Hydrogeology and engineering geology

UDC 550.42:577.4 (571.1)

FORMS OF CHEMICAL ELEMENTS MIGRATION IN UNDERGROUND WATERS
OF THE RIVER KATUN BASIN IN ITS AVERAGE CURRENT

Yu.Yu. Lokhanova, N.M Rasskazov

Tomsk Polytechnic University
E-mail: Julia-tomsk2004@rambler.ru

The characteristic of chemical elements condition in underground waters of the river Katun basin (Mountainous Altai) is shown, the main
forms of migration of chemical macro-and microelements are allocated: Na*, Mg**, Ca**, Mn**, Fe**, Pb**, Cu**, Zn’*. Statistical calcula-
tions, which purpose was confirmation of results of complex-formation process modeling, are carried out.

Introduction

Foreign and domestic researchers in different years
were engaged in researches of forms of element migra-
tion in natural waters, such as: R.M. Garrels, C.L. Kra-
yst, S.L. Schvartsev, S.R. Kraynov, V.M. Shvets,
G.B. Naumov, B.N. Ryzhenko, P.N. Linnik, B.1. Nabi-
vanets and others. Achievements of these researchers al-
low us to solve problems at modeling of formation pro-
cesses of underground waters structure.

The purpose of the given work is allocation of the
main forms of migration of a number of components in
underground waters of the river Katun basin (Mountai-
nous Altai) in the average current.

The dissolved condition of chemical elements in na-
tural waters is extremely various. Some elements are
inclined to form only rather simple compounds, others
— complex associates, including with organic ligands.
The basic forms of element migration depend not only
on properties of the element (cations or anions), but al-
so on external factors of migration (pH, Eh of the envi-
ronment, active concentration of ions-complex-forma-
tors complexing compounds, etc.).

S.R. Kraynov and V.M. Shvets think that «migration
of elements in underground waters in the form of complex
ionic and molecular associates has very important con-
sequences. Different compounds of the same elements
have various thermodynamic parameters (free energy, fac-
tors of ionic and molecular diffusion). Therefore, the pro-
cesses of mass transfer, dissolution-crystallization, ionic
exchange and other, making the basis of the process of
chemical compound formation in underground waters, it is
impossible to interpret and predict correctly without the
knowledge of forms of element transfer. These forms defi-
ne an opportunity and geological importance of proces-
ses, as well as their kinetics. At formation of steady com-
plex compounds there is a displacement of equilibrium in
geochemical processes (in dissolution, desalination, pre-
cipitation and co-precipitation, sorption, ionic exchange,
oxidation-restoration) towards the water phase» [1. P. 33].

Physical and chemical calculations play the role of a
reference point at hydrogeochemical researches, their
results can be used for a rough estimate and probabilistic
forecasting of real geochemical processes. However, these
calculations are frequently based on the analytical data
on water composition summarizing free and connected
forms of elements, which is not quite lawful at an attempt
to recreate processes taking place in the real system.

The material for the researches were the data obtai-
ned as a result of approbation of water objects in the re-
gion, which were carried out by employees of Tomsk
Branch of the Institute of Oil-and-Gas Geology and
Geophysics of the Siberian Branch of the Russian Aca-
demy of Sciences and employees of Tomsk Polytechnic
University with participation of the authors (2005).

The technique of physical and chemical researches of
complex-formation is in [ 1—3]. Base positions of the the-
ory consist in the following.

The so-called complex compounds are formed at in-
teraction of ion-complex-forming agent (Me) and li-
gands (A) of organic or inorganic origin:

MeA,""=Me" +mA*.

XapaKTCpI/ICTI/IKOﬁ KOMIIJIEKCHOTO COCOAMHEHUA
CJIY2KMT KOHCTaHTa YCTOI‘/)I‘H/IBOCTI/I K -

The constant of stability K, serves as a characteristic
of the complex compound —

[MeAmmk+n]
Kyom = STy
[Me™ J[A™]

where [Me"] is molar concentration of an element with
the charge n+ in the non-complexed form; [A*] is mo-
lar Addend concentration A with the charge k; [Me-
A,™] is molar concentration of the complex compo-
und, with the total charge mk+n.

