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ABSTRACT

This paper presents the develocment of and
results from a computar model of post in situ uranium
leaching site restoration. This model uses a stream-
line~concentration balance approach and is useful
with a wide range of reservoirs. It can be used with
any type of well system, in a bounded or unbounded,
layered, and/or anistropic reservoir.

Fram a well pattemn and reservoir point of view
the effects of areal sweep, layering, and anisotropy
are shown. Also the effects of the reserwvoir's
cation exchange capacity and affinity for the
leaching cation are demonstrated. These variebles
along with the effects of varying types of clean wp
solutions are related to restoration schemnes and
cautions are outlined for not just restoration but
leaching as well. :

INTR00UCTICH

ileaching solutions commonly used for in situ
uranium extracticn canerally include an oxidant such
owved oryzan or nyvarocen peroxide tor axidize
¢ ingoluble UM wvalence
"t form. To eriznce the
015 g : i,
citen ingliuded in the lisdwviant formulation. : Thess
form stazle, higniy soluble uranyl dicarbonate or
uranyl tricarbonate ions® which can be recovered
in surface ion exchange facdilities. 2t pré&sent most
solution mining eplovs anmonium:cartonate/bicarbon-
ates as the carbonate source. These solutions have
teen found to be effective in South Texas sandstones.
Amonium carbonates have been preferred to sodium
carbonates because many of the formations
experience severe permeability reduction
wnen contacted with sodium ions. Potassium carbon-
ates are ryore expensive than ammonium carbonates.

referances and illustrations at end of paper

These leaching operations are conducted in
aquifers. The injection and production rates are
adjusted to minimize lixiviant excape fram the im
mediate vicinity of the mineralized zone. After
the mineral values have been produced, the mined
zone must be restored. Restoration is generally
cefined by the terms of a mining permit issued by
a responsible goverrmental agency and approved
by the mining camany?. Because of the technology
of in situ uranium mining is in the develoomental
stages, standardized rules for restoration have not
vet been developed. The practice to date has been
to require that groundwater samples drawn from the
acuifer in the mined area have a composition similzr
to that which existed prior to mining. For example,
if ammonium carbonate is one carponent of the -
lixiviant, then the levels of ammonium allowed to
rarain in the groundwater are related to those
initially present. Since thesz initial levels are
often gquite small, restoration may reguire that a
large portion of the awmonia be recovered from the
acuifer. The difficuity of accarplishing this goal
and the best procedure to use will cepend on a
nunbar of factors, including the reservoir dimen-
sions and its characteristics, the type of cation
usacd in fhe lixdviant, the well cattern and the
néd concentration of the eluting solution.
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The particular problew addressed in this paper is ths
removal of the lixiviant cation; however, there mey
be, ané in general are, other criteria which must Z=2

satisfied. Vanadium, arsenic and ranganese must all
pe reduced to tolarable concentraticn. issolved
s0lids and racdioactivity must both be reduced to nszr
taseline levels.

Lixiviant cation restoraticn is considered hers

bacause this is believed to be one of the mors comslex

tasks, especially if the residual concentrations ars
set at very small values. Tne removal process con-
sidered involves ion exchancge since camonly occur-
ring minerals, especially clays, exhibit a consicdar-
able cation exchange capacity?. -

This paper describes a corputer model which is
believed to include the effects of many of the im-
portant factors such as the size and shape of the
mineralized zone, reservoir characteristics such as
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the cation exchange cacacity, and directional per-
meabilities, the type of lixiviant cation and the
nature of the eluting fluid used to displace the
sorbed lixiviant cation.

THE FLOW MODEL

In this rodel the flow is assumed to be single
phase and two—-dimensional so that the fluid veleccity
at a point can be calculated using the well known
source and sink equations (see Appendix A). The
source and sink equaticns have been written in
anisotype form such that they are a function of the
| locatian and wolume rates of production and injection
wells and the directional permeabilities (kx and ky)
of the reservoir. Given the fluid velocities,
streamlines can be traced. A typical isotropic
example is shown in Figure 1.

Once streamlines have been defined, the pressure
drop along tham can be calculated. In the approach
used here, the streamlines are divided into egual
pressure incraments or nodes which will be used later
in developing a finite difference analog of the can-
centraticon balance. The fluid velocity at each node
is recorced for future use in the finite difference
equations.

It should be noted that the streamline model

can be modified to aporoximately account for variations

in reservoir thickness provided they can be assumed
to change linearly between wells". The calculation
recuires that the formmation thickness be known at each
point along a streamline. These values of thickness
are entered using a grid system over the area of the
pod, as shown in Figure 2. This information is used

.| to adjust the fluid velocities at each node. In the
subsegquent concentration calculations the modified
velocities will be used. 1In this way, thickness
variations are considered.

st uranium pods are stall in area capared to
Lhn acui:e.:s '_n \«Hich they occur, ..nd b‘lese are

:‘g\.:e 1. In scme casas oo*m_~d sys‘.e“s are en-
co'r.'te:ed. sowmnding may occur for natural reasons
sach as faults or p—:::—.abih:y pinch outs or
bounding "&y o2 artificially imposed by mechanisms
such as crow Swater '3";j9:':ion in guard wells drilled
aromnd the outside of thzs pod. If bowmding is
gzsired thz nmodfzl us:ss nod of irmage w °1ls
izvelcped by Linf = the bounding which can
b 2 "1]6’:‘:10“ retes through a
g:.\_n systam of gz.a:c v.=l‘s Thils process can be
used to forw a boundary in the model recardless of
whether or not the boundary on the pod is created by
natural or artificial means. An example of an iso-
tropic bounéad pod is shown in Ficure 3.

o4

QONCENTRATION BALANCE

Oce the flow system has been defined, bounding
carpleted if recuired, and each streamline divided
into noces at which velocities are stored, the next
step is to calculate the concentrations of both
caticns and the anion at each node point. The
calculations reported here assume that two cations
are present and at each point the sum of their
concentrations must egual the anion concentration to
preserve electroneutrality. Thus

Cl + C2 = CA X (1}

Also the fluid is assumed to be in local eguilibrium
with the minerals. Assuning that this equilibriua
can be represented by the law of mass action negiect-
ing activity coefficient co ions (see Griffith
for an excellent discussi . We write

a_,ab (2

% o
where Q) is the amount sorbed per unit mass of
mineral. Cation 1 will represent the one which is
to be displaced and for K>1, it will exhibit a
stronger affinity for the surface than does cation 2.
-It is furthermore assumed that the sorption process
is ane of cation exchange so that

Q=0 -0 (3)
where Q, is the cation exchange capacity.

At any point in the reservoir, the amount of
cation i per unit pore volume is

1-¢
i ¢

PR Q; +C4 (4)

where Q = 0, that is, anion adsorption is negleczad.

The component balance can be written as

2

aC; 3<C. oL,

ale,¥) —2+ B(¢,¥) —L=¢ __1 (5)
3¢ 302 ot

neglecting dispersion along lines of constant potsn-
tial (perpendicular to flow, transverse dispersic:
as shown in Appendix B and by Bammer and Schechter’.
The quantities a and £ depend on the velocities
along the streamlines which are kncwn, but are inisp-
endent of concentration. ¢ is the potential function
vhich for horizontal single phase systems is the
pressure.

To solve EFguation (5), it is mest convenient o
solve first for the anion concentration as a funczien
of time and position. Since anicn sorption is nzs-
lected, this involves the int~cradon of a 141e_.
&Ll_l dififsrsntial ecustion with -

tent A mmerical c:'“'o\_f“\ n2s ba2n nd)_ 2. =
fi_nite difference anzlog involvi ing an 17;>li<:i'c It
order central difference has besn =ployed. Trusz:
voint forms have been used near the boundaries whan
necessary to preserve the pentadiagonal matrix s.ztem.
Eecause of this certain corputational errors are
introduced and these are especially troublescme z:
fronts where concentrations tend to change rapic:-.
Nurerical experiments have shown that these erross
are manageable. Further discussion of the numeri:zal
techniques is given in 2poendix B and a camplete
report of the studies relating to stability of t&=
nurerical technigues are reported elsawnere®.

Cnce the anion concentration is established, the
concentration of one of the catichs can be elimirzted
using the conditicns of electroneutrality, Eguations
(1) and (3). Eguation (5S) then can be reduced tc a
form containing one unknown, a cation concentration.
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This equation is not, however, linear in the cancen-
tration and an iterative procedure is reguired.
Further discussion is provided in Appendix B.

DISCUSSION OF RESULTS

The most important contribution of this work is
believed to be the develcpment of a versatile cam-
puter program, able to accamcdate, for exanple, a
variety of initial conditions, well patterns,
reservoir characteristics and fluid injection strat-
egies, which simulates the elution of a sorbed
cation. However, same general cbservations can be
rade by camparing the results of different camputer
runs even though the reservoir studied is a hypo-
thetical ocne. These conclusions are presented in
this section.

The case studied is defined by the parameters
listed in Table 1. The aguifer is assumed to have a
thickness of 30 feet throughout the 2.75 acre miner-
alized zone. For most calculations the initial
lixiviant catian concentration is assumed to be
1.04 X 107? equivalents/liter. It is recognized
that this number is at least several times that
concentration now used in Scuth Texas mining
operations; hcowever, the effect of the lixiviant
concentration will be considered and shown to be
unimportant. The cation ewxcrange cagacity given in
Table 1 is eguivalent to 5 meq/100 grams of ore.
This is a small value. Many South Texas ores have
been studied® and only those having very small
concentrations of clays or zeolites exhibit such
srall cation exchange capacities. Many dsposits
have cation exchange cagacities ranging two to five
times this value. The influence of the cation
exchange capacities is also investigated.

The elution fluid concentration is ‘equivalent to
61,000 pmm scdium chloricde solution. There may be
sz disagreement recarding the use of an eluant
which has a consicerable higher dissolved solids
content than does the natural crowndwater since once
the lisiviant cation (as, for exzmple, amonium) has
o2zn cdisplaced, a second stace process will be
recuired to displace the high concentration brines
Iror the pore spgaces. We shall, howesvar, sse that
consifaregble advantage may be gained eluting with
hich concentration brines, and this ray offsst the
cisz e of a secong stage. This aszect will be

cigoas

Rgstoration of the mined zcne should b2 a
factor in the selection of a well pattern since
the same wells are used for both resteration and
production. Unfortunately, optimum recovery of the
mineral values is often the overriding consideration
governing the develoment of a field. This may be a
pocr strategy. Focusing on the removal of sorbed
caticn as one important aspect of the restoration
proeblem, the rate of recovery can be studied as a
function of the well pattern, all other factors
being held constant. Several well patterns have
been selected for study to illustrate the point.
Thay are the unbounded inverted five spot (Ficure 1),
the ubownded line drive (Figure 4), the unbounded
circle pattern (Figure 5) and the unbounded ex-
panced inverted five spot (Figure 6). The fractian
of the leaching cation initially present in the

mined zone denoted by the rectangular region which
is recovered is shown in Figure 7 as a function of
pore volumes injected. The conditions of the study
ccmmon to all camputer runs are given in Table 1.

From Figure 7 it can be seen that the inverted
five spot and the line drive recover the smallest
proportion of the leach cation in a given time.
Since the flow is cne phase and the reservoir is
homegeneous, eventually all of the lixiviant caticn
will be recovered regardless of the pattern. This
result shows, however, that same pattemns result in
a more efficient areal sweep than others. The rules
sesm to be that streamlines should be of uniform
length and should penetrate the entire formation if
possible. For example, the circle pattern appears
to recover less than the inverted five spot due
mainly to the longer streamlines associated with the
circle pattern which result in a longer fluid
transit time.

The results shown in Figure 7 indicate that if
extremely small levels of the lixiviant cation must
be achieved, then very long restoration times will
be required, thereby requiring considerable fluid
volure. For example, we have continued the computer
simulation of the inverted five spot for injection
times extending to one year. A part of these results
are shown in Figure 8. Notice that the percentage
recovery of the lixiviant cation is slowly increasing.
Indeed after one year, about 5 pore volumes have
been injected and produced and only 90% of the
cation initially present has been recovered. Further-
more, those lixiviant cations still remaining in the
reservoir were found to be near the boundaries of
the region or to have been displaced outside of the
region. Of course these cations will all
evenritually be produced.

The concentration of the lixiviant cation in the
produced fluids is 5.46 X 10! eguivalents/m?
(930 ppm expressed as NHj) at the end of one year.
This is a value which may still be excessive when
carpared to p=rmitted values. Our conclusion from
this gartc of the study is that ultralow concentra-
ticns of the lixdviant cation in the produced
£fluids will be espensive to achieve becauvse excess-
ively large quantities of eluant will be reguired.
This point is etphasized, parhaps over emphasized,
cause it is irportant to stress that the cost of
restoration mav not be necligible.

The 1iviviant cation concentration used in th
calculations cdescribed acove and given in Table 1 is
proodably larger than those used in rost kasic
leaching solutions. This prompts us to inguire as
to whether or not the long times reguired to recover
the lixiviant cation is not a function of the same-
what large values of the lixiviant concentration.

To understand the results to follow, cne must
recognize that the total cation sorbed is indepencant
of the lixiviant concentration. This is based on a
very reasonable assumption that the leaching process
was conducted for a sufficient time to ensure that
all of the cation exchange sites contain liviviant
cations. Thus the cation ion exchange capacity
determines the sorption. 2as the liwiviant concen-
tration is varied, the initial amount of cation in
reservoir changes, because of that porticn contained
in the pores. Figure 9 shows the cation recovery as
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a function of the pore volumes injected for the case
when the lixiviant cation concentration is reduced
fram 1.04 X 10° to 1.04 X 10’ equivalents/m?. This
latter concentratian is much smaller than would
norrally be employed. Even if the lixdviant
concentration is greatly reduced; the results shown
in Figure 9 indicate that the recovery is not made
easier. Actually camparing the results shown in
Figures 8 and 9, one is tempted to conclude that it
is more difficult to recover the lixiviant cation if
the initial concentration is reduced. This is, how-
ever, not the case. As shown in Figure 9, the cation
concentration in the produced fluids is initially
small, but as the anion concentration increases (the
.injected concentration is maintained high), the can-
centration of the lixiviant cation also increases.
After about 1.0 pore wolumes, the concentrations for
the two different cases do not differ greatly. This
implies that the remaining sorbed cation which was
the same for both cases are being removed at about the
same rate. We conclude that the difficulty of re-
covsring liviviant cation doss not depend critically
on the lixiviant ccrcentration.

