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1 INTRODUCTION

GAS BUBBLE FACILITATED TRANSPORT OF
METALS IN LITHOSPHERE"
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20, Xueyuan Road , Beijing 100083, P. R. China
O.F. Putikov
St . Petersburg State Mining Institute , 2, 21st Lini]'a ,
St . Petersburg 199026 , Russia

ABSTRACT A physicoche mical model for transport of mobile forms of occurrence of elements by gas bub-
bles in porous medium —gas bubble-facilitated transport of metals in the lithosphere is proposed and its corre-
sponding mathe matical model is discussed. The physico che mical model consists of three phases: water with
dissolved metallic ele ments , gas bubbles and solid matrix of the porous medium . In the model the gas bubbles
act as carriers to transport the ele ments in the pore water from the depth in the lithosphere to the Earth’s sur-
face . In the process of transportation the ele ments dissipate in porous rocks and consequently a new kind of
geoche mical halo —jet halo of dispersion is formed in the rocks. In order to describe the transport and fate of
the ele ments in the porous rocks a nonlinear quasiconvection mathe matical model is developed, in which the
transport of ele ments is modeled by a quasiconvection of gas bubbles with the ele ments and the interaction of
ele ments with the porous medium is represented by a second order chemical kinetics. A finite difference
sche me is provided to solve the nonlinear quasiconvection model . From the numerical solutions a stabilization
effect of concentration front in the transportation of ele ments in the porous medium is discovered. The sensitiv-
ities of the stabilization effect to model parameters are analyzed. To verify the reality of the mathe matical mod-
el , physicoche mical modeling experiments are conducted. The obtained experimental data support the proposed
model in this work .
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the m-
. It is believed that in the process of

Studies on distant migration of elements
from the depth of the earth have increased since
1980 . One of these studies is focused on the
transport of trace ele ments in the gases released
from the depths of the lithosphere . E manation of
gases in depths is a welFknown phenomenon in
connection with active volcanism and with de-
posits of hydrocarbons. Recent studies have
shown that a relatively stable gas flow is ob-

served at a depth of 700 m or deeper“'”, and
that the gases ascend in the form of gas bubbles

and transport certain trace elements ( Co, Ni,

distant transportation of mobile forms of trace el-
ements by gases from the depth to the earth’ s
surface , the ele ments will dissipate in the rocks
because of interaction between them and, conse-
quently , form a new kind of geoche mical halo —

[8-12] " The essential fea-

jet halo of dispersion
tures of the new kind of geoche mical halo are:
(1) jet shape, stretching from the source to the
Earth’ s surface, and (2) vertically directed
transportation of ele ments in the lithosphere .
Based on studying the new kind of geo

chemical halo, a series of geoelectroche mical
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methods ( partial extraction of metals CHIM,
diffusive extraction of metals MDE, prospecting
by forms of the occurrence of elements MPF,
thermomagnetic geochemical method TMGM
and others) have been developed. In the past
two decades by using geoelectroche mical meth-
ods , tens of ore deposits have been found in the
former USSR. But details of the mechanism of
transportation of ele ments from the source to the
earth’ s surface , however, is poorly understood .
The object of the present work is to provide a
physicoche mical model of transportation of ele-
ments and its corresponding mathe matical rela-
tionship between the model parameters and the
formation of the jet halo of dispersion.

2 PHYSICOCHEMICAL MODEL

Different from traditional lithoche mical ha-
los , the characteristics of jet halo —weak depen-
dence of its amplitude and width on the depth of
the source , correspondence of its width to the
projection of the source on the earth’ s surface
and correlation of its content with that of the

source“”

, are determined by the mechanism of
formation of the jet halos in the rocks. One of
the possible mechanisms is the gas bubble-facili-

[5:12] " The obtained ex-

tated transport of metals
perimental results!'® 137 have verified that the
colloidal and suspended gas bubbles can capture
the mobile forms of metals (ions or radicals of
metals) and transport them in a nearly vertical
direction towards the surface of the porous medi-
um. There are two ways for gas bubbles to
transport the elements: (1) in the gaseous form
of volatile compounds of metals in the gas bub-
bles and (2) in the sorbed me mbrane on the sur
face of the gas bubbles —natural ion flotation
(Fig.1) . In the process of penetration through
the porous medium the sorbed/included ions or
radicals of metals interact with gas bubbles, wa-
ter and rocks . As a result, the cle ments of met-
als dissipate in the rocks and a jet halo is formed
in the overlaying rocks .

