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THE CARBON FLUX IN IRISH RIVERS
Estimation of its magnitude and a discussion of itsignificance
in the environmental and water supply contexts

T J Casey
Aquavarra Research Limited

INTRODUCTION

Natural waters transport organic and inorganic @aib both dissolved and suspended forms. This
paper is concerned specifically with the inorgarddbon transported by Irish rivers at their frestawa
limits. This carbon burden comprises free carbaxide, bicarbonate and carbonate ions that together
constitute the carbonate system. The carbonatersyisas a key influence on natural fresh water
chemistry, regulating parameters such as pH, aikaland hardness. Rainwater has a very low
inorganic carbon content and a very low capacityissolve the solid phase carbonates with which it
comes into contact following precipitation. Desplés fact many rivers carry a very significantluam
burden, representing a more than one hundred-ficlgase over that contained in the catchment
rainfall. This enhanced dissolution capacity isugtat about by the uptake of carbon dioxide from
carbon dioxide enriched environments with whichwlaer comes in contact during the runoff
process.

The paper reviews this natural phenomenon asataglto the major Irish rivers. It is of environrten
interest in so far as very significant quantiti€sarbon dioxide are sequestered and large amofints
calcium and magnesium carbonates are leached frdsnasd rock formations. Likewise, the
carbonate system plays a key role in the treatmetesses used to produce drinking water from
surface waters, particularly in respect of watabsity and its corrosive and/or scale-forming
capacities.

THE CARBONATE SYSTEM
Role of carbon dioxide

Although it is not obvious at first glance, carlinxide (CQ) is a primary determinant of the solute
content of natural waters. The very extensive fatgal exposure of rainfall to air ensures that it
becomes saturated with carbon as determined byatti@l pressure of the latter in the atmosphere.
Since CQ constitutes only about 0.03% of atmospheric aivdyme (partial pressure 0.0003 atm),
the equilibrium concentration of G water in contact with atmospheric air, withirethormal natural
water ambient temperature range, is less than [, agghown in Fig 1.
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As well as the C@derived from rainfall, water takes up addition&@falong its flow pathway to
surface waters due to contact with gaseous envieatsrthat are enriched with GQ@elative to
atmospheric air, for example, the inorganic carboment of most Irish surface and groundwaters is
greatly in excess of the atmospheric equilibriunugaThe total inorganic carbon (TIC) in water is
made up of free CQbicarbonate ions (HCQ and carbonate ions (GB). In the pH range of most
Irish natural waters, bicarbonate is the predontiaaion. Aqueous bicarbonate and carbonate are
derived almost exclusively from reaction betweemeraontaining free COand a solid phase
containing calcium (or magnesium) carbonate acogrth the reactions:

CO, + H,0 +CaCQ U C&"+ 2HCO; (1)
HCO; +OH U CO® 2

Thus, on the basis of the forgoing reactions tleeganic carbon in natural waters is derived in équa
proportions from gaseous G@ken into solution and from the dissolution dicphase carbonates.

The carbonate species provide the main bufferipgacéy of natural waters as measured by the
universally used alkalinity parameter. Other speoiten present in small concentrations such as
silicates, ammonia and phosphates also contribugdkalinity. As the concentrations of these bases
generally negligibly small relative to the carba@sin Irish rivers their contributions to alkalinére
neglected in the following analysis for the purposéwhich alkalinity is defined as follows:

Alkalinity = [HCO;] + 2[COZ] + [OH] —[H"] eg/l
Alkalinity (mg/l CaCQ) = Alkalinity (eg/l) x 50,000

The individual concentrations of the inorganic carlspecies (C§HCO; and CQ*), which together
constitute the total inorganic carbon concentrafifi€) in water, can be calculated from known value
of water pH and alkalinity (refer Appendix A formgutational details). For current descriptive
purposes the CQhat has been converted to bicarbonate and cadan#&ns during the runoff
process is designated @arbonatedCO,. Carbonated CQis stoichiometrically correlated with
alkalinity as follows:

carbonatedCO, (mg/l) = 0.44 x alkalinity (mg/l CaC£{p
The net CQ uptake of water subsequent to precipitation isstima of the free and carbonated forms:

CQ uptake = free CO+ 0.44 x alkalinity

ESTIMATION OF CARBON FLUX IN IRISH RIVERS

The following analysis encompasses sixteen maigh hivers, the catchment boundaries of which are
mapped in Fig 2. The river catchment areas andfspamoff rates are given in Table 1.

