data of Seidell (Clarke, 19247 4
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Fie. 1. Sr/Ca ratio of ground walers as a [unction of chlorinity in ppm. Data on Florida Springs are
plotted as an example of o rerion with groundwaters at salinity less than sea water, Data on brines
from Kentucky (MeGrain and Thomas, 1951) are plotted representing ground walers with salinity
greater Ltham gea water, Several very hlrrh values of Sr/Ca ratio among the data on brines [all off the
eraph.
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Fre. 2. Sr/Ca ratio of natural waters as a function of the caleium content, Data from this study are
classified as follows: A, argillaceous lakes, turhid with clay, and low in caleium; B, bog and seepage
lakes, mainly rain water, low in caleium: ¥, voleanic lakes; 5, springs; R, rivers; L, lakes receiving
drainage from old limestones; hlack circles are lokes with intermediate values; open cireles are waters
of closed lakes, Sr/Ca ratios of waters low in chloride decresse with incressing caleium content:
Sr/Cu raties of waters high in chloride increase with salinity.
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in alkaline earth clements such as limestones of sedimentary origin or plagioclase,
amphibole, and pyroxene of crystalline rock derivation. If the waters develop the
Sr/Ca ratios of their substrates, the following patterns may be expected (Odum,
1957).

If the limestones are freshly deposited with direct precipitation involved or are
made of reef coral, the Sr/Ca ratio may be as high a= the zea (9.9/1000 by atoms). If,
however, as is more often the caze, the limestone is composed of shells of invertebrates
the ratio is lower 1-6/1000 by atoms, If the limestone is replaced, especially if it is
dolomitic, the Sr/Ca ratio may be much less than 1/1000. If the substrate is a soluble
calcareous hasic rock of non voleanic origing a low Sr/Ca ratio is also derived
(1-3.5/1000), In most caleareous subsirates, high strontium contentz are found with
high caleium contents but the Sr/Ca ratio is low (example, Swedish lakes; 5r/Ca,
1.35 atoms/1000 atoms) .

When the walers pereolale non-caleareous substrates with less solubility of alkaline
earth elements, a relatively larger proportion of the strontium may be derived from
non-calcarcous minerals which contain strontivm. The larger ionic radius of strontium
(1.27T A rvelative to caleium (1.07 A} permits its inclusion along with potassium
(radivs 1.33 A) in such minerals as orthoclaze feldspar as described by Noll (1934).
Thus waters draining insoluble rocks tend 1o be low in total alkaline earths and to
possess o fairly high Sr/Ca ratio (3.5 atoms,/ 1000 atoms) .

Among the igneous rocks as among the limeatones there is a large range in strontium
contents, Graniles and olher coarse grained rocks which Tormed slowly tend 1o be low
in strontium, whereas rocks associated with rapid or late stages of fractional difleren.
tiations are high in strontium as in volcanic rocks or in pegmatites where strontinm
minerals themzelves oceur, Strontiom moere than calcium lends Lo remain volalile until
the last stuges of erystallization, Thus fine srained igneons rocks have more strontium
than coarze grained rocks,

As deseribed below in the discussion an closed basins, salt conditions, dry climates,
and desert conditions tend 1o develop high 5r/Ca ratios so that rain percolating
through such deposits will derive high ralios as well as high total concentrations.

Thus by way of summary, high Sr/Ca ratios may be expected in waters which drain
evaporile deposits, pegmatites, voleanic rocks, those limestones with precipitation
directly from the sea waler, or fresh coral limestone., Low Sr/Ca ratios may be ex-
pected from consolidated limestones, replaced limestones, dolomites, non-voleanic hasic
igneons rock, and humid regions. The basis for the above summary and more complete
data on the distribution of Sr/Ca ratio in regional rock types can be found elsewhere
{Turekian and Kulp, 1956, Odum, 1950h, 1951 a, 1957},