This physicoche mical model applies under
the following conditions :

(1) There are three phases in the porous
medium : water with dissolved metallic ele ments

(ions or radicals of metals) , colloidal gas bubbles
and solid particles of the porous medium ( Fig.

1)
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Fig.l Model of gas bubble-facilitated

transport of ele ments in porous medium
Vi, V,, V; —Effective speed of gas bubbles

(2) The flows of gas bubbles penetrate up-
wards from below the source of metals through
the porous medium, of which radius is less than
that of the pore ( Fig .2, zone 1) ;

(3) The gas bubbles capture volatile com-
pounds of the metals in their inner and ions or
radicals of the metals on their surface by interfa-
cial forces ( Fig .2, zone 2) ;

(4) The gas flows transport some of these
metals upwards and in the meantime form jet ha-
los in the rocks ( Fig .2, zone 3) .

3 MATHEMATICAL MODELING

The corresponding mathe matical model can

be written as a nonlinear guasiconvective equa-

tion with the second order che mical kineticst'®7:

o’ C 0C 0gq 0C _
Dazz' Veffaz' ot = Ot =0 (1)
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Fig.2 Scheme of the physicoche mical model
of formation of jet halo in lithosphere
® —(Gas bubbles with sorbed/ included ions or
radicals of metals; O — Without them

0
ot = A - @ (2)

where  C—volume concentration of the mobile
forms of metallic ele ments in pore water; D—
Ve —ef-
fective speed of quasiconvection of the dissolved
ele ments (ions or radicals) , related with the
penetration of gas bubbles ; q —concentration of

sorbed elements on the solid matrix of porous

hydrodyna mic dispersion coefficient ;

medium ; gpne —maximal concentration of sorbed
ele ments ; ﬁ—adsorption rate coefficient of ele-
ments ; + —time ; z —distance from the source in
vertical direction, origin of z is on the surface of
the source .

Under the initial condition

6]| t=0 = 0
we have
t
7= qull - exp(- 40&11;)] (3)

Taking derivation of Eqn.(3) with respect
to t and inserting in Eqn. (1) , we have
0’ C ocC
azz' Veffaz' ﬂQmaxCX

t
exp(- 40C(Z, ndp - % =0 (4

D

It is a nonlinear integrodifferential equation .
Under the initial and boundary conditions

Cli=o =0
Cl:c0= G (5a)
Cl ;o w
for infinite boundaries or
0C

(Ve C - DE)IZ=H= xC|l .-u (5b)

for finite depth,
where C, —concentration of ele ments in the
source ; y—coefficient of transition of ele ments
on the earth’ s surface to the atmosphere ; H—
the depth of the source from the earth’ s surface .
Eqn. (4) can be solved numerically by a partial-
ly implicit sche me of finite difference method and

iteration method as follows!'’7:

- (0.25¢+0.55) CFL +[1.0+ s+
n+1

ﬂQmaxAtexp(- ﬁk§l CfAt)] Cr]l.+l +
(0.25¢ - 0.5s) C'%

j+1
= (0.25¢+0.5s) Gy + (1.0-5)C +
(- 0.25¢c+0.55) Chy (6)
Ve At DAt
where ¢ = , S =