Dissociation of the complex compound, as a rule,
occurs in steps under the typical scheme:
Me(A),<>MeA*+A-«<>Me**+2A-, therefore, both full
constants of stability and step constants are used. In
equilibrium standard conditions (at 25 °C and 0,1 Pa)
the constant of stability of the complex compound K, is
connected with free Gibbs energy by the expression
AG'=-1,364-1gK, where AG'=ZAG",,—ZAG",;.

Gibbs energy, calculated by such researchers as
I.L. Shok, H.K. Helgeson, P.N. Linnik, B.I. Nabivanets,
I.I. Volkov, G.A. Solomin, I.K. Karpov, et al. for various
compounds, is included into the database. On the basis
of Gibbs energy and the data on physical conditions of
reaction, the constants of stability of the lement complex
are calculated. But quantitative parities between condit-
ions of any present in the water element-complex-for-
ming-agent depend not only on constants of stability of
its compounds, but also on concentration of addends. A
special value for complex-formation is rendered by ful-
vic acids, since the ability to complex-formation of hu-
mic and other organic acids is much weaker.
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The scheme of observation points distribution: 1) obser-
vant (regime) hydro-geological wells; 2) springs and
their numbers.

Explanation to Fig. 1: p. Yeman = river Chemal, Tonroek =
Tolgoek; A3otHbii = Azotniy; [MonnaBo4Hbivi — Pola-
vochniy, p. Anwwysxta = river Apshuyakhta, p. KatyHb =
river Katun, lopoxHbivi = Dorozhniy, CkanbHbivi = Skal-
niy,; BogocimsHbivi = Vodoslivniy, p. Kacna = river Kaspa,
p. Yeba — river Cheba, p. SauraH = river Edigan, KanH3a-
upckmii = Kainzairskiy; [vtbesoni = Pityevoy, benbesou
= Belyevoy, bonbuiovi Opokton — Bolshoy Oroktoy,
p. H. Kytoc = river N. Kuyus, Kytocckmi — Kuyusskiy

Fig. 1.

Calculation of concentrations of various forms of
element migration in underground waters was made by
means of the program module for PC HydrGeo (author
— M.B. Bukaty, Tomsk Branch of the Institute of Oil-
and Gas Geology and Geophysics of the Siberian
Branch of the Russian Academy of Sciences) [4].

Description of the research object

The basin of the average current of the river Katun
(Mountainous Altai) occupies the area from the mouth
of the river Koksy up to the mouth of the river Smulta.
Hydro-geological conditions are defined by significant
breaks of the relief, active water-exchange and presence
of two water-bearing complexes of rocks — alluvial for-
mations dated to valleys of the rivers, and fractured bed-
rocks, mainly Paleozoic, rocks that are broken by dis-
junctive tectonic destructions which actively influence
the course of underground waters. Waters of these in-
fringement zones are poorly revealed and studied. Wa-
ters of fracture of bed-rocks and alluvial sediments are
of a great importance.

106

Table 1. The data used in calculations on composition of un-
derground waters of the basin of the average current
of the river Katun (based on the results of analyses of
Tomsk Branch of the Institute of Oil-and-Gas Geolo-
gy and Geophysics and TPU, 2005, except for COy* —
1999, Hg?* = 2003)

