7.  Bodies of Water

Rivers

The amount of bicarbonate in river waters averages around 56 ppm (56 mg/kg) compared to the ocean where the average is 145 mg/kg.  From the previous chapter, we have a similar value of 44 ppm for carbon dioxide solubility in pure water at 25 (C in contact with the atmosphere.  Contrast that with the sodium ion, Na+, that has an average level of 7 mg/kg in typical river water, yet 10800 mg/kg in oceans.  In contrast to effluents trapped in the Dead Sea, a dead-end for the Jordan River, oceans are not the results of river water simply becoming more concentrated in dissolved species due to the loss of water by evaporation.  The amount of sodium in rivers and oceans can be obtained from the total mass of water in these bodies.  

Oceans consist of 1.4 X 1021 kg content.  Rivers, however, are flowing with a total rate of 4.6 X 1016 kg per year: 50,000 km3 per year.  The refill time of the ocean, hypothetically, can then be gotten just from the ratio of these two values which is 1.4 X 1021 kg/4.6 X 1016 kg per year or 30,000 years.  This can be viewed as an average residence time for water in the ocean.  Similarly, for sodium from the previous values, the oceans contain 10800 mg/kg·(1.4 X 1021 kg) = 1.5 X 1019 kg and the rivers contribute 7 mg/kg·(4.6 X 1016kg) = 3.2 X 1018 kg per year, the ratio of which gives a residence time or turnover time for Na+ as 47 million years.  For bicarbonate the residence time works out to be about 80,000 years.  

Na+ doesn’t easily get back to what supplies the rivers.  Water itself is recycling.  Bicarbonate (HCO3-) is recycling more slowly.  The significance of these residence times is not simple though.  Their interpretation is fraught with complications.  Even sodium is cycled back to the river supplies through sea-borne aerosols and brackish water for example.  And, of course, there are previously deposited evaporated brines – salt deposits – that redissolve in water and return to the river supply.  If we knew the history of all those species, the numbers would reconcile perfectly.  However, we’re in the opposite situation and need to synthesize the complete history from the current evidence.

The rates at which rivers deposit substances into the oceans varies, undoubtedly, with the flow rate of a river.  More erosion takes place at swifter flow and with higher volumes of water.  The world map below shows the geographical variation of annual erosion rates in tons per square kilometer.  (Any updated version?)

[image: image1.png]Figure 4-3. Worldwide erosion rates based on Strakhov’s (1967) data; figure from Gregory and Walling (1973).




The erosion is caused by surface runoff of water.  The units of runoff are the volume of water per year that drains a unit area of surface.  For discussion of runoff, the convenient volume is cm3 and the unit area is cm2 so that runoff is measured as cm3/yr per cm2 or cm3/yr·cm2 corresponding to cm/yr.   This could be viewed as the depth worn away over a year if everything were uniform.  These are strange units to picture so in the interest of clarity, since a cm3 is the same as a milliliter (mL), runoff will be expressed here as mL/yr per cm2.   The world average for runoff is about 30 mL/yr per cm2.  This is identical to 200 million gallons /year per square mile.  (Check that!)  

The Amazon River has well over a thousand tributaries.  It drains half the continent of South America and at its mouth is 150 miles wide and three hundred feet deep.  The Amazon carries about one-sixth of the total water in rivers and not surprisingly has a very high runoff: ~85 mL/yr per cm2.  Despite this, its dissolved bicarbonate content is ~15 ppm, well below the world average of ~56 ppm.  The explanation is that much of the rainfall runoff region is underlain with highly leached sediments that do not contribute much bicarbonate to the draining water.  Water saturated with calcite (CaCO3) should have a bicarbonate concentration of ~70 ppm in otherwise clean situations (cross reference?).  

Annual discharge of the six largest rivers in the Eurasian continental land mass emptying into the Arctic Ocean has been monitored over six decades.  These rivers (Kolyma, Lena, Ob, Pechora, Severnaya Drina and Yenisey) drain about 2000 km3 of river water each year from most of the landmass in the Eurasian arctic.  Despite difficulties in determining long term trends in individual rivers, a cumulative 7% increase over sixty years is apparent.  The significance is that a large increase in fresh water to the surfaces of the North Atlantic, into which the Arctic connects, would decrease sea water salinity and density, thereby potentially disrupting the “thermohaline” circulation pattern from its current description.

