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SHORTER CONTRIBUTIONS. TO GENERAL GEOLOGY, 1918.

NEW DETERMINATIONS OF CARBON DIOXIDE IN WATER OF THE GULF
OF MEXICO.

By Rocer C. WEeLLS. |

INTRODUCTION.

Although the carbon dioxide in sea water
is the subject of a very extensive literature
and many determinations of it have been
made, recent advances in geochemistry have
brought out new relations that require further
determinations in order to show the con-
nection, if any exists, between the history of
the water, its temperature, its' geographic
location, the life it contains, and its saturation
with caleium and magnesium compounds. In
1914 Clarke and Wheeler,! in a paper on crinoid
skcletons, pointed out for the first time that
the proportion of magnesium carbonate in
crinoids is in some way dependent on tempera-

ture. This observation led to the publication.

of a number of papers presenting facts: and
theories bearing on the subject.?

Even earlier the investigations of Vaughan *
on coral reefs and those of Branner ¢ on the
stone reefs of Brazil had led to the consideration
of physical factors in the deposition of calcium
carbonate in certain localities. Johnston has
pointed out that the deposition of calcium
carbonate by organic agencies may be closely
related to the inorganic factors that determine

t Clarke, ¥. W., and Wheeler, W. C., The composition of crinoid
skeletons: U. S. Geol. Survey Prof. Paper 90, pp. 33-37, 1915.

3Wells, R. C., The solubility of magnesium carbonate in natural waters:
Am, Chem. Soc. Jour., vol. 37, pp. 17041707, 1915. - Johnston, Jdlm_, The
solubllity-product constant of calcium and magnesium carbonates:
Tdom, pp. 2001-2020. Wells, R. C., Tho solubility of calcite in water
in contact with tho atmosphere, and its variation with temperature:
Washington Acad. Sci. Jour., vol. 5, pp. 617-622, 1915. Johnston, John,
and Williamson, . D., The complete solubility curve of calcium car-
bonate: Am. Chem. Soc. Jour., vol. 38, pp. 975-083,-1916. Johnston,
John, Merwin, H. B, and Williamson, E. D., The several forms of
calcium coarbonate: Am. Jour. Sci., 4th ser., vol. 41, pp. 473-512, 1916,
Johnston, John, and Williamson, E. D., The rélo of inorganic agencies

" in the deposition of calcium carbonate: Jour. Geology, vol.g4, pp. 729-

749, 1916.

8 Vaughan, T. W., Tho presont status of the investigations of the origin
of barrier coral reefs: Am. Jour. Sci., 4th ser., vol. 41, pp. 131-135, 1916.
Sco also Carncgle Inst. Washington Pub. 133, pp. 173-177, 1910; Pub. 182,
pp. 69-78, 1014; Year Book 14, p. 222, 1916, and Pub. 213, p. 227, 1918.

4 Branner, J. C., Stone reefs on tho northeast coast of Brazil: Geol.
Soc. Amorica Bull., vol. 16, pp. 1-12, 1905.

how nearly saturated the water i is with respect
to that substance. )

I have been enabled to make the determina-
tions described in this paper through the inter-
est and cooperation of T. W. Vaughan, of
the United States Geological Survey, and
H. F. Moore, of the Bureau of Fisheries.
Mr. Vaughan pointed out the need of such
determinations, particularly for American
waters, and Mr. Moore authorized the collection
of the samples, which were actually collected
by W. W. Welsh and shipped in “citrate of
magnesium”’ bottles to the chemical laboratory
of the Geological Survey for analysis. It is a
great pleasure to express appreciation for the
assistance offered by all those who helped to
make the study possible.

There is no question that the water of the
Gulf of Mexico is essentially similar to that
of the open ocean.: An analysis of the salts
in water off Loggerhead Key, near Florida,
made by George Steiger in the chemical labora-
tory of the United States Geological Survey, is
shown 'in Table 1, together with Dittmar’s
mean of 77 analyses of ocean water.

TaBLE 1.—Analyses of oceanic salts.o

1 2
55. 24 55. 29
.17 .19
7.54 " 7.69
.34 .21
30. 80 -30. 59
1.10 111
1.22 1.20
3.59 3.72
100. 00:] 100. 00

. aClarkc, F. W The data of geochemistry, 3d ed.: U. S Geol. Survey ’
Bull. 616, p. 123, 1916. -

1. Saltgin water of Gulfof Mexico; George Steiger,analyst.
2. Salts in ocean water, mean of 77 amlyses, w. Dltt-
mar, analyst.

. 1



2 . . SFORTER CONTRIBUTIONS TO GENERAL GEOLOGY, 1018,

“Although the analysis' of Gulf water cited
in this table shows the essential similarity
of the water to sea water, it seems likely
“that the total carbon dioxide.has been stated
“as CO,.. The value stated amounts to 0.091
- gram CO2 per liter, which is about that of
ordinary sea water. - Dittmar’s figure, on the
other hand, does not account for all the CO,
normally present in sea water. - It is generally
believed that carbon dioxide, in so far as it con-
stitutes part of the salts in sea water, is present
both as. carbonate and -as acid carbonate,
commonly termed ‘bicarbonate.” It was to
ascertain the relative proportions of carbonate
and bicarbonate in the water that the deter-
minations recorded in this paper were made.
~ Such determinations have also been made by
Dole,* by titration methods, on water- from
Southwest Channel, Tortugas, Fla. Dole’s
results are as follows: : .

€0, as HCO,: C petter.
Highest...................... 0.088 -
Lowest. . . ..cooiieiiiiiiiiniinn. 059
Mean. .....ouoiiaae i 069
CO2 as CO;,:
CHighest.. ... ooii i 022
Lowest. .. .oeoeemmiia i 011
CMean.. ... 017
Total CO,: -
Highest. ... ..ooooiiiei i, 099
Lowest.. . ...o.o..ioiiiaaaaa... 080
Mean........ccoiiiiiiniaanaa... 086

Titration. methods, however, have been
called in question by Johnston,? and for that
reason it seemed especially desirable to apply
‘new methods where possible. The present
contribution by no means exhausts the subject.
Further determinations are needed in connec-
tion with the alkalinity of the water determined
at the source.

DEFINITION OF TERMS.

Much of the haze that has long befogged the
“subject of the carbonates in sea water is due to
the different meanings given to the same terms
by different investigators. It is surprising
how tenaciously old terms persist in spite of
well-proved facts warranting their abandon-
ment. Some of these terms are so indefinite

t Dole, R. B., Some chemical charaéteristics of sea water at Tortugas
and around Biscayne Bay, Fla.! Carnegie Inst. Waslungton Pub 182,

U p.73,1014. -
¢ Johnston, John, Determination of carbonic acxd combined and free
in solution, particularly in natural waters: Am. Chem. Soc Jour., vol.

38, p. 947, 1916,

that they convey -no exact meaning unless

they are repeatedly defined by the author who

uses them. The word “salinity,” for example,
is used by some writers to include only part of

the salts that exist in sea water and by others

to include them all. . The word “alkalinity ” is
used by some as a measure of the combined
carbonate and bicarbonate concentration ex-
pressed in the same unit, and by others to indi-
cate the hydroxide or hydrogen ion concentra-
tion. There are many modes of attack in this
problem, but nearly every one involves some

theory, so that it becomes most necessary to

keep clearly in view how much is fact and how
much is theory and not to confuse the two so
that neither is of any assistance.
In the present paper sea water is hold to be
“phase” in the sense of the phase rule—
that is, a liquid capable of-dissolving certain
solids and gases up to the point of “satura-
tion.” Carbon dioxide is one of the gases that
can thus be dissolved in sea water, and the
determinations made (see Table 2) give the
total carbon dioxide that can be extracted from
the water after the addition of acid—that is, all

the carbon dioxide that exists in the Watcr in

any form.

. As already stated most of the carbon dioxide
in sea water is commonly considered to be
present as bicarbonate and carbonate, thus
constituting the acid radicles of corresponding
salts. Thus practically all the dissolved matter
in sea water can be thought of as a group of
salts the sum of whose basic radicles.is chemi-
cally equivalent to the sum of their acid radi-
cles. This equlvalence holds very closely for
the analyses cited in Table 1 when the various
forms in which carbon dioxide is combined are
correctly stated. Nothing leads to greater

confusion, however, than to attempt to make an
arbitrary combination of ‘the various acid and
basic constituents determined by analysis,
and for this reason it is well to realize that such
an expression as ‘‘the solubility of calcite in
sea water’’ does not imply that calcium car-
bonate exists as such in sea water any more
than that carbon dioxide exists as such, al-
though ‘both-substances are doubtless present
in these forms to some extent. When such
compounds are added to sea water they react
with other substances and enter into the com-
plex kinetic equilibrium that exists in the
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water between all the salts and their ions,
hydrates, and hydrolytic products. The single

word ‘““‘carbonate’” will therefore express the

group constituting the carbonate radicle (COy),
which would have to be taken in the form of a

_salt with the various other salts to make up an

artificial sea water. The term ‘“bicarbonate”’
will have a similar meaning. The chemical
symbols. for these radicles will be CO, and

IICO,. When ions are meant the symbols |,

will bear additional signs for the electric

charges, thus: CO,~ and HCO,~. The same |

symbols inclosed in brackets are generally
used to represent concentrations in gram

molecules, or mols, per liter, thus: [CO,] or-

poured into a graduated 250 cubic centimeter
flask and then into the distilling flask, and the
boiling was begun immediately. The results
obtained are stated in Table 2.