The concentration of the eluting fluid is
larger than that foind in naturally occuring
grouncé-aters in shallow aguifers. The concentraticon
corresponds to apout 61,000 pam NaCl.  Generally
the concentration of cissolved solids shoulé be
recduced to levels consistent with the initial state
of the growncdwater. This means that it may be
necessary to flush the systam with crouncwatar,
perhaps by sroducing from a cantral well. It may
seem desireable to avoid this second stage by using a
less concentrated eluting fluid. The difficulty
with this zpproach is that the displacement of tne
sorbed cation is speeded by using higher concen-
trutions of cation in the eluting solution. The
effect of reducing the icnic strangth of the
eluting solution is shown in Ficuire 10. The curve
labeled 1.04 X 10° aguivalents/m® (58,000 pan NaCl)
corresponcs to that given in Figure 7. As the
concentration of the eluting fluid is reduced, the

disglacement is szen to be progressively less
effective. In fact the dzpandence on ionic strancth

is m32h more

For the czse

Frofoing than is

indicated by Ficure 10.
stucied only 23%

3

of the lixiviant cation

is sorbed on the revaindsr is initially
containgd withi coras and ig easily displaced
Svan oy which do not ramowve sounk cations.
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Curves showing the disposition of the sorbed
leaching cation are not included here, but an
examination of them further emphasizes the advan-
tages of using concantrated elution solutions.

The decision as to the desireability of using a two
stace process depends on a number of factors
including, for evawole, the availability of highly
saline weters. In the final analvsis, the decision
will be based on econcmic considerations. -

The amount and types of clays largely determine
che difficulty in displacing the lixiviant catian.

For the purposes of ion exchange calculations the
minerals can be characterized by their ion excharge
capacity and their relative affinity for the caz=ting
cations. This affinity is characterized by the

amic constant K appearing in Equation (2).
To illustrate the inportance of these parameters
several runs have been made using the inverted five
spot pattern (Figure l). Figure 1l shows the
recovery of the lixiviant cation when the cation
exchange capacity is increased by an order of mag-
nitude. As expected, larger volumes of fluid are
required.

It is also instructive to alter the value of K.
For K > 1, the displaced cation exhibits the greatest
affinity for the surface. (See Eguatian 2) Ficure
12 shows the displacement to be more efficient if
the affinity for the displacing cation is greatest.
In this case the displacing front is self-sharpening
and dispersion reduced. The desireability of
utilizing caticns in the eluting solution which fave
a high affinity for the surface has been discusszd
by Hill et al?.

As mentioned earlier, reservoir characteristics
play a very important role in leaching and restoca-
tion. Several types of reservoir hestergeneities
can be considered by this model. Reservoirs con-
sisting of noncommmicating stirata can be accamc-
céated. 1In leaching and restoration the flow is
single phase and the viscosities are not changed
susstantially as the lixiviant concentration
chances during the leaching process. Under such
conditions cammnication between strata is smalll®.
To illustrate the effect of lavering the reservcir
defined in Table 1 is assumed divided into thres
lavers of equal thickness having permezbilities
of 25, 20 and 15 Darcies, respectively. The
porosities of these layers are assumed to be 30%,
25% and 20%. It can be seen from Figure 13 that
after four months the layered system is not as wzll
restored. The low permeability layer does not
accept as much fluid as the other two and longer
injection times will be reguired to camplete ths
task.

The second type of hsterogeneity that can :t=
ccnsicdared by this model is anisotropy. For anizo-
tropic svstems the x direction and the y directim
oermeabilities must be Imown. Pods having perm=zbil-
ity contrasts other than wity (ke = ky) show
amline cettemms that are elongatad and distced
n corared to isotropic systens. A5 an
of this, the inverted five spot pattern of Figur= 1
has been rnodeled again with a permesability contrast
of 20 (kx = ID, ky = .05D). The streamline
pattern for the anisotropic pod is shown in Ficore 14.
The restoraticn results, after four months of res-
toration, for the isotropic and anisotropic systa=ms
are shown in Figure 15. This figure shows that the
anisotropic system has recovered about 12% less of
the lsaching cation than the isotropic pod. This
is Gue to the disnuption and elongation of the
streamline pattern by the permeability difference.

QOECLUSIQNS

Several points have emerged as a result of
this study which should be emphasized. The most
irportant one is that restoration costs may be
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significant and shculd be considered in all stages
of the development and operation of an in situ

process. More specific conclusions are

(1) Well pattem is important. Clean-up is best
obtained with weélls which span the entire
contaminated zone and arranged so that the
streamlines are of roughly the same lencth.

(2) The ease with which the lixiviant cation
can be removed fram the formation does not
depend strongly on the lixiviant con-
centraticn, however, increasing the cation
exchange capacity or decreasing the
relative affinity of the displacing cation
for the mineral surfaces does increase the
volumes of eluting fluid required.

(3) To rapidly displace the sorbed lixiviant
cation, the use of a high ionic strength
eluting solution is essential. This ray
require a two stage process to meet the
requirements for restoration.

(4) Reservoir heterogeneities camplicate the
restoration problem and in general result
in the nszed to use larger volumes to
displace the sorbed liviviant cation. Lay-
ering and directional psrmeabilities have
been studied here.

NOMENCLATURE

C; = concentration of companent i

Do = rolecular diffusion coefficient

F = formation resistance factor

h = formation thickness

KL, = axial dispersion coefficient

K = equilibrium constant

k = permzability

Li = total (inclucding sorbed) eguivalents of

cxrponent 1 par unit of pore volume

P = everage forretion gparticle diamster

g = injection (+) or rroduction {-) rate

Qi = equivzlents of camponent i sorbed per it
rass of mineral .

Qv = cation exchange cagacity axgressad in eguivalents
ser wmit rass of mineral

F1 = two percent of
crojustion ang

t = time

0= U:.:Z + L'xyz

ux = x componaent of flux

vy = y camponent of flux

v = fluid velocity

Subscripts

A = anion

L = longitudinal

i = cation number

Greek

¢ = coplex function of velocity defined by
Equation (B.4)

2 = function of velocity defined by Equation (B.3)

p = fluid viscosity

r—-ﬁ\

QUe o

potential

porosity

density

formation inhamogeneity factor
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APPENDIX A: ANISOTROPIC STREAMLINE CENERATION

It is well known that the following potential
is a solution of the Laplace equation with line
sources and sinks .

o%,y) = o - f q; Wn{G-x)? + G792 A

5 =1

where

X =

X,y=X g = 2
ky - ky

=h/kz

The components of velocity are, therefore,

_ﬁXz

2adh =1

(x-xi)

k
+ E’;—(y-y i

vy (Xy) = (A.2)

% (x=x1)2 )2

(y~y;)

g(Y‘Yi)
Dzfine RI as two percent of the average distance
between wells and assume that the velocity is
constant over this small distance. Sum the

vectorial components of velocity to obtain the
total velocity

(A.3)

(x-x4) 2,

= 2 2.4
= (v, + vy )
The time required for a fluid particle to move the
distance RI is

vix,y) (A.4)

£t = RI/vX,y) (A.5)
Toe naw location of the fluid particle along a
strzamline can be calowlated by
Ripl = B ovgxy) at (A.6)
Yipp = Y * vylxy) ot (A.7)

This procedure is repeated for each streamline of
each production well. Thus, the streamlines are
traced between production and injection wells.

APPINDIX B: CONCENTRATION BALANCE

A concentration balance, which includes &is-
persion that varies in the axial as compared to
the radial direction and adsorption can be wrizten
as

(1-0) ac, ac, X,
-¢ p ¢— + + U=
}‘F— cx(}gﬂo
3C. . ac.
+ 0k by g 1+ x Y (B.1)
3y YXdx X wydy 3y YYdy
Define
1-¢
Li = {T'DR Qi + Ci} (B.2)

and transform Equation (B.3) from rectangular
cocordinates to stream function and potential
ooordinates. If dispersion in the transverse
direction is neglected, and if K; is taken to be
constant, it can be shown that

2
aC; 3°C. 3L,
o T_i + B 1 _ ¢ 1
ed 2-¢2 ot
for i =1, 2andA (B.3)
where
pnY XK
a(d,y) =uln +u 2 Ly v 8 )
X'3¢ Ky Y~
,a sz\u L 3 ( } 4
+ug g Ky ) - o lemayKp) (B.4)
and
= 2 -
g = (um) KL (B.5)
Th2 guantity n is céefined as
2 2
L u
n= %(1 + X (2.6}
ald Ky, Ky
K. is the axial dispersion coefficient. In -2
ntmerical calculations reported here, Ecuatr- (B.7)
which was used by Perkins and Johnston' ! has zeen
used.
Bo u
Ky = = + 0.5cP= (B.7)

Fg ¢

To solve Equation (B.3) the finite differencs analox
shown by Equation (B.8) is used at interior zcints.
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Coe2,i ~ &ne1,i * 8Cn-1,i =~ -2,
12480
c . - 16C .+ 30C, ; - 16Cn-1 i * Cn-2,i Now an expression for each node has been written and
+ 8 nt+2,i ntl,di “n,i n-l.1 since the eguations are implicit in time, they must
n 12482 be solved simultaneously. If the equations were
linear, this procedure would be straightforward
L _ ] since the matrix of the coefficients is pentadiagonal.
= ¢ n,1 Lh,l—l However, for adsorbed cations L is nonlinear. In
4t (B.8) solving Equation (B.8) for a cation an iterative

This is a five point representation and it is
applied at all interior points; however, at the
boundaries a three point form is used. This
procedure which preserves the pentadiagonal structure
is detailed elsewhere®. 1In all of the expressions
n represents a given node and i a given time. The
same equation applies to each of the cations as well
as to the anion. At the first node, C; j, is given
as the corposition of the injected £fluids. At the
second node, a three point form is used. At all
interior nodes until the next to last node (n-1)
is reached the five point forms, Eguation (B.9),
are used. At the next to last ncde, the three
point form is again used. At the last node, n,
which is at the face of the wellbore, a three
point form reguiring the concentration at a ficti-
tious n+l node is vsed. The fictitious concentration
is Cetermined so that

& =0
°¢ n+l

procedure is used. Lp,j is represented using a
Taylor series expansion

. * dL;,i *
e s R

n,i

(B.10)

Ln i is calculated using an estimated concentration
j- The linear relationship, Equation (B.10}, is
substituted into Equation (B.4) and the concentra-
tions G, i found by mve.rt_ng the pe.ntadlagonal
matrix. Thls concentration is used to cbtain a
better estimate of the derivative dlj j and the

&F i

process repeated until C* equals C

i It was
found that this proceduré’&onverged wéh

Table 1
PARAMETERS USED FCR BASE CASE STUDY

Properties of the Reservoir

Porosity

Thickness

Area

Cation Exchange Capacity

Density of Solid
Pore Volume

Prooerties of the Lixiviant

0.30

9.14m (30 feet)

11,130m? (2.75 acre)

5 X 107? eguivalents/kg
(5 meq/100 gram)

2,500 kg/m® (2.5 g/cm’)
3.05 X 107m? (192,00 bbls)

Cation Concentration

Process Characteristics

Thermodynamic Constant

Elution Fluid Concentration

Injection Rate

1.041 X 10° equivalents/m’
{1.041 X 107? equiva-
lents/cm?)

2.0

1.041 X 10° eguivalents/m*
(100,000 pom NaCl Sol-
ution)

436 m’/cay (2740 bbls/day)

(assumad egually divided among all injection wells)

Production Rate

436 m®/day (2740 bbls/day)

(assumed equally divided among all production wells)
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Precipitaion of lead as the digxide by ozone in an acidic medium

AF Chudnov {Ruzbass Pylyicchnic Instiiule - Department of General and Inorganic Chemistry)

Earlier it was reported that divalent lead is precipilated

by ozone from aquecus solutions of the hvdroxide in the (orm
o the dioxide at pH 6-8 and in the form of the wonoxide at
pi>92%). Under normal conditions divalent lead is unt pre-

% dpitated and is not oxidised by vzone in neutraf and acidic

media. (An exception is lead indide). On the other hand, il
would be useful to realise an amlogous process for solutions
with pH<’'6, since the need often arises to precipitate PH*!
lons in neutral and acidic solutions in hydrometallurgy, for
example, for purification of effluents, etc.

We have established that the oxidation of divalent lend by
ozone with its simultaneous precipitation as the dioxide can

be realised in a weakly acidic medium in the presence of
manganese compounds as catalySt, As model we used 0.01M
aqueous solutions of lead ncetate and lead nitrate, which were
acidified by addition of the acid with ihe like anion (acetic

" and nitric acids respectively) with variation of the pH in the

range of 1-6. The catalyst was manganese acetale or nitrate
{2-5% ‘on the weight of the lead salt).

In a series of experiments to determine the pussibility of

separating a mixture of cations the precipitation of lead by .
ozone was realised in the presence of cadmiwm and zinc
nitrates. All the reagents were of analytical grade. The
ozonisation conditions were as follows: duration 4h, tempera-
ture 20°C, volume of solution 300 ml, ft was established that
Intense precipitation of lead (together with manganese) in
the form of the dioxides takes place in neutral and moder-
ately acidic medium {(up to pH~3), In a more acidic medium
the (md“ltmn rate of divaient lead is greatly reduced, and
m1nganese dioxide mostly separatesin the prec lplete In

an acidic medium part of the manganese is oxidised to water-
soluble permanganate, and the solution acquives the charac-
teristic violet colour. The precipitates were filtered off,
dried to constant weight, and weighed. The averaged results

. {rom the ozonisation of synthetic mixtures of lead acetale

in thé presence ol manganese, zinc, and cadmium ions at’
various pH values are given in the table. (Theoretically the
weight of the oxide precipitate was 0.398g.),

Thus, the.table illustrates the possibility of separating zinc
and cadmium ions from lead by precipitation of the latter

in the form of the dioxide with ozone as precipitating agent.
Divalent manganese is readily oxidised by ozone in neutral

and weakly acidic media and is precipitated as the dioxide ?).
This effect is used in practice for the removal of Mn?®+
from drinking waters by nzonisation®),

The calalylic action of manganese {11} additions can be
explained in the following way. Ozone oxidises manganese
(I1) to manganese (1V) and then o manganese (VII). The
latter oxidise divalent lead to tetravalent, being reduced
back to manganese (1I). The reduced divalent manganese
is again oxidised by ozone and oxidises the lead, and the
process is repeated. The proposed mechanism is confirmed
by the oxidation of manganese (I1) by ozone °) and by the
oxidation of divalent lead by potassium permanganate solu-
ton in a moderalely acidic medium. Thus, ozonisation of
moderately acidic solutions of lead (II) salts in the presence
of catalytic amounts of manganese (1) leads to rapid and
quantitati ve oxidisation of the divalent lead to tetravalent
and precipitition of the latter as the dioxide, The precipi-
tate is separated from the solution by usual methods (filtra-
tion or centrifuging),

Conclusion

It was established that it is possible to precipitate divalent
lead as the dioxide by means of ozone in neutral and moder-
ately .nudu medium in the presence of catalytic aimounts
of mangnese (1) salts. Lead and manganese ions can be
bQ[)iH'lle from zinc and cadmium by precipitation as the
dioxides with ozone in a2 moderately acidic medium,
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1) A F Chuduov and G V Kokhno: Izv. Vuz Tsvetnaya

Experimental

pH of weight'of oxide

Composition of initin} mixture solution precipitate, g
0.602 g Pbh (CH,COO),- 31,04 0.06g Mn (CH;COO),- 1H O« 6 0.415
+1.31g%n (CH,COO)> 4 0.412
2 0.254
1 0.194
The samie mixture, but 1.3 g of Cd(NQ,), was added instead 6 0.403
of Zn(CH,CO00), 4 - 0.400
2 0.236
1 0.200

The results of the experiments show that at pH 6-3 divalent
lead is precipilated by ozone together with manganese almost
entirely in the form of compact heavy precipitates of the

dinxides, The zinc and cadmium ions remain in the solution,

Metallurgiyn 1975, (4).
2) I Marcy and F Matches: Chem, Technik 1967,19, (7), 430,
3) V F Kozhinov and I V Kozhiniv: Ozone treatment of
water. Stroiizdat, Moscow 1974,
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Thus, the sulphide melts of iron and nickel, which were
$3d _mualified as complex ionic-electronic polyfunctional conduc-
e rs with a2 preponderance of the metallic contribution to

= ! e conductivity, can be reduced to a state where the ionic
E M“lcmnponent of the conductivity becomes determining.

e © To confirm this conclusion experiments were set up on
ﬁj ﬁ:e electrolysis of melts with the following compositions,
: ole %: 3% FeS + 65 Na,5; 3.5 Ni,§, and 96.5 Na,S. The
X lectrolysis of the melts in both systems was realised at

~Fand nickel.
[

@) & During the electrolysis of the FeS-Na,S melts iron was

ad @eleased at the cathode. The current efficiency (n %) at
970°C amounted to 29% (cathodic current density d .= 1.5
A/cm®, voltage at the cell terminals 6-9V). The current
efficiency was reduced by a reduction in the cell voltage

§
%% mperatures 500-6000C below the melting points of iron
!

and also by departure of the current density from 1.5 A/cm?®.