The basic water quality data used to estimate d@higon flux in the selected Irish rivers are presetih
Table 2, in the form of estimated mean valueseatdspective river freshwater limits for the
parameters, pH, alkalinity, hardness and condugtiltiis emphasized that these data should be
regarded as approximate as they are based on atithmeans of somewhat limited water quality data
sets that may be in most cases be insufficienstimbéish accurate mean parameter values. Empirical
correlations of conductivity, alkalinity and hardseor Irish river waters are presented in Apperilix
As it is deemed likely that the magnitudes of waeality parameters such as alkalinity, hardness an
conductivity may have an inverse relationship \litv rate, a more comprehensive study than has
been carried out would be necessary to establismmalues with an acceptable level of confidence.
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Fig 2

Table 1
Annual runoff volumes and mass flux rates
(EPA, 2001)
River Catchment area. Specific runoff
freshwater limit rate (mml/y)
(km2)
Avoca 652 973
Bandon 608 1091
Barrow 3067 385
Munster Blackwater 3324 845
Boyne 2695 454
Corrib 3138 1053
Deel 486 478
Fergus 1042 567
Lee 1253 994
Liffey 1256 452
Maigue 1052 494
Moy 2086 929
Nore 2530 535
Shannon 11628 563
Slaney 1762 669
Suir 3610 672

River catchment map
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Table 2
River water quality
Mean parameter values at river freshwater limit
(Estimated from data supplied by the EPA)

River Mean value
pH Alkalinity Hardnes Conductivity
(mg/l CaCQ) | (mg/l CaCQ) (nB/cm)
Avocs 7.2 18* 29 96
Bandor 7.5 36* 54 17¢
Barrow 8.1 23C 28€ 52¢
Munster Blackwate 7.8 73 9¢ 24¢
Boyne 8.2 257 29¢€ 541
Corrib 8.2 12¢9* 162 33C
Deel 8.2 187 224 47¢
Fergu: 7.8 143 17¢€ 37C
Lee 7.5 54 58 15¢
Liffey 8.2 215* 2532 48C
Maigue 8.2 230 26¢ 531
Moy 7.8 122 13E 282
Nore 8.1 234 251 45¢
Shanno 8.2 18E 212 403
Slane) 7.7 74 95 238
Suir 8.1 197 19¢€ 40C

Footnote:  Alkalinity values marked * have been olted from measured hardness
values on the basis: Alkalinity (mg/l Cag& 0.37 x H*°, where H
is the hardness as mg/l Cag@efer Appendix B).

The distribution of the carbonate species was tatlied (O’Connor, 1982), using the parameter values
in Table 2 and the chemical equilibrium equatioivgg in Appendix A. The results are presented in
Table 3. The TIC concentrations are plotted indbeart format in Fig 3.

Table 3
Calculated inorganic carbon species
concentrations at the river freshwater limit

River mg/l as CQ
CO, HCOy COZ TIC
Avoca 2.75 15.8 0.02 18.57
Bandon 2.7 31.6 0.1 34.4
Barrow 4.0 200.0 2.7 206.7
Munster Blackwater 2.7 63.9 0.4 67.0
Boyne 3.5 222.8 3.8 230.1
Corrib 1.8 111.9 1.8 115.5
Deel 2.6 162.1 2.7 167.4
Fergus 5.1 125.1 0.8 131.0
Lee 4.0 47.4 0.1 51.5
Liffey 3.0 186.4 3.1 192.5
Maigue 3.1 199.4 3.4 205.9
Moy 4.4 106.7 0.7 111.8
Nore 4.1 203.5 2.7 210.3
Shannon 2.6 160.5 2.6 165.7|
Slaney 3.4 64.8 0.3 68.5
Suir 3.5 171.4 2.2 177.1
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Fig 3 Estimated river TIC concentrations

The annual mass flux rates for species transpantegder water are calculated as the product ofrmea
concentration and annual flow volume. Based orctmeentration data in Table 3 and the catchment
hydrological data in Table 1, the calculated rifhex rates for CaC@and TIC are given in Table 4.
The calculated catchment ¢Qptake that enabled the dissolution of Ca@also given in Table 4.

The calculated post-precipitation €€pecific uptake rates (t G®&mZ.y) in the course of the runoff in
the respective river catchments are plotted incbhart form in Fig 4.