The locations given in Table 2 correspond to.
the following station numbers of the Bureau of

Fisheries:

Lat. 29° 38/ N, long. 87° ¢/ W, station 10447.
Lat. 29° 53’ N., long. 87° 77 W, station 10448.
Lat. 30° 5 N., long. 87° 12/ W., station 10449,
4 miles northwest of Pensacola Light, station 10450.
Sample 1, obtained near Fowey Rocks Light,
outside Biscayne Bay, Fla., was a portion of -
water collected at regular intervals between
July 26 and August 3, 1915,% and had stood.for

[CO,=]. part of the time to April, 1917, in a green glass
Tanue 2.—Total carbon dioxide in samples of water from. the Gulf of Mexico.
Sample Location Depth, | Temper- Chlor' Total CO
No. R PU-1 " ature. ine. | Lota 2
i " | Grams per | Gram,_per
‘ . oo Meters. | -° C. liter. liter.
1| Lat. 25° 35’ N., long. 80° 6/ W....0...........L LU PO 20:37 0.106
2 | Lat. 29° 38’ N, long. 87° ¢/ W._............ e e 0 18.9 20.21 .093.
3|..... QO m oo e s 50 19.4 20.23 .092
4..... Q0 e e 100 186 |oooii e,
S |.... o P 150, 13.3 20.20 . 099
61..... T 210 10.2 19.94 . 100
7 | Lat. 29° 63/ N, long. 87° 7/ W . ... il 0 20.0 20. 52 . 092
8]..... o T 25 20.1 20. 39 .092
9 ]..... L 50 | 19.6 20. 40 . 094
1010, 5 o N 100 18.2 20. 52 .100
1 [ 16 2 130 15.8 20. 40 .098
12 | Lat. 30° 5 N., long. 87° 12/ W.. .o ottt 0| 183 20.48 .095
13 ]..... 14 o T R 20 18.4 20. 38 . 092
14 | 4 miles northwest of Pensacola Light... . ... . .. ... ... .l.. 0 16.7 18.34 . 088
15 ..... 4 o R EEEETET TR 10 16.4 19. 66 . 092

DETERMINATION OF TOTAL CARBON DIOXIDE. |

The total carbon dioxide was determined by
boiling 250 cubic centimenters of the water,
after the addition of hydrochloric acid, for
10 to 15 minutes, driving out. the gas with a
stream of pure air and collecting it in weighed
tubes containing soda lime, the apparatus
used being that generally employed in the
analysis of carbonate rocks.! The water had
been preserved and shipped, after collection,
in “citrate of magnesium’’ bottles, with only a
very small bubble of air space. After the
bottle was opened a portion of the sample was

bottle with considerable air space. The result
for the total CO, in this sample may have
been affected by exposure of the sample before
analysis. The other samples were collected

lin January, 1917, preserved in ‘‘magnesium

citrate”” bottles with practically no air space,
and analyzed in April, 1917.

The results seem to show that the total
content of carbon dioxide increases slightly
with increase of depth. The average content
for the samples of surface waters is 0.092 gram -
per liter. The average for all samples is 0.094
gram per liter. Naturally it is interesting to

1 Hillobrand, W. F., Tho analysis of carbonate and silicate rocks:
U. 8. Geol. Survey Bull. 422, p. 180, 1910,

*1 Dole, R. B., and Chambers, A. A, Salinity of occan water at Fowey
Rocks, Fla.: Carnegie Inst, Washington Pub. 213, p. 284, 1918,

.
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' . compare these ﬁgures with those obtalned by

other mvesmgators

Dittmar gives only four determmatlons on
surface waters that are comparable with these,
“and all of them involve determinations of the
“loosely combined’” carbon dioxideé, which
were made by J. Y. Buchanan by a method that
is not generally considered to yield exact re-

SHORTER CONTRIBUT’IONS TO GENERAL GEOLOGY, 1918.

‘the total carbon dioxideis a little higher than

in intermediate waters, for reasons that are
discussed on page 11. The average for the-
bottom waters is 0.101; that for the 1nter-
mediate waters is 0.095.

Tornde found the average in 78 analyses of
sea water to be 0.096. gram of carbon dioxide
per liter, and results of the same order were ob-

sults: However, they are as follows: ! tained by Natterer.? Ruppin® found in the
Tasre 3.—Dittmar and Buchanan’s determinations of total carbon dioxide in surface waters. ‘
Saﬁltple Locality. Teﬁf_):ra- © co,.
. Gram per
: °C. Uiter,

265 | South Atlantic Ocean, lat. 22° 15’ 8., long. 35° 37/ W. . ... . ... ... . .. ..o...... 22.8 0. 106
1573 | South Atlantic Oceam lat. 23° 27/ 8., long. 13° 51/ W.. ... .. .. .. ... P 25.1 . 099
1581 | South Atlantic Ocean lat. 19° 565” 8., long. 13° 66" W. ... .. ... ... .o ...ill.. 24.7 093
1687 | North Atlantic- Ocean lat. 21° 23" N long. 31° 15/ W. oL 22.8 . 092.

The results of the analyses of the 14 samples
of Gulf water are in fair agreement with the
four results of Buchanan’s analyses of four

samples of * water from the surface of the|

North Sea, at a depth of 5 meters, 0.091 gram
of carbon dioxide per liter, and at 460 meters
0.095 gram.

Estimates by Dole of the total carbon dioxide

_open ocean. in the Gulf water at Tortugas are given on
TABLE 4 —Dittmar and Buchanan’s determmatmns of total carbon diozide in deep waters.
Sal\}n;ple Locality. Depth. Te;ﬁf:m' CO,.
Gram per -
: Fathoms. °C. luter.
21 | North Atlantic Ocean, lat 23°10 N, long. 38° 42’ W.. e B 2,720 2.5 0. 096
66 | North Atlantic Ocean, lat. 19° 41/ N, long. 65° 7/ W B3,878 |.......... .112
120 | North Atlantic Ocean, lat. 32° 54/ N, long. 63° 22/ W._....._......... . B 2,360 2.4 .102 -
283 | South Atlantic Ocean, lat. 29° 35S, long 28°9 Wl 1,000 2.8 .109
353 | Indian Qcean, lat. 465 46/ S., long.: 45° VWL B 1,375 2.0 .118
378 | Indian Ocean lat. 60° 52/ S., long. 80° 20/ W. ..., B1,260.......... . 128
383 | Indian 0cean lat. 65° 42/ S., long. 79°49 W. ... . ..........o...i.... - BL675 ... . 149
(556)| South Pacific Ocean lat. 14°' 7/ S., long. 153° 4% E.._................0 B 2,450 2.2 -101
594 | West Pacific Ocean, Nat. 5° 24/ S, long 130°37 B . 400 6.4 . 094
791 | North Pacific Ocezm lat. 11° 24/ N. , long. 143° 16’ E B 4,475 1.8 . 086
912 | North Pacific Ocean lat. 36° 23/ N, long. 174° 31’ E B 2,775 1.6 . 090
1221 | South Pacific Ocean lat. 32° 36" S., long 137° 43" W. B 2,375 1.7 . 103
1300 | South Pacific Ocean lat. 38° 7/ 8., long. 94° 4’ W_. B 1,500 1.8 .102
678 | West Pacific Ocean, lat. 5° 47/ N. ]on 124°1VVE. ... : 50 25. 4 . 081
© 1270 | South Pacific Ocean, lat. 39° 13/ S long 118°49Y E...oooooiiiil B 2,250 1.4 . 100
" .1313 | South Pacific Ocean, lat. 38° 6/'S., long. 88° 2’ E................. e B 1,82 1.8 .108 -
1356 | South Pacific Ocean lat. 32° 50/ S. ,.Jong. 77° 6/ W.. e 50 12.0 11102
1388 | South Pacific Ocean, lat. 42° 43/ 8., long. 82° 11/ W e B 1, 450 2.0 L112
1405 | South Pacific Ocea.n lat. 48° 27/ 8., long. 74°30° W_...... ... ... ... B 345 7.8 . 097
1438 | South Pacific Ocean lat. 52° 45’ S.,long. 73°46’ W._ ... ... B 245 7.8 .102
- 1494 | South Atlantic O(,ea,n lat. 35° 39/ S long. 50°47 W__._....... P - B1,90 0.6 . 098
1697 | North Atlantic Ocezm lat. 26°°21/ N ,long..33%37 W._ ...l B 2,965 3.1 . 092
1707 | North Atlantic Ocean lat. 32° 41/ N. long 36° 6”-W.. 400 9.8 . 091

The 'results obtained by combining the data
of Dittmar and Buchanan for deeper waters
are given in Table 4. Most of these were
“bottom” waters (marked “B’’), in which

1 chaz'len_ger Rept., Physics and chemistry, vol. 1, p. 215, 1884.

page 2, but it should be noted that Dole did |
not directly determine the total carbon dioxide.