That the Sr/Ca ratios of surface waters actually do reflect in part the 5r/Ca of the
regional substrates may be observed in Table 4. The hizgh Sr/Ca ratios (4-10 atoms/
1000 atoms) {or western vivers of the Ul 5, reported by Alexander, Nusbaum, and
MacDonald {1954) may be readily accounted for becanse of the known high strontium
content of the Rocky Mountains, the widespread distribution of veleanic rock, and the
arid climate, These authors also Tound a correlation between strontivm content and
the alkaline earth content of zoils, Similarly the low values (mean 117 micrograms/
liter: Sr/Ca ratio, 1.3 atoms/ 100} atoms) in soft acid waters in Finland reflect the low
regional Sr/Ca ratio {Wilska, 1952).
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TasLe 4

Comparizon of Strontium in Waters and Sources

'E-ul.ur and Suunu Sr/Cu

5 h-u;, Iakcq C nnn:rtirut and '\mrth Carolina. 3.53
Possible source: rain water, 2 samples New Haven, Conn, . .. 3.78

N. C. reservoir lake, draining residusl soils on precamhbrian rock. 3.69
l'lrp:r_'mmlillg source: clay sediment (acid extract) .o 330
Central Connecticut lakes: drainage from Triassic shales and intrusions . 1.77
Representing source: 5 soils {acid extract ) 212

N, C, Lake Waccamaw, seepage hkc with limestone vutcrop 239
Heprm nting source: outcrop marl 271
Pond with limestone outerop, Covington, Kentuck} ..... S AET ) 1.25
Representing source: outcrop limestone. 1.23

A7 Swedish lakes (data of Lohammar, 1938) L35
Representing source: Swedish rocks | Landergren, 1943) T 0.3-2
Dirainage from a strontianite marl dump (Haselhoff, 1893) .. .. e X 30
Representing source: marl from dump. ... ... ... e H 7-35
Lake Wononskopomare, Connecticut, 'Slun:-]‘.brldp,p ‘lrhrhln; region - . 1.32
Representing somice: sample of bedrock dolomite : : 022
Hudzon River, Poughkeepsie, N, Y., draining sedimentary area : 2.65
Representing source: mean of world sediments . e SRR, EEat 208
Philippine lakes {(3) in voleanic region (see Table 171 4.21

Representing source: rhyolite: andesite: baszalt, 1:2:4 Odum {1950b) . and T voleanic glasses 977
Boulder Creek, Colo, Data of Clarke (1915) ; Platte River draining alkali igneous
anl Range of Rockies s . 4.2
Representing source: 78 igneous rocks from Colorado Front Range .. ... 3.1-43.0

THE TURNOVER FACTOR, CLOSED BASINS

Although the chemical constitution of a stream iz largely a function of the geo-
1'.|'||~.mislr:.r of the sources of waler, a lake, on the other hand, has inlernal sell-regulating
svstems and cycles which strongly modify the edaphically controlled properties {Hutch-
inson, 1948). Matter and energy pass continually through a lake, bul the eoncentra-
tions maintained in the lake water may be of entirely different nature from those in the
inflows.

As one extreme, consider the How of a river into a closed bazin in which there i= no
outlet like the oeean or Great Salt Lake in Utah. As the concentrations of strontium
and calcium inerease in the water, the solubility product of the caleium carbonate is
reached and precipitation begins. By solubility product we do nol mean the chemical
mrluhilil}f prmlm_:[_ but the Ir]'u-r;::m:llf.*mi{!ﬂ pl'm!um which is_ the efective one, The cal-
eium concentration thereafter remains constant with a steady balance between inllow
and outflow. However, since most depositional processes exclude strontium selectively
relative 1o caleium, the mineral matter being sedimented has a lower Sr/Ca ratio than
the water from which it is derived. Thus strontium does not deposit as readily as cal-
cium and its concentration in the water increases unlil with rising concenlrations, the
amount of strontium included in deposition becomes proportionately great enough
to match that flowing into the basin. Eventually the Sr/Ca ratio in the sediments bal-
ances the Sr/Ca in the inflow water and an equilibrium is reached with respect Lo stron-
tinm, caleium and the relative amount of the two, In this state the Sr/Ca in the water of
the basin iz considerably higher than that in the inflowing waters as in the ocean. for
example, Eardley (1938) showed the manner by which Mg/Ca ratio was mainlained
at a high level in the Great Salt Lake by this mechanism.