Table 4
Annual runoff volumes and mass flux rates
River CaCG TIC flux CG,
flux as CQ uptake
(10’ try) (10° try) (10’ try)

Avoca 18.4 11.8 6.8
Bandon 35.8 22.8 12.3
Barrow 337.7 244.1 124.4
Munster Blackwater 278.1 188.2 97.9
Boyne 362.2 281.5 142.9
Corrib 535.3 381.6 193.8
Deel 52.0 38.9 19.7
Fergus 105.2 77.4 40.2
Lee 72.2 64.1 34.6
Liffey 143.6 109.3 55.5
Maigue 139.8 107.0 54.3
Moy 261.6 216.7 112.6
Nore 339.7 284.7 145.1
Shannon 1387.9 1084.8 550.9
Slaney 112.0 80.7 42.4
Suir 480.3 429.6 219.1

Totals 4661.9 3623.2 1852.4

EVALUATION OF RESULTS

CO, Uptake

As chemical reaction (1) indicates, the carbonpézies in natural waters result from the dissofutd
solid phase calcium and magnesium carbonates ®rwantaining free CQin solution. Thus, the
generation of dissolved carbonates is dependehotinthe availability of free C{n solution and the
availability of solid phase carbonates. The amafir€O, in rainwater is unlikely to exceed 1 mg/l at
normal precipitation temperatures (refer Fig 1)wdwer, it would appear that in the course of its
downward movement through soils the infiltratingweater absorbs large amounts of Jtm the

5
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Fig 4 Calculated specific CQuptake rate in Irish river catchments

COs-enriched soil atmosphere generated by microbidlrant respiration. Some of this dissolved CO
reacts with solid phase carbonates thereby creatinig carbonates species in solution, some is
retained as free C{and the remainder is desorbed back to the atmosphiee foregoing analysis
presents estimates of the sum of the freg @@ined in solution and that converted to iomithonate
species (CQuptake column in Table 4 and specific Qftake in Fig 4). The Corrib catchment
exhibits the highest specific GQptake amounting to about 62 t&m while the lowest specific

uptake was found to be in the Avoca catchment arab0 t/kni.y. It is reasonable to surmise that the
generation of C@by microbial and root respiration is significanityexcess of these values as there is
inevitably a substantial loss of G&om the enriched soil atmosphere to atmosphériteth (1963)
estimated maximum respiration rates for differeagetation types at steady-state condition. For a
humid area with abundant vegetation in a tempelatete, such as a European forest, he estimated a
specific respiration rate of 1500 t/kiy, while the amount produced by grassland he esichto be in
the range 100-200 t/Kny.

Where the uptake of GGs low, as is the case in the Avoca, Bandon, ltekSlaney rivers, the local
geology would suggest the non-availability of sglthse carbonates in the catchments as the probable
cause rather than a low availability of dissolved,CThere is no reason to presume that the level of
microbial and root respiration is less in theselwatents than in the catchments of the high alkglini
rivers. In this circumstance it might be expecteat the free CQin the low alkalinity rivers would be
higher than in the high alkalinity rivers since rhdess CQis consumed by reaction with solid phase
carbonates. However, somewhat surprisingly, thigaps not to be the case as examination of the
calculated free Coconcentrations for the 16 rivers examined (Tablddgs not reflect such a trend. It
would appear therefore that most of the,@@3solved during infiltration is lost to the atnpbgre in

those catchments where it is not consumed by mraetith solid phase carbonates.

As the data in Table 3 indicate, bicarbonate (HTS the predominant carbonate species, partigularl
in the high alkalinity rivers. It is also notewoytthat free CQis at super-saturation in all the rivers
with calculated concentrations ranging from 2 tm&/l or some 3 to 7 times the saturation
concentration at 18C (refer Fig 1). The carbonate ion (€ concentration is a function of both pH
and alkalinity, increasing as these parameter gahmease. The calculated values for the rivers
examined (Table 3) ranged from 0.02 mg/l in the &kalinity Avoca river to 3.8 mg/l as G@n high
alkalinity Boyne river.

As indicated in Table 4, the 16 rivers in combioatiransport an estimated 1.85Mt (million tonnes)
CO; of respiratory origin to sea annually. It is ofdrest to note that the estimated carbon fluxHer t
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Shannon is 0.551 Mt/y (as GPwhich is about twice the G@mission saving due to the Ardnacrusha
Hydro Power Station.

Leaching of calcium and magnesium carbonates

The uptake of C@during the infiltration process enables the leaghif calcium and magnesium
carbonates in catchments where ample sources ailatade resulting in hard alkaline river waterseTh
river waters are soft and of low alkalinity in dateents where such sources are scarce or absent. The
mean river water hardness parameter values giv&ahie 2, although expressed as equivalent GaCO
are inclusive of both calcium and magnesium. Thie if Ca:Mg in Irish river waters typically varies

in the range 5% to 15% on a mg/l basis.

