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ABSTRACT

Hitliton Iternationud Metals, o member of the Roval Durch
Shell Group of companies, is applying the sointion mining rech-
nigue [0 recover smugnesiuin-chloride-containing brines from
carnellinie deposits in the northern part of the Netheriands.
These brines will be further processed to magnesium oxide.

Ay part of this profect, Billiton is sponsoring @ research pro-
gramme of the Koninkifike/Shell-Laboratorium, Amsterdum
(KSLAY An extensive study has been made uf the dissolution

behaviour of muliicostponent salts. On the basisof this investiga-
tion & theareticel model has been developed which deserihes the
down-hole leaching process m ores comtaining  carnalfite
tMaCly KCU-6H 00, hafite (NaCll. bischofite (MaCl;-6H 50/
and Kieserite (MgS0,H,G). The model has been checked
against field duta from an actuel cavity, the culculoied. data
show very good agrexment with the measured resplis.

INTRODUCTION

Whilst exploring the gas field in the northern part of
the Netherlands, the Shell Group discovered large mag-
nesitm-containing sait deposits at depths of 1500 to 2000
metres. The most interesting deposits were found in the
third evaporative eycle of the Zechstein: mixed carnaliite
{(MgCl, KCH6H,0), bischofite {MgCh -6H;0), Lieserite
{Mg50,-H.0) and halite (NaCl), with a total thickness
of over 100 metres in some places (Coelewij, Hang, van
Kuijk; 1978),

In the early 1970s, Billifon Internarional Meials, a
member of the Royal Butch Shell Group of companies,
investigated the feasibility of commercial expioitation of
these Mg-containing deposits. Billiton decided to pro-
duce a refraciory quality Mg( using the Harbison and
Walker technology; MgCl, obtained by solution mining
of the Mg-bearing deposits and burnt dolime (CaQ-
MgO; would be used as the raw materials for this process.

In 1973 a few exploratory wells near Veendam were put
into operation to gain experience with the solution mining
of carnallific ore, A bottom injection/top prodaction
mode was applied: ihe resulting brine, however, was
rather weak. Al Billiton's request, the Shell laboratories at
Amsterdam (KSLA) subsequently became involved in the
Prejeet, to advise on the solution mining mode and to pre-
dict how fhe brine concentration would develop with
time, With respect to the firsr request, we advised Billiton

to apply a top injection/buttom production mode; this re-
suléed within a very short time in a commercially aceept-
able concentration of MgCl, in the brine.

In order to predict the development of brine concentra-
tion with time, we carried out an extensive investigation
that was comprised of the following three elements:

= determination of the multicomponent phase eqoi-
libria

+ detailed modelling of the hvdraulics in the cavity for
the top injection/battom production mode

¢ determination of the dissolution rates of the different
salt components in unsaturated brines.

The resuits of these studties were used to develop 2 com-
puter program guantifying the time-dependent lfeaching
behaviour of the multicomponcnt Veendam ore, With
this computer program the cavity brine concentration
and cavity growth have been cakeulated as a function of
injection rate and ore composition. In the following sec-
tions the stidies and the computer prograrm are described
in more detail.

THE MULTICOMPONENT PHASE EQUILIBRIA

For brines produced from ores containing halite, car-
nallite, bischofite and kieserite the phase equilibria of the
quinary system MgCl-MgSO-KCFNaCt-HyO must be
known. Because the phase equilibria of this systemn are
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very complex. we mitially concentrated on the quaternary
systern MgCh-KCRNaCt-H,0, using the data of Auten-
rieth (1953} and of D' Ans (1933).

The most important phenomenon for our process is the
selective dissolution of camallite. When carnallite is dis-
solved in water, the concentrations of KCl and MgCly will
develop as shown in Table L. Two stages in the carnallite
dissolution process can be distinguished:

1. non-selective dissalution, where the brine is nor saf-
arated with potassium chloride, followed by

2. selective dissolution, where only MgClh, will dis-
solve, and previcusly dissolved KCI will precipitate.

Tabie 2 shows the brine concentration development when
carpallite is dissolved in a saturate solution of sodium
chloride. The data show that in the presence of NaCl the
selective leaching of MgCl, starts at lower KCl levels.
When bischofite {a pure magnesium chloride salt} is also
present in the ore the MgCl, concentration in the brine
will increase to very high levels of 30-35%w, and even
more KCi and NaCl will precipitate.

As can be seen from Tables | and 2, the higher the
MgCl, content of the brine, the jess the brine is contami-
nated with other coreponents, and a relatively pure, con-
centrated MpCl, brine will be produced from the bottom
of the cavity.