2 Clarke, F. W., The data of geochemistry, 3d ed.: U. S. Geol Survcy
Bull. 616, p. 144, 1916 . °

3 Ruppin, L., Die Alkahmtat des Meerwassers:
Chernie, vol. 66, p. 122, 1910,

Zeitschr. anorg.



CARBON DIQOXIDE IN WATER

Dole also obtained figures ranging from 0.055
to 0.109 in Biscayne Bay, the lowest being
for water in Featherbed Bank, at 26.4° C., and
he concluded from the salinities that evapo-
ration was going on in the shallow water of the
bay at the time his samples were taken. This
action should also be accompanied by a loss
of carbon dioxide, as actually observed. His
average for-the total carbon dioxide is 0.084

. gram per liter.

THEORETICAL AMOUNT OF CARBON DIOXIDE IN
SEA WATER.

If there ave sources of carbon dioxide in the

“deep sea and the circulation of the water is

slight, one might expect, theoretically, to find
very considerable concentrations of carbon
dioxide in such water. The pressure of the
water would hold far larger proportions of any
gas in solution than could remain dissolved at
atmospheric pressure or smaller partial pres-
sures. As very little is known about the extent
to which moving creatures transfer carbon
dioxide from place to place, the regulation of
the concentration at depth would appear to be
governed chiefly by the supply of carbon diox-
ide and by the rate of circulation of the water.
At the surface, on the other hand, there is a
tendency toward an equilibrium between the
water and the atmosphere in respect to carbon
dioxide, which Schlosing believed to be the
governing factor in determining the carbon
dioxide content of the atmosphere. This
equilibrium can be studied in the-laboratory

- and the results compared with those obtained
by observations made in chffelent pel ts of the |-

ocean.
The equilibrium referred to may also involve
the solution or deposition of calcium carbonate.

A water in contact with calcium carbonate|
should theoretically dissolve more é¢arbon diox- |

ide from the atmosphere than one without ac-
cess to calcium carbonate, but my own experi-
ments on this point indicate that sea water

‘exposed to a normal atmosphere'gives off car-

bon dioxide at all temperatures above the very
lowest, so that under surface conditions sea

water in and between the temperate zones must |-

be regarded as saturated with calcium 'car-
bonate. Therefore, laboratory experiments

dealing with the equilibrium at ordinary tem- |

peratures yield the same results in the presence

‘and in the absence of calcium carbonate.

OF THE GULF OF MEXICO. ' 5

In 1916 I performed two experiments with
sea water to determine its total content of
carbon dioxide at two definite temperatures,
1° C. and 28° C,, after prolonged agitation of .
the water with outdoor air, an excess of cal-
cite also being present in the water. The mean
partial pressure of CO, was 0.000318 atmos-
phere, according to my determinations, and
the two normalities found for CO, +HCO, were
0.00236 and 0.00196, respectively. The result
for total CO, at 1° C. was 0.101 gram per liter,
and that at 28° C. was 0.078 gram. These
results agree essentially with those calculated
by the formula of Fox,! which gives 0.100 and '
0.075, respectlvely

Fox’s formula, expressed in the terms used
in the present dlscusswn is

Total CO, (grams per liter) =na+ pb

‘where n=the normality of CO,+HCO,, a=

value given in Table 5, p=partial pressure of
CO, in atmospheres and b=value given in
'I‘able 6. :

TaBLE 5.— Values of “a” for d solution of normality 1 at
dzﬁ"ercm temperatures and partial pressures of CO,.

p. | 0° 2°. 10°. 16°. | 20°. | 28°.

0.0002 | 40.42 | 40.08| 38.70 | 37. 69 ( 37.00 | 35. 64
.0003 | 42.09 | 41.79 | 40.58 | 39.67 | 39.07 | 37.86
.0004 | 43.11°| 42.83 | 41. 71| 40.87 | 40.31 | 39.19
.0005 | 43.77 | 43.51 | 42.47 | 41. 69 |.41.17 | 40.13
. 0006 44 37 [ 44.15 | 43.24 | 42.56 | 42.11 | 41. 21

TaBLE 6.—Values of “b" for différent salinities and tem-
peralures.

[Chlorine in grams per thousand.)

Tem-

pera- _ _ _ _ _
ture Cl=0. q1—2. Cl=10.|C1=18.| C1=20.

(°C.).

©O O =T €O BO G O &
O P o Tt 0= D
O U1 =T €D 5 QT 00 O
SRS R
HHEHo N
NS ODW D
RPNX—=IRDS S
e RPN
B W O =T O &t o
RO Oww®
HHEFFFDNDND
= DO =D
SB8XIBESE

ot
N

e a2

B i st e L )

1 Fox, C.J.J., On the coeflicients of absorption of nitrogen and oxygen
in distilled water and sea water and of atmospheric carbonic acid in sea
water: Faraday Soc. Trans., vol. 5, p. 82, 1909, -
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COMPARISON OF RESULTS WITH EQUILIBRIUM
CONDITIONS. :

'We are now in a position to compare the de-
‘terminations of the total carbon dioxide in
the samples of Gulf water with those repre-
senting equilibrium with the atmosphere. For
" this purpose:I shall use 0.000318. atmosphere
for the average carbon dioxide content of the
atmosphere.! The normalities required in the
calculation were determined as described in
succeeding - pages and are stated in Table 10.
The comparison is shown in Table 7.

TABLE 7. —Comparison- of total carbon dioxide found in the Gulf waters with that represent'mg ethbnum with the

Other data than -this comparison (see p. 5)
incline me to the view that surface sea water
is generally fully saturated ‘with respect to

atmospheric. conditions; if so, there is some.

small constant érror in the determinations or
in one of the factors on which the comparison
is based. The most interesting feature of the
comparison is the fact that the deeper waters

'seem to be as near to an equilibrium with the

atmosphere, for their temperature, as the sur-

face waters: That being true, what is the -

source of their carbon dioxide? It seems diffi-

atmosphere.

Salglor.)le Loc'ality.

3..... do..... e
B 3 do........ A
6 .... 6 1
7 | Lat. 29° 53/ N., long. 87° 7 W......oooinooe.
8l doe
9|..... do. . e
10 |..... QO e
11 §..... do...... eeeeen e, S,
12 | Lat. 30° 5 N., long. 87° 12 W. ..ot ...
W3- dOn
14 | 4 miles northwest of Pensacola Light............

CI5 ... L O

: CO, for
Tempera- | Total -CO
_ Depth. b 2 equ1hb-
T ture.. foun(I. rium.
) Gram per Gram per
- Meters. °C. liter.  later.
et 0 . 18.9 0.093 0. 094
............. 50 19.4 . .092 .098
e e _ 150 13.3 . 099 .099
210 10.2 | .-100 - . 100
............. ~ol| . 2000 092 .095
..... T 25 20.1 . 092 . 094
............. 50 19. 6 . 094 . 098
e 100 18.2] . 100 . 098
........ 130 .- 15.8 . 098 . 099
R 0 8.3 .095 .097
e eeemaaaan 20 18.4 | . . 092 .097
............. 0 16.7 | . 088 . 091
.............. 10| 16.4 . 092 .. 097

The agreement between the last two columns
of Table 7 is striking. In content of CO, the

Gulf waters appear to be very nearly in equi-'

librium with the atmosphere—so nearly that
the probable experimental error in the deter-
minations "of the normality of - CO,+HCO,
would account for a positive or negative differ-
ence between many of the figures in the two
- columns. The same might be said of an error
. in the carbon dioxide content of the atmosphere
used in the calculations or in the other factors
entering into the comparison. From the data
of Table 7.1 do not feel warranted in concluding
- that any of the waters is either saturated or
unsaturated with carbon dioxide under atmos-
pheric -conditions, but all the samples are evi-
dently very near the condition of equilibrium.