, Az At —finite
Az 72

elements by z and t; C}q —approximated con-
centration of elements in the discrete distance j
and time n . In simplified cases the analytical so-
lutions can be obtained for the problem Eqn.
(4) . Comparison of the analytical with the nu-
merical solutions confirms the accuracy and pre-
cision (squared root relative erroris 10~ *) of the
numerical solution. From numerical solutions
( Fig .3) it is obvious that the process of quasi-
convection stabilizes after a certain transition
time Ty, when the concentration front advances
at a stabilized speed V;and the form of the con-
centration front changes insignificantly .
Sensitivity analysis of the stabilization effect
to model parameters Vey/ D, guma/ G and gin
the transient process of transportation of ele-
ments ( Fig.4) shows that in the early stage of
the transient process because of diffusion the
speed of the advance of the concentration front
V is greater than the stabilized speed Vy, but in
the later stage because of adsorption the speed of
advance V is decreased sharply. After transition
time T the transient process stabilizes at the sta-
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bilized speed V;, having the following e mpirical Co Verr o
formula : Gt G (8)
T, = 11 x ( 1 . L) (7) . In this wa.y after sufficient time the con.cen-
B { max G tration front will reach the earth’ s surface with a
certain concentration of metals C;. This agrees
1.0 u H 3 1 % with the field observations!'*!in that concentra-
% Q' + .% “l‘ tion of metals insignificantly varies with depth,
P p ‘i' ] . }I but mainly depends on content of metals in the
!._' E ! t’ 1 A sources at depth.
i R H 6 7
Sosi d {, 5 : \ 4 PHYSICOCHEMICAL MODELING
J i3 { i \
2, ] H H ] . .
N { | ‘ y In order to examine the reality of the
li ":' ! ! \‘ { physicoche mical model and its corresponding
.i H 1_ i‘ i~ mathe matical model, a number of laboratory ex-
i l‘ L !\ '\ periments have been carried out!'?: 1151 '1n the
0 : 0 40 60 first series of experiments a capillary model with-
z/m out consideration of interactions of gas bubbles
and dissolved ele ments with the wall of the capil-
Fig .3

Nu merical solution of concentration

distribution of ele ments by Eqns .(5) and (6) :

Veg/ D=10m" ", g,/ G =0.1,
p=10""m’/s
1 —t=231;2—t=463;3 —t=926;
4—t=1852;5—t=3704;6—t=5556;
7 —t=7407 days

50
— 1
-:'_‘._ 2 .—‘_\‘\
10F 3 --.:.132;;_‘
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~ =
N

ty = 1/}3[1/(1mdx+ 1/(;()]
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Fig.4 Sensitivity analysis of stabilization
effect on model parameters: gpa/ Co =10
p=10""m’/s
1—Vy/ D=1;2—V,/ D=10;
3—Vy/ D=100m""

lary is simulated by a vertical glass tube of height
790mm , which is filled with water to height 750

mm and a solution of KMnO,( concentration of
Mn is 700 mg/ L) or CuSO,(concentration of Cu
is 800 mg/ L) in the lower part of the tube to
height 150 mm. A flow of air bubbles of radius
0.01 ~0.1 mm is fed into the tube from the bot-

tom with the help of a bubble generator. There
are four openings on the side of the tube for tak-
ing samples, which are analyzed by instrument
of modified atomic absorption spectroscopy AAS
( with a sensitivity of 0.001 g/ L) . In these ex-
periments Cu is in the form of simple cation
Cu’’ and Mn is in the form of complex anion,
MnO, .

In the first experiment with tape water in
the tube after 5 h of passing gas bubbles through
the capillary model the concentration of Cu in
the upper part of the tube, 0.021 g/ L, is about
the same as the background concentration 0.001
~0.032¢/ L (Fig.5(a), curve 1) ; but the con-
centration of Mn is increased from background
concentration 0.025 ~ 0.060 g/L to 0.11 g/ L
(Fig.5(b) , curve 1) . When added in solution

1 % acetic acid in the second experiment and in
the third together with salt of alkaline metal
( NaNO;) , which are possibly formed in under
ground water as natural surface active agents
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(SAA) , concentrations of Cu in these two ex-
periments and Mn in the third experiment are
apparently increased in 1 .5 ~17 .5 times ( Fig.
5, curves 2,3) . The obtained results indicate
that the heavy metals Cu and Mn can be trans-
ported in the capillary model, no matter how
they are in the mobile forms of anions or cations
and that the transport effect is influenced by or-
ganic substances and solution ionic content, as

was supported by the results of the work!'87

Ce/(mg-L71) Cae/ (mg-L° )
0 0.2 0.4 0 0.2 0.4
750 oy ()| 750 -~ (b)
/ H,0 H,0
450
5450 :1\ . "
= Sl E ~
g .
.. = .
m150 1 S TD 15@___1__2____}_3__
T oo, KMn(),
0 T 0 1
Air bubbles Air bubbles