A study of the St. Lawrence River and its tributaries in eastern Canada supports this idea.  Tributaries north of the main trunk of the St. Lawrence contained about 12 ppm bicarbonate and those from south tributaries a robust 114 ppm.   The calcium ion concentrations followed a similar distribution consistent with known deposits of calcite and dolomite underlying the surface south of the river.  An even more dramatic example is on the Pacific Coast of Mexico where the Rio Ameco drains over igneous and metamorphic rocks.  The river water has as much as 375 ppm bicarbonate.  The CO2 pressure in the river water actually exceeds that of CO2 in the atmosphere because the loss of the gas to the atmosphere cannot keep up with the feed from ground waters.  Minerals are not the only source of carbon dioxide and bicarbonate in river waters.  If there is rich growth of vegetation, plant respiration can contribute.  So can oxidation of elemental carbon or organic material in rocks.  It goes without saying that the atmosphere contributes to CO2 concentration in dilute waters.

Weathering

Weathering is a very familiar geological process with both chemical and mechanical aspects to it.  But it can be slow, typically taking a few to many decades to remove one millimeter, depending on temperature, composition, humidity, grain size and fracturing.  Some minerals swell upon their chemical “hydration” with water.  The mechanical penetration by plant roots into rock helps in the weathering process.  So do freeze-thaw cycles in the cooler terrestrial regions.  Roots also decay, forming channels and decay products that penetrate deep into rock.  On a global basis, weathering amounts to an average loss of about 0.1 millimeter per year or one centimeter per century.  For geological stretches, this is identical to a thousand feet every few million years.  A superb example, shown below, is the Grand Canyon in the Western United States whose formation began some 20 to 30 million years ago.
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To a great extent, weathering depends on the availability of water.  Arid regions weather slowly.  Water not only penetrates minerals but also carries “corrosive” chemicals into intimate contact with them.  Contact with water depends not only on rainfall, but on topography and other conditions as well.  The ultimate product of weathering, that is the last stage of rock weathering, is soil.  Soil types, of course, depend on rainfall, but also on drainage (topography), temperature, erosion rate, local acidity or basicity, composition, and biomass species.  Retro-analysis can yield rough historical information, but this is a difficult task.  The long times involved do not really lend themselves to controlled studies in the laboratory.  When proportions of constituents change, there can be multiple explanations.  If, for instance, calcium to sodium ratio increases, sodium could have been constant but calcium increased.  Or both could have decreased, but sodium did so more rapidly.  Calcium could have remained constant while sodium decreased.

The bicarbonate in river waters comes mostly from a mineral’s chemical weathering processes.  Examples involving calcite and also a silicate are given below.  These depend on temperature.  At cooler situations, more carbon dioxide dissolves.  Also, solutions in equilibrium with atmospheric carbon dioxide and having no other source of CO2 can dissolve up to 50 grams per kilogram of water: ~1 pound in 2400 gallons.
CaCO3 + H2O + CO2 ( Ca2+ + 2 HCO3- (carbonate weathering)

2 NaAlSi3O8 (albite) + 2 CO2 + 3H2O ( 2 Na+ + 2 HCO3- + Al2Si2O5(OH)4 (kaolinite) + 4 SiO2
CO2 is a stronger acid anhydrate than its analog, SiO2, and therefore essentially drives the SiO2 out. 
CaSiO3 + 2 CO2 + 3 H2O ( Ca2+  + 2 HCO3- + H4SiO4
An equivalent reaction in which Mg has replaced Ca in the above also contributes significantly.  There is also a conversion of silicates to limestone

CaSiO3 + CO2 ( CaCO3 + SiO2
and its reverse, the metamorphosis of carbonate sediments by heat

CaCO3 + SiO2 ( CaSiO3 + CO2
Microbes and roots undergo respiration releasing carbon dioxide into the moist rocks and soil.  This attacks silicates, producing Ca2+ ions and bicarbonate ions which are carried by runoff into the oceans. 

Evolution of vascular plants 450 My ago accelerated weathering of silicates by deep rooting.  The factor by which weathering was increased may have been between ten and a hundred times higher resulting in lower CO2 levels by 400-360 My ago.

The Oceans

Oceans occupy just over 70% of the earth’s surface yet contain all but 3% of the water.

Putting carbon dioxide into the ocean drops the pH.  If the pH drops, making the ocean more acidic, calcium carbonate deposits begin to dissolve.  This, in turn, leads to a greater capacity of the ocean for carbon dioxide.  (Why?)  Solution of sedimentary carbonates ameliorates the rate of increase of carbon dioxide in the atmosphere.  But that’s a long-term perspective.  It takes time to show its effect.  The atmosphere contains 2300 Gt of carbon dioxide.  Annual exchange with the ocean is 4% of this.