The estimated average mass leaching rate of calciagnesium carbonates in the 16 rivers reviewed
varied in the range 28-171 t/kry, the average rate across the catchments bethikri’.y. The

overall annual mass flux is estimated to be sor6é Mlt/y, much of which is presumably lost from
soils and is therefore of environmental significaifiar soil fertility. The variation in specific lehing

rate across the catchments is illustrated graghicaFig 5. The Corrib catchment has the highest
specific leaching rate (171 t/Kny) arising from a combination of fairly high avgeaconcentration

(162 mg/l) and a very high specific runoff rate §3anm/y). The Boyne, Nore, Suir and Maigue, on
the other hand, have significantly higher averaayelhess concentrations than the Corrib, but because
of their lower specific runoff rates, their specifeaching rates (ca. 134 t/kiy) are lower than that of
the Corrib.

It would appear that the catchment aquifers ofAteca, Bandon, Lee and Slaney rivers contain very
little leachable calcium and/or magnesium carbandier example, the estimated specific Ca@ax

for the Bandon is only about one third that for @erib, even though the two catchments have
roughly the same specific runoff rate.

180 —

Specific Ca+Mg leaching rate (t/km2.y) as CaCO,
I I
Corrib
Boyne
Nore
Suir
Maigue
Moy
Shannon

Liffey

Barrow
Deel
Fergus

Blackwater

Fig5 Calculated specific Ca + Mg leaching rates ishlriver catchments

Empirical parameter correlations

Empirical correlations of the parametarenductivity, hardness and alkalinitprovide a useful
reference guide for technical personnel workinthengeneral area of river water quality management
and water supply treatment technology. Two suchetations for Irish river waters are presented in
Appendix B.




Aquavarra Research R&D Publication
Paper 1, September 2008

Fig B1 illustrates the relationship between rivettev alkalinity (Alk) and hardness (H), which is
guantified by the following empirical expression:

Alk = 0.37 H*
where both parameters are expressed as mg/l €aCO

Fig B2 illustrates the relationship between rivettev hardness (H) and conductivity (C), which is
guantified by the following empirical expression:

H = 0.54(C-60)
where H is expressed as mg/l Ca@@d C is expressed as pS/cm.

The foregoing correlations are useful for the apjnate general chemical categorization of river
waters on the basis of conductivity measuremertgware relatively simple and inexpensive to carry
out. They also provide a useful tool for checkinglstical water quality data and identifying
anomalies in data sets. However, it is emphasizatthey are empirical approximations and, as such,
due caution should be exercised in their analytical

IMPACT ON WATER SUPPLY USE

Surface waters are the main source of drinking miatereland, accounting for over 70% of the
supplied volume. Hence, the carbon flux in Iriskers has a major influence on the chemical
composition of drinking water in Ireland. In pattiar, it affects the treatment processes that are
required to convert raw river waters to drinkingteraquality and it also affects the chemical stabil

of the supplied water. In the water supply conteligmical stability is concerned with minimizingth
reactivity of water relative to the materials withich it comes into contact between source and
consumer. Ideally, it should not take any of thesgerials into solution nor should it precipitateya
material from solution. The latter is particulaayroblem with hard waters i.e. waters that hagé hi
concentrations of calcium and magnesium, which tergtecipitate hard scale deposits on pipe walls
and in hot water systems. Stability criteria andewaardness are discussed in the following segtion

Chemical stability criteria

In the water supply context, chemically stable weeharacterized by a minimal reactivity with the
materials it contacts in the course of its delivieryhe consumer. These materials may include etacr
and cementitious materials, various plastics, metalluding ductile iron, steel, lead, copper, bras
zinc coatings aluminium and other miscellaneousen®s, used in distribution networks and domestic
plumbing systems. It has been found (Mons et 8072 that water complying with the following
criteria has a high level of chemical stability:

pH: 82>pH>7.8
Saturation Index (SI): -0.2 < SI<+0.3
lon balance: {[C] + [NO3] + 2[SO’M[HCO,] < 1

where [ ] indicates concentration in mmoles/|. Bauration Index (SI; also known as the Langelier
Index) relates to the saturation status of the muatidn respect to CaCgit is defined as follows:

[Ca2+][0032' ]

Sl=log K

= pH' pHs

S

where
Ks is the solubility product for calcium carbonatefér Appendix A for value)
pH; is the saturation or carbonate equilibrium pHhef water based on its €and
HCO; concentrations
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The foregoing criteria, taken together, ensure ti@tcorrosivity of water is minimized and its sal
forming potential is moderated to a satisfactorgrde. The alkaline pH range in conjunction with a
near to zero Sl value results in a low free,@0ncentration.

Chloride and sulphate ions are known to accelamatesion of ductile iron and steel. The third
criterion above, which is applied in German watgyy practice, is based on the assumption that
carbonates are effective in counter-acting theosive influence of other commonly occurring aqueous
anions such as chlorides, sulphates and nitrates.

