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Major Ions
Major ions are defined as those elements whose seawater concentration is greater than 1
ppm. The main reason this definition is used is because salinity is reported to ± 0.001 or
1 ppm. Thus, the major ions are those ions that contribute significantly to the salinity.
According to this definition there are 11 major ions. At a salinity of S = 35.000 seawater
has the composition given in Table 4-1 (from Pilson, 1998). The data in this table mainly
come from a set of complete major ion analyses conducted at the University of Liverpool
in the early 1960s on a representative set of over 100 seawater samples (Cox and Culkin,
1966; Morris and Riley, 1966; Riley and Tongudai, 1967). Such a major effort will
probably never be undertaken again baring some major breakthroughs in analytical
chemistry. Using the concentrations units of g kg-1 allows us to determine the
contribution to
Table 4-1 Concentrations of the Major Ions (from Pilson, 1998, Chpt. 4)
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salinity. Chemists prefer to use moles for units, thus mmol kg-1 are preferred (e.g. rather
than mmol l-1). Also mmol kg-1 is preferred over mmol l-1 (or mM) because one kg of
seawater is the same at all values of T and P, wheras the mass in one liter can vary.
Seawater is first of all a solution of NaCl. Na and Cl account for greater then 86% of the
salt content by mass. The order of the other cations is Mg2+ > Ca2+ > K+ > Sr2+. The anion
Cl- is approximately equal to the sum of the cations. The other anions (SO42-, HCO3-, Br-,
F-) are much less significant in the charge balance of seawater.
An element is conservative in seawater if its ratio to salinity is constant in different parts
of the ocean. The ratio of one conservative element to another will also be constant. One
way to establish if an element of unknown reactivity is conservative is to plot it versus
another conservative element or conservative property like potential temperature or
salinity. This is referred to as The Law of Constant Proportions. Conservative
elements are conservative because they have very low chemical reactivity and their
distributions in the ocean interior are determined only by currents and mixing. The list of
elements considered conservative has changed over time as analytical techniques have
improved.
The Law of Constant proportions breaks down some places where water sources have
different ionic ratios or where extensive chemical reactions modify the composition.
Examples are:
1. estuaries: The average composition of river water is given in Table 4-2 (from
Langmuir, 1997). The concentrations are given in mg l-1 and can be compared with
seawater concentrations. The main difference is that HCO3- is the main anion in river
water and has a much higher concentration than Cl- (which is the lowest of the major
anions in river water). Calcium is the main cation in river water, followed by Na and Mg,
then K.
2. evaporitic brines form in isolated seawater embayments where various solids
precipitate, thus changing the relative concentrations left in solution.
3. anoxic waters in restricted marine basins and pore (interstitial) waters in sediments
where dissolution/precipitation and oxidation/reduction reactions can change the relative
composition (especially of SO42-).
4. hydrothermal vents (Table 4-3 from Von Damm et al, 1985). These high-temperature
waters differ from seawater in that Mg, SO4 and alkalinity have all been quantitatively
removed.
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Specific Examples
a) Na, K, SO4, Br, B and F have constant ratios to Cl and each other, everywhere in the
ocean. These elements are conservative. There are reasons to think that SO4 may be
non-conservative in anoxic marine basins like the Black Sea but conclusive results
showing nonconservative distributions have not been observed. Sulfate depletions are
frequently seen in pore water due to sulfate reduction. Boron is partly present in
seawater as the neutral species (B(OH)3°) and it has been hypothesized that B may be
distilled from surface water in the tropics during evaporation and transported to high
latitudes through the atmosphere. Rain is enriched in B (Martens and Harriss, 1976)
but non-conservative distributions in the ocean have not been identified.
Table 4-2 River water versus Seawater (from Langmuir, 1997)