Most of the carbon dioxide in the ocean is in the form of bicarbonate, HCO3-.  The warm surface waters (relatively warm, that is) down to depths of perhaps 70 meters contain 2200 Gt of carbon dioxide’s equivalent as bicarbonate.  The “thermocline” at 1000 meters, contains 35,000 Gt of carbon dioxide equivalent.  The deep ocean below the thermocline has 110,000 Gt, nearly three-fourths of the ocean total.
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Cold water, originating in the North Atlantic, is dense and sinks.  In the Denmark Strait, between Iceland and Greenland, ocean water plunges three-and-a-half kilometers delivering a flow, moving beneath the ocean surface at 1.4 meters per second (~3 mph), that is twenty-five times greater than that of the Amazon River: five million cubic meters (more than one billion gallons) vs 0.2 million cubic meters for the Amazon.  That’s each second!  And the Amazon carries one-sixth of the world’s river total.  Of course, this water must go someplace, pushing existing water out of its way.  So we have a flow at great depths that heads south towards the Antarctic, eventually swinging north again as it warms up through the Indian and Pacific Oceans towards the North Pacific.  The flow rises to shallow depths and loops back across the tropical Pacific past Australia, then south of Africa and back along the western Atlantic to the North Atlantic once more.  If all this water flow does not mix with the surrounding ocean waters, the ratio of radiocarbon to 12C can determine how long the water has been isolated from the atmosphere.  The flow in the Atlantic has a ratio corresponding to 90% of the atmospheric ratio, signifying an average age of eight hundred years (!)  In the Pacific, the deep water ratio is lower still – 77% -- from which an “age” of 2100 years can be inferred.  From these two “ages”, we can get something like an average residence time of carbon dioxide in ocean water as (800 + 2100)/2 = 1500 years.  The total carbon dioxide content, if we pretend this is its residence time, then turns over at a rate of 1.4 X 1017 kg per 1500 years or just under 100 Gt carbon dioxide per year.
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The ocean convections, at least now, carry high pH (8.3) and high carbonate concentrations in the North Atlantic down to great depths.  In contrast to this behavior, the Pacific is "unventilated" (?) leaving its carbonate concentration and pH lower.  There is much evidence that the interplay between pH and carbon dioxide cycling involves the transitions between glacial and interglacial periods including, most interestingly, the ice ages.  Not surprisingly, there is considerable interest in the past distribution of carbon dioxide throughout the oceans.  [Need much more here.]

The archives of what we know of the oceans' past can be read from microscopic shells of foraminifera, that is, plankton.  Their shells are calcium carbonate.  Both the composition of the shells and the distribution of the plankton skeletons give us hints about temperature, chemistry and circulation in the ocean.

As mentioned elsewhere, the high pressures of ocean depths increases the solubility of the carbonate.  The skeletons are then understandably degraded at depths but mostly unaffected if they settle on high undersea ridges.

The bicarbonate extracted from sea water and converted back into insoluble carbonates for shells and tests (from Latin testa = shell) of dinoflagelates and sea urchins for example, releases carbon dioxide as part of the conversion process.

Deep Sea Vents

Deep Sea vents were discovered first near the Galápagos off the coast of Ecuador in 1977.  There are now twenty-five locations known.

Most of the sea bottom terrain is a plain: flat with occasional rolling hills.  The terrain is covered by mud consisting of carbonate and siliceous (containing silica, silicon dioxide) oozes kilometers deep made from microscopic remains of formaniferans, diatoms and radiolarians that died and settled over the ages.  The organic content of the sea floor is, however, only a few tenths of a percent by weight, much less than the 5% typical of sediments in bays and the like.

Greater than 75% of the earth's volcanic activity takes place below the sea surface.  This fact has been known for only forty years.  Hydrothermal forces are so great at mid-ocean ridges that 1.5 X 1014 kg of ocean water is circulated through hot volcanic crust each year.  This corresponds to the entire volume of global marine waters recycling in ~5 million years.  The cycle is an important source of calcium for ocean waters.  Carbon dioxide is also emitted at these suboceanic volcanoes, but does not end up in the atmosphere for ages.

At hydrothermal vents, sulfide is produced by the reaction of sea water with hot rock deep within the ocean crust.  In analogy to photosynthesis, that is,

CO2 + H2O ( [CH2O] + O2
a similar process sometimes referred to as chemosynthesis generates organic material using (the chemical agent) sulfide as the energy source rather than light

S2- + CO2 + O2 + H2O ( [CH2O] + SO42-

(use H2S instead of sulfide?)