It should also be noted that compliance with thhedoing pH and Sl value ranges limits the feasible
C&" concentration and thus the hardness level asstiedtin the following section.

Hardness

Calcium and magnesium ions are mainly responsdsl@drdness in water. They precipitate soaps,
hindering lather formation and may also cause d baale in hot water distribution systems and
boilers. Water hardness is generally expressed@saent CaC@in mg/l. While there is no
universally accepted classification of water hasdné¢he following is a typical classification:

0-100 mg/l soft
100 -250 mg/l moderately hard
250 — 400 mgl/l hard
> 400 mg/l very hard

Based on the hardness data in Table 2 and thediogegategorization, the hardness classification of
the rivers in this study is set out in Table SHould be noted that the hardness parameter vialues
Table 2 relate to locations near the freshwateitdif the rivers. This is of significance in therent
context as, in general, the hardness of Irish nvagers is found to increase with distance fronreau
Hence, for example, while the Liffey water is clfissl as a marginally hard water at its freshwater
limit, it is in the moderately hard category iniitéddle reach (Leixlip Waterworks) and in the soft
category at its upstream end (Ballymore Eustaceskiatrks).

Table 5
River hardness classification at freshwater limit
(mg/l as CaCg)

Soft Moderately hard Hard

(<100) (100-250) (250-400)
Avoca (29 Corrib (162 Barrow (286
Bandon (54 Deel (224 Boyne (296
Munster Blackwater (9€ Fergus (17¢ Liffey (253)
Lee (58 Moy (135} Maigue (269
Slaney (95 Shannon (21: Nore (251

Suir (198

A positive Sl value indicates a potential to préeife calcium carbonate, while a negative Sl ingisa

a capacity to dissolve calcium carbonate. The galaiarbonate precipitation potential (CCPP), which
is the actual CaC{saturation concentration minus the Ca@@turation concentration, is a useful
complementary parameter to the Sl value. The catiedlvalues for these two parameters for the 16
river waters examined in this study are given ibl&&.

It will be noted that the soft river waters haveeayative Sl value and a capacity to dissolve authi
CaCaq, reflecting a low availability of solid phase carfates in their catchments. The hard river
waters, on the other hand, have positive Sl vadmessignificant super-saturation with respect to
CaCQ. The super-saturated state arises from the loBs@®fCQ (with an accompanying increase in
pH) subsequent to CaGdissolution.
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Table 6
Calculated S| and CCPP values for river waters
at the freshwater limit at temperature of°00

. CCPF
River SI (mg/l CaCQ)

Avoce -2.C -11.4
Bandor -1.2 -9.1
Barrow 0.6 29.4
Munster Blackwate -0.4 -4.4
Boyne 0.€ 40.€
Corrib 04 7.3
Dee 0.7 19.7
Fergu: 0.1 2.8
Lee -1.1 -9.€
Liffey 0.6 27.¢
Maigue 0.€ 31.€
Moy -0.1 -1.¢
Nore 0.7 27.1
Shanno 0.€ 16.Z
Slane) -0.€ -6.C
Suir 0.t 15.4

Water treatment

The treatment sequence used to convert surfacesaatdrinking water quality invariably includes a
chemical coagulation process, the purpose of wisith convert colour and turbidity-causing solid
matter in raw surface waters into non-colloidalpamsions that can be removed by sedimentation and
filtration processes.

Aluminium sulphate (alum) is by far the most widelsed coagulant in Irish water treatment practice.
Alum coagulation is pH-sensitive. The optimum alcoagulation pH is typically found to be within
the range 6.5-7.0. Research on Irish river watehaig, 1996) has shown that, in this pH range, tisere
efficient removal of the organic precursor matetfi@t may react with chlorine to form trihalometban
(THMSs), which are suspected carcinogens.

Alum reacts with water alkalinity, releasing fre®£and thereby reducing pH. Thus, for waters of
moderate alkalinity it is economically feasiblegithieve a satisfactory coagulation pH using alum on
its own. For low alkalinity waters it may be neaagsto add an alkali (such as lime, sodium hydrexid
sodium carbonate) in conjunction with alum to ackithe desirable coagulation pH range. For high
alkalinity waters it may be economically advantageto use a strong acid in conjunction with alum to
achieve the desirable coagulation pH range. Thetioze are as follows:

Alum: A*" + 3HCQ ® AI(OH); + 3CO
Acid: H"+ HCO; ® H,0 + CQ

The amount of C@released in reducing the pH to the optimum codiguiavalue depends on the pH
and alkalinity of the raw water. This is illustrdten Fig 7 where the released £© plotted as a
function of coagulation pH for a hard river watBogne), a moderately hard river water (Corrib) and
soft river water (Lee) - refer Table 2 for pH ankidinity values at the river freshwater limit ld@ans.