mM
0.374
0.169
0.274
0.059
0.985
0.220
0.114
0.218
0.012
0.0026
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Table 4-3 Composition of Hydrothermal vent solutions. Four high temperature (~350°C)
sites from 21°N on the East Pacific Rise (NGS, OBS, North, HG) and the average value
from the low temperature Galapagos Spreading Center (GSC). Concentrations in mmol
kg-1. From Von Damm et al, 1985).
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b) Ca has small (+ 0.5%) but systematic variations within the ocean. This has been
known since the earliest analyses of seawater. Dittmar (1884) used precise analyses
of 77 Challenger samples to show that the calcium/chloride ratio was higher in deep
water then in surface waters.
When the Ca increase was first discovered by Dittmar it was hypothesized to be due
to dissolution of CaCO3 particles. Brewer et al. (1975) showed that the change in
alkalinity with depth in the ocean (where Alkalinity ≈ HCO3- + 2 CO32-) was less than
that expected for the change in Ca. Actually according to the CaCO3 solubility
reaction (e.g. CaCO3(s) = Ca2+ + CO32-), the changes should follow the expression
∆Alkalinity = 2 ∆Ca. Calcium increases by 100-130 µM as deep water flows from
the Atlantic to the Pacific (Fig. 4-1) but alkalinity only increases by 120-130 µM. As
the calcium data are probably sound, Brewer et al.(1975) suggested that this was
because the alkalinity was low due to titration by HNO3 produced by respiration of
organic matter in the deep sea. The correct comparison should be of Ca with potential
alkalinity which is the total alkalinity corrected for the NO3 produced according to:
∆Potential Alkalinity = ∆Alkalinity + ∆NO3The increase in NO3 from the deep Atlantic to Pacific is about 30 µM, which
should decrease alkalinity by the same amount. This is an important correction to
make but there is still a "calcium problem".
New data from de Villiers (personal communication) shows that Ca increases
systematically from the surface to the deep water and from the North Atlantic to
North Pacific (Fig 4-1). CaCO3 dissolution may not be the only source of disolved
Ca. DeVilliers showed that variations in Ca and potential alkalinity were in good
agreement from 0-1000 m and in the deep water (>3500 m), but that there was
additional excess Ca in the mid-water column centered at about 2000 to 2500 m (Fig.
4-2). She argued that this was primarily due to diffuse source low-temperature
hydrothermal input from mid-ocean ridges. For support the xsCa correlates well with
other hydrothermal tracers like 3He and Si (Fig. 4-3), and low Mg (Fig. 4-4).
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Fig 4-1 Ocean Ca Profiles (from De Villiers)

Fig 4-3 Comparison of Ca, He, Si and 14C

Fig 4-2 Ca and Alkalinity
(from DeVilliers)

Fig 4-4 Comparison of Ca and Mg
Both normalized to S = 35.0
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c) Sr also increases from the surface to the deep water and from the North Atlantic to the
North Pacific (Fig. 4-6)(de Villiers, 1999). The deep water is about 2% enriched
relative to the surface water. The nutrient element PO4 has a similar pattern and there
is an excellent correlation of Sr with PO4 in both surface waters and with depth
(Fig. 4-7) confirming that Sr shows a nutrient like pattern. The biogenic mineral
phase Celestite (SrSO4) has been proposed to be the transported phase (Bernstein et
al., 1987; 1992). A link has been established with the microzooplankton, Acantharia.
Acantharians are marine planktonic protozoans and they are the only marine
organisms that use Sr as a major structural component. They make their shells and
cysts out of Celestite (SrSO4) (Fig. 4-5) even though seawater is extremely
undersaturated (Rushdi et al., 2000). Acantharians and their cysts are present in most
of the world’s oceans and are frequently more abundant than their protozoan
counterparts, the radiolarians and the foraminifera. Acantharian cycts have been
recovered from sediment traps and their concentrations decrease sharply with depth
over the top 1000m mirroring the increase in dissolved Sr in the water.
Fig 4-5 Acantharian skeleton and cyst from Bermuda in the North Atlantic
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The long residence time of Sr in the ocean could suggest that its concentratiobn does not
vary over Quaternary time scales, but in fact the best estimates of the modern Sr budget
suggest that it is far from steady state (Schlanger, 1988). And in fact large changes (up to
12%) in Sr/Ca in planktonic foraminifera have been observed over the past 150 ka
(glacial/interglacial time scales) suggesting that Sr/Ca was higher during glacial maxima
(Stoll et al., 1999). This variability reflects changes in sea level, river fluxes and
carbonate accumulation rates.
Fig 4-6 Sr and PO4 profiles from the Oceans