.I The results from investigation of the dependence of the

i yield of the metal on temperature in nickel-sodium mattes

' at 900-1070°C showed that with other conditions equal
(current density, voltage, electrolysis time) increase in
temperature as a rule led to a decrease in the current
-efficiency.

Increase in the cathodic current density from 0.5 to 2.5
A/cm® was accompanied first by a smooth (from 14.0 to

Precipitation of lead from agueous solutions by ozone

A widespread method for the removal of lead iron (Pb®*)
" from solutions is its precipitation in the form of poorly
soluble compounds. The principle of the method is based
on the reaction of divalent lead with sodium or potassium
carbonates, sulphates, or suilphides. The most complete
..~ precipitation as applied to effluents is gbtained with sodium
carbonate as precipitant?):

Pb(NO,), + Na,CO,~—PbCO, | +2NaNO,

"1‘&: . R
R The increased salt content is one of the disadvantages of
the classical method of precipitation with the above-men-
tioned precipitatnts, particularly in hydrometallurgical
¢ ~ ‘processes during the separation of mixtures of cations.

We studied the reaction of ozone with Pb?* in order to
determine the optimum conditions for precipitation of the
latter in aqueous solutions. Unlike known precipitants,
ozone does not introduce extraneous impurities into the
reaction medium and can be used for purification of lead-

-containing effluents, the separation of Pb?* in the form of

7. oxides from a mixture of cations in the solution, and for -

- the production of lead monoxide and dioxide. Ozone oxidises
leh:dte hg)droxide to the dioxide and lead sulphide to the sul-

- p .

The work was carried out on an ordinary laboratory set-
up. Ozonised air containing 6-10 mg of ozone per litre was
bubbled through a porous glass partition into a solution of
the Jead salt. Aqueous solutions of divalent lead salts
(acetate and nitrate of chemical purity) with concentrations
of 0.5-50 g/1 were used. The volume of the solutions was
-200-500 ml, and the experiments were carried out at room
temperature. The ozonised solutions were periodically
analysed for Pb®* content by a gravimetric method by reac-
tion with sulphate jon. The figure shows the curves for the
removal of Pb®* from the solution during ozonisation.

It was established that the reaction of ozone with-Pt**
.In aqueous solution depends on the pH of the medium, The
- Teaction does not occur at pH<6, At pH 6-7.5 ozone reacts

on-Te. ..
(524 .2 MY

11.6%) and, beginning withd, = 1.5 A/em?, by a sharp
decrease in the current yield of nickel to 2,07,

The decrease in the yields with increase in temperatwre
and current density must be attributed to the appearance
of depolarisation effects, i.e., dissolution of the metal
in the melt and reaction of the electrolysis products 1o form
the initial compound.

Thus, the possibility of suppressing the electronic conipo-
nent of conduction in melts of liquid ionic-electronic (poly-
functional) conductors with clearly defined metallic type

" of conduction was demonstrated. By the introduction of

heteropolar addition these melts can be reduced to the ion-
conducting state and can be decomposed electrochemically

into metal and sulphur. The results are significant for the

electrochemical technology of the treatment of polymetallic
sulphide ores which contain metals of the iron family.
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both with the hydroxide and with the salts of lead to form
dark-brown lead dioxide pbO,, which separates as a pre-
cipitate, The reaction evidently takes place according to the
following scheme:

Pb(NO,), + H,0 +0,— Pb0O,} +2HNO,+ O,

The time required for complete precipitation of Pb®* de-
pends on the concentration of the reactants. Under the
experimental conditions, for ecample, purification of 200 mi
of a solution containing 1.5g of Pb(NO,), required about 6h.
The ozone concentration was 5mg/1, and the volume of
ozonised air passed was 18 litres.

At pH 8-9 all the salt changes into white lead hydroxide.
During ozonisation of such a solution a bright-yellow sus-
pension of lead dioxide PbO is initially formed, and this
then becomes orange and finally dark-brown lead dioxide
Pb0O,. Since the colour of lead oxides depends to some
degree on the composition, the orange precipitate clearly
has the formula Pb,0, 3). The formulae of the monoxide
and dioxide were established by chemical methods.

In a more alkaline medium (pH 10-12) the lead hydroxide
which initially separates when the solution is made alkaline
dissolves completely in the excess of alkali to form a plum-
bite. Ozonisation of such a solution is accompanied by the
formation of a bright-yellow precipitate of PbO. It is inter-
esting that in this case there is no change in the degrees
of oxidation of the reactants. The possible reaction scheme
is as follows?'

Pb(NO,), + 2NaOH + O, —PbO{ + 2NaNO, + H,0 + 1-50,

In all three cases the oxides are formed rapidly and
quantitatively, and the pH of the solutions is shifted into
the acidic region. In a strongly alkaline solution (pH>14),
as in an acidic solution, lead oxides are not formed.

The precipitated oxides take the form of finely dispersed
homogeneous precipitates, which can be separated by centn




-

~+ fuging or on a filter. Experiments showed that the most

complete removal of Pb®* from aqueous solutions with
ozone is obtained by its precipitation in the form of the
dioxide at pH 6-8. Here the residual concentration of Pu?*
amounts to less than 0.1mg/11i.e., less than the maximum

permissible concentration*). The monoxide is partly soluble ’

in an alkaline medium, and it is not therefore advisable to
use ozone for the precipitation of lead from effluents in
solutions with pH>10. ’

J

Curves for the precipitation

of divalent lead by ozonc:

1™~ from a solution of lead

nitrate in the form of the

dioxide, pH 7; 2 - from a
-¢ solution of sodium plumbite
in the form of the monoxide
pH 10.7. The plumbite was
obtained by addition of
sodium hydroxide to a solu-
tion of lead nitrate.

Pb(NO3j 29/

i H B ¢
Ozonisation time h

Anodic behaviour of cadmium and jts alloys with zinc in a eutectic melt of potassium and lithium chlorides

A V Volkovich, O G Potapenko, A N Semin, and I F Nichkov
Institute and Urals Polytechnic Institute)

In recent years interest in the problems of electrolytic
refining of low-melting heavy non-ferrous metals in molten
salts has increased. However, for the organisation of the
technological processes it is necessary to undertake a de-
tailed investigation of the kinetics of the electrode reactions.
The present work was devoted to an investigation of the
anodic dissolution of metallic cadmium and zinc-cadmium
alloys in a eutectic mixture of potassium and lithium chlor-
ides.

Cadmium of Kd-O grade and zinc of TsV grade conforming
to GOST 3640-65 were used in the experiments. The salt
melt was prepared from previously dried salts of chemical
purity or analytical grade. The remelted, chlorinated, and
vacuum-treated electrolyte was stored in tubes of pyrex
glass. The electrolysis cell and the experimental procedure.
were similar to those described in the literature 33). The
anode potentials were recorded at the moment of disconnec-
tion of the polarising current by means of a digital electronic
voltohmeter of the VK7-10A,1 type.

The results from polarisation potential measurements for
binary alloys with various zinc contents at 500°C are shown
in fig.1. With increase of the zinc content in the alloy the
iniial electrode potential is shifted towards the negative
side. At current densities higher than 2.1072 A/cm? linear
sections, the extent of which increases with increase in the
zinc concentration, are observed on the curves for the
anodic dissolution of the alloys (curves 2-4). From compari-
son of the polarisation curves of the alloys and metallic
zinc (fig.1, curve 1) it follows that these sections corres-
pond to the ionisation potentials of zinc.

-~ ﬂ‘
G &
3. .t olorisati :
;\N' Fig.i Polarisation curves or
[ :i the ancdic dissolution of Cd-In
o 2 alloys at 500°C in KCI-LiCL meit.
] ; . .
=) ‘ ¢ is the potential with refer-
gé"‘, ence to a chlorine reference
H electrode. Zinc content of alloy
K wt.% 2n: 1 - 100; 2 - 4.6; 3 -
-" ©1.1; 4 - 0.5; 5-0.0.
.
1
L.
LS T

i’ li° v

Increase of the current density leads to substantial changes
in the surface layer of the alloy. The zinc dissolution rate
becomes higher than its diffusion rate from the volume of
the alloy to the anode/electrolyte boundary, and its limiting
dissolution current is reached. Here the anode potential
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Anodic currcnt

_Conclusions

*
R
1. The possibility of removing divalent lead from aqueoys .
solutions by precipitation with ozone in the form of monaxige
and dioxide was demonstrated. The oxides are formed .
rapidly and quantitatively. »
2. The most complete precipitation of Pb?* is obtained in -
the form of the dioxide at pH 6-8. ;

1
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3
g
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is displaced sharply towards the positive side, reaching 238
values at which dissolution of cadmium occurs. Thisis
seen from comparison of the polarisation curves of the
alloys (fig.1 curves 2-4) and metallic cadmium (fig.1
curve 5).

the pure metal the form of the polarisation curves does -1
not change with increase in temperature. Only 2 regular. *
displacement towards more electropositive potentials is
observed. The self-dissolution currents of cadmium are
insignificant and amount ot 2.8-107%, 3.9-107%, and 4.7-
-10-¢ A/cm? for 500, 600, and 700°C respectively. The
presence of fluoride ions in the electrolyte does not have
an appreciable effect on the electrode potentials. With a
lithium fluoride content of 10 wt.% in the melt the potential '
of the cadmium becomes only 15-20 mV more negative.

27

P .
ST 0 2 W

For cadmium-zinc alloys the form of the polarisation
curves changes with increase in temperature (fig.2). The .
limiting diffusion currents for the dissolution of zinc ;
from its alloys with cadmium increase with increase in - %,
temperature, and at 700°C they disappear. This can o
evidently be explained by approach to a temperature close
to the boiling point of cadmium (~700°C), when there is
a sharp reduction in its viscosity and the conditions for
the diffusion of zinc are improved. With increase in the
current density to (3-3.5)-10"2 A/cm? {curve 3) the oo
ionisation potential of pure cadmium is reached (curve 4). *.
Consequently, increase in temperature leads to more rapid~
attainment of the process of joint dissolution of zinc and
cadmium.

g
i
™ .
[
< Fig.2 Temperature dependence of
> g the anodic polarisation of Cd +
-‘-‘,7, 1.1 wt.% 2n alloy in KCl-LiCl
,g,:'», melt at 500 (1), 600 (2) and 700°C
3 ! (3) and of pure cadmium at 700°C
: (4).
ar
]
§
K
9

S

4 v ey

From the obtained values of the limiting current for the
dissolution of zinc (i;in) with'a knowledge of the concen-
tration of zinc (C) and its diffusion coef{icient in cadmium
(D) it is possible to determine the thickness of the diffu-
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resins

V A Pakholkov and A S Suntsov (Uzals Polytechnical Institute. Department of the Metallurgv of Rare Metals)

Effect of HF concentration on
the sorgtion of c\‘u,Aq and Be

by ion-exchange r:\zsins EDE-10P
(1), AN=2F (2}, AV\-N (31,
AN-31 (4), AN=251 (S5) and
AV-16G (6) in the chloride form.
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Effect of the NH.F"HF copcentra-
s, tion on the sorption of Gu,Hg and
Be by ion-exchange resins\EDE-10P
(1), AN=2F (2), AV-16G (3)%
an-31 (4}, An-251 (5) and AY-17x8
s (6) in the chloride form.
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Fig.l Effect of the NH.F concentration
on the sorgzion of certain elements
by ion-excharge resins £DE-10P (1),
AN=2F (2), AV-~17x8 (3}, AN-31 (4),
AN=231 (5) and AV-16C (%) in the
chloride fors.

Summary

Experimental] data obtained during investigations of the
sorption of some elements of groups 1 and 2 of the periodic
system and also of cobalt and nickel from solutions of
hydrofluoric acid, ammonium fluoride and ammOni)nv bi-

on- Fe

(SES v.3 V'3

Peculiarities of the Jeaching of KMA bauxites

A1 Lainer (deceased), R G Gol'tseva and 1V Nikolaev (Moscow Institute of Steel and Alloys. Department of

Light Metals)

The increasing need for alumina has led to the search
for new foxjms of alumina-containing raw materials. As a
rule, this is low-grade material (high-silicon and high-

Behaviour of the ions of some e\ement.s during sorption from HF, NH, F-HF, and NH_ F solutions with lon-exchange

7) M F Lantratovand A F Alabyshev: Zh. Fiz Khim, '3
1959, 33, 2429, R
8) L S Darken:J. Am. Chem. Soc. 1950,72, 2909,

UDC 669.2/8:661,482:621.039,

MNG
3 PLK
N -wL a b
S
12 By

Y

00 W8 P
volume of filtrate al

Fig.4 Output curves for the sorption of
beryllium (1,2,3) and fluorine (4)
by ion-exchange resin Av-17 in the
chloride (a), fluoride (2), and
carbonate (3)(b) forms and the
curve for the displacement of the
chloride ions from the resin during
sorption (5).

Fig.5 Output curves for the sorptiomit
of beryllium from 0,1% Dely..mg
solutions with ion-exchange 4k
resins AV-17x8 (a), AN-2F (c),5
EDE-10P (D) tn the chloride %k
form. NH.F concentration, &N
m/l: 1 - 0.0, 2~ 0.1, 3 -0.3%
4-1.0 “

&
volume of filtrate ml

fluoride with various ion-exchange resins are given.

The results show that there is sufficient difference in
behaviour in the sorption of beryllium, on the one hand,
and the other elements investigated, on the other. This
can be used in the production and purification of such
important compounds as BeF,, (NH{ ),BeF,, and NagBeF;
The isolation, concentration and purification of beryllium
in fluorine-containing solutions can be realised not only
with strongly basic, but with weakly basic ion-exchange
resins. It is necessary, however, to take account of the
possibility of and the conditions for the absorption of
metal cations through the formation of basic salts and
complexes with the resin itself.

iron), and an important task therefore is to develop
rational technological schemes for its treatment.
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" acteristics of the leaching of bauxites from the Belenikhin

section of the Belgorod deposit of the Kursk magnetic
anomaly (KMA). The KMA bauxite deposits are promising,
being characterised by a high content of alumina, con-
siderable reserves, and favourable geological geographical
conditions. An average sample of the bauxites from the
Belenikhin section had the following chemical composition:
(%): 45.25 A),0,, 10.46 5i0,, 13.23 Fe.O,. 0.28 CaQ,

0.93 MgO, 1.67 TiQ,, calcination loss 25.12: pg; = 4.32.
The material composition of the bauxites is characterised
by the presence of the following minerals: ‘hydrargillite,
chlorite, clay minerals and, to a lesser degree, quartz,
pyrite, siderite, haematite and iron hydroxides.

Leaching was carried out in an alkaline solution having

" a concentration of 200g/1 Na, O, calculated to produce

a .= 1.5, for various times at 98 and 220°C. The pulp
after leaching was submitted to filtration under vacuum.
The filtrate together with the washing waters was col-
lected in 2 measuring flask, and the slime was dried and
weighed. The solution and the slime were subjected to
chemical analysis, and the slime was in addition subjected
to X-ray and thermographic analysis.

As shown by the leaching results, the extraction of
aluminium oxide amounted to 705 at 989C and 75% at
2200C. The red mud (composition %: 26.3 Al,O,, 18.6
Si0g, 35 FegO,, 3.31 NagO, 2.35MgO, 0.15 MnO;

. = 1,42), differed greatly from industrial muds in its

I
' aﬂ(‘ali content. An alkali content below 4% indicated that

it contained not more than 15-205% of hydrated sodium
aluminosilicate?!),

Investigation of the phase composition of the bauxites
abd muds by X-ray diffraction method showed that
undecomposed chlorite remajns in the mud as a result of
leaching (d/n=7.06 and 3.46 A). Thermal analysis of the
muds from leaching of the bauxite showed the presence
of an endothermic effect at 580°C, due to removal of water
from the brucite layer of chlorite, Thus, the alumina not
extracted during leaching (~127%) was represented by un-
decomposed chlorites and, to a slight degree, hydrated
sodium aluminosilicate in the red mud. A red mud with
such a composition is hardly ever encountered in the pro-
duction of alumina by the Bayer method.

The group of chjorites combines minerals with extremely
variable composition, largely reminiscent of micas.
Minerals of this group can be characterised by the general
formula (Mg, Fe) ¢-x-y(AL Fe) ya2/3, {Si,, AL Oy} (OH),,
which includes an equal amount of interbedded package; -
mica and brucite (x = 0.75-2; y = 0.25-0.75). In both
structural layers wide structural substitutions appears,
and this gives rise to the existence of a large amount of
mineral forms of chlorites: chamosite, daphnite,
bavalite, thuringite etc.

folecular| Atomic | No.of
‘{Componcent | wt.% | amount arount | atoms We
x1000 of of
cations | cations
15.60 | 260 260 1.78 7.12
26.38 | 259 518 3.55 10.6S
18.32 | 115 230 1.58 4.74
27.01 | 376 376 2.57 5.14
2.97) 73.6 73.6 0.50 1.00
0.18 | 2.54 2.54 0.02 0.04
9.54 :
100.00 | 1460 | 10.00 28.69l

On the basis of chemical analysis of the chlorite
entering into the composition of the bauxite from the
Belgorod deposit and representing the red muds from its
leaching the crystal-chemical formula of the chlorite was
Calcul ated in ten cations by the method of Borneman-~
Starynkevich?). Calculation of the formula of 2 mineral
by this method is possible on the condition that the valence

of the cations is equal to the valence of the anions. To
calculate the formula of chlorite it is necessary to deter-
mine the valence of the anions (O, OH) the sum of which is
18. If the number of divalent oxygen atoms is denoted by
X and the number of hydroxide ions by Y, the condition
for equality of the valences of the anions and cations in,
the crystal-chemical formula of the chlorites is as
follows:

We =Wa = 2X + (18-X)

where: .
W. and W, = the sums of the valences of the cations
and the anions.

The number of oxygen atoms is them X = W, -18, and
the number of hydroxide ions is Y = 18-X,

By statistical analysis of the chlorites®) it was estab-
lished that calcium and alkali do not enter into the struc-
ture of the chlorites, and they were not therefore taken
into account in the calculation®). The results from
chemical analysis of the chlorite and the conversion to
the crystal-chemical formula are given in the table.

It was established that the red muds after the leaching
of the Belgorod bauxites are represeated by high-iron
chlorites. The crystal-chemical formula of the red mud
fits well into the structural formula of the trioctahedral
chlorites and has the following form:

AL, Feils {Feit-MgosoMnooz ) }s (StirpAlz22)e

[Osr0ss (0“)7.:1]13
The chlorite, present in the bauxite, and the red mud after
leaching have similar chemical composition and 2 common
crystal-chemical formula

Most effective for accurate diagnosis of iron-
containing chlorites is thermal analysis of the sample in
an inert atmosphere. This rules out the pessibility of
oxidation of ferrous iron, which makes it possible to
assess the isomorphous Mg-Fe® * substitution. With heat-
ing in an atmosphere of nitrogen a strong endothermic
effect is clearly recorded on the DTA curve at ~600°C,
due to release of the structural water {from the '"brucite-
like" layer, and this gives rise to the instability of the
structure and the possibility of its rearrangement. At

800°C there is a weak endothermic effect, corresponding
to removal of water from the "mica-like’" layer, and this
passes immediately into the exothermic effect of a2
phase transformation, corresponding to the formation of
a new olivine structure.

Conclusions

1. The comparatively low extraction of alumina from KMA
bauxites (not more than 75%) and the low alkali content of
the red mud are due to the presence of iron-containing
chlorites, which are not decomposed during the leaching
process.

2. The results from chemical analysis and subsequence
crystal-chemical calculation and also from X-ray and
thermal analysis showed that the chlorite in KMA bauxites
is represented by a high-iron form.
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The Potash-bearing Members of the Devonian Prairie
Evaporite of Southeastern Saskatchewan,

~ South of the Mining Area

NEer. WorsLey AND ANNE Fuzesy

Abstract

In southeastern Saskatchewan the uppermost 200 ft of Prairie Evaporite includes four

groups of potash-bearing halite beds, the Esterhazy, White Bear,
This sequence thins southward, although local thickening of

Patience Lake Members.

Belle Plaine, and

members occurs where carnallite, not sylvite, is the dominant potash mineral.

Some boreholes penetrate anomalous sequences where beds normally potash bearing
are halitic or missing. The distribution of these anomalies suggests tectonically unstable
areas less favorable for the deposition of potash salts.

Major areas affected by complete salt solutioning are well defined seismically; localized
areas of partial or complete salt solutioning appear fewer than farther north, but this
could be a function of limited exploration of horizons below the petroliferous Missis-

sippian.

Introduction

THE thin, deep, Devonian potash beds of southeastern
Saskatchewan, not being of economic dimensions
comparable to those found elsewhere in the province,
tend to be neglected. They do, however, provide a
stratigraphic link between the potash beds in Mon-
tana and North Dakota and the mining areas of
Saskatchewan.

This study supplements Holter’s 1969 report on
the Prairie Evaporite of Saskatchewan. Holter had
some misgivings about his correlations in the south-
east where, at the time, well control was poor.
Petroleum exploration has since added substantially
to the number of deep tests available, although such
wells, where drilled on geophysical targets, may re-
veal anomalies in the Prairie Evaporite rather than
its normal development. One of the reasons for the
initial slow development of the potash industry in
Saskatchewan was the low potash values encountered
in exploratory drilling of seismic anomalies which,
as subsequently became apparent, are often basement-
controlled areas of salt solutioning where the salt
beds are partially leached.

Geographical and Geological Setting

The area examined (Fig. 1) lies immediately to
the north of eastern Montana and western North
Dakota. Southeastern Saskatchewan is more re-
nowned for its Mississippian oil fields than for potash,
although it was here, in 1942, that potassium salts
were first identified in salt core from a depth of
7,653 feet in Norcanols Radville No. 1 well (Lsd.
16-36-5-19w2). Deep wells in this area that have
penetrated the potash-bearing salt beds of the Prairie

Evaporite now number close to 100. Many of these
wells are concentrated within 50 miles of the inter-
national border, reflecting their primary economic
objective, hydrocarbons. Over large ‘areas, the
Prairie Evaporite, particularly beneath Mississippian
oil fields and near the Manitoba border, remains un-
explored.

The Prairie Evaporite, pock-marked with solution

hollows and downwarped toward the center of the

Williston Basin in the south, is the massive remnant
of a more widespread, thicker salt precipitated in an
inland sea that in Middle Devonian time stretched
diagonally across what is now the prairies, from the
Peace River country of Alberta almost as far as the
Red River. The arid climate led ultimately to ex-
treme desiccation and the repetitive precipitation of
potassium and magnesium salts in halite at the south-
eastern extremity of the basin.

In this part of Saskatchewan the Prairie Evaponte
is between 3,000 and 9,000 {t below the surface. The
underlying formation is the Winnipegosis and lying
unconformably above the salt are the basal red and
green mudstones of the Dawson Bay Formation.
Total thickness is from 0 to over 500 {t; depositional
variations are gradual, but more pronounced changes
in thickness result from complete or partial solution,
pre-Dawson Bay erosion, or underlying build-ups of
Winnipegosis carbonates (Figs. 2 and 3). In the
western -part of the area the Hummingbird trough, a
salt solution feature, separates a peninsula of salt
from the main salt body to the east. The trough
continues a few miles south into Montana.

Apart from a few localities, layered potash salts
are present in the uppermost 200 ft of halite through-
out southeastern Saskatchewan.
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Scope of Study )

Geophysical well logs of approximately 100 wells
were interpreted in order to establish the southern
stratigraphic equivalents of four groups of potash-
bearing salt beds recognized farther north.

Previous Work

Much has been written about potash in Saskatche-
wan in the 36 years since its discovery, but most
geological studies have concentrated on the area be-
tween Saskatoon and Esterhazy.

Goudie (1957) established potash zones, estimated
reserves, and indicated the widespread effects of sait
solution in the potash area of central Saskatchewan.
Holter (1969) expanded this investigation and in-
cluded the southern part of the province; his report
remains the most comprehensive geological account
of potash in Saskatchewan. Klingspor (1969) con-
sidered the interrelationships of the thicker halites of
Alberta with those of Saskatchewan.

Other studies, although not pertaining to either

potash or salt, include data relevant to the Prairie
Evaporite since dissolution of the salt has a structural
effect on overlying formations that is important in
the search for hydrocarbons. Wilson et al. (1963),
using seismic data, plotted a convoluted salt edge in
southeastern Saskatchewan and the neighboring parts
of Montana and North Dakota that has since required
only minor modifications. The underlying Winnipe-
gosis Formation has been examined by Jones (1965)
and Fuzesy (1975). Nichols (1970) in his study
of the Birdbear Formation in southeastern Saskatche-
wan presents an isopach of the Prairie Evaporite;
computer-plotted versions of this and the underlying
Winnipegosis are also available in Paterson (1973).

Nomenclature

The history of Middle Devonian nomenclature is
discussed by Holter (1969, p. 10). He gave the
names Esterhazy, Belle Plaine, and Patience Lake
Members to three major, widespread, potash zones
first recognized by Goudie (1957). The relatively
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barren halite beds between the potash members were
referred to by Holter as interbeds. Thin potash beds
midway through the Esterhazy-Belle Plaine interbeds
proved to be important stratigraphic marker horizons
and were termed the White Bear Marker Beds. In
the southeast their development is comparable to that
of the three named members (Fig. 4). In view of
this similarity these beds are referred to in this
paper as the White Bear member. (It is not
being formally designated at this time since this paper
is based only on a geophysical log study.)

Mineralogy

Salt core, or the suite of logs necessary for quantita-
tive analysis, is rarely available in this area, but the
uniformity of potash deposition observed farther
north suggests that the mineralogy can be extrap-
olated southward. )

Potash beds in the Prairie Evaporite have a simple
mineralogy, consisting predominantly of halite
(NaCl) with two potassium chloride minerals: syl-
vite (KCl) and carnallite (KCI-MgCl,-6H,0).

Claylike material becomes increasingly prevalent
upward in the succession, particularly in the Saska-
toon region. It occurs in interstices between crystals,
in partings, as thin seams, or in beds a few feet thick.
Commonly referred to in analyses as insolubles, this
material has been identified as largely quartz, dolo-
mite, and anhydrite with minor quantities of clay
minerals. Quartz and dolomite were dominant in the
samples examined by Dunn (pers. commun., 1978),
whereas in the sample analyzed by Dean (1971) the
insoluble material was mainly anhydrite.

Salt Solution

Salt solution has virtually decimated the Prairie
Evaporite in south-central Saskatchewan, an area
sometimes referred to as the Swift Current platform,
where only the insoluble portion remdins. Salt re-
moval of this magnitude has had a pronounced effect
on the structure of overlying formations enabling its
extent to be estimated from seismic structure contour
maps of younger horizons (see Wilson et al,, 1963).
The salt edge shown in Figure 5 marks the eastern
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limit of this salt-free salient and its tributary feature,
the Hummingbird trough.

Within the main body of the Prairie Evaporite
localized areas of salt solution can also be identified
on seismic maps; in those that have been drilled, the
soluble fraction of the Prairie Evaporite is missing.
For example, in Tidewater Imperial South Kisbey
Crown well 16-34-7-6 (ILsd.
are 34 ft (Holter, 1969, p. 66) of Prairie Evaporite,

largely dolomite and anhydrite. A well near Torquay

(Lsd. 2-4-4-11w2) and other wells to the west of
the Hummingbird trough reveal other localized salt-
free areas (indicated in Fig. 5); some of these are
not visible on regional seismic maps. This suggests
that, whereas these maps show fewer anomalies
within the Prairie Evaporite of southeastern Sas-
katchewan than farther north, the difference may be
illusory.

16-34-7-6w2) there-

381

There may be a relationship between carhonate
mounds in the Winnipegosis and loss of salt, as sug-
gested by Gendzwill (1978) : for example, two wells
drilled near Langbank (Township. 12, Range 2w2)
penetrated harely 100 ft of Prairie Evaporite above a
thick Winnipegosis section.

Member Distribution and Thickness'

Wells selected by Holter as typical of the Esterhazy
Member and the White Bear Marker Beds are
located in the southeast and have been included in
Figure 2 (Lsd. 4-20-17-32w! and Lsd. 5-15-10-2w2,
respectively). The type sections of the Belle Plaine
and Patience Lake Members are farther to the north-
west, cutside the area studied.

The areal extent of the potash-bearing members is
shown in Figure 6. In compiling this map the
Esterhazy, Belle Plaine, and Patience Lake Members
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were traced laterally until the last, most persistent,
component potash bed feathered out. Beyond this
point, although it is possible to recognize on a log a
Jaterally equivalent halite section, the member as de-
fined is not mappable. The Esterhazy Member dif-
fers slightly from the other two in that it is defined to
include a weakly potassic basal section; this has an
inflationary, somewhat misleading effect on thickness
values but little bearing on distribution since the edge
mapped represents the limit of potash-rich halite. Tn
this respect, the White Bear member was mapped
using the same criteria, thus delineating the area
where this unit is potash bearing.

- Comparing the edges in Figure 6, which represent
the zero isopach for each member, there is an evident
similarity in the distribution of successive members.
Changes in areal extent from that mapped by Holter
(1969, figs. 12B and 14A to C) arise from new wells

and, in a few cases, a reinterpretation of some of the’

earlier data. It becomes apparent from detailed cor-
relations that individual potash members are more
widespread and more consistent in thickness than
had previously been thought.-:

Tsopach maps of the individual members are shown
in Figures 7 through 10. In areas where carnallite
rather than sylvite is present, as deduced by the shift
to the left of the neutron log trace, members may be
thicker than average. This is especially noticeable in
the Moose Mountain area. Some anomalous “thicks”
on earlier isopach maps, however, have been created
by mistaking two members, brought together by inter-
bed thinning, for a single thickened member. An
example of this can be seen in Figure 3 where the
logs for the British American Oil Company well
Taylorton 1-8 (Lsd. 1-8-2-6w2) show only a
few feet of barren halite separating the Ester-
hazy and the White Bear potash beds. Most of the
White Bear in this well was previously included with
the Esterhazy Member. Throughout much of south-
eastern Saskatchewan the White Bear has thickened
at the expense of the adjacent interbeds.

In the area reviewed, the Esterhazy and Patience
Lake Members may be up to 50 ft thick; the White
Bear and Belle Plaine Members are thinner, with a
maximum approaching 30 ft. Apart from the White

Bear, the members are thickest in an area southeast

.
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. 'of Regina and north of Wéyburn, while all four mem-

bers are well developed ‘in ‘the vicinity of Modse
Mountain, the White Bear type area; An equally
thick devélopment of the Whiite Bear potash beds (5
present near the international border, north and east
of Estevan.: .

All the potash members thin gradudlly to the south-
west as is clearly illustrated by the two lower mem-
bers, the Esterhazy and White Bear, in Figure 2.
By correlating clay markers an individual potash bed

can be traced laterally into an equivalent: halite bed.
In the extreme southwest, near Roncott (Fig. 9),

the zera edge of the White Bear marks its lateral
passage into barren halite. Elsewhere in the west
the potash members; although impoverished, appear
to extend as far as the salt £dgé. This observation is
somewhat at variance with that of Klingspor (1969,
p. 947} who, in dis¢ussing whether or not salt form-

erly extended over the Swift Current platform, re-

ports that “all the potash beds . . . show consistent
thinning and phase out into halite before the edge of
the salt 15 réachied.”

The eastern limits of the members are partly
dépositional, reflecting a facies change to halite, al-
though beveling by pre-Dawson Bay erosion has
affected the Patience Lake Member and, over a
lesser ares, the Belle Plaine Mémbér. Thére is also
some evidence of earlier erosion and possible channel-

ing following potash deposition, Ah example of this:

is shown in Figure 11 where potash-bearing beds
above the White Bear are. missing in Imperial Keg-
worth 3-14-14-8, yet thie upperingst halite beds are
typical of those normally found above the Patience
Lake Member, as in Canso Viewfield 8-30-7-8, to the
south. The areal extent of this erosion, or its linear-
ity, is conjectural withotit supporting seismic or well
data.

Apart froni the dnomalous salt-free localities indi-
.cated in Figure 5 and discussed previously, theré are
three Separate, wider areas where all or most potash
beds are absent. Halite is dominant in-an area slong-
side-the international border west of Estevan, where
attenuation of the surrounding potash members ac-
coinpanied by no loss of salt section indicates non-
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deposition. A similar situation o¢curs in an ¢longate

area, extending northwestward from the southeast
corner of the province, although in the east there has
also beén érosion of the uppér salt-beds (sée Imperial

Silverton 3-18-3-32 in_Fig. 3) and the White Bear
arid Belle Plaine Mémbers are locally présent (Figs.
8 and 9, respectively). The third area is at the
Mamtoha barder around Moosomin, also a combina-

tion of nondeposition and erosion of the upper beds.

I'sopach maps suggest structural control, although

it must be borne in mind that the majority of wells

are probably testing geophysical targets, and the re-
sults obtained may, therefore; have an unknown bias.

Tectonics

Lines of weakness between basement blocks may
have provided the Joci for subsequent salt removal.

5 14 MILES——-,-—— 6. MILES
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Suth controls have been discuissed by séveral authots,
e.g.,. Wilson et al. (1963) ahd Kent (1974). Linear-
ity and angularity suggestive of contro} by basement
lineaments are best observed in the salt edge south-
west of Regina and flanking the Hummingbird trough
and in the alignment of salt solution features (both
drilled and indicated by seismic data) in the Roncott
arez (Fig: 12),

The limits. of potash members shown in Figure 12
suggest the outlines of potash basins or pans. Their
prominent- northwesterly and less prominent north-
easterly grain, and their tendency to recur in the same
place, could be attributed to thé influence of Hasément
tectonics, with the tilting and differéntial vertical
movement of basement blocks controlling potash
deposition and preservation. These thovemeénts, per-
haps stinhilated by tilting in response fo cgntimied
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subsidence of the Williston Basin, created negative
areas where bitterns collected and positive areas
characterized by nondeposition and erosion. The
effects of erosion, including the truncation of some
potash members, are most noticeable in the relatively
raised areas in the east.

Basement control is evident at the southeastern
limit of the Esterhazy Member (Fig. 12), marked by
a facies change to halite (Fig. 3). This depositional
limit appears to coincide with structural anomalies in
Imperial Lightning Creek 16-7-6:32w1, in which the
absence of the Ordovician Winnipeg Formation and
an unusually thin Cambrian Deadwood Formation
were noted by Paterson (1971), and repetition of
part of the Ordovician Big Horn Group was des-
cribed by Kendall (1976).

Economic Potential

Because of the depths involved, recovery of potash
minerals from most of the area under consideration
would require solution rather than conventional min-
ing methods. The data presently available, some-

times suggesting little potash potential, result from
exploratory drilling. of structural anomalies for oil
and gas. Therefore, other less structurally disturbed
areas” not tested for hydrocarbons should be evalu-
ated for potash when Saskatchewan'’s reserves need to
be augmented. The largely unexplored area lying to
the southeast of Regina and north of Weyburn is
promising in this regard. Most of the potash members
are apparently well developed in this area and the
poorGwell control may itself be an indication of the
absence of significant geophysical anomalies.

Conclusions

In southeastern Saskatchewan the four potash
members recognized are more widespread and con-
sistent in thickness than had previously been thought.
Their areal extents are similar, curtailed in the west
by solution and in the east by nondeposition and
erosion. Thickness trends are also similar in all
members and parallel to those of the Prairie Evapo-
rite as a whole. Local thick areas occur when mem-
bers are carnallitic. Evidence of depositional margins
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is scant but indicates nondepasition was restricted to
three séparate areas. ,

Basement tectonics influenced both potash deposi-
tion and its preservation. Tilting or relative uplift
has caused truncation of the salt beds in the east, most
noticeably beneath the Dawson Bay Formation. Salt
disselution has emphasized lines of weakness created
by l)ascment movement,

Drilling based on geophysical targets may intro- -

duce an unknown bias into Prairie Tvaparzte data
and thus have a nonquantifiable effect on its intér-
pretation. The presently defined Boundaries will be
subject to modification; future drilling may show
areas of nondeposition to bé more restrictéd and
locate more salt solution fédtures.
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_ing our own industry was obvious. karev nikov -

64 [9%hb s 18 N Y TSVETNYE METALLY / NON-FERROUS METALS

Dhlsenssyy OF uué‘\sr »
SUBJ RESEARCH 1M E‘E‘EU‘EE

PUBLICIZING NEW DEVELOPMENTS IN MNG ) 5
METALLURGY OF THE RARE METALS PND EAB'E’E'E SQEE%G .

UDC 669.27/.87

The tasks of non-ferrous metallurgy in
the first years of Soviet power were
clear. The country could not be indus-
trialized without Soviet copper, lead,
zinc, aluminum, tin, nickel, and prec-
ious metals. The necessity for develop- - E. P. Boch-

L. Ya. Krol' L. E. EPolot.

The metallurgy of the rare metals e
orginated in a different way. At that -3
time it was still difficult to answer the question as to what any rare metals were spe.
ifically required for or whether it was worth worklng on them when there was a shortay
of resources and specialists. However, only a visionary could have predicted the tect.
cal revolution, with its indispensible condition: the development of the rare metals
industry. .

Of course it was 1mp0551ble during the first years of industrialization to predlcv
the true future or to imagine the far-reaching changes in technology; however, the
Supreme Council for the National Economy recognized the necessity for work on new sub-
stances, because that which is new always has within it exceptional and often unexpaxg
possibilities.

This journal was the publication which drew the attention of the engineering communi-
to the new and apparently not very important or well-known metals, as well as dealing
with the'urgent problems in non-ferrous metallurgy

As is well known, the term "rare metals" is a provisional one and does not reflect
the concentration of the elements in the earth's crust (titanium is 600 times more abm~
dant than copper).

In the 1930s, with minor exceptions, metals which could not yet be extracted and ﬂu
applications and properties of which were insufficiently known were included among ran
metals. Mercury, antimony and bismuth (the minor metals) were also assigned to the
rare metals group because the content of these metals in non-ferrous metal ores was
very low.

The appearance in the ]ournal of material on particular problems in the technology
of the rare elements and in organizing their production reflected both the history of
development of research on rare metals and their production and application and the
history of changes in the *rare metals®" concept itself.

During the first years of industrialization, tungsten and molybdenum were reghired
for the electric lamp industry and for hard alloys. Antifriction alloys and storage’
cells could not be manufactured and printing presses could not operate without Soviet
antimony.

In its early vears the journal "Tsvetnye Metally" published papers by G. A. Shakhov
and Ya. Ya. -Slobodskii entitled "Processes for Producing Antimony and its Oxides from
Ores" (1930, No. 10) and "Study of Pyrometallurgical Methods of Processing Lean Anti-
mony Ores" (1932, No. 4). These publications were timely in that they explained a
paradoxical phenomenon: the reduction of antimony extraction when the temperature
of distillation roasting rose. The authors demonstrated the conditions of non-volatils
tetroxide formation when the CO content of the furnace gases was low. The publicatics
was of great practical importance. Equally vital problems in the technology and. sub-
Sequent effective utilization of antimony in the storage cell industry were consideres
in a paper by N. A, Izgaryshev and S. A. Pletnev (1931, No. 4).

The journal published a paper by K. A. Bol'shakov (1931, No. 4) describing a simple
method for determination of vanadium in iron ores; this made it possible to organize
correct ore sorting and so to extend the ore resources of the metal, which was essen-
tial for the production of high-speed steels and which has now also been transformed
into a vital structural material for the most important branches of technology.

The journal has published material on a wide range of problems connected both with
production and with information on the properties of materials based upon rarxe metals
or employing those metals. An example of this is provided by the abstract by A.
Lyubimov (1930, No. 3).

During the pre war years the journal "Redkie Metally" appeared alongside "Tsvetnye
Metally"; this naturally limited the volume of publications on rare metals topics in
"Tsvetnye Metally". However, the publication of this material was renewed 1mmed1atelv
after the war. ’
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.properties of columbium, and the semiconductor properties ; _
" of germanium, silicon, and certain intermetallic com- A. N. Zelik- P. S. Ani-
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- The difficult war years demonstrated the vital impor-
tance of rare metals in defense technology. A paper

py P. F. Lomako (1946, No. 2) remarked upon the vital
importance of our armor-piercing shells, made from tung-
sten carbide. He observed that the difficulties of

war time did not interfere with increasing the produc-
tion of molybdenum by four times and of tungsten by more
than 'two times.

New methods were also publicized in the journal, with
evidence in support of the necessity for using them and .
of their effectiveness. Academician N. P, Sazhin was an hin G- A.
active supporter of the new methods and technologies. N. P. Sazhin
His three review papers which were published by the
journal are particularly interesting in this respect.

Referring to a resolution of the Twenty-Third Party
Congress, the author speaks of the necessity for develop-
ing rare metals production and notes the increasing
role of rare metals in the development of modern tech-
nology in papers entitled "Accelerated Development of
Rare Metals Production: A Vital Factor in Technical
Progress"” (1966, No. 6), "Development of Chloride
Metallurgy for Rare Metals in the USSR" (1967, No. 7), i T QTR
and “Ultra-High-Purity Metallurgy of Non-Ferrous G. V. Sam=  B. A. Sa-
Metals and Technical Progess in Industry" (1965, No. 2). sonov

The papers emphasize that the properties of rare
metals have become clear gradually, as the purity of
the metals has been increased: "Zirconium and colum-
bium were long regarded as extremely brittle, and only
thorough purification to eliminate gaseous impurities
{oxygen, nitrogen, and hydrogen) revealed their sur-
prising plasticity.”

A number of unique properties are enumerated: the
corrosion resistance of titanium, the superconducting

Meex-
son

pounds. It is emphasized that the metallurgy of ultra-
pure substances has developed into a new branch of
industry.

A long list of methods for purification and separation )
is given: fractional distillation, solvent extraction, ion-exchange methods, recrystalli-
zation, electron-beam melting, zone melting, and transport reactions. The author indi-
cates a broad range of possible applications for the ultrapure substances: they have
found applicable to the atomic energy industry, the radio and electronics industry, and
in power engineering.

When considering the sources of rare earth metals, the author spends some time upon

man kin

- the methods of exposing such material by chlorination.’ Previous theoretical work by

Academicians G. G. Urazov and V. I. Sputsyn, D. N. Chizhikov, Corresponding Member of
the Academy of Sciences of the USSR, Professor I. S. Morozov, and O. N. Gvozdevaya

. and work by a number of institutes has made it possible to organize the industrial
- use of chlorination to produce titanium tetrachloride and a number of rare earth

element chlorides.

The author points out that the development of the new branch of industry, metallurgy
of ultrapure substances, has necessitated the development of new monitored methods
{tracer atoms, activation analysis, electrophysical method) and convinced the reader
of the necessity for further research to increase the purity of the materials and for
research in growing defect-free single crystals.

The author points out the advantages of the chloride method, the most important of
%hich are the high degree of ore exposure and the opportunity for comparatively easy
Separation and purification of individual chlorides by heat and fractional distillation.
T@e possibility of producing oxygen-free metals by the metallothermic method is empha-
Sized. At the same time the author draws attention to the difficulties involved in
chloride metallurgy and to the necessity for studying the structure of complex organo-
chloride compounds, the properties of which determine the reasons for failure in )
c?_\loride purification by fractional distillation due to the formation of azeotropic
RDixtures.
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A. A. Shumeiko and his co-workers (1968, No. 4) publlshed material on the chlorina.
tion of zircon concentrate. N. P. Sazhin and I. E. Vil'komirskii (1969, No. 11) o
examined the problem of chlorination for exposure of beryl and subsequent productiop.
of metal by electrolysis. N. V. Galitskii and M. K. Baibekov (1971, No. 5) and some.
other authors examined the problems of chlorinating titanium raw material in the mel:
in their papers. 1In particular a paper by A. B. Bezukladnikov and his co-workers .-
(1967, No. 2) was devoted to some vital problems in the same method for determining 7
the optimum titanium concentration in the melt and to the reason for accumulation of;:
fusible chlorides in the condensation system. ‘?@

A wide range of problems in developing a productlon technology for titanium metal ;
has been examined in detail in many papers in the journal. V. A. Garmata, V. S. s
Ustinov, Yu. G. Olesov, A. N. Petrun'ko, V. V. Rodyakin, and many others have con--
sidered the problems in the metallothermic production of
titantium, the quality of titanium sponge, the produc-
tion of titanium powders, and a number of other matters
in their papers.

However, in selecting material for publication the
journal has not permitted a one-sided examination of
the problem, but has organized a wide-ranging creative
discussion by providing space for various viewpoints.
Thus papers on the exposure of raw material containing
rare elements, by Ya. G. Goroshchenko and others (1960,
No. 12) on the exposure of loparite concentrate by
sulfatizing and by G. E. Kaplan and co-workers (1961,
No. 6) on the use of sintering with chalk to expose
zircon concentrate, have been published.

Papers giving a comparative analysis of various
methods of exposure have been extremely interesting.
These include papers by O. F. Poletaev (1973, No. 2)
and A. G. Muravin (1973, No. 9).

The paper by I. F. Pletaev gave recommendations on
the choice of optimum reagents for the exposure of var-
ious forms of alumosilicate rare element material. 1In
examining various methods for the production of titanium
dioxide for pigments, A. G. Muravin demonstrated the " " .o
potential of the chlorination method. Redmet” type gutoma:'*

The journal has constantly drawn the attention of its ted installation for
readers to the development of hydrometallurgical productlog of §1ngle
exposure methods, mainly for tungsten and molybdenum crystals in semicon-
concentrates. For example, the results of research ductor crystals. ‘
on scheelite concentrate exposure using nitric acid - 3%
have been described in papers by G. A. Meerson and o
co~workers (1967, No. 4 and No. 8)

The journal has devoted much attention to the problem of 1solat1ng chemical concen~
trates of extractable elements and to the separation of various elements. -
The variety of properties and low concentrations of the elements have given rise
to a large number of methods, in most cases borrowed from analytical chemistry. =
An interesting publication by I. A. Ul'yanov and A. A. Ivakin (1972, No. 5) deals

with the extraction of rhenium from solutions from acid leaching of dusts collected
during roasting of molybdenum concentrates, etc. -

The journal has actively publicized the hydrometallurgical processes which are now
the most advanced; among these are solvent extraction-sorption processes. The use
of solvent extraction-sorption methods has been examined in application to the pro-
duction of molybdenum, tungsten, rare earth elements, gallium, indium, thallium, etc.
Papers by M. A. Vinogradov and M. N. Shashkov (1960, No. 8), B. N. Laskorin and A,
I. Yuzhin (1961, No. 11), K. Ya. Shapiro (1964, No. 8), I. V. Volk-Karachevskaya and
others (1967, No. 8), A. N. Zelikman and V. M. Nerezov (1968, No. 1 and No. 7), "and
A. N. Zelikman and N. B. Rakova (1972, No. 3) have been devoted to this tOplC. AppaP

atus layouts for the solvent-extraction process have also been examined in the journal

a paper by G. V. Korpusov and Yu. A. Tsylov (1965, No. 2) was devoted to these matters
Pyrometallurgical and combined methods of extraction, separation, and purification_
of elements and compounds have also been considered in the journal. Publications

in this group include a paper by O. K. Jomarov and co~workers (1973, No. 1) devoted

. to the production of artificial rutile from ilmenite by a promising method combining
magnetic separation with pyro- and hydrometallurgical processing, a paper by A. A.
Babadzhan and others (1964, No. 6) analyzing the process of germanium and indium dis-
tillation in pyrometallurgical processes, and a paper by V. I. Deev and V. I. SmirnoV
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ring - © (1964, No. 3) on ways of improving technology with a view to improving the distillation
of rhenium.
tign A progressive method for element extraction by distillation at reduced pressure was
somz - demonstrated in papers by S. M. Mel'nikov and R. A. Isaeva (1967, No. 9) and by A. M.
» mel- gqorov and M. E. Kazakov (1968, No. 8). ’
'S ‘The journal has given quite extensive coverage to the production of elementary sub-
ving stances by chemical or electrochemical reduction. It should be emphasized here that
m of the publications relate to individual elements of the process specifically applicable
to rare metals; they are a necessary supplement to the methods described in the techni-
2tal i cal literature.
: . K A brief account of the most typical of these methods is given below. A paper by
- ' 0. P. Kolchin and co-workers (1964, No. 7) described a method for producing columbium

' poldings uniformly alloyed with the necessary addition (tungsten, zirconium, vanadium,
! etc). A method of producing tantalum-columbium alloy by a powder metallurgy method
similar to the previous method was described by O. P. Kolchin and N. P. Chuveleva

{1959, No. 2}. The metallothermic production of copper-zirconium master alloy by

‘  the reduction of potassium fluozirconate with magnesium is described in a paper by
' A. I. Lainer and others (1965, No. 3).

An original method of selenium reduction from a solution of sodium selenites is
i+ described in a paper by A. I. Orlov and others (1963, No. 3).

The urgent problem of producing semiconductor silicon by reduction of the tetra-
chloride with hydrogen is described in a paper by S. I. Gashenko and co-workers
(1970, No. 7). The development of the same topic was described in a paper by B. D.
Devyatkin and V. S. Maorossuyanov (1972, No. 8). The reduction of beryllium involves
great difficulties. Laboratory experiments in electrolytic reduction of beryllium are
dealt with in a paper by I. F. Nichkov and others (1966, No. 1).

Electrolysis conditions which have been carefully worked out to permit the production
of high-grade tellurium from sodium telluride solution containing free alkali have
been published in a paper by L. A. Soshnikova and M. E. Ezernitskaya (1962, No. 2).

The iodide refining method for refractory rare metals, one of the first to be de-
veloped and now widely used, was examined in application to titanium in a paper by
A. I. Gribov, M. B. Reifman, and others (1961, No. 5).

The features of the amalgam method of electrolytic refining were demonstrated in
a8 paper by N. I. Ful'man and others (1966, No. 6); with this method the homogeneity of
the anode, in combination with electrolytes of various compositions, opens up new

" opportunities for metal refining. .
_ Ways of solving the major problem of titanium tetrachloride purification were examined
in a paper by L. A. Nisel'son and others (1971, No. 1l1). The authors examined some
250 patents and carried out much experimental work on the removal of vanadium from
liguid and vapors with Ti-Cu alloy and Cu powder. The best results were obtained by
chemical-thermal purification, making it possible to break down a number of organo-
Letallic compounds with subsequent fractional distillation of the product. It is
recommended that the final purification scheme should be selected on the basis of

ney the composition of the .initial chloride.

‘ ?he publication of extensive and detailed research on the zone refining of germanium

g1 Using the tracer atom method by B. A. Sakharov and others (1970, No. 7) revealed the

R - true pattern of the processes which take place during zone refining, taking into

1 a&ccount the pick-up of impurities from the container material.

e¢ The mathematical problem of the link between the speed of zone travel and the con-

g Centration of impurity to be removed is solved in papers by V. N. Vigdorovich and

prlane { Others (1968, No. 7 and 1973, No. 11) using the 2zone refining of tellurium as an

s@ &ample.

T Apparatus and methods for automatically maintaining the zone melting routine are

e ?;;ggss§d in papers by S§. S. Naroichik and others (1971, No..1ll) and V. K. Tolpygo

Ehl E4 O. 3)-
n . There is an interesting publication by L. I. Klyachko and others (1965, No. 2) on

the behavior of a namber of impurities in the manufacture of massive tungsten by

¢ powder metallurgy method; the processes of interaction between impurities which

4ccelerate their removal by evaporation are demonstrated (thus the presence of chlorine

8ccelerates the removal of potassium by 2-3 times.

I'There is an extremely interesting discussion in a paper by A. V. Elyutin and M. I.

. Vanova (1970, No. 11) of impurities evaporation during vacuum melting of refractory

e Tetals., The presence of two impurities evaporation mechanisms (kinetic and diffusion)
- S demonstrated; a knowledge of these makes it possible to calculate ingot composition

.- & the basis of the composition of the billet being remelted. The vacuum remelting
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of molybdenum contalnlna carhon is dlscussed in a papef by V. 5. Chernov and others
(1974, No. 7). The conditions wunder which its carbides react with oxides are .givén,

In recent years the. journal has been devoting increasing attention to specific
problems in semiconductor: productlon technology. The problems of: malntalnlng uniforn
alldying in single crystals in the process of growth were considered in a series of
papers by S. V. Gnilov and A. Ya. Nashel'skii (1973, No. 9 and 12 and 1975, No. 11).
Interesting technologlcal problems were touched upon in a paper by D.. I. LeV1nzon
{1973, No. 2j. ¢

In addltlon to problems in primary metdl production, the journal ‘has given coverage.
to such vital aspects of the national- economy as the proce551ng of waste. The. problems
of electrolytic refining of titanium waste ahd processing this waste by the hydrogenatics
‘method .have been examined inh a ‘series of papers by Yu. G. @lesov, V. §. Ustinov, and .
others (1966, No. 5; 1967, No. 2 and No. 127 1969, No. 3). The problems of ‘processing
germanium waste {(both metalllc and in the form of compounds) wWere examined in a paper
by .. I. Skakovskii and A. M. Tazovskii (1968 No. 3)-

The vital problem of reducing losses of hard alloys with waste by using dinitial
products of increased purity for their production was considered in a paper by G. N. .~

;‘-J.i:

Tl

[N
L
N

Levin (1969; No. 5)}. 1

Apart from technoloqy, the journal has recently been devotlng considerable. attentlon‘E
to the automation of productlon and process control. These problems were examined jn. °
papers by I. M. Gol'd and V, 8. Leibovich (1974, No. 10: 1975, No. 4) N. V. Degtyarlk :
il974, Wo. B), I. L. Shénderovich (1973, No:. 13, and V. V., Stopkev;ch {1975, No. 4) ’,
as they apply to individual : processes in semiconductor productlon. A number of papers
were dlso devoted to problems in -fare metals productlon automation. . Thug a paper -
by L. M. Voloshin and others (1975, No. 5} examined the problems of controlling the .
process of election-beam meltlnq for refractory materials, and papers by M. E. Yatko -
(1973,. No, 3) and G. A. Partakov and N. G. Fedorov (1973; No. 7) considered automation _
of the titanium slag chlorination procéss.. S

Theé journal has recularly allocated space to informative material acguainting readers
with the development of the fare metals ahd semi conductor materials industry abroad.
This material includes a series of publications by B. I. Kogan. and éo-workers (1964, - —
No 7: 1%e6, No. 13 1967, No. 4 and No. 7, etcw) on the use of various rare elements
in tehnoloqy, a paper by E. 8. Fal'kevich (1968, No. 2} on. the productlon of semicaon-
‘ductor silicen abroad and many others. -

‘Unfortunately the limited size Of the ptesént paper makes it impossible ta consider
all the problems in ‘the development of rare. metals and semlconductor materials tech= .
nology and industrial production which have. been covered in the journal; neither is
i£: possible to mention all the authors.

A 'great deal of wWork has been done by the rare metals section of the journal
Editorial Board, dlrected for many years by I. S. Steépanov and- in recent vears by
P. S. Anikin.

The examples qlVen clearly show that during its life thHe journal "Tsvetnye Metally"
has taken an active part in the development of the Soviet rare'metals and semiconductor
materials industry and has charted its enti¥e splendid course; bealnnlng with the »
attempts at analytical determlnatlon of rare elements in ‘ores Fifty years ago. to modern
scientific and technical deVEIOpments based upon mathematical 51mu1at10n and the use
of electronlc control systems.

A=

o
|

e |
e,
g
5
S
"‘\";
=,

f 3
S~

|

P




Reors. Mou-27... A UMIVERSITY OF UTAH

158y X V< UDC 669.2 53,43 1: - 855 ~0.346x, -0.062x; -5.48x, %%Séi%ﬁpgg Wﬁg?ggg? | )

Precipitation of nickel from sulphate pulps by metallic iron and elementy (o3¢0

sulphur as a subject lor automanic control

| P 0.068, For, =2.15, Fcr =3.56 for p=0.01)
V A lvanov, A F Gavrilenko and YuF Markov (Moscow lnstitute of Steel

and Alloys -Departmentof Automatic of Nonferrous and Rare Metals e dependence of the maximum pH value {y,) at the inlet to precipitation
Production) .

.- the input influences is described by the equation:

y, =T.41 +0.161x, -0.09:6,-0.093x3+ 0.015x,+0.062x,-2.31x, @2)
I:::a.rlieN) it was shown that the control of the precipitation of nickel involve

minimisation of the consumptionof metallic iron or the pH of the pulp at the J1>€?
outlet from precipitation for a given degree of extraction of the nickel into
the sulphide precipitate. Solutionof this problem is complicated by the strufies = 0-0097, Ferr =6.50, For = 2.84 (for p = 0.01)
effect of the conditions of the preceding technological operations and, par- . C .
ticularly, autoclave oxidative leaching. The effect of input influences on the Equations (1) and (2} were used to compare the efie'cts of the individual
output characteristics of the processes is investigated and the possibility nriables on the ou'tput characteristics. The normahseq values of the .coef-
of minimising the pH value is analysed in the present article. ncients are given in the table (columns Tand 8 respectively). Normalisa-

~on was realised by means of the equation
The effect of input influences on the output characteristics was studied by | ij /y*
means of a mathematic model, which represented a system of linear regres| ™ *© Bx; /%%
sion equations. The experimental datafor determining the coefficients of ¢

equations were obtained on a semiindustrial setup. Alist of the input influ. F-éf¢: &% and x{ =the increments inthe i-th input influence and its busc
ences and the range of their variations are shown in th® wble. The sample r value respectively .

: red © 120 poires. The coordinates of each poia | ¢y: andy'j=the same for the j-th output characteristic
L ifiuenies were rebresenied by the values of the corme:-
. \3* nies., which were averazed in the range of 6-8: & continuous
ander steady coadidons, Omx ating conditions in which the outpz
characteristics of the process iin the indicated range) did not differ {rom
the average values by not more than 710 rel. % were taken as. steady.

As tase value we used the mean values of the influences (zolumn € in the
axe). The values calculated in this way areappraximate values of the
un facwrs for the subject in the respective channels.

Thé calculations were performed on a Minsk 32 computer by the previously
published programme?®). As a measure of the suitability of the obtained

equations for predicting the output characteristicsof the process we used
the ratio of variances:

wces in the composition of the pulpis significant and in individual channels
11%¢1X,) i8 comparable withthe effect of the controlling influences (the

orsumptlon of metallic iron and elemental sulphur). Since the parameters
the pulp are not controlled (the pulpis delivereddirectly from the leach-

& gor aggregation autoclaves), the precipitation process must be regarded
F = Pm a control subject with asignificantly variable input.
err
Sf‘cm

where 82 is the variance in relationto the mean; Sf.,m is the variance calcu-

The accuracy with which the nickel content at the outlet from the precipi-
lated in relation Lo the regression equation.

tion process can be predicted is low; for equation (1) ¥ =2.15.It can

increased by using a model of a higher order and including the effect of
The dimensionality of the equations was reduced by successive elimination pe lntera.xctlon of mdlvtdugl vanabl_es. Howe\'/er, Jncrease in the prder of

: . . L . . Be equations leads to an increase in the difficulties of their use in opera-
of the variables for which the t criterion was smallest and was continued bonal automated control systems. We therefore investigated the possibility
until the minimum value of S}, was obtained. nal auiomated ¢ Y £a po

i describing the precipitation processon the basis of complex estimates
The calculations showed that the dependence of the nickel contenty, in the | W'¢ input influences.

ll}i:;u&;l;g.{smafi‘mi 0!:. unl]p at the outlet from precipitation on the input influences As such estimates we used the consumption ratios of the reagent-precipi-
ng ' bots, which characterise the ratio of the actua! amount of reagent loaded
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Comparison of the gain factors shows that the effect of the perturbing influ- -
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Characteristics ‘of the input influences and output parameters of the precip.

s

Name of influence, parameter

Consumption:
Iron powder

Elemental sulphur

Consumption ratio:
Iron
Elemental sulphur
Content of elemental sulphur in solid of initial pulp
Content insolution of pulp at inlet to precipitation:
Ni )
Cu
Feeor
Fe &II)
Density of initial pulp
Content of SO~ iron insolution
Content of nicke!in solution at outlet from precipitation
pH of the pulp atoutlet

§58

Ltion process
Value
. Measurement
Notation unit KNi Kpll
Minimum Maximum Mean
keg/h
X, S ggulp 6 20 13 -0.02 | +0.007
k

e E’EQ‘TU,' 0 15 8 -0.024 | -0.011
K r/u 0.7 3.7 1.7 -0.148 +0.051
K r/u 0 5.4 2.0 -0.096 -0.046
' % 1.0 7.8 2.6 -0.013 -0.001
X, g/1 71 13.5 0.0 +0.023 +0.068
iy g/l 0.9 5.6 1.5 - +0.171 | -0.078
X, g/l 3.8 13.1 8.0 +0.02 +0.048
X, g/1 . 0.5 3.8 2.0 +0.054- | +0.025
Xq g/cm 1.2 1.45 1.28 -0.234 -0.19
X, g/l 40 70 55 -0.009 -0.013
Ve g/1 0.05 3.8 1.2

' pH value 3.0 5.5 4.4
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to that required theoretically for precipitation according to the reaction
MeSO, +Fe° +§° —»MeS +FeSO, . 0

The ratio was determined experimentally by means of the equation
Gjaj

B v Ysd "72
P Ysq ~Ysn 4

where: Gj = the c;nsumption of the j-th reagent
a: = the content of the active component in the reagent
= the densities of the pulp, the solid, and the solutionrespectivel
A »

w0

K;
w(CF - C;)

yp ’ .ygd »
and ¥%n
Vp = the productivity with respect to the pulp
C{ = the content of the i-th component in the solution interacting
with the reagents at the inlet to the precipitation process
C; = the same at the outlet
. = coefficients equal to the stoichiometric consumption of the
1 P . .
reagents on the precipitationof the respective metal accor-
ding to reaction (3).

From the expression for calculating the consumption ratio of the reagents
it follows that K; includes estimates of the parameters of the initial and fim)
pulp, the consumption of the pulp and reagent-precipitates, and expresses
in implicit form (through the coefficients ¢ ) the contribution from the indivié
ual precipitation reactions to thefinal results.

Treatment of the experimental data used earlier for calculation of the coeffi-
cientsof Eqs. (1) and 2)led to the following regression equations:

¥, = 3.3-KFe-0,25Ks )
¥a = 4.3 + 0.266Kp, -0.172K, )

with &£, = 0.047 and 0.0056; Fpr, =5.11 and 9.51, Fo, = 4.03 ffor p = 0.01)
respectively. It is clear that the accuracy of the description was considerabh
increased. -

The possibility of using Eqs. (5) and (6) for predicting the output character-
istics of the processwas checked on a semi-industrial set-up. Setting the y,
and y, values, we calculated Kg, and Kg, and then by means of Eq. (4) for the
knowncomposition of the pulp we obtained the consumption of the precipitant
reagents. With the technological conditions for the precipitation process specr
fied insuch a way the discrepancy between the actual and calculated values
of the output parameters was notgreater than 220 rel. % for y, and 5% for
Va, if the distribution of the pH value was regular throughout the process
ig.1, curve I). K this conditionbroke down (curve II) the accuracy with
whichy, was predicted was retained for the maximum pH value reached dur-
ing precipitation.

560

For the regime characterised by an extremal curve for the distribution

{ the pH value the accuracy of the prediction of y, was more than *20 rel.%.
the behaviour of the nickel inthe solutionat the outlet from the precipitation
;rocess in this case is described satisfactorily by the following equations

for Ks =const):

tor y,>0.2-0.3g/1 1.5<pH<3.5and g, >0

€ = Kepe )
tor y,>0.2-0.3g/1 1.5<pH<3.5andg, =0

By =0 @)
tor y1<0.5?1.0g/l pH>3.5 andg,, =0

Byi = KK{C'»‘u dr ‘ ©)

vhere: g, andgy; = the weights of loaded metallic iron and precipitated
nickel respectively
o . T= ﬂEe time spent by the pulp inthe reactors at pH>3.5
ue coefficient k in Eq. (7) is numerically equal to 1/Kp.; the expressions
&> 0 and g, =0 respectively are symbolic representations of the load of
tron powder in the i-th reactor.

Uthe extremal pH value on curve II is less than 4.0-4.2, thenK=38.10-°

vd n = 0.75. When PHuax >4.2, the coefficients in Eq. (9) can vary within ~
vde §1m1ts, rightup to a change in the sign of the coefficient K. The physical
zeaning of this is reverse transfer of nickel into the solution from the pre-
Apitate {on account, possibly, of dissolution of the cemented metal)®). In

tis case the accuracy of prediction according to Eq. (5) is significantly re-
tzced (t030-40 rel. %in the range of y, = 0.05-0.3 g/1). '

Witha monotonic distribution curve at pH<4.1-4.2 each of the successively
tcluded reactors can be approximated according to Eq. (7) by an amplifying
unk. The gain factor of the link canvary withinthe limits of ¥20-30 rel. %
uder the influence of processes whose effectis reflected to a first approxi-
zation by Eq. (9). : '

Wlthax! extremal pH distribution curve the reactors following those in which
Se maximum PH was obtained are satisfactorily approximately by an aperi-
lic link with a variable gainfactor. In this case the structure of the volume
nries during precipitation. It is clear that the second case is more diffi-
~ult for solution of the control problem.

As shown by the investigations, the effect of the consumption of ele mental

sdphur on the output characteristics of the process is significant up to a

K, value of 5-6. The effectiveness of this parameter then decreases sharply
Thls was explained in the literature®), where it is indicated that the sulphi-
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disation of nickel requires intimate contact between the particles of irof;f-t wle FENCES
and elemental sulphur and is realised in thinliquidfilms separating th % . .
phur reats 1 parating the A F Gavrilenko etalia: Scientific works (Gintsvetn

hases,
’ \loscow 1976, (41), p. 59-67.

The results from the investigation make it possible to specify the proble;i‘l G N Veselaya (Editor): Programmes on mathe mat

of opt Minsk-22 computer. Giredmeta, ONTI, Moscow 19¢
optimisation of the precipitation processes. The following reqmremem=, + [ Goryachkinet alia: Hydrometallurgy (editor B
H 06 Nauka, Moscow 1876, p. 48-59,

pH —>min

for y,<y,

y 1w”izwwmetric gradingof titanium spongeona sortex-62
' @nﬂ

"%, ¢ Tsypin, VA Likhterman, RE Shiryaev, and LP
TR ,\,.u_m:lnsntute Department of the Metallurgy of Lig

and mustbe fulfilled with restriction of the controlling influence with x-etﬂnix8

to a consumption of elemental sulphur at the level K, = 5-6. t .Thephotometric grading of titanium sponge accordii
£24r1710US defects was invesugated The defective spon

As follows from Eq. (5), the fulfillment of the condition (11) is secured by

the specification of an absolute value for the consumption ratioof the pre~

cipitant reagents. For the fulfillment of condition (12), as shown by the - zTulel: Results from experiments on the individual

investigations, it is necessary to distribute the ioaded metallic iron among grading of defects

the reactors. For instance, if the iron powder is loaded in ratios of 40 240,

must be supplemented by the condition

pH >pH

i+13

and 20% of the total amount inthe first, second, and third reactors, the Initial Pr
disttibution of the pH in the course of preclpxtatmn is most often character- nitlal Graded product .
ised by values grouped about curve I in the figure. . material 1
: -
Semi-industrial tnals showed that in this case the consumption of iron g
powder is 20-25 rel. % lower than in the technological regime characterised-; ) 2 - o g =
by theextremal pH distribution curve. A Em|S oy Sex|s g
o S OS2 E3a|le® 3
e F2|Lggl=z 83y ﬁ:'gg
. s2SgeleR|fge (R |2r
Ho|OBalm Ooa|mol ™
200 5.0 | 68.0) 0.7 71.0 | 32.0
. 200 1 10.0 | 53.0f 3.8 56.7 1 47.0
e seq | 531 | 38.4 [58.0] 5.8 | 88.7 |42.0
35F 368 4.8 | 86.8] 0.6 90.6 |13.2
T brge 200 | 5.0 [88.0] 1.7 | s1.0 12,0
Fi ; 200 | 10.0 | 84.0] 3.6 90.0 }16.0
g. A
/ | i
28 Distribution of pH in the reactors with o Beaorich | 200 5.0 | 895 1.6-| 92.86 {10.5
// ; ous preclpltatlon conditions. I - Distribu 200 | 100|840l 2.2 911 |16.0
2.6 7 : load of metallic iron; 40% of total welght:h : : .
J i reactorl 40% in reactor 2 20 70 in reac r on 200 5 0 89 0 0 m 6 11 0
200 : I~ Concentrated loading of metallic iron ia P 200 | 100 |ssel o oaa |15.0
Inpur o1 W2 N3 P18 reactorl. Jx : :



file:///linsk-22

SUBJ
MNG
PNMW

TR

i INSTITUTE

¢
v

NEERAB

SRR LR | T o TR e

M4

TV GF L

n
S

EARTH SGIE

P,

URIVERS
RESEART

B

——

United States Patent pg

Crnojevich et al,

{54] PRODUCTION OF NONFERROUS METALS

WITH LOW SELENIUM CONTENTS

[75] Inventors: Ranko Crnojevich, Gretna; Edward 1.
p Wiewiorowski, New Orleans; Peter
H. Yu, Harvey, all of La.
[73] Assignee: Amax Inc,, Greenwich, Conn.
[21] Appl. No.: 64,689
[22] Filed: Aug. 8, 1979

[CEVI T o K C22B 23/04
[CRA IR SR o F 15/109; 75/117;
75/119; 75/121; 423/509; 423/510

[58) Field of Search .........cc..... 75/109, 117, 119, 121;
423/510, 509

[56} References Cited
U.S. PATENT DOCUMENTS

3,914,375 1071975 Clark et al. ....oocoviennneeee. 75/121 X
3,933,635 1/1976  Marchant ........oieienennne 15/121 X
3,959,097 5/1976 Queneau et al. ........coenenee. 75/121 X

(1 4,214,900
[45) Jul. 29, 1980
4,026,797 571977 Nikolec et al. .............c..... 75/121 X
4,047,939 9/1977 Morrison 75/109 X
4,076,605 2/1978 Bilson ....ccceeceveveerivrnernann 75/117 X

Primary Examiner—G. Ozaki
Attorney, Agent, or Firm—Michael A. Ciomek

[57) _ _ ABSTRACT

Selenium is precipitated from solutions or slurries con-
taining nonferrous metals, particularly nickel by con-
tacting the solution or slurries with a semimetallic chro-
mous precipitant of the nonferrous metal, particularly
nickel, which has a nonferrous metal to chromium ratio
between about 10:1 and about 200:1 and which has a
metallic content between about 50% and about 90%.
The semimetallic chromous precipitant of the nonfer-
rous metal is prepared by hydrogen reducing a solution
of the nonferrous metal or slurries containing chromous
salts in amount to provide the aforementioned nickel to
chromium ratios.

10 Claims, No Drawings
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PRODUCTION OF NONFERROUS METALS WITH
LOW SELENIUM CONTENTS .

THEORY OF THE INVENTION

The present invention relates to hydrometallurgy,
and more particularly to the removal of selenium from
nickel-containing solutions.

BACKGROUND OF THE INVENTION

Many alloying uses of metallic nickel require high
purity. This is particularly true when metallic nickel is
used in forming superalloys. Small amounts of impuri-

_ ties, e.g. tens of parts per or even parts per million, can

produce highly detrimental properties. For example,
sulfur in amounts greater than 50 parts per million and
selenium in evan smaller amounts, i.e., more than about
2 parts per million, can induce hot shortness in superal-
loys, causing problems during hot working. Metallic
nickel can be produced by electrorefining, electrowin-
ning, carbonyl techniques and by precipitation of metal-
lic nickel with a reducing gas from aqueous solutions.
The first three of these processes can generally produce
a refined nickel product that contains less than 5 ppm
selenium. Metallic nickel precipitated from aqueous
solutions generally contains about 5 ppm and 40 ppm
selenium, and most often between about 10 ppm and
about 20 ppm selenium. But even 1 ppm selenium in
nickel can be critically detrimental when the nickel is
used in the production of special superalloys.

Some selenium is removed by partial volatilization
when nickel is produced with intermediate pyrometal-
lurgical treatments. Selenium can also be partially re-
moved by coprecipitation with other hydroxide when
iron is precipitated from solutions under oxidizing con-
ditions in a pH range between about 4 and 6. Some
selenium can also be removed by cementation with
hetallic copper at moderate temperatures and with
metallic nickel at temperatures above about 200° C.
Some selenium can also be removed from nickel solu-
tions with ferric hydroxide produced by hydrolysis at
temperatures above 200° C.

These known processes for removing selenium from
nickel solutions are very expensive, only partially effec-
tive or inapplicable. For example, those processes that
require the use of temperatures of 200° C. are frequently
commercially unattractive because such reactions re-
quire the use of pressurized vessels in a large production
stream, can entail the loss of nickel from solution or are
effective in removing only selenium that is present in
the tetravalent state. These known processes which rely
on the coprecipitation of selenium with hydrolyzed
ferric hydroxide or other hydroxides are not applicable
to the treatment of pure nickel solutions because either
these solutions do not contain the coprecipitating com-
pound or are effective in only removing tetravalent
selenium. A process for removing both tetravalent and
hexavalent selenium from nickel solutions under moder-
ate operating conditions has now been discovered.

BRIEF DESCRIPTION OF THE INVENTION

Broadly stated, the present invention provides a pro-
cess for precipitating selenium from a solution or a
slurry of at least one nonferrous metal selected from the
group consisting of cobalt, copper and nickel. The pro-
cess comprises contacting the solution-slurry with a
semimetallic chromous precipitant of the nonferrous
metal which has a nonferrous metal to chromium ratio
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2
between about 10:1 and about 200:1 and which has a
metallic content between about 50% and about 90% to
precipitate selenium from the solution or slurry as a
selenide of the nonferrous metal. The semimetallic
chromous precipitant will be referred to herein as
“*SRC” standing for “*Selenium Removal Compound”.

DETAILED DESCRIPTION OF THE
INVENTION

Aqueous solutions of at least one nonferrous metal
selected from the group consisting of cobalt, copper and
nickel can be treated for selenium removal by the pro-
cess of the present invention. However, the process wil
be described in conjunction with the treatment of nick-
el-containing solution in order to facilitate the descrip-
tion thereof. Many nickel containing solutions can be
treated by the process in accordance with the present
invention. Thus, nickel chloride, nickel sulfate, nickel
amine sulfate solutions can be treated to remove sele-
nium by the process in accordance with the present
invention. Advantageously as mostly required in: the
commercial practice, nickel sulfate solutions are treated
to precipitate selenium in accordance with the present
invention. Nickel solutions that can be treated will gen-
erally have nickel concentrations between about 10 gpl
and about 120 gpl and between about 2 ppm and 25
ppm, or even 40 ppm, selenium, and most often between
about 3 ppm and about 6 ppm selenium. Although the
nickel solutions can have a wide range of pH values, it
is advantageous to maintain the nickel solution at a pH
value between about 0.5 and about 7.0, and advanta-
geously between about 1.5 and about 6.0.

Selenium is removed from nickel solutions or slurry
by contacting the solution or slurry with a semimetallic
nickel chromous precipitant which has a nickel to chro-
mium ratio between about 10:1 and about 200:1 and
which has a metallic content between about 50% and
about 90%. The precipitant is prepared by treating
nickel-bearing solutions or slurries or combinations
thereof containing sufficient amounts of chromous salts
dissolved in the aqueous phase to produce the afore-
mentioned nickel to chromium ratios. Thus, the precipi-
tant can be produced from solutions containing nickel
sulfate, nickel ammine sulfate [Ni(NHs3)]SOs, where
X =2-6 or slurries containing nickel hydroxide or basic
nickel sulfate, nicke! carbonates or basic nickel carbon-
ate. Chromium or chromous compounds that can be
employed include chromous sulfate (CrSQ4), Cr (II)
halogenides, Cr (IT) oxides or hydroxides, Cr(II) salts or
organic acids and Cr(II) sulfides, etc. The nickel solu-
tion or slurry containing the chromous salt is treated
with carbon monoxide or hydrogen, advantageously
hydrogen, at a temperature between about 50° C. and
about 200° C. advantageously between about 80° C. and
about 100° C. using a reducing gas overpressure be-
tween about 100 pounds per square inch gauge (psig)
and about 800 psig, advantageously between about 300
psig and about 600 psig for a time between about 5
minutes and about 45 minutes. Through reduction of the
liquor solution or slurry containing a chromous salt the
following reaction occurs:

MeA +R—Me*+RA

where Me is nickel and chromium, A is either an acid
anion or the hydroxyl anion and R is the reducing gas.
If A is an acid anion, as the reaction proceeds a required
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amount of a neutralizing reagent, generally ammonia,
should be supplied to neutralize acid gencrated by the
reaction.

Reduction of the nickel solution or slurry containing
the chromous salt produces a finely divided semimetal-
lic nickel chromium precipitant having a very large
surface area and a low density but is fast scttling. This
precipitant is superior to metallic nickel or other metal-
lics not only chemically but also physically because it is
very suitable for transporting in a slurry form with
common pumping apparatus and can be easily sus-
pended during selenium removal. The semimetallic
nicke! chromium precipitant is a mixture of metallic
nickel and chromium and hydroxides and basic sulfates
of these two elements. The degree of metallization of
the precipitant is determined by analyzing for the total
nickel content and then subtracting the amount of
nickel contained in the precipitant from the total weight
thereof. The difference between the total weight of the
precipitant and the total weight of nickel is basically the
weight of the hydroxyl or acid anions associated wnh
the nickel and chromium ions.

The effectiveness of semimetallic nickel chromous
precipitant can be further improved by adding small
amounts of various reagents to the nickel-containing
solution or slurry during the preparation of the precipi-
tant. Reagents that improve the effectiveness of the
precipitant include ferric ions, aluminum ions, silver
ions, sulfide ions, cyanide ions, alizarin, polyacrylic
acids and anthraquinone. These reagents can be added
to the nickel slurry in amounts between about 50 ppm
and about 200 ppm based on the weight of the nickel in
solution or in the slurry. The reagents improve the
effectiveness of the precipitant by providing a corisis-
tent quality in the precipitant and/or dcve]opmg a
higher surface area for the precipitant.

The semimetallic nickel chromium precipitant can be
used directly as made up slurry for selenium removal or
can be dewatered (densified) or washed prior 10 its use.
Also before use, the semimetallic nickel chromium pre-
cipitant can be dried, providing that drying and storage
is done in a reducing atmosphere. Advantageously, the

semimetallic nickel chromous precipitant is only dewa-

tered (densified) and used as such.

As noted hereinbefore the semimetallic nickel chro-
mous precipitant can be used for treating most nickel
solutions. Howeuver, it is particularly advantageous to
use the precipitant for purifying nickel solutions pro-
duced by a sulfuric acid leaching operation in which the
first stage is an atmospheric leach and followed by su-
peratmospheric leaches. Nickel copper matte is atmo-
spherically leached with an acidic sulfate solution con-
taining nickel and substantial amounts of copper to
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dissolve a substantial part of the nickel contained in the .

matte while cementing copper from solution and con-
suming free acid contained in the leaching solution to
produce a substantially purified nickel sulfate solution
and a residue containing cement copper, hydroxides
precipitated during the leaching operation, and un-
leached material. The residue is subjected to superat-
mospheric leaching with aeration with an acidic solu-
tion containing substantial amounts of free acid to dis-
solve most of the nickel and copper remaining in the
residue. The residue from the first stage pressure leach-
ing operation is then subjected to more severe acid
leaching to produce a copper sulfate solution containing
any of the undissolved nickel values in the residue from

the first stage pressure leaching operation. The preg-’
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nant solution from the second stage pressure leaching
operation is sent to a tank house where copper is elec-
trowon from the solution and the spent electrolyte is
then recycled to the atmospheric leach and the pressure
leaching operation.

Selenium is preferentially removed from the nickel
solution either during the atmospheric leaching opera-
tion or after the atmospheric leaching operation is com-
pleted. Although selenium removal can be conducted
during the atmospheric leaching, it is advantageous to
remove selenium as a separate operation because the
oxidizing conditions employed during atmospheric
leaching result in a slightly higher consumption of the
semimetallic nickel chromous precipitant. But, selenium
removal can be carried out in the solutions or slurries
following the pressure leach operation.

Selenium removal can be conducted at ambient pres-
sures with mild agitation at temperatures from room
temperature to the boiling point of the solution. How-
ever, the kinetics of selenium removal are improved by
operating at temperatures between about 60° C. and
about 90° C. The semimetallic nickel chromium precipi-
tant has a low density; only mild agitation is required to
kecp the precipitant satisfactorily suspended in the reac-
tion system. The low density of the precipitant mini-
mizes the build-up of the precipitant on the bottom of
the reaction vessel or the plugging of lines as is gener-
ally experienced with other metallic precipitants. Sele-
nium removal can be completed in as short a time as one
hour, advantageously between zbout one hour and
about four hours.

Selenium can be removed from nickel solutions hav-
ing pH values between about 1 and 8 but is advanta-
geously carried out in nickel solutions that are slightly
acidic, i.e.,, having pH values between about 1.5 and
about 6.0. The amount of the semimetallic nickel chro-
mous precipitant added to the nickel solution is mainly
dependent upon the amount of selenium contained in
the solution and to a far lesser extent on other process
variables like temperature, reaction time, oxidizing con-
ditions, pH value, etc. At selenium concentrations be-
tween about 1 part per million and about 5 part per
million, about 1 gram per liter of metallics in the semi-
metallic nickel chromium precipitant is required per
ppm of selenium to be removed. For nickel solutions
containing more than 5 ppm of selenium, the rate of
addition of the semimetallic nickel chromium precipi-
tant that must be added to the nickel solution is de-
creased and about 0.5 gram per liter per ppm selenium
is required for the solutions ¢ontaining more than 10
ppm. selenium. Because the amount of the precipitant
required is dependent not only on the amount of sele-
nium in solution but other process variables, it is advan-
tageous to ascertain by tests that level of precipitant
additions that will lower the selenium content to the
desired levels.

In order to give those skilled in the art a better under-
standing of the advantages flowing from the present
invention, the following illustrative examples are given:

EXAMPLE I

Three semimetallic. nickel chromous precipitants
were prepared under different conditions and these
were compared with known means of removing sele-
nium from nickel-containing solutions. In Test No. 1 the
semimetallic nickel chromous precipitant was precipi-
tated from a nickel sulfate solution containing 80 grams
per liter nickel and one gram per liter Cr2+ ions at 90°

v



4,214,900

S

C. for 30 minutes under a hydrogen overpressure of 500
psig. This precipitant contained 75.6% metallics. A
second precipitant was prepared by reducing a slurry
containing 100 grams per liter nickel as basic nickel
sulfate and containing one gram per liter Cr+ jons at
90° C. for 1 hour under a hydrogen overpressure of 500
psig. Precipitants produced under these conditions con-
tained 78.6% metallics. In Test No. 3, the precipitant
was prepared by reducing a slurry of basic nickel car-
bonate having a nickel content equivalent to 80 grams
per liter of nickel and containing one gram per liter
Cr2+ ions for one hour at 90° C. under a hydrogen
overpressure of 500 psig. This precipitant contained
62.3% metallics and had a nickel to chromium ratio of
approximately 80:1. In Tests 4 through 6 known sele-
nium precitants were prepared as shown in Table 1.

A nickel matte was leached at atmospheric pressures
with aeration at a temperature of 85° C. for two hours at
pH values between about 5 and 6.5 and in each test 2.5

—

5

grams per liter of metallics in the precipitant was added 20

during the leach. The initial concentration of selenium
in the leach slurry was 3.2 parts per million total sele-
nium and the nickel concentration of the leach liquor
was 88 grams per liter. The results of these tests are
shown in Table 1.

Reference to Table I confirms that the semimetallic
nickel chromous precipitant is effective in lowering the
selenium content of the nickel solution to below about 1
ppm whereas selemium precipitants commonly used in

25

the art provide final selenium contents of 1.82 ppm or 30

greater. Thus, the semimetallic nickel chromous precip-
itant of the present invention is at least 44% more effec-
tive in removing selenium from solution.

TABLE I

6

two hours with the precipitant being w.dded at a rate of
two gpl of the metallics in the precipitant. The results of
these tesls are shown in Table II. ~

TABLE II-
Cr(Il) Addition in
SRC Preparation
(gpl) ‘. NiCr Termina! Se-Conc., ppm
000" . — 2.92
0.05 . 1600 . 2.81
0.10 800 2,76
0.50 400 T 1.85
' 1.00 © 80 0.61
2,00 40 0.55
5.00 16 0.56

The results in Table I1 show that even small amounts
of chromium are effective in lowering the selenium
content of the nickel solution. However, only those
precipitants having a nickel to chromium ratio less than
400:1 provide terminal selenium concentrations in the
nickel solution of less than 1 ppm.

EXAMPLE Il

This example demonstrates the importance of em-
ploying semimetallic nickel chromous precipitates.
Four semimetallic nickel chromous precipitants were
precipitated from a nickel sulfate solution containing 80
gp! nickel and 1 gp! Cr(II) ion under a hydrogen over-
pressure of 300 psig for 30 minutes. The reduction tem-
perature was varied between 90° C. and 180° C. to
affect the metallic content of the precipitant. The pre-
cipitant so produced was used to remove selenium from
a nickel sulfate solution containing 60 gpl nickel and 3.7

Test “% Metallics
No. Precipitant Preparation

Terminal Terminal
In Compound Se-Conc.ppm  Ni/Se Ratio

1. SRC-prepared from 80 gpl ’ 75.6
NiSQj soln. containing '

1 gpt Cr++ at 90° C. for
30 minutes under 500
- psig Ha. . )

2. SRC-prepared from 100 gpl Ni ’ 78.6
slurry of 6 Ni(OH), . NiSO4 . .
containing | gpl Cr++ at 90° C.
for 1 hour under 500
psig Ha.

3.  SRC-prepared from 80 gpl slurry of - 62.3
Ni(OH); . NiCQOj containing 1 .
gp! Cr++ at 90° C. for 15

. minutes under 450 psig Hj.

4.  Maeaallic nickel prepared from 80 95.6
gpl NiSOy in presence of Fe ¥+ —Al* ‘4
calalyst at 80° C. for 15 minutes
under 500 psig Ha.

5. Densificd metallic nickel powder o 99.9
produced with a wet reduction with
Hj at 180" C. for 30 minutes. -

6. Metallic copper powder produced by 98.7
reduction with SO; gas'at 180° C. .

0.55 1.6 x 10°

0.85 10 x 105

1.01 0.9 x 10°

182 05 x 105

3.01 0.3 x 10°

3.05 0.3 x 10%

EXAMPLE II

This example demonstrates the greater effectiveness
of semimetallic nickel chromous percipitants containing
lower nickel to chromium ratios. Seven semimetallic
nickel chromous precipitants were precipitated from a
nickel sulfate solution containing 80 gpf nickel and