1 The higher value, 0.000353, recently published by Kendall, is for
laboratory air. See Kendall, James, The specific conductivity of pure
water in equilibrium with atmospheric carbon dioxide: Am. Chem.
Soc. Jour., vol. 38, p. 1490, 1916, .

cult to account for this ‘adjustment by assum=

ing that portions of the water have come from .

cold regions where they were in contact with
the atmosphere and have transported carbon
dioxide all that distance. A portion of water
in passing from the polar regions might lose
and gain carbon dioxide a number of times

before arriving in the Gulf of Mexico. Has the -

water of the Gulf of Mexico access to more

immediate sources of carbon dioxide than the

atmosphere? Where the facts are so sugges-
tive it is natural to seek for some hypothesis to
explain them, and the most plausible one
appears to be that living forms either carry or
supply the carbon dioxide necessary to main-
tain equilibrium.

" Even Dittmar’s results for carbon dioxide in
the cold bottom waters of the-ocean (Table 4)
are approximately equal to thé requirements

"| for equilibrium with the atmosphere, although.
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8 fow of the individual determinations show

variations in one direction or the other. Inas-
much as the figures given by Dittmar include
Buchanan’s determinations and as the other
factors on which the above comparisons:rest
are the work of many investigators, it must be
admitted that the close approach of these
waters to equilibrium with the atmosphere is
really remarkable, as is also the fact that this
relation is'found in waters as deep as 3,000
fathoms. It seems as if organic agencies must
contribute carbon dioxide to these deep waters,
foritis difficult to see how currentsin the ocean
could poss1bly carry carbon dioxide from the
surface in the colder regions to all the localities
in the ocean that have been investigated and
could produce by mere mixture samples ap-
proaching so closely the requirements for equi-
librium. Buchanan ! writes on this point:
Down to nearly 2,000 fathoms life is still abundant;
below this depth, however, the_amount rapidly. decreases

. till, at about 2,800 fathoms, it is, for carbonic acid produc-

ing purposes, practically extinct. |

The preccdmg dlscussmn suggests that the
conditions maintained by organic and biochem-
ical activity in the ocean correspond almost
exactly with the physico-chemical conditions
of equilibrium between sea water and a normal
atmospherc at the temperatures illVOlVGd o

DLTERMINATION OF TOTAL CARBONATE AND
BICARBONATE.

The determination of total carbdnaté and bi-
carbonate is sometimes referred to as that of the

“alkdlinity”’ and sometimes as that of the total:

base balancing carbonate and bicarbonate.
TFollowing Dittmar, investigators generally as-

sume that there is no free base in sed water and”

that acid is consumed solely in setting free car-
bonic acid from carbonate and bicarbonate.
The determination mentioned was made by ti-
tration with 0.02 normal sodium hydrogen
sulphate. Methyl orange may be used as indi-
cator, but the determinations were in fact car-
ried out. with pdranitrophenol. The results
obtained in titrating depend somewhat on the
end point selected. The final rcactlon in the
neu tl alization is

NaHCO, + NaHSO, = Na,S0, + H,CO,

Trom this reaction it is evident that the in-
dicator used 'should not giVe an indication for

| Although carbonic acid is commonly considered
' to exert no action upon methyl orangse, it really,

as has long been known, develops a marked
shade of red, and on this fact depends Kiister’s
method of titrating to the same shade as that

-produced in. water saturated.with carbonic

acid? His method gives correct results with
relatively concentrated solutions of bicarbon-:
ates. In the present case, however, the con-
centration of bicarbonate is very small and the
solution is far from being saturated with carbon
dioxide at the true end point. After neutraliz-
ing with acid sulphate there.will be presént
about 0:0047 gram of CO, for 50 cubic centi-
meters of sea water. Evidently, the proper
end point is indicated by the color produced by
this amount of CO, in the same volume of water
as that finally present in an actual determina-
tion. Experiment showed that this amount of
CO,- effects ' a scarcely perceptible .change in
methyl orange. If titration is carried to the
first perceptible change in tint, or better, to a
standard color produced by the amount of
CO, known to be present, the acid used will
coirespond, as nearly as can be determined, to
the total:base balancmo ca,rbonato and bicar-
bonate. - ”

In the hope of obtaining better results with
somie other indicator than methyl orange the
behaviorof paranitrophenol was studied. The
indicator solution contained 1 gram in 250
cubic centimeters-of water. The tests made
are shown in Table 8. ‘

TaBLE 8.—Comparisons of color in 50 cubic centimeter
solutions in casseroles.

Soilltion. . . Color

la. ‘Distilled water. No color.

2a. Distilled water, 0.0047 gram Scafcely perceptible col-
CO,, 4 drops indicator. or at first; a faint color
: appears slowly on
. ‘standing.
3a. Distilled water, 1 drop in- | Clearly perceptible color.
dicator,
1b. Distilled water.:. -....... No color. .
2b. A solution of neutral sea | Scarcely perceptible col-
salts (prepared by neu- or at first; a faint color
tralizing the' carbonates appears slowly on
in actual sea water with sta.udmg
" the calculated quantity | -
of acid and boiling out
the carbon dioxide),
"0.0047 gram CO, 4
drops indicator.
3b. Distilled water, 1 drop | Clearly perceptible color.

indicator.

3 Kiister, F. W,

! Buclmnzm, J. Y., Roy. Soc. London Proc., vol. 22, p. 483, 1874.
23715°—18

Kritischo Studien zur volumetrischen Bestimmurg

von Kkarbonathaltigen "Alkalllatigen “uad  von~Atkalikarbomaten:

-

'| Zeitschr, anorg. Chemie, vol. 13, p. 127, 1897,
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- ‘The shades of color produceéd by the indica-~
tor were found to depend considerably on the
quality of the distilled water used. Freshly
boiléd water, after cooling, is perceptibly more

“alkaline than water as it comes regularly from
the still or water.that has stood in the labora-
tory some time, on account of the difference in
carbon dioxide content. Solutions made up as
described under 2a and 2b were used as fui-

nishing the standard color for the proper end

point. For the greatest. possible accuracy it
would appear that the preparation of the stand-

ard should be’ deferred until after the determi-

nation of total CO,. It is-possible that better
results could be obtained in Nessler tubes than
in casseroles, but the glass of certain Nessler
tubes was found to be rather too soluble for the
purpose. No error seemed to be introduced in
the very weak solutions of CO, under investi-
gation by working in casseroles, and the color
showed up well in diffused daylight. However,
it is'doubtful if the results obtained with para-
nitrophenol were more accurate than those
obtained with methyl orange.

As nearly as could ‘be determined the titra-
tions were significant to about 1 per cent of the
quantities being titrated, so thaf the combined
. normality of carbonaté and bicarboriate in sea
water ought to be determinable within 1 per

‘cent by thismethod. Practically, however, the’
attainment of such' accuracy would probably .

require a number of titrations on each sample.

As the small samples of water available for the
determinations . recorded in this paper did not
permit more than two titrations, and some
samples only one, any single 1esult is probably
not nearer the true value than 2 per cent.

The solution of NaHSO, used for titrating
the samples of sea water, to determine the total
base balancing carbonate and-bicarbonate, was
standardized with a solution containing sodium
carbonate -and bicarbonate -in essentlally the
same proportion and concentration as in sea

‘water. In this way the conditions at the end

point were similar in both the standardization
and the determinations. The results obtained
in the standardization’ are shown in Table 9.

TaBLE 9.—Standardization o NaHSO4 solution with solu-
nons of NaHCO, and Na2003

T _|Normality
NaHC(_)a. Na,CO;. | NaHSO,. of
NaHSO,.
Gram. Gram. c.c.

0.00794.......... 0.00143 5. 89 0 0206
- .00794. ..o . 00143 5. 87" . 0207
L00794. ... ... .00143 |° 5.82 . 0209
.00794......... ~| .00143 " 5. 81 ;0209

.00794........ ..| .00143 5.92 | ©.0206°
.00794..... eoeeo| . 00143 5.8 [ .0207
Mean.......|....... IO B e - ..0207

The results of the tltratlons are shown in
the fourth column of Table 10. Théy are ex-

pressed in terms of normality, a normal solu-

TABLE 10.——D_gte7‘minations of .carbonate and bicarbonate in water from the Gulf of Mexico.,

" Sample

No. Locality.

8 ... o o
91..... s ¥ TN N
10 |..... o 1o AP
11 |..... [« 2o A N Y
‘12 | Lat. 30° 5" N., long. 87° 12/ W ..................
13 ]..... o O

: Mea.n, exclusiveof No. 1...ooooo i ..