Points of sampling = springs
Measu- Do- Kain- | .
Parameter | rement TO'?(O_ rozh- | K8l | Zair. | Pive: Kuli/'_
unit e niy niy skiy voy | usskiy
1 2 3 4 5 6
pH 7,9 7,8 7,7 7,7 7,6 8
lonic force | mol/I | 0,01 | 0,01 | 0,01 | 0,01 | 0,01 | 0,01
M'”ﬁ;arj'za' 360,0(350,0(390,0 [ 290,0{370,0 | 290,0
Na* 3,50 | 4,00 | 7,00 | 0,80 | 8,00 | 5,00
Ca™ 44,0 | 56,0 | 60,0 | 60,0 | 72,0 | 52,0
Mg* 9,80 | 20,70 | 25,60 | 12,20 | 9,80 | 10,50
K* 1,50 | 1,50 | 1,20 | 1,50 | 0,80 | 0,90
Fe** 0,8 | 0,00 { 0,05 (0,08 007]0,03
Fe** 2 0,1 10,02 |0,02|0,02]| 0,02
Mn?* 68,70 | 18,60 | 20,40 | 12,00 { 10,40 | 12,70
NH4" mg/! 0,50 | 0,08 | 0,70 | 0,50 | 0,07 | 0,06
AP 0,25 10,25 (0,25 (0251025 | 0,25
cr 1,56 | 1,42 | 1,42 | 3,55 | 2,84 | 1,28
HCOs 268,4(292,8 |366,0|268,4|329,4|244,0
F 0151092 1056|010 | 0,22 | 0,18
NO,” 0,39 | 0,01 | 0,01 | 0,01 | 0,01 ] 0,01
NO; 4,03 333|590 (17,24 16,91 | 3,25
SiO;” 3,70 | 3,70 | 3,35 | 415 | 415 | 4,80
COy» 0,4 1,2 04 |06 (04|04
Pb?* 2,73 1 1,25 | 1,09 | 0,46 - 0,17
Cu 10,6 | 1,98 | 3,28 | 0,75 - 0,03
Cd** 0,1 0,1 10,09 0,03 - 0,07
- mkg/I

Lit 9,00 | 7,00 | 9,00 | 8,00 - 9,00
n* 29,2 | 493 | 26,7 | 0,7 - 1,93
Hg** 0,002 {0,002 0,001{0,003| - 0,001

In this connection, the process of their chemical
compound formation proceeds in various conditions.
The module of the underground flow amounts to
3,2...4,01/s-km? in the region. The afflux is within the li-
mits of 0,1...0,4 km*/year [5]. The interval of approba-
tion in wells mainly amounts to 100 m from daily surfa-
ce (the maximal depth of of wells is 160 m).

Underground waters of the considered territory are
fresh with mineralization of 70...700 mg/l, as a rule,
neutral or weakly alkaline (pH 7,0...8,8); in structure
they are hydrocarbonate- sulfate. More detailed charac-
teristic of geologic-hydrogeological conditions and ge-
ochemistry of underground waters of the basin of the
average current of the river Katun is given in publica-
tions [6—9].