The chemical stabilization of water following cheadi coagulation requires the removal of Q®

meet the pH and Sl criteria as earlier defineds Thimost commonly achieved in water treatment
practice by the addition of lime (Ca(OMpr soda ash (N&0Os), both of which react with free GQo
form bicarbonate. Lime is the most widely used cicaifor this purpose because of its effectiveness
and relatively low cost. However, it is a difficalhemical to handle and accurately dose. In pdaticu

it is not suitable for use where the raw watediisaly hard, as it adds to water hardness and niakes
impossible to simultaneously satisfy the stabilatriteria in respect of the pH and Sl values.

10
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Fig 7 Calculated CO; release as a result of pH reduction

due to chemical coagulation process reactions

While soda ash is widely used in water treatmeigh) boncentrations of sodium ions in drinking water
are considered to be hygienically undesirable beezaf potential adverse health impact on consumers
with high blood pressure. In this regard it is gethout that the intake of sodium in drinking waser
generally a small fraction of the total daily inéadf this ion.

B4 T T T T[T T T T [T T T[T T[T T[T T 20
82 [ i

I Chemical stabilisation by CO, stripping — 15

=} |
8o R.Bo 1

. . Boyne water, coagulation pH 6.7 7

C' - - - - R.Corrib water, coagulation pH 6.7 ] 10
78— i

[ i
7.6 — — 05

T 5 1 @

O ]
(g — 00

Lo 7
72— ]

C — -0.5
70— ]

r 10
68— B

[C cozstrecrr ST~ -

[ NI VNIV ANAVIVIN SNV AT AR A AR S
0 10 20 30 40 50 60 70 80
Free CO,(mg/l)

Fig 8 Chemical stabilization by CGO, stripping

Stripping out of the excess G@enerated by chemical coagulation is a feasilderadtive to the use of
either lime or soda ash, particularly for hard watghere large amounts of G@ay be generated. The
influence of CQ stripping on pH and Sl value for the Boyne andribarhemically coagulated waters
(Fig 7) is illustrated in Fig 8. The degree of supaturation is the driving force for the stripping
process. In the case of the Boyne water, the alediCQ concentration at a coagulation pH of 6.7 is
about 77 mg/l or about 100 times the equilibriumammntration relative atmospheric air at®0

DISCUSSION
The carbon flux in rivers is enabled by the passdgainfall through C@enriched environments

during infiltration, resulting in the dissolutiori @ considerable mass of @O’he estimated carbon
flux in Irish rivers, presented earlier in this papreflects the amount of G@etained in solution,

11
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mostly through conversion to ionic species by lieactith solid phase carbonates. The @3t to the
atmosphere by natural stripping has not been diehtHowever, the fact that there is no marked
difference in free C@concentrations between rivers with a low carbar {soft, low-alkalinity

waters) and rivers with a high carbon flux (handhhkalkalinity waters), provides strong evidence of
the very considerable potential for natural stmgpof CQ from surface waters. If the latter were not
the case the low alkalinity rivers would have siigaintly higher free C@concentrations than the high
alkalinity rivers, assuming similar G@nvironments in the catchment soils. The followrgametric
values for the Barrow river, which has a high Tihcentration, and a borehole water from the Barrow
catchment, are of interest in this context.

Paramete R. Barrow Borehole
pH 8.1 7.12
Alkalinity (mg/l CaCGy) 23C 377
Hardness (mg/l CaC{ 286 428
Free CQ (mg/l) 4 62
TIC (mg/l CCy) 20t 39t

The borehole water reflects the high availabilityC®,, presumably mainly of respiratory origin, for
the dissolution of solid phase carbonates. In tteva example the calculated amount of,C&yuired

to deliver the TIC burden in the groundwater isgiuly twice that required to deliver the TIC burden
the river water. Thus, even in a comparatively Hagt-alkalinity river water, such as the Barrow
water, there would appear to be a substantialdb&€50, from water to the atmosphere in the course of
the runoff process. It is therefore concluded thatavailability of solid phase carbonates in the
geological formations in Irish river catchmentshe critical factor in regulating the alkalinity@n
hardness levels in the river waters.