Tempera- | CO0;+HCO, [ HCO, nor-{ CO, nor-
ture (°C.).| normality. | mality. mality.
.......... 0.00268 | 0.0021 | 0.0006
18.9 .00239 | .0018 | .0006
19. 4 00250 | .0017 - 0008
18.5 200242 | ... e, _
13.3| - .00245 | .0020 ‘| .0004
10.2 .00245 | . 0021 - 0004
........... 20.0 00242 | .o0018 | .o0007
........... 20.1 |  .00239°| .0018 . 0005
........... 19. 6 00250 | . 0018 - 0007
............ 18.2 ;00249 | . 0020 . 0005.
e 15. 8 00249 [ .0020 | .0005
........... 18.3 00245 | . 0019 . 0006
........... 18.4 00245 | .0017 . 0007
............ 16.7 00230 | . 0017 . 0006
........... 16.4 00241 | . 0018 . 0006
.......... 002441 .00185 | .00058

)

Ry
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‘tion being one containing 1 gram equivalent

of reacting substance per liter—that is, as
many grams as the molecular weight 1educed
to a umvalent basis. As is mentloncd on
page 3, sample 1 had .stood for most of the
time from July, 1915, to April, 1917, in a green

" glass “acid”’ bottle with some air space. The
other samples were collected in January, 1917,
preserved in bottles with practically no air

space, and analyzed in April, 1917. Without
doubt it would have been better if the titrations
could have been made on shipboard immedi-
ately after the samples were taken. The high
value of the carbonates in sample 1 may be due
to attack of the glass bottle. The figures for

the other 14 samples may also be slightly high ‘

for the same reason, but if the difference be—
tween sample 1 and the others represents the
effect of standing in glass for 17 months, the
correction for any one of the 14 results is only

* about 2 per cent of its value, a correction just
about equal to the possible experimental error.

DISCUSSION OF RESULTS FOR THE TOTAL
CARBONATE AND BICARBONATE.

Dittmar made determinations of the ‘“alka-
linity ’—that is, the combined ‘carbonate and
bicarbonate-—in 130'samples of water collected
on the C’/Lallengm ! It was his opinion that the

‘results were unaffected by long preservation of

the water in glass bottles. The mean of all his
determinations gives a normality of 0.00249.
The mean for the Gulf waters, as shown above,
is 0.00244. Ruppin obtained on shipboard in
the North Sea 0.00238. Dole’s figures for the
water at Tortugas (p. 2) give a normahty of
0.00234.

Now, as pointed out in the mtroductlon
there is a need for study of the relation between
the solubility of calcium and magnesium com-
pounds and. temperature. In 1915 I investi-
gated the solubility of magnesium and calcium
carbonates in pure water and determined the
relation between the "solubility of calcite in
water in contact with the atmosphere and the
temperature. (For reférence see p.'1.) Fur-
ther determinations seemed desirable for
sen water, and such determinations have

now been made .on a portion of the water

collected at Iowey Rocks Light, outside
Bisciyne Bay, Tla. The water, in contact

1 Dittmar, W., Challenger Rept., Physics and chemistry, vol. 1, p.'124,
1884.

with an excess of calcite, was agitated by a
current of outdoor air for long periods.at differ-
ent temperatures, and the dissolved carbonates
were determined by titration with 0.02 normal
NaHSO,, methyl orange being used as indi-
cator. The results- obtained are shown in
Tables 11 and 12.

TaBLE 11.—Determinations of total COa+4- HCO; when calcite
is added to sea water at 1° C. and air passed dazly

Carbonates

Time. © .| perliter
norma.hty. ]

SStart.. ...l 0. 00247
10 days........ SO 1 .00246
12days. ..o . 00241
ld4days................... . 00238
33days.......... il . 00239
40 days...... e . 00236

TABLE 12.—Determinations of total C]Oa+H CO; when calcite
? added to sea water at room temperature and air passcd
aily. .

- ng_. | Carbonates
Time. lt);ure" per liter
(°C.) normality.

Start.... ...l 0l 0,00247 |-
10 days............ 25 - . 00225

12 days............ 26 | .00221
l4days............ 26 . 00215
33days............ 28 *. 00199
35days............ 29 . 00208 -
40 d.xys ............ 28 . 00196

The results obtained show that under con- "
ditions otherwise similar there is a tendency
for the colder sea water to retain more car-
bonate in solution- than the warmer sea water.
What was not expected, however, s the fact
that the colder water -did mot dissolve fresh
calcite but appears rather to have remained
almost unchanged during the 40 days” run.:
In other words, sea.water appears to be so far
saturated with respect to calcium carbonate
that in contact with the atmosphere at 1° C.
it neither has nor acquires an appreciable

solvent action on calcite. At higher tem-

peratures it undergoes a slow diminution in its
content of carbonates on being agitated in-
contact with outdoor air.

To compare with the above determma.tlons,
I had, fortunately, been able to make a few.

! tit;atio’ns at sea. At two points in the
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- Caribbéan: Sea, about ‘latitude: 13° N., longi-|

‘tude 81° W.; the normality of the carbonates
was found to be 0.00236 and 0.00238 at 25° C.
Water from the Pacific- off Payta, Peru, at

24° (., gave 0,00226. These figures are ‘a

little h1gher than those found in the laboratory
after a few days’ agitation and suggest a con-
dition of saturation, under atmospheric con-
ditions, although they throw no light on the
variations. with temperature..

" Let us now cons1der all the data avallable on

surface sea water to see if the results show a
definite. relation between the normality of
carbonate and. bwarbona,tc and the tempem-?

ture.:

Of Dittmar’s. 130 results the 14 for surface‘

‘waters are reproduced in Table, 13, .after
recalculation to the terms used here. -

It is-difficult to see much if any regularity | -
with regard to temperature in the results,
-given in Table 13. - There is a slight indication | -
that the normality of CO,+HCO, decreases]
with rising temperature, but the results-are too

féw and. too unrehable to QhO\V the rel&tlon
with! certalnty

TABLE 14.=Ruppin’s déterminations of Cco +J]’ C'O3 for
. wacer of the North Sea, depth 5 'ﬂwtms

P . Tempel'a-. CO +HCO .

; . 3 3

‘Date. ‘ (‘tuée) _normality.
Teb. 18 1907 .................... 4.5 0. 00236
May 6, 1907 ................ P 6.0 . 00236
May 10 1907...,.....; ......... 6.2 . 00232
May 8, 1907 .. 6. 4 . 00240
May 5 1907. .o ool 6.7 | . 00237
1 May 12, 1906. ...... e 7.5 . 00242
May 19, 1906 ... ... B 9.1 00241
Nov. 14 1906.......... PR - 9.3 . 00238
Dooeer 9.4 . 00238
May 11,1906, ..:...o o 9.4 . 00242
Nov. 14 1906 - .95 . 00238
Do............. 1.4 . 00239
Nov. 13, 1906." 12. 4 . 00240
Aug. 17, 1906. . 15.1 . 00232
Do 15.3 . 00236
Aug. 15, 1906 15.9 . 00239
Do. ... i L 16.2 |- 00234
Mean.'............... Ll oo2ss

Apparently, then, although the variation in
the normality of CO +HCO, with temperature
can be.shown in the laboratory, it.is not very
evident in published determinations for sur-

“ face water of the open ocean.

G o | : : . Tempera- |

Sampfle ; - Locality. ' tuI;e COy+HCO,

No: |- L ©C) normality.
384 | Indian Ocean, lat. 65° 427 S. lon LY B i S . —1.1 0. 00255
1271 {-South Racific Ocea.n lat. 38° 56/ , long. 116° 8’ W. F R e 119 . 00234
1471 | South Atlantic Ocean lat. 41° 39/ §. ,long. 54° 48/ W.._ ... _. e e 16,3 . 00235
.- 2,| North Atlantic Ocean lat. 27° 24/.N , long. 16° 55* W X 18.0 |- . 00286
.97 North Atlantic Océan, Tat. 24° 22/ N. long 24° 11V W X i 7 19.4 . 00260
. 1700} North Atlantic Ocean lat. 30° 20’ N., long. 36° 6 W................... : 21.9 . 00248
1687-| North Atlantic Ocean lat. 21° 33/ N, long. 31° 15’ W 22.8 . 00248
" 265. | South Atlantic Ocean lat. 22° 157 8. long 35° 377 W ............................ 22.8 . 00260
327 | Indian Ocean, lat. 365 48”'S. , 19° 24'E. PR .. 22.8 . 00253
. . 1581} South Atla,ntlc Ocean, lat. 19° 55/ 8., long. 13956/ W.. ... i 24.7 | . 00250
1573 South Atlantic 0cean lat. 23°27/S., long, 18° 51/ W.. ..cooveiinn. .. S 25.1 -+ . 00246
- '201] North Atlaintic Oce:m Iat. 1025’ N, long 20°80/ Woooe oo . 25.5 . 00241
... 71127 South Pacific Ocean, fat. 3° 48/ S., long 152°56/ W.ooe oo e 26.1 . 00240
L 668 ) Near Ph1hpp1ne Islands lat. 9° 10’ N., long 124° 25 L 27.2 . 00234
o ‘, SMean. e e T PR . 00249

- Further determinations” were made in the.