The results of researches of migration forms of the
main macro- and microcomponents, especially careful-
ly normalized without taking into account element-or-
ganic forms, are stated in the given work. The scheme of
distribution of approbation points is shown on Fig. 1;
initial data for calculations — in table 1, calculation res-
ults are presented in table 2.
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Results of physical-chemical calculations CaCl, 0,00 | 0.00 ] 0,00 | 0,00 | 0.00 | 0,00
Table 2 shows calculations of complex-formation in CaF* 001 | 036 | 001 | 001 | 0,00 000
waters of the tested regime springs which allow drawing Mn 7‘%{% %% ;%% 8%% 757% é%%
the following conclusions. (MnHCO,)” | 0,07 | 0,00 [ 11,89 | 9,50 | 1,49 | 9,99
Table 2.  Calculation results of the basic forms of microcom Mnco; 001 | 000 | 1074 869 | 1039 | 8.5
ponent migration in underground waters, % Mn(HCO:), | 0,00 | 0,00 | 0,99 | 0.57 | 0,92 | 0,64
(MnCl)* 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
Migration Sampling points MnCl, 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
forms 1 2 3 4 5 6 MnOH* 000 | - ]003]003][003]0,03
NHe | 909 | 007 1 0,09 | 009 | 0.06 | 0.05 Fer 072 [0.009 [ 0.05 | 0.076 [ 0.066 [ 0.029
95,05 | 90,19 | 93,76 | 95,10 | 89,89 | 91,38 90,56 | 94,66 | 94,26 | 95,63 | 94,51 | 95,37
NH,HCO; | 0,00 | 0,00 | 0,26 | 019 | 0,24 | 0,19 (FeHCO;)* | 0,04 [ 0,00 | 289 | 221 | 277 | 2,34
NH,CO; | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 FeCO, 0,03 | 0,00 | 209 | 1,62 | 2,09 | 1,72
NH,C| 0,00 | 0,00 [ 0,00 [ 0,00 | 0,00 | 0,00 Fe(HCOs), | 0,01 [ 0,00 | 0,49 | 0,27 | 0,44 | 0,30
NHoOH | 0,00 | - [ 039 [ 0,41 ] 038 [ 0,39 FeCl” 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
(NH,),CO; [ 0,01 [ 0,00 | 519 | 3,89 | 9,10 | 7,64 FeOH" 000 - [o025]027]025 |02
NH,’ 000 | - [039] 04 |038] 039 Fe* 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
NO; 039 | 0,009 | 0,009 | 0,009 | 0,009 | 0,009 (FeOH)* [ 6,23 [ 479 | 3,26 | 280 | 2,82 | 3,06
99,86 | 99,86 | 99,87 | 99,86 | 99,87 | 99,86 B 1,41 | 0,068 | 0,014 | 0,018 | 0,016 | 0,002
HNO, 0,00 | 0,13 - - - - (Fe(OH).) 70,41 | 68,21 | 71,23 | 88,86 | 78,91 | 80,30
Mg® 91 | 2007|2475 | N9 | 249 | 1023 Fe(OH); [ 23,32[26,90 [ 25,26 | 8,02 | 17,96 | 16,48
92,97 | 96,96 | 96,68 | 97,56 | 96,92 | 97.41 (Fe(OH).)” | 0,0 | 0,9 [ 035 | 0,43 | 0,43 | 0,29
MgHCOs” | 133 | 056 | 3,07 | 227 | 2,87 | 2,42 Note: mg/! is the content of the component form in water, num-
MgCO;, 0,05 | 0,02 | 010 | 0,08 | 0,09 | 0,08 ber in the denominator = %, falling on this content in water
MgCl* 0,00 | 0,00 | 0,00 [ 0,00 | 0,00 | 0,00
Mg(HCO,), | 0,06 | 0,03 | 0,09 | 0,05 | 0,09 | 0.06 Without taking into account compounds with orga-
MgCl, | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 nic radicals, mainly in the ionic form, ions Na, K, Ca,
MgF 0,00 | 115 | 0,04 | 0,03 | 0,02 | 001 Mg, Cl, HCO,, E NO,, NO,, HCO;, Fe and Mn migra—
Mgon™ | 0,00 | - | 0,00 | 0.00 | 0,00 | 0,00 te. They share makes, as a rule, more than 90 %, which
325 1398 | 69 | 079 | 795 | 298 is quite natural, considering near-neutral pH values of
Na’ 345 | 398 | 69 | 079 | 195 | 498 T . . . .
98,58 | 99,43 | 99.37 | 99,54 | 99.40 | 99 52 waters, oxidizing geochemical condition, low minerali
NaHcO, | 037 | 0.07 | 061 | 044 | 059 | 0.47 zation of solutions and low values of their ionic force
Nacl 0,00 [ 0,01 | 0,00 [ 0,00 | 0,00 | 0,00 (0,01...0,02).
NaH;Si0, | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 Among the forms of microelement migration (tab-
NaHSiO, | 0,00 | 0,01 | 0,00 | 0,00 | 0,00 | 0,00 le 2) complexes-associates with participation of domi-
AP 0,00 | 0,00 | 0,00 | 0,00 ] 0,00 | 0,00 nating anions HCO,~, CO,* prevail; occasionally there
[ 024 | 025 | 023 | 023 | 0.3 | 023 are compounds with Cl- and F~. Hydrooxidic migration
(AIO,) 96,64 100,00 | 92,89 | 92,82 | 92,88 | 92,82 forms are more characteristic for elements-hydroly-
AI(OH), | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 zates: H,SiO, is the basic form of migration Si** (more
(AIO(OH),) | 3,6 | 0,00 | 7.1 | 718 | 7.2 | 7.17 than 50 %).
sio, 181 | 181 | 164 | 2,03 | 2,03 | 235 At the same time, practically unique migratory form
48,91 | 4891 | 48,91 | 48,91 | 48,91 | 48,91 for Al is products of dissociation Al (AlO,” u
(H;8i0,)° | 011 | om | o1 | O | 011 | O AlO(OH),"), since concentrations of Al are so small,
HiSi0, | 50,84 | 50,84 | 50,84 | 50,84 | 50,84 | 50,84 that they are insufficient for formation of weakly soluble