THE HYDRAULICS IN A CAVITY

To be able to describe the hydrautic flow in the cavity
the follewing assumptions have been made:

1. The flow in the cavity is laminar

2. The cavity operates iscthermally

3. There are no density differences in the cavity in any
horizontal plane

4. The vertical density gradient {Ap/AH) in the cavity
is positive in the downward direction.

TABLE 1

Development of MgCh and KCl concentration
during dissolution of carnallite n water
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TABLE 2

Development of MgCly, K{1 and NaCl concentration during
dissofution of carnallite in a saturate solution of sodium chioride

MeClL,, ECL
Tow LT
0 4] Non-selective dissolution
3.8 1.4
B.& 6.8
12.7 i
14.7 }i.5
17.8 46 Sclective dissoluztion;
20.5 L7 K precipitation
231 .0
257 4.5
26,9 38

Data taken from Autenrieth (1570} apd I Ans (1933,

MgCl.. KCl,  Nadl,

Fow Yow Tow

o 0 6.8 Nen-selective dissolation;
4.0 kN1 20.7 Na(l precipitation

8.0 6.2 14.7

11.2 R.7 10.4

2.0 #.4 9.7 Selective dissolation;
6.0 0 6.8 K and NaCl precipitation
20.0 3.7 4.4
24.0 4.4 27
26.4 .3 1.6

Data tuken {rm Autentiorh (1970) and D" Ans {1933)

Re 1.: Water is injected in the Veendam cavities at a
fiow rate of 10 to 30 m?/h: since the diameter of
the cavities is relatively large—as much as 100
metres—the linear velocity in the cavities will be
very low and flow will be laminar,

Re 2.: The Veendam. cavities are not very deep {+ 100
m); teraperature differences between top and
bottom, due to the temperature gradient in the
formation, are thus very small, The injection of
water at the top does not infinence the tempera-
ture of the cavity because of the dual string com-
pletion used in the well which acts as an almost
ideal heat exchanger wilh a length of 1500-2000
.

Re 3.: Any density differences tn a horizontal plane
will be nullified hy flow circulation in the cavity,

Re 4.; From ihe literature and cxperiments it appears
that the density of MgCl, brines, such as those
produaced from the Veendam cavities, will in-
crease somewhat with increasing MgCl; coneen-
tration in the brine. Thetefore, the positive gra-
dient of the MgCly concentration protile in the
cavity corresponds to a positive density gradi-
ent.

DISSOLXTFION RATES OF THE
DIFFERENT SALT COMPONENTS

The dissolution rates of the different salt components
were determined cxperimentally. For this purpose pleces
of hafite, carnallite and bischofite were dissolved in water
as well as in unsaturated brines of the quaternary system
MeCL-KCENaCl-H;0. To study the influence of temper-
ature the experiments were carried out at 25° and 55°C.

A unique refation was found between the dissolution
rates of carnallite and bischofite and the roiaf chioride
concentration of the brines in which the salts dissolve: the
dissoiution rate decreases strongly with increasing chio-
ride concentration (see Figures 1 and 2).
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Figures | and 2. Dissolution Rades of Carnallite and Bischofite as a Function of [C17]

In addition to carnalfile, bischofite and halite, the
Veendam ore also contains miner amounts of kicserite.
Although this material dissolves very slowly in water or
brine (see Figure 1), the amount dissolved can be large,
owing to the extremely small particle size and the natural
distribution of {he kieserite in the ore. The concentration
of magnesium sulphate in the brine thevefore cannot be
neglected,

OPTIMUM ORE RECOVERY

From the results of the studies on phase equilibria, hy-
draulic flow in the cavity and dissohution rates, it can be
seen that the dissolution process in the Veendam cavities
is abmost wholely concenirated at the top of the cavern.
The shape of the eavity will therefore develop in the form
of an inverted cone (“morning glory” shape}, leaving a
large proportion of ore unmined.

We have developed a mining procedure which im-
proves ore recovery considerably whilst producing a brine
with a high MgCl, concentration at the same time. In this
procedure, the total body of ore is leached in 4 series of
many smail salt cuts with a height of a few meters each.
The roof of every new cut is protected against leaching by
the injection of oil. When the leaching of a new cut s
started, the dissolution process in the previods cut coa-

tinues until, eventually, carnallite safuration is reached,
Af the end of this saturation process, the radius of the
cavity has approached the mining limit of 50 meters.

DESCRIPTION OF THE COMPUTER MODEL

For the catculations if is assumed that the multicompo-
nent ore is present in horizontal layers. The composition
of these lavers is derived from hore-hole logs; dip angles
and variations in ore prade are not taken inte account.
Further, the reverse flow circulation mede, ie., top injec-
tion/botter production, is assumed,

Each ofe layer is subdivided in smaller computational
cells with heights up o 1 meter. For each cell the model
computes the mass of salts dissolved, the new celt radius,
the brine composition and the mass of precipitaling solids
during a small time step. At. The calculation cycle starts
at the bottom computational cell, from which brine is
produced, and proceeds to the top cell, in which the fresh
water i3 injected. By ifcration, the development of cavity
shape and cavily brine concentration with time, as a func-
tion of injection rate, cavity height and ore composition,
can be calculated.

We have fested the model against practice by caleulat-
ing the voncentration development for the first three cuts
of one of the Veendam wells (Ve-2) and comparing these
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Figure 3. Brine Concentration Development vs Injected
Watar Volume
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results with peint data measured at the well. The pre-
dicted data are very promising, as can be seen from Fig-
ure 3, and we intend to use the computer mode! to predict
the performance of future production wells.
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