In the ocean the Sr/Ca of the sea water is about 9.0/1000 whereas the Sr/Ca ratio
of representalive world rivers is about 2.2/1000 {Odum, 1951a ). The Sr/Ca of the Great
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Salt Lake, Utah, is 4.2/1000 whereas the 3r/Ca in the inflowing rivers is 2.93/1008)
{ Alexander ef al., 1951). In another cloaed basin Seidell reported Sr/Ca of 11.5/1000
{Clarke, 1924).

In lakes which are not completely closed but retain the water for much longer times
than do rivers, the situation is intermediate and 51'|;:I|l increases of Sr/Ca ralio might
be expected. Alexander er al. (1954), believed this action may have been in operation
in the Great Lakes. As suggested by the Sr/Ca ratios from Lohammar (1938) in
Figure 3 there was a rise in Sr/Ca ratio during a time of least turnover (August), Data
from Linsley Pond, Conn. (Fig. 41 suggest a similar pattern with considerable
variability.
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Mlustrating the behavior of strontivm during the evaporation of fresh waters is an
analysis of calcium carbonate precipitate that resulied when 30 liters of water from
Linsley Pond, Conn., was evaporated to 25 ce by Dr. Eva Low for another purpose.
The precipitate that formed contained a Sr/Ca ratio of 1.25 atoms/1000 atoms, which
is lower than most of the analyses of Sr/Ca ratio in Linsley Pond (1.65/1000) suggest-
ing that strontium in comparison to calcium was excluded and left in the last 25 cc.
Zeller and Wray (1956) found a similar increase in Sr/Ca ratio with successive
precipitation.

The Sr/Ca values in closed basins will be especially high where the dilute inflowing
drainage waters have high Sr/Ca ratios. For example the Lahontan Basin or the
Southern California areas are much higher in strontium becausze of igneous, volcanic
drainages than is the Bonneville basin with a predominantly sedimentary drainage.
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GROUND WATER FACTOR

There are four processes which can produce higher Sr/Ca ratios in ground waters
than in the surface waters from which they may be parily derived. The first process is
the percolation through strata which contain pore space salt either from the ocean or
from evaporite conditions in the source region. In Florida below the Suffolk Scarp at
25 fr. elevation, the land has been =0 recently beneath the zea that 25 to 10,000 ppm
Cl still remains in the ground water {Odum, 1953 Black and Brown, 1951}, As indi-
cated in Figure 1 and Table 2, the ground waters and springs of Florida with high
chloride contents have high Sr/Ca ratios, 5.7-9.3/1000. The Sr/Ca ratio for 9 Florida
lakes is 2.62/1000 and for the springs including those without much chloride,
3,81,/ 1004,

A second process which may produce higher Sr/Ca ratios in ground waters is the
tendency for percolating waters to replace limestones and release strontium formerly
held in the erystal lattices of the initial limestones. Evidence that this replacement
process tends to lower Sr/Ca of rocks is summarized elsewhere (Odum, 1957),

A third process which may affect the Sr/Ca ratio in ground water is the differential
behavior of the two elements in ion exchange processes in soils or clays. Both elements
are bound by clays and organic matter. Apparently conditions exist which favor the
relative retention of strontium in s=ome cases and ealcium in others. A discussion of this
factor is included in the discussion of strontium content of some soils (Odum, 19571,
There is little satisfactory evidence to indicale much consistent effect of soil exchange
on the Sr/Ca ratio under steady state conditions.

A fourth process iz the mixing of surface waters with hot solutions associated with
thermal regions. Because of the high strontium content associaled with vuleanism, such
waters tend to have high Sr/Ca ralios.