North Sea by Ruppin on the Poseidon.! Some
Of his Tesults are shown in Table 14.

‘In Ruppm s results, also no relation between
the ‘carbonate content and the temperature
can be discovered EE

- -} Ruppin, . E.,. Die Alkahmt it des Meerwassers Zextschr anorg
Chenuc vol 66 p 122, 1910

& <.

""Almly'ses of some of the warmer and nearly
inclosed seas, on the other hand, show a de-
crease in the carbonate content. Natterer?

found that in the Red Sea, for instance, the
carbonates are low and the deposition of solid
‘carbonates takes place. It is evident that

chiefly in 'such portions of the ocean or in the

2Natterer, K., Monatsh: Chemie, vol. 20, p. 1, 1899.

14
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polar regions will there be found marked mari-
festations of the temperature eﬂect on the nox-

‘mality of CO,+ HCO,.

In Dlttmar s determinations for cold bottom

waters, however, high values of the normality o
are found. But as themean of his figures for the'|’
surface waters of Table 13, 0.00249, agrees with!

the mean of all his dctcrmmatlonb it follows’
that the intermediate samples actually show a:
lower normality of carbonates than either sur—
face or bottom samples. I obtain from This’
data 0.00243 for 49 samples from intermedi-

. ate depths. Moreover, the mean for 95 sam-|

ples at tcmpcmtulcs below 11° is exactly the

" Table 15 contains & _summary of the " con-

‘clusions so far suggested concerning the total

CO, and the normality of the bases balancing
CO, and HCO, with reference to a condition
of equilibrium with the atmosphere.

The conclusions concerning ocean water do

mnot involve the greatest  depths or the cold -

polar regions. It will be seen that by postu-
lating a slight deficit of CO, and bases in the
intermediate ocean waters these waters will be
ready toincrease their CO, if they come into con-
tact with' the bottom. As a matter of fact,

‘However, they must be surrounded by exten-

sive layers of water in which equ1hbr1um pre-

TanLe 15. —Concluswns suqqestcd Jrom the investigation with reference to a condition of equilibrium with the atmosphere.

Depth. Coz_. o " Bases.
e Surface................. -Slight eXcess. .......... e Slight excess.
Ociea.:; ‘foﬂf‘g: gg gc(%g ?T}:g:{g Intermediate........... Slight deficit.................. Slight deficit.
gionsd AUV ’ 1S30ttom ................. ISEIqu}llhbrlum OF eXCes8......... galquﬂlbnum or excess.
- Al urface................. ight excess...... e ight excess.
Gulf of Mexico water. ....... {Intermediate ........... Ethbnum ........ PR s Equilibrium.

same as the mean for 24 samples at tempera-
tures above 11°. The value 0.00243 would
therefore appear to be the most representative
value of the normality for the whole ocean.
But the variation with temperature, except for

the bottom samples, does not appear in Ditt-

mar’s results. Such a variation, however, is
found in the Gulf waters. It may be that in

~ the intermediate waters of the open ocesn

there is lacking a source of the bases or possi-
bly of CO,. On the bottom there may be a
source of cmbon dioxide in the decay of or-
ganic matter and of the bases in the inorganic

‘material, which would explain high results for

bottom samples. The slight excess in the
003+HCO,, normality for the surface waters,

‘however, is more difficult to account for. If

it i1s due to additional bases, where do they
come from? Possibly river water or organic
life at the surface’—such as algae—act as compe-
tent sources of the bases. The atmosphere or
organic life could furnish the carbon dioxide,
but in view of the experiments whose results
are given in Tables 11 and 12 sea water does
not appear to be in a condition to receive car-

bon dioxide from the atmosphere eéxcept at |

the very coldest temperatures. "This leaves
river water and organic life ‘as the chief prob-
able agencies contributing carbon dioxide to
the surface waters of the ocean.

vails, as the surface and bottom concentra-

tions are excessive. It is interesting to recall
in this connection that the waters of the south-
ern and western Pacific-seem to be deficient in

.both earbon dioxide and bases balancing CO,

and HCO,. These very general conclusions
are the best that can be drawn' from all the
evidence. In any actual series of samples,
however, variations seem to occur which sug-
gest that there may well be local variations -
due to organic activity that operates faster
than the mixing of the water. - Chemical tests
are. commonly made on comparatively small

samples of the water, and it may be that

greater constancy would be obtained if larger
samples could be employed. '

_CALCULATION OF CARBONATE AND
BICARBONATE. '

~ The amounts of carbonate and bicarbonate -
present may first be calculated on the assump-
tion that all the CO, found is combined as
CO, and HCO, balancing bases. Thus, for
water 7 in Tables 2 and 10 let z= normahty
of CO, and y=normality of HCO;. Then
227 + 44y = 0.092
and z+4 y=0.00242
whence =0.0018 and -z=0.0007.
The results thus obtained for the 15 samples
are shown in the last two columns of Table 10.
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These Tesults average, as they stand, 0.0018
for ‘the bicarbonate normality and-0.0006 for
~ the -carbonate’ normahty Dole’s- average Te-
sults_for Tortugas water, obtained exclusively
by titration methods, are 0.0016 and 0.0008,
-respectively -(from 0.069 and 0.017 gram CO, in
the two _fc_)i'ms; see p.-2): From Dittmar’s
figure of 0.092 gram. per liter for the total CO,
An water of the North Atlantic at 22.8° C.

(Table -3) -and -a normality of . 0.00243 for
"HCO, +CO,, I obtain'0.0018 and-0.0006 for the | .
‘normalities of HCO, and -CO,, respectively,

~which are identical Wit,h’ the figures for the
-Gulf surface water, given in Table 10.

Let us next consider the magnitude of the
error mtroduced by neglecting free carbon di-
oxide in the .above calculations. The combi-

‘nation of Dole’s mean values for CO;, and
HCO, with my mean value for the total Co,
in surface Gulf water gives 0.006 gram per
If this figure correctly repre-
sents the free CO it would*leave for sample 7,
for example, 0.092 —0.006 =0.086 gram CO, for
_ the HCO, and. CO,. The calculation will then
‘be as on page 11:

" 22p+44y = 0.086
and z-}- 1=0.00242

~whence y= 0 0015 ‘the. normallty of HCOs, and
2=0.0009, the normality of CO, balancing an
equivalent amount of base. These results
“differ- markedly from those first .obtained,
namely, 0.0018 and -0.0007 for the.normahtles
of HCO, and CO, respectively, and show
clearly the order of the uncertainty involved
in .the. concentrations. under discussion. It
should be noted, however, that the uncertainty |
is no longer in the amount of total CO, but
only in the separate concentrations of the
three forms in which the CO is conventlona.llv
stated.: : :
Johnston! states that the free carbon dioxide
can _be calculated if the total ion concentration
of base, |[B*]; and’ the hydrogen-lon concentra-
tion, [H*],- are known. The hydrogen-ion
~ concentration can be determined by indicators
or: by the hydrogen electrode, but for several
reasons it was not deterrmned in the waters
under’ ‘scrutiny. = The determination “of [B*]
involves some theory and uncertainty, and

1 Johnston, John, The determination of carbonic acid,; combined and
-free, in solution, particularly in natural waters: Am. Chem. Soc. Jour.,
vol..38, p. 955, 1916.

. therefore” a -few: illustrative: ¢alculations must

suffice; Johnston:gives the following figures
for the free carbon dioxide when [B*] equals
0.001,"which-is comparable with the norma,hty

.of HCO found in.sea ‘water: .

T

«r41 | Free carbon |
< ET | 7 dioxide.
.. - \Gram per liter. | -
10— 0. 130.
0 | - L0138
D107 L0018
.20 . | .. 00016

For [B+]=0.01 the 'corresponding values are

ten times. those glven above.

Suppose that in sample 7 [Hﬂ— 107 and
[B*]=0.002, then free CO,=0.026 gram per
liter, leaving 0.092~0.026=0.066 gram for

HCO, + CO,. The calculatlon will then be, as
‘before, - ‘

22534-441/ 0.066
and m+ Y= 0.00242"

" whence Y= 0. 0006 the normahty of I-ICO:,, and

£=0.0018, the normality of CO,. These re-

| sults may. probably. be regarded. as -extreme,

as [H+] for sea:water may be as low as or lower
than 10-5.. I [H+] 108 the free CO, will be
0.0028 gram, ,makmg HCO =0.0016 -. and
C0O,=0.0008. - If [B*].is less than 0.002 the
quantity of free CO, will be less. .