Fate of freshwater carbonates in the marine enviroment

The fate of river-borne carbonates in the marindrenment is of considerable significance in viefv o
the current environmental imperative to reduce @ammissions. This is a complex issue, the full
exploration of which is outside the scope of thaper. However, as discussed briefly in the follayvin
paragraphs, it would appear that, due the impaitooéased atmospheric @on the carbonate system
of the oceans, the carbon dioxide sequesterectifréBhwater segment of the hydrological cycle
remains as non-gaseous carbon species in the nesmir®nment i.e. is effectively removed from the
carbon cycle.

It is known that the largest reservoir of carbomithe deep ocean, which contains close to 40(&00
C, compared to about 2000 Gt C on land, 750 Gt fBeératmosphere and 1000 Gt C in the upper
ocean. The atmosphere, biota, soils and the umgamaare strongly linked. The exchange of carbon
between this fast-responding system and the desgndekes much longer (several hundred years)
(Hadley Centre, 2007).

It has been observed that the carbon dioxide coofehe atmosphere has increased from about 280
ppm to about 380 ppm since pre-industrial time®@&R00 years ago). This increase has produced a
corresponding increase in the amount of,@8sorbed by the oceans. It has been estimated(Roy
Society, 2005) that the oceans have absorbed apmtely half the C@produced by fossil fuel
production and cement manufacture. The resultddifigation has lead to an estimated reduction in
the pH of the upper ocean of approximately 0.1sufihis reduction in pH has altered the carbonate
balance, resulting in an increased TIC concentnaind in a reduced GO concentration.

It seems reasonable to postulate that a reduceli @centration in the upper oceans would permit
an increased Gaconcentration, thereby tending towards an appratety constant ion product (IP).
However, many factors influence the equilibrium camtration of calcium carbonate in seawater. The
ion product at equilibrium or saturation concerntrais defined as follows:

IPes, = [CE][CO"T = Ké&p
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where Kgpis the apparent solubility product, taking inteaent the influence of ion concentration on
activity. The magnitude of & is influenced by temperature, salinity and pressuncreasing with

both salinity and pressure and decreasing with égatpre (Pytkowicz, 1969). The observed calcium
carbonate profile in seawater is exemplified bydhta listed in Table 7, which relates to a sangplin
location in the North Pacific.

Table 7
Calcium carbonate saturation
in seawater (Pytkowicz, 1969)

Depth (m) IP/K(sp

0 2.3

190 0.61

468 0.62
752 0.5¢
142¢ 0.7z

2262 0.74

3256 0.84
449¢ 0.7z
721( 0.5¢

As the data in Table 7 show, the upper oceansugrersaturated with respect to calcium carbonate
while there is an under-saturation of calcium cagie in the deep ocean water.

It is evident that the potential exists for the omal of calcium carbonate from solution in the uppe
ocean by chemical precipitation and also by downveififusion to under-saturated deep waters.
Calcium carbonate is also removed by shell-fornmragine organisms that depend on its availability at
a super-saturation concentration for their survival

In pre-industrial times, it would appear that aniélgrium condition obtained whereby the additidn o
calcium carbonate through river systems was bathhgéts removal through the foregoing
mechanisms. In such circumstances the sequestdtion), in freshwater carbonates would have been
effectively reversed when these freshwaters wesehdirged into the oceans. However, the reduction in
the pH of the upper oceans through increasegdupfake has increased the potential for retaining a
increased Cd& concentration in solution and hence a permaneptestration of C@transported into

the marine environment as freshwater bicarbonaie nloteworthy that the same process, involvirgg th
reaction of granulated limestone rock and flue gader aqueous conditions to produce bicarbonate,
has been proposed (Rau et al, 2001) as a potentistrial scale process for the sequestratiohef t

CO, produced by thermal power stations.

Thus, the carbon flux in Irish rivers may be regatds a natural sequestration of,CtBe
environmental significance of which may be gauggidmagnitude relative to the G@eleased by
anthropogenic sources. The estimated annual totislséon of greenhouse gases (GHG) in Ireland in
2004 was 68.4 Mt CQequivalent (EPA, 2006). As indicated in Tablehg estimated average €O
sequestration in the 12 Irish rivers included iis 8tudy was calculated to be 1.85 Mt/y or abod¥2.
of the national 2004 GHG emission.