Fig.5 Concentration distribution of copper
(a) and manganese (b) along tube of
capillary model

1 — Without surface active agents (SAA) ;
2 — With SAA of 1 % solution of acetic acid;
3 — With SAA of 1 % solution of acetic
acid and sodium nitrate
(a) —CuSO,, 800 mg/ L of Cu;
(b) —KMnO,, 700 mg/ L of Mn

In the second series of experiments, a tube
(30 mm in diameter, 300 mm in height) with
quartz particles (1 ~5 mm in diameter) and dis-
tilled water is used to simulate the porous medi-
um. Alayer of solution of UO,( NO;),(40 mg/
L) as the source of metal uranium and sometimes
with fulvic acid FA (100 mg/ L) as the under
ground organic substances is situated in the bot-
tom of the tube . As in the first series of experi-
ments a flow of air bubbles is fed in from the
bottom . Analysis of solution samples is made by
laserluminescence method with device AN-
GARA ( with a sensitivity 10" g/ L for urani-
um) .

From Fig .6 it can be seen that along the

tube the concentration of uranium decreases until
it is raised by the surface of water in the tube,
and that the concentration of uranium on the
surface of water increases with time . The mini-
mum of concentration means that the transported
uranium dissipates in the process of penetration
through the porous medium and then accumu-
lates by the surface of porous medium. In com-
parison of diffusion another experiment without
gas bubbles in the porous medium was conducted
and the contribution of diffusion proved to be so
small that can be neglected (see Fig.6) . Aseries
of experiments have shown that the adsorption of
( UOz)2+ by porous particles in the solution with
FA is less than that without FA, the concentra-
tion of uranium, transported by the gas bubbles,
however, is greater than that without FA. This
de monstrates the significant contribution of dis-
solved organic substances to the formation of jet

halos .
(..‘u/(ug'lfl)
110 10t 100 1 10°
20010 3
150
\E 100
X
50
Porous medium
()X

\Sulution of UL (NO;).

Air bubbles

Fig.6 Concentration distribution of
uranium and comparison of ex mperimental
data with numerical solution
1 —Initial model ; 2 —in 30 min; 3 —in 120 min
O —Contribution of diffusion in 120 min
O —in 30 min; M —in 120 min

Comparison of the experimental results with
the numerical solutions ( Fig.6) by Eqns.(5)
and (6) gives physicoche mical parameters: Vg
=4x10 °m/s, D=10""m?/s, C =35mg/L,
Gmax = 0.5mg/ m3(at t =30 min) and gpe =



Vol.9 Nel

Gas bubble-facilitated transport of metals in lithosphere

157 -

15mg/ m*(at £ =120 min), g=2x 10" °m’/s
and y=7x10""m/s, which confirm the labora-
tory conditions . Therefore , to some degree , the
proposed mathe matical model may be used to
predict the process and fate of transport of ele-
ments in the lithosphere in geological history .

5 CONCLUSIONS

(1) A physicoche mical model of gas bubble
facilitated transport of mobile forms of occur
rence of metals has been established ;

(2) The corresponding mathe matical model
is represented in a nonlinear integrodifferential
quasiconvective equation ;

(3) A partially implicit sche me of finite dif-
ference method is proposed and utilized for solv-
ing the nonlinear integrodifferential equation by
means of iteration procedure ;

(4) A stabilization effect of concentration
front at stabilized speed Vis determined by nu-
merical solution ;

(5) Physicoche mical modeling with solu-
tions of Cu, Mn and U under laboratory condi
tions has testified the numerical solution of the
quasiconvective equation .
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