In a paper on the alkalinity of sea water

Sérensen and- Pahtzsch 2. record determina-

tions on a.series of 24 samples of surface water
from the. Atlantac in which [H*]. ranges from
0—0 .84 to 10—-7 81 :

Recent - determlnatlons by Gaarder ? yleld
values for [OH-] - running . from 0.5X10~7
to 25x10~7; . or, for- 20°, [H = 1.3 x 1077
to 2.6X107°, which is. someWhat less acid
than that obtained by Sorensen and. Palitzsch.

According to the determinations of McClen-
don * the water at..Tortugas. glves [Ht]=
108! to 10782, S . .

3 Sorensen, S. P. L., and Palitzsch, S., Sur le mesiirage de la concen-
tration en ions hydrogéne de ’eau de mer: Lab. Carlsberg.Compt. rend.
trav. vol 9, p. 8, 1910.

-3 Gaarder Torblorn, Hydm\;l number of pure water and sea water:
Tidskrift Kemi Farm. Terapi, vol. 13, pp. 93-105, 135-137, 152-156, 169-
172, 181-187, 198-201, 1916.

4 McClendon, J. F. Ezpenments with Tortugas sea water: Carnegie
Inst. Washington Year Book 15, p. 207, 1916, Sce also. Mayer; A. G.,
Obseryations upon the alkalinity of the, surrace ‘water of the tropical
Pacific: Nat.-Acad. Sci. Proc., vol 3 p. 58,1917

¥



CARBON DIOXIDE IN WATER OF THE GULF OF MEXICO.

Some further light is thrown on this problem
by the comparison brought out in Table 7.
‘It was shown that the Gulf waters appear to
be very near equilibrium with the atmosphere.
That being true, we may evaluate the free CO,
by the second term of Fox’s equation. (p. 5).
as that term is intended to represent the CO,
present in -physical solution, the average
partial pressure of CO, for all the waters
being taken as, say, 0.00032 atmosphere.
The free CO, thus calculated ranges from
0.0005 to 0.0006 gram per liter. -Although
Henry’s law is now known to be inapplicable
with exactness to very dilute solutions of COs,
the figures just given are far smaller than
those calculated above for [H*]=10"7 and
107%. Turther investigation is needed to clear
.up this discrepancy.

In view of the uncertain factors here noted | o

the figures in-Table 10 may be allowed to stand

as preliminary estimates of .the proportions |.

of carbonate and bicarbonate. In future
determinations it will be desirable to evaluate
[F*] along with the other determinations and
correct for the free CO, as far as possible.
It would obviously be incorrect to. calculate
the CO, and HCO, separately from the total
CO, without correcting for the free CO, when
the total CO, is exceptionally high and-the
total FICO, +CO, low, but such high total CO,
seems to be the exception In warm ocean
water.
gram per liter of free CO, in all the samples
of Gulf water analyzed, the mean values for
the HCO, and CO, normalities for the Gulf
water would be 0.0017 and 0.0007 respectively.
As a matter of fact, however, the free CO,
varies from one sample to another, like the
other concentrations, and a complete state-
ment for each sample would require the
determination of at least three unknown quan-
tities—Dbetter four, in order to check the results.

An examination of the results for the car-
bonate and bicarbonate given in Table 10
shows that there is a slight increase of the
. bicarbonate concentration and a slight de-
‘crease of the carbonate concentration indi-
.cated with increase in depth, or, one may say,
with decrease in temperature. The variation
'is not great but appears to be real; if it is
real, an increase in temperature corresponds
to a decrease in total CO,, in the total CO, +
HCO,, and in HCO,, and an increase in CO,.

If we assume a mean value of 0.003

13

These relations correspond to the known
effect of temperature on the solubility of
carbon dioxide in water, on the solubility of
calcium carbonate in water, and on the
hydrolysis - of carbonates. An increase in
total CO, therefore corresponds to an increase
in HCO, but not in CO,.

For the sake of completeness, Buchanan’s
determinations, made during the cruise of the
Challenger, of the amount of carbon dioxide
eliminated from sea water by boiling are
presented. for comparison., There has long
been some uncertainty .as to the exact sig-
nificance of the results,' but they must be of

0.060

JaN

N

\.
N

.040

Gram per liter, loose carbon dioxide

* ™\

.030

0°C: - e - 20 o s
- Temperature ’ N
.

F1GURE 1.—Curve showing variation of loosely combined carbon
" dioxidoe in surface sca water with temperature. The crosses represent
the 12 means given in Table 16. '

value as comparative -determinations, having
all been made by the same method. I have -
studied Buchanan’s results for surface waters
with reference-to the equilibrium that should
exist between the waters and the atmosphere
in respect to carbon dioxide, and I find the
clearest indication of a relation between the
temperature of the water and its content of
loosely combined carbon dioxide. . Apparently,
also, thereis a difference between the Atlantic
and the Pacific waters, but if the results for
the surface waters are arranged solely accord-
ing to temperature the general relation is that
the amount of loosely combined carbon dioxide
is greater in the colder waters. (See Table 16
and fig. 1.). o ‘

1 Challenger Rept., Physics and chemistry, vol. 1, p. 103, 1834, Tro-
sumably Buchanan’s results give the CO, of bicarbonate together with
free COj if present. :
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TABLE 16 —Buchanan s determinations of loosely combmed carbon diozide n surface ocean water, arranged accordmg to the

PR

temperature of

the water.

Loose

Sample ' Locality. ' Tempera-
ocality., carbon
No.. . . RN ture. dioxide.
Gram per
P TP . °C. liter.
. 389 | South Indian Ocean, lat. 64° 52’ 8., long. 83° 12/ E ................................ -1.7 0.049
386 | South Indian Ocean, lat. 66° 29’ S.; long. 78% 18 E.. 1 . ..l ... ... .. ... ... ..... - .7 . 056
<+ 396 | South Indian Ocean, lat. 64°1/ 8., long 87°4 B . i .4 . 049
" 382 | South Indian Ocean, lat. 64° 2/ S.,.Jong.79° 565’ B... ... ............ e i . 066
387 | South Indian Ocean, lat. 65° 10’ S long. 78° 42 E... ... ... ... .. . ... ....... 7 . 052
380 { South:Indian Ocean, lat. 62° 22/.8. long 80° 4 B 1.1 . 064
. Mean..be... 00l Tl SN S SOOI 1 . 056
415 | South Indian Ocean, lat. 53° 13/ §., long. 109° 23 B...............0............. 4.3 .052
354 |:South Indian Ocean, lat. 46° 167 S., long. 48° 27/ ... ... ... .. .... .. 5.0. . 054
364 | South Indian Ocean, lat. 46° 53/ 8., long. 51° 62/ B.. .. . .. ... ... .. ... ... 5.0 .047
360 SouthlndlanOcean lat. 46° 8’ S., long. 49°40’E.......1................., ........ 5.8 - .051
. 4L7 South Indian Ocean, lat. 50° 54/ S., long. 118° 3’ E.......... e 7.2 - .054
[ MeAmeee e e e e 5.5 052
" 1272 |,South Pacific Ocean, lat. 38° 43 §., long. 112° 31/ W.._........................._. 118 037
1287 |:South Pacific Ocean, lat. 39° 19’ S., long. 101° 19 W........ e .- 12.5 . 042
1378 |iSouth Pacific Ocean, lat. 42°19/ 8., long. 8447/ W._...... .. .. . .. ... ... .... 12.7 . 047
1390 |:South Pacific Ocean, lat. 45° 31/ 8., long. 78° 9/ W ......... 12.7 . 049
* 1314 |.South Pacific Ocean, lat. 38° 19/ 8., long. 84% 25’ W......... . ................... 13.6 - 037
1375 | South Pacific Ocean, lat. 39° 41’ S., long 86°33 W.. oo .. 13.9 . 046
" MEAN. .. . o ee ettt e e e 12.9 .043
_ 1462 |:South Atlantic Ocean, lat. 42° 32’ 8., long. 56° 29’W ................. el 1420 039
. 1374 |.South Pacific Ocean, lat. 38° 59/ S., long. 83° 53" W : 14.2 . 051
~ 1301 | South Pacific Ocean, lat. 37° 55’ S., long. 93° 56’ W.. 4.7 .035
1366 | South Pacific Ocean, lat. 36° 17/ S., long. 83° 50 W .. 15.5 . 048
1367 |iSouth Pacific Ocean, lat. 36° 58/ S., long 83° 40/ W.. 15.5 . 047
471 | Seuth Pacific Ocean, lat. 37° 2/ S, long 160° 48/ E ................................ 15.6 . 050
. B 15.0 .045
1342 | South Pacific Ocean, lat. 33° 20/ S., long. 74° 24/ W oeiiieei ot iiiine 16.9 . 036
1352 | South Pacific Ocean, lat. 32° 507 8., long. 77° 6’ W.. ..o e 17.5 . 038
497. | South Pacific Ocean, lat. 31° 23/ S., long. 177° 48 W, ........... e 17.8 . 059
949 | North Pacific Ocean, lat. 37° 35’ N., long. 163° 46’ W._....... . .. .. .. ............ 17,9 . 029
, O e 17.5 . 040
504 | South Pacific Ocean, lat. 28° 25’ S., long. 177° 93 W. . ... ..o, 19.4 .041
. 276 | South Atlantic Ocean lat. 27° 547 S long. 31° 227 W . oo ©19.4 .043
" 1508 | South Atlantic Ocean, lat. 36° 55 S.,long. 44° 50/ W. . . it 20.0 . 034
1699 | North Atlantic Ocean, lat. 29° 50/ N long. '35° 55’ W...... e 20.5 . 034
836.| North Pacific Ocean, Iat. 28° 23/ N, lon 137°45" E.c.ooo ool e 20.8 . 032
267 | South Atlantic Ocean ]at 24° 43/ S long 3417 W ol C. 21.0 . 042
Mean.......... S S Seseeiieeiseciaaiacaan- 20.2 . 038
136 | North Atlantic Ocean, lat. 37° 52 N., long. 42° % W e [ 211 . 053
117 | North Atlantic Ocean, lat. 34° 51’ N., long. 63° 59’ W.__ ... .. .. ... ... ........ 21.4 .045
- 910 .| 'North Pacific Ocean, lat. 35° 55/ N., long. 171° 54/ B ............................ 21.7 .035
826 | West Pacific Ocean, lat. 24° 47/ N., long 138° 34’ E.oooeeeia 21.8 .021
926 | North Pacific Ocean, lat. 36° 59/ N long. 178° 56" W i i 21.9 . 027
512 | South Pacific Ocean, lat. 23° 18’ 8., long 173° 26" W....... e 219 .036 ,
- B 2146 . 036
75 | ‘North Atlantic Ocean, lat. 27° 49’ N., long. 64° 59 W.............................. 22.2 .048
1687 | North Atlantic Ocean, lat. 21° 33’ N.,long. 31° 15" W. ... ...« ... ... ... ... ..... 22.8 . 037
1684 | North Atlantic Ocean, lat. 17°49/ N., long. 28° 28/ W_... ... ... . .«. ... ] 22.7 .038
265 | South Atlantic Ocean, lat. 22° 15/ 8., long. 35° 37/ W............._. e 2.8 . 059
. 119 | North Atlantic Ocea,n, lat. 32° 54/ ‘N long 63° 22/°W......... e e 23.3 . 042
' MEAD. - e eeieee ettt TR 22.8 045