It is also of interest to compare the Cénission displaced by the generation of elecyrititm Irish
renewable energy sources with the @Mount sequestered in river discharge. For exartipe
average annual electricity output of the Shannairdslectric power station at the Ard na Crusha,
which is located on the lower Shannon, is ca. S%hGESB, pers. com.), corresponding to CO
saving of about 0.19 Mt (estimate based on a €®@ission from the conventional thermal plant nfix o
600 tCQeq/GWh (www.parliament.uk/post)). Thus, for theeri&hannon the CBaving through
hydropower generation is about 35% of the rivestneated average annual natural sequestration of
CO, (0.551 Mt, refer Table 4). Likewise, Irish windwer installations produced about 1790 GWh of
electricity in 2007 (IEA, 2007), thereby displacisgme 1.07 Mt of thermal G@mission, which is
about 58% of the estimated annual carbon flux éntttelve Irish rivers examined in this study.
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While the carbon flux in rivers is small in the o&k context of the carbon cycle, the associated
alkalinity burden exerts a positive environmenidliuence in reducing ocean acidification, albeiato
minor degree.
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Appendix A
Carbonate System Constants

Aqueous reactions

CO, + H,0 = HCO; (A1)
H,CO; = H + HCOy (A2)
HCO, = H +COy (A3)

Carbon dioxide solubility

The concentration of free G@h water is proportional to its partial pressureir in accordance with
Henry's law.

[CO,| = Ky Peg, mol/l (A4)
where K, is the Henry's law constant arfo, is the partial pressure (atm) of €MD air.

At equilibrium, the ratio of [C&/[H,CQy] is about 631:1 (Snoeyink & Jenkins, 1980), heihce
convenient for computational purposes represenstine of these two species by the hypothetical
species HCO3*. Thus, equation (A4) becomes:

[H 2(:o;] @Ky Peo, (A5)

Dissociation constants for carbonate species

H [HCO3' ]
[H,cOz9 K1 (A6)
H*|[CO;”
= K2 (A?)
[Hcog]
Dissociation constant for water [H"][OH' ] =Ky (A8)

Calcium carbonate solubility

Calcium carbonate is poorly soluble in water, @ghibility being defined by the equilibrium conditio

[Ca2+][ co? ] = Keo (A9)

Equations (A5) to (A9), inclusive, are used to aldte the distribution of the carbonate species in
water. Two related composite parameters, namedy atkalinity (T,,) and total inorganic carbon
(TIC) are commonly used in such computations. Téreydefined as follows:

Ta,k:[Hcog']+4cog’]+[0H]-[H] eq/| (A10)

TIC =[H,CO5 ¥ +[HCO3' ] +[<3032 ] mol /| (A11)
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The magnitudes of the dissociation and other catstre influenced both by the water temperature
and ionic strength. Empirical expressions quanttythe temperature dependence of the carbonate
system constants are given in Table Al.

Table A1
Temperature dependence of carbonate system constant
(Loewenthal and Marais, 1976)
Parameters: pK = -log(K); t C; T = absolute temp. (K) =273 + t

pK, = 17%%2, 515 21410 7) - 0.12675*T 545.56
pK, = 229239, 6 02379+ T- 6.498
Py = 27873, 7 1321%10d 1) + 0.010365*F 22.801

pK, =0.0138*t+ 1.12 for t= 0to3% C
pKy =0.0069*t+ 1.36 for 35 to 8¢

—
1

pK, =0.01183*t+ 8.03

lonic strength correction

The adjustment of the values of the constantsléavefbr ionic strength is conveniently made on the
basis of conductivity, which is a readily measuegihrameter. The following empirical relation
between ionic strengtm) and conductivity is taken from Snoeyink & Jenk{880):

m=1.6x10° x conductivity (758 / cm) (A12)

The following ionic strength corrections for thedgoing equilibrium constants are taken from Fair,
Geyer & Okun (1968).

PK., = Ky - (MO 1[1+ 1.4 r)7°-5] (A13)
PKom=PK, - 2(m*° | 1 1.4 A*° (A14)
PKsom=PK so- 4(m°° /[1+ 3q °° (A15)
PKwm =Py - (M*°1|1+ 1.4 /)70'5] (A16)

Reaction kinetics

The foregoing relationships define the carbonastesy in its equilibrium state. When this state is
disturbed by the addition of a strong acid or argralkali, the resultant reactions proceed rapially
completion with the exception of reaction (Al), @wing free CQ and HCO; (Snoeyink & Jenkins,
1980), which proceeds at a slower rate than thersti\s a consequence there may be an initial

overshoot in pH change, while the €8,COs; equilibrium is being re-established. This is beszathe
H,CO;U HCOy interchange is more rapid than the LHH,CO; interchange. For example, in the

alum-based chemical coagulation process, usedrove colour and turbidity in the production of
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drinking water, Af* reacts with HC® to form H,CO;, thereby reducing the pH. Following the
addition of alum, the pH is likely to temporarilyogh below the equilibrium value, to which it then
gradually returns as the;B80;:CO, equilibrium ratio is re-established.
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Fig B1

Fig B2

Alkalinity (mg/l as CaCOg)

Hardness H (mg/l CaCO;)
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