Among mineral waters Franeis (1923) found Sr/Ca 25.1/1000 and Clarke (1924)
cites cases with a ratio of 28.7/1000. Such waters may have received strontium from
several of these processes. M. Starr Nichols in a personal cummunication deseribed
some unusual well waters in eastern Wisconsin with 20 ppm strontium and Sr/Ca
ratios up to 160 atoms/ 1000 atoms. Straub (19530} found up to 5.0 mg/1 strontium in
mineral waters. Bororik-Romonova el al. (1954) found 4-390 ppm,

Among walers suitable for water supply, Alexander ef al, (1954}, believed that their
data did not show indication of higher strontivm in ground water than in surface waters,
Such waters are selected for minimum mineralization, Many of the surface waters
analyzed which had high strontium were in semi-arid regions or in areas of high
geochemical strontium content. In spite of this selection an average of the 21 ground
water values indicates a higher Sr/Ca ratio (3.8/1000) than 50 surface waler values
{Sr/Ca 2.5/1000), A diagrammatic picture of the relative behavior of strontium and
caleium iz shown in Figure 5 where representalive values of solids and waters are
given. The strontium removal into ground water is shown at a rate faster than that of
calcium,

CORRELATION OF SALT AND STRONTIUM

It is well known that sodium and chloride are rapidly washed out of the sediments by
percolating waters and that ground walers contain higher contents of these elements
than other fresh waters (Conway, 1943). Thus waters percolating unreplaced sedi-
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Fiz. 5 The behavior of the Se/Ca ratio in carhonate depositions during the sedimentary eycle,
Yalues for various phoses are means of data from this study, Strontiom is more readily removed into
solution during consolidation than calcium, This behavior accounts in part for low values af limestones
and high values in ground waters,

ments like some in Florida yield high quantities of both sodium and strontinm, whereas
walers pereolating alder vocks like those in Connecticut yield lower amounts of sall
and lower Sr/Ca ratios. Wherever zalts of the sca or of arid basins are involved the
Sr/Ca ralio tends o be high whether by dircet mixture or from ancienl deposits.
Hvdrothermal waters of volcanic regions are also rich in both strontium and chloride.
Thus hecause of several mechanisms, there is a correlation of salt and strontium,

An example of the effect of ground-water =alt in raising the Sr/Ca ratio is graphed
in Figure 1. Data are plotted from the dilute ground waters of Florida (Odum, 1951¢)
and the brines of Kentucky (McGrain and Thomas, 1951). At salinities below that of
sea waler (1.97 Cl) the Sr/Ca ratio tends to decrease below the Sr/Ca ratio of sea
water (9.0 atoms/1000 atoms) becanze of the solution of additional caleium lrom
gedimentary rocks low in strontium, At salinities above that of sea waler, the Sr/Ca
ralio is observed lo rise above the Sr/Ca ratio of sea water, Presumably deposilion
of caleium [rom the brines is occurring al the higher eoncentrations.

Regional differences in sall and strontium content are large. The difference in
Sr/Ca ratio between hard waters containing salt (such as ground waters of the great
plain) and hard waters low in salt (such as waters in Sweden} is striking. High Sr/Ca
ratios also oceur as discussed for igneous rocks where walers are very soft, or where
suhstrates are voleanic,

Wherever waters receive little geochemical contribution but mainly elements from
rain as in bog and zeepage lakes a fairly high 5r/Ca ratio may be found as indicated
in Table 1 for North Carolina, Connecticut, and Florida (Sr/Ca 2.0-4.5/1000}, Two
rainwater samples {Table 3) contained Sr/Ca ratio 3.8/1000, These moderately high
values may reflect strontium of marine origin as well as of terrestrial dust origin, The
widespread circulation of strontium containing dust is well known i Libby, 1956] .
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In surface waters close to the sea, high content of atmospheric transported zalt may
tend to raise the Sr/Ca ratios as it iz known to do to chloride contents. It is difficul
to separate this atmospheric factor from the space factor in low Iving waters near the
sea. In the Philippine lakes there is a voleanic factor alzo (Tahble 3.

VARIATION OF STRONTIUM IN SEA WATER

Although the strontium content of sea waler scems established within small limits
the question of variation needs consideration. Sr/Ca ratios of sea waler are summarizec

in Tahlez 2 and 5.