As in the case of photosynthesis, the reaction symbolized above is actually a very intricate sequence of biochemical steps.  The enzyme-enabled carbon dioxide fixation cycle used by many, but not all, chemosynthetic bacteria is identical to the Calvin (Calvin-Bensen) cycle used by photosynthetic plants.

"Among the most spectacular expressions of free-living microbial activity at deep-sea hydrothermal vents are the transient "blooms" of bacteria that accompany volcanic eruptions.  Within days to weeks following the 1991 eruption on the East Pacific Rise off the west coast of South America, submersible divers observed a 5 cm blanket of white flocculent material wherever fresh basalt was found ( i.e. an area several kilometers in length and 50-100 m in width..)" The volume was sufficient to generate “white-out” conditions.  The bloom was presumably the sulfide-oxidizing Archaea.  The blooms are reportedly fed by enriched volatile nutrients such as carbon dioxide and hydrogen sulfide from the eruptions.  Carbon dioxide enrichment is comparable to that in carbonated beverages.  (Values?)  The East Pacific Rise is site of one of the fastest spreading sections of the mid-ocean ridge, spreading velocities found to be 120mm (~5 inches) per year.

At sea vents, there are symbiotic bacteria combinations involving carbon dioxide uptake or release.  Tubeworm/symbionts, in the presence of sulfide, grow rapidly.  Metabolism by the symbionts results in carbon dioxide loss (p.159, this is possibly backwards).  Also, there are mussel/symbionts in the Gulf of Mexico that assimilate carbon dioxide.  (Verify this paragraph.)  Sea vent species in some cases may date back several hundred million years, to the Paleozoic.
The tubeworm has some extremely unusual features, especially in an invertebrate that can be up to two meters in length.  It has no mouth.  And it has no digestive system.  Instead, it has a specialized organ, the trophosome, deep inside the animal.  This organ houses sulfide-oxidizing, chemoautotrophic bacteria, i.e., the trophosome is 15% of the worm's body weight.  Each gram of the trophosome tissue contains several trillion bacteria.  The giant tubeworm was first discovered in the late 1970s.  (1979?)

The usual flow of carbon dioxide is out of an animal, as an end product of animal metabolism (respiration) , but autotrophic symbionts require a net uptake of carbon dioxide into the animal.  (p. 173)  Oxygen uptake must supply not only the demands of the aerobic metabolism of the host and symbiont, but also the oxidation of sulfide.

Seawater contains plenty of bicarbonate ions.  But bicarbonate is not a directly useful source of CO2 to the symbionts because the ions cannot diffuse across the tissue.  Dissolved carbon dioxide is freely diffusable and taken up by the symbionts for carbon fixation.  As pH decreases, bicarbonate concentrations decrease and carbon dioxide increases (and vice versa).  (See Fig. X in “Carbonates and Water”.)  At deep sea vents, the lower pH ( ~6) and enrichment of carbon dioxide from the eruptions elevates the concentration of diffusable carbon dioxide by about a factor of a thousand compared to deep-sea water.  This, of course, is beneficial to the symbiont bacteria uptake of carbon dioxide.  The uptake is further aided by the higher pH (7.3-7.4) of the tubeworm blood which converts the CO2 back to bicarbonate and maintains a diffusion-aiding gradient between "inside" and "outside".  (A little more on diffusion gradient.)  Not surprisingly, the rate of the conversion is accelerated by the presence of the enzyme carbonic anhydrase.

Warm (15 (C) hydrothermal vent water contains high sulfide concentrations but barely any oxygen.  Cold ( 2 (C) sea water contains oxygen, but little sulfide.  The worms live at the interface between the vent water and cool sea water which mix turbulently and bathe the worm in fluctuating temperature environments and alternating (sulfide vs oxygen) feed stocks on time scales of several seconds.

Jannasch places vent activity on a global perspective, indirectly estimating annual production of organic carbon at 5 million tons, equivalent to 18 Mt of CO2.  This is just 0.03% of the annual ocean photosynthetic production of organic carbon.

Iron

It is now recognized that the presence of dissolved iron in seawater can significantly affect biological growth.  (Why?)  Wind blown dusts containing iron can thus provide fertilization spikes, igniting biological reproduction and quickly altering the carbon dioxide balance at the ocean’s surface.

Ice

During the last glacial peak, northern North America and Scandinavia were covered with glaciers.  The ice sheets and glaciers contained enough water to lower sea level by more than 120 m (400 feet).  Since the ice is salt-free, ocean salinity was higher, albeit only at 3.6% compared to the present 3.5%
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