. water, say for the surface at a temperature of
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TanLE 16.—Buchanan’s determinations of loosely combined carbon dioxide in surface ocean water, arranged accordmg to the
o tcmperaturc of ¢he water—Contmued

]

e : - Loose
Sang)le Locality. Te;ﬂfsm' carbon

' - : dioxide. -
. : Gram per

. . - ) . °G. liter.
990 .| North Pacific Ocean, ht, 30° 51’ N., long. 154° 23’ W._.......... P PO s _ 23. 9 ~ . .0.019
68 | North Atlantic Ocezm lat. 21° 26 N long. 65° 16’ W..... ... i 24. 4 . 046
515 | South Pacific Ocean, lat. 20°9’ 8., lon 176°47 W..ocooo oo Dol 2457 T L06L
1581 | South Atlantic Ocen.n, lat. 19° 55/ S long 13986/ W. i e 24.7 . 038
572" West Pacific Ocean, lat. 11° 37/ S., long 142059’ E ..o ... e e 25.0 . 027
1573 | South Atlantic Ocean, lat. 23° 27/ s, , leng. 13° 517 W 25.1 .035
1590 | South Atlantic Ocean, lat. 14° 59/ S, , long. 13° 42/ W 25.1 .035
256 | South Atlantic Ocean, lat. 14° 517 8., long 37° 1/ W............ ..ol 25.3 .033
Mean............... e PSR PURR 27| o3
209 | North Atlantic Ocean, lat. 7° 7/ N., long. 16° 11V W_.......... e 25.7 . 043
817 | West, Pacific Ocean, Iat. 21° 17/ N, long J40°40VE. .o 25.81 . .025
214 | North Atlantic Ocem lat. 6° 15/ N long. 16° 5 W........... s e 25.9 .038
539 | South Pacific Ocean, fat. 16° 32/ S, long. 163° 1Y E - 25.9 .032
228 | North Atlantic Qcean, lat. 1° 47/ N., long. 24° 26’ W._..... .. .......... e 26.0 . 043
216 | North Atlantic Ocean, lat. 4° 34/ N, long. 13°.52/ W........ .. ... ... ... ... ... 26.1 . 043
Mean...oooiiiiiii i el ; ............. . 25.9 . 037
215 | North Atlantic Ocean, lat. 5° 48’ N., long. 14° 20/ W.... ... ... . .. . ....o.o..., 26. 2 . 046
581 | West Pacific Ocean, lat. 7° 13/ S., 1on 134° 18 B : 26. 4 .039
557 %uthPamﬁcOcemn, lat. 13° 5 O’S lono 151° 49’ E .. e 26.7 .036
661 | West Pacific Ocean, lat. 12° 21’ N, lonfr 122° 15 E. ..ol 26.7 . 037
1097 | North Pacific Ocoan lat. 7° 26 N. long 149°. 22/ WL .. 26. 8- . 029
682 | North Pacific Ocean, lat. 4° 33 N.,long. 127° 6’ E....................... e 26.9 .025
Mean... . .. el 26.6 1. 035
602 | West Pacific Ocean, lat. 1°42/ 8., long. 127° 7/ B... ..., e 27.9 . 042
760 { North Pacific Ocefm lat. 4° 21/ N long. 145° 18’ E.. ... .. .. .. ..iiiiiiiil.. 28.4 . 030
1662 | North Atlantic 0cea,n,.la,t.’7° 10/ N‘, long. 15° 10 W. o oo © 28.6 .034
Mean....ooviieneiiiaaannt e e e et P, 28.3 .035

We are now in a posmon to make a state-
ment of the constituents of the salts in Gulf

18° to 20°C., which shallinclude the total CO,as
carbonate and bicarbonate. Based on Steiger’s
analysis (Table 1), it is given in Table 17,
which includes also a similar statement, based
on Dittmar’s analysis, for ocean water, say the
open Atlantic at moderate depth at 18° to 20°.

Tasre 17.—Revised analyses of salts in the Gulf of Mexico

and ocean water.
’ Gulf of
Mexico, | Ocean.
Clo.......... e 55. 23 55. 21
Browonsoe 17 -19
SO..... 7. 54 7. 68
Hgoa ........................... 3; gé
N[l 30079 30. 54
K. 110 111
[ 1. 22 1.20
Mg. . 3. 59 3.71
100. 00 100. 00

Table 18 gives the results of a calculation of
the chemical equivalence of the basic and acid
radicles that constitute the salts in the water
based on the percentages of the constltuents

shown in Table 17.

TABLE 18. —Equwalence of basic and acid salt constituents
whose percentages are given in Table 17.

Reaicting Reacting
Basic radi- | oo Acid radi- | volues.
cles. cles.
Gulf. | Ocean.|" Gulf. [ Ocean.
Na......... 1.339 | 1.328 || Cl......... 1. 558 | 1.557 .
K..... e ©.028 ] .028 || Br.......... . 002 . 002
Canennnnnn.. .061 | .060 || SO,.......- . 157 . 160
Mg........f .295| .305 | HCO;..... . 005 . 005
CO,.....:.| .002| .002
Sum of ba- Sum of acid. C
sicequiv-| - . equiv-
alents....| 1. 723 | 1. 721 alents ...[ 1.724 | 1.726
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* SUMMARY. .

The determinations of carbon dioxide in water of the
Gulf of Mexico recorded in this paper show that the total
carbon dioxide increases with depth, that is with decreas-
Ing temperature, and the amounts found are very near
* though slightly below those required for equilibrium with
atmospheric carbon’ dioxide, as calculated by Fox’s
equation. Determinations of the total concentration of
base held in balance with the carbonate and bicarbonate

radicles were also made; this quantity apparently increases-

slightly with decreasing temperature. The data presented

‘GENERAL GEOLOGY, 1918.

do dot periit an exact evaluation of the ‘‘free”’ carbon
dioxide in the water, but a consideration of the uncertain
factors upon which computation of the free carbon dioxide
rests indicates that the amount is probably so small in the
Gulf water that no appreciable error is made by expressing

and. bicarbonate. At any rate, the constituents thus
_determined, taken in the form of salts and dissolved in the
appropriate amount of pure water, would reproduce the
Gulf water under the conditions existing when the samples
were collected. -

0

the total carbon dioxide found as a mixture of carbonate ,

»