TaprLe 5

Analysis of Varfance in Sea Waters of Long Island Sound

Dhegrees of S of Yariance

Varintion Source Froelom Squaros Variamce Hatin Significanee

Within pairs from same bottle

(analytieal) ... . .. .. 6l 23.5241 (L3856 1,78 sig, P0G
Bottom ve, surface® .. ... . 1 (10661 0.0661 10,40 none
Between monthe® ..o 11 42865 03897 176 none
Residual variation (includes

analytical and any unaccounted

waler variation) ... i H] 33,0047 0.6RT6H
Total ...... " ; 122 60.R314
Correction of mean ; 1 Mean =921

* Uneqnal numbers 1n each sobelass,

The analytical error was large as indicated by a standard deviation of 0.6200 be
tween pairs taken from the same bottle and run on the same day; 959 of the analyse:
were within 13.5% of the mean, On dilferent days and different samples the ervors
were larger (standard deviation, 0.6876; 959 of the analyses within 18.1% of the
mean ) .

Analysis of variance showed no significant differences within the limits of the
methods used between the Sr/Ca ratios by =eason, or from lop lo boltom water. Chow
and Thompson (1955} had less variation in data obtained by direct spectophotometry
from surface to 2,000 meters in 3 series including Arctic, Pacifie, and Atlantic oceans.
From hoth studies it is apparent that strontinm is a conservative element with a constant
ratio to other major ions,

STRONTIUM IN THE ANCIENT OCEAN

A suggested pattern of evolution of the Sr/Ca ratio during the early history of the
ocean is presented graphically in Figure 6. The proposed pattern is an elaboration of
the idea presented previously that the present alkaline earth eyeles of the world are
in a steady state (Odum, 1951a). This hyvpothesis should be contrasted with a recent
scheme proposed by Turekian and Kulp (1956) who suggest that the Sr/Ca ratio is
a function of the present igneous drainage rather than of the cyclic sedimentary drain-
age now prevailing in the present era {Conway, 1943},

In Figure 6 the oceanic Sr/Ca ratio is at first fairly high and charactistic of hasalt
drainage. Then the ratio rises to a maximum while the first caleium carbonate is pre-
cipitating because of the elimination of strontium during carbonate deposition and
consolidation, Finally, the Sr/Ca ratio drops again as the uplift of sedimentz begins
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Fic. 6. A hypothesis of the behavior of the Sr/Ca ratio in the early history of the earth beginning
with river drainage from a basaltic globe and an appreciashle ocean with volatiles, Later a predomi-
nantly sedimentary drainage develops with a different steady state hehavior of the Sr/Ca ratio, Sr/Ca
ratios are given in atoms/ 10 atoms,

because the rivers begin to draw much of their alkaline earth content from the uplifted
sediments. By these schemes, the oceanic Sr/Ca ratio has decreazed or been the same
during the history of the ncean,

Summary

1. Three hundred analyses of sirontium in natural waters are compared with pub-
lished data in order 1o characlerize the patlerns and processes of the strontivm evele in

the hydrosphere,
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2. In non-marine waters, the Sr/Ca ratio of the region of waler drainage is the mos
important factor affecting the 5r/Ca ratio of waters. Sr/Ca values range from
(1.5 atoms/ 1000 atoms in areas draining replaced limestones to 5 atoms/1000 atoms o
higher in arcas of volcanic drainage.

3. Strontium iz correlaled with zodium chloride conlents (a) because of the asso
vialion of elements in waters deriving salt divectly or indirectly from the sea: (b) he
cause of the association of the elements in hydrothermal waters; (c) because of the
tendency for both elements 1o be excluded from early sedimentary depositions anc
secondary diagenisis to be deposited in late evaporites. These processes tend to pro
duce high Sr/Ca ratios in ground waters.

1. In waters of closed basins which contain a steady state balance hetween the
substances of inflowing river and the substances sedimented. the Sr/Ca ratio develop:
a higher value than in basins with outflows and high water turnover.

3. A discussion of the oceanic steady state between alkaline earth inflows and alka
line earth deposition does not support recently published ideas of increasing Sr/Ce
ratio in the ocean,

fi. In sea water all recent studies find strontium present as a conservative element
with a constant Sr/Ca ratio of about 9.0 atoms/ 1000 atoms (8.0 mg/ 1 strontium in ses
water of salinity 35 parts per thousand ) .
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