Fig. 4-7 Sr – PO4 correlations for the Pacific Ocean

Sr has also been attractive as a proxy in paleoceanographic studies because of its long
residence time in the ocean (5Ma), which implies a uniform distribution and
conservative nature. Sr is taken up by corals and the coral Sr/Ca ratios have been used
to infer variability in sea surface temperature. An example SST - Sr/Ca correlation is
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shown in Fig. 4-8 (from Becks et al., 1992). Beck et al (1992) and Guilderson et al
(1994) used Sr/Ca results from corals to suggest that the tropical western Pacific and
western Atlantic were 4°C and 6°C cooler during the last glacial maximum (LGM)
than today.
Fig 4-8 Sr/Ca versus temperature for scleractinian corals (Beck et al., 1992)

This approach has to be used with care as interspecies differences and effects of
growth rate can also affect the Sr/Ca ratio (de Villiers et al., 1995). Sr turns out to be
difficult to use as a proxy for SST as its partitioning has multiple controls.
Stoll et al (1999) analyzed the Sr/Ca ratio in planktonic foraminifera for the past
150 ka and found variations of up to 12% on glacial / interglacial timescales. At least
some of this variability was interpreted in terms of sea level changes, together with
large changes in river input and carbonate sediment accumulation.
d) Until recently Mg was thought to be conservative. Its residence time in seawater (13
Ma) is much longer than that of Sr (5Ma) or Ca (1 Ma). Again, de Villiers (personal
communication) has recently found relatively large Mg anomalies in deep waters
located over mid-ocean ridges. An example of vertical profiles of Ca and Mg above
the East Pacific Rise at 17°S 113°W show that depletions in Mg mirror increases in
Ca (Fig. 4-4). Mg is known to be totally removed in high temperature hydrothermal
vent solutions. However, diffuse low-temperature hydrothermal solutions are thought
to be 10x to 100x more important for chemical fluxes. Unfortunately these end
member concentrations have not been well defined.
Mg is also taken up by foraminifera shells. The tropical planktonic foraminifera
Globigerinoides sacculifer is a popular sample for such studies. Experimental studies
by Lea et al (1999) demonstrate the potential of Mg/Ca as a paleothermometer. The
response of Mg/Ca to temperature is stronger than that for Sr/Ca. Lea et al (2000)
used the historical Mg/Ca record from equatorial sediments to postulate that sea
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surface temperature was lower by about 3°C in that region during the last glacial
period and that the increase in tropical SST led Greenland warming during the
Bolling Transition at the end of the last glacial period (about 14.6 thousand years
ago). The time lags in such records remains controversial as other paleo-SST records
(e.g. from the South China Sea by Kienast et al., 2001) suggest close synchronous
SST change between tropical ocean regions in the Pacific and Greenland.
The deep-sea temperature record for the past 50 million years has been produced
from the Mg/Ca ratio in benthic foraminifera calcite (Lear et al., 2000). This record
suggests a cooling of ~12°C over the past 50 My in the deep-sea. When combined
with the simultaneous measurement of benthic δ18O, the Mg record provides
estimates of global ice volume. The data suggest that the first major continental-scale
ice accumulation occurred in the earliest Oligicene (34 Ma) (Fig 4-9).
e) DIC (H2CO3 + HCO3 + CO3) varies by < 20% with depth in the ocean due to vertical
transport and remineralization of both CaCO3 and organic matter. This will be
discussed more in a later chapter.
Fig. 4-9 Mg/Ca as a Temperature tracer. When used with δ18O can be used to estimate
variations in ice volume (Lear et al, 2000).
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Problems
Problem 4-1 If the Law of Constant Proportions breaks down (as in estuaries) what does
this imply for the salinity determination by conductivity techniques?

13