(HSiO;)" 0,13 0,12 0,13 0,13 0,13 0,13

K 137 | 109 | 119 | 149 | 079 | 0.89
91,71 | 99,41 | 99,36 | 99,54 | 99,39 | 99,51

KHCO; 0,03 | 0,00 | 0,63 | 0,46 | 0,60 | 0,48
KCOs 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
KCl 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
K,CO;s 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
ca* 4249 | 54M | 5273 | 5834 | 69.41 | 50.46
96,56 | 96,62 | 96,22 | 97,24 | 96,39 | 97,04

CaHCOs* 298 | 0,85 | 3,28 | 2,45 | 3,20 | 261
CaCo; 0,22 | 0,06 | 0,24 | 018 | 0,23 | 0,19
Ca(HCOCs), | 0,15 | 0,08 | 0,18 | 0,09 | 0,17 0n
Ca(C0s);” | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
CaNO;* 0,08 - 0,07 | 0,02 - 0,03
Cacl® 0,01 | 0,04 | 0,00 | 0,00 | 0,00 | 0,00

hydrooxides AI**, AIOH* or AIO(OH),. Si, containing
in waters of Katunskiy range in quantities close to maxi-
mum permissible, is in the form of two basic forms of
migration — dominating — H,SiO, and subordinated —
Si0,, in quantity of 52 and 48 % respectively.

Based on calcualtion results, the basic migration
forms for Mn were Mn*" (more than 70 %), as well as
MnHCO,*, MnCO,’ and Mn(HCO,),.

A little bit different forms of migration are characte-
ristic for Fe. In the given geochemical conditions, the
basic form of Fe migration is Fe(OH),” (more than
68 %), and secondary are Fe(OH),", Fe(OH),",
Fe(OH), . From compounds of Fe bivalent, the ion Fe*
prevails, its secondary forms are FeHCO,", FeCO,’,
Fe(HCO,),.
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Fig. 2.

Presented on Fig. 2 calculation results of the basic
forms of microcomponent migration in waters of the ba-
sin of the river Katun, show that dominating in the so-
lution are hydrocarbonate- and carbonate-complexes
with ions Li, Cu, Zn, Cd and Pb.

Group OH- gives secondary complexes Pb, Zn, Cu
and Cd by way of reduction of the role of the given com-
plex with the named elements, but on average the role of
these complexes does not exceed 1...2 % in case of Zn,
and 20...40 % in case of Pb.

Complexes of Hg migration, calculated by us, speci-
fy the prevailing role methylated mercury (Hg(NH;),)*
— cation hydrargium diammonium). It is obvious, that
on the share Hg(NH;)** (cation hydrargium diammoni-
um) of mercury there is no more than 1 % from its total
quantity in the solution.

It is necessary to note that not considered by us in-
teractions of ions of the solution with organic compo-
unds can also influence both formation of element mi-
gration forms, and on processes mineral-formation.
Another consequence of the presence of organic sub-
stances in the solution is primary linkage of microele-
ments, while Ca** and Mg** form very weak compounds.
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Calculation results of the basic forms of microcomponent migration

Fulvic acids are bound into strong organic-complexes
from 0,0n up to 50 % of microelement content (especial-
ly Cd**). The minimal degree of ion linkage is characteri-
stic for Li* and Zn** (0,0n %, Fig. 2, ¢, d), while fulvic-
complexes are capable to link from 0,0 up to 16 % from
the initial quantity of cations Pb** and Cu** (Fig. 2, a, 0).
And, at last, the maximal degree of connection is charac-
teristic for Cd*', reaching from 3 up to 60 % (Fig. 2).

Basic conclusions

Components Ca, Na, K, Mg, Fe, Cl and F migrate
mainly in the ionic form composing 95...99 % from their
total ammount. Among various forms of migration of
such elements or compounds as Mn and NHy, the ionic
form takes up only up to 80...95 %; for Cd, Pb — only
5...40 %, and for Cu, Zn and Li it takes up from 99...76 %.
The maximal values of adhesiveness with fulvic acids are
characteristic for Cd (3...60 %). At hydrogeochemical res-
earches, it is necessary to consider the level of element
adhesiveness in strong complex compounds, since the le-
vel of their adhesiveness noticeably affects the processes of
migration, sorbtion, oxidation-restoration of elements or
precipitation-dissolution of their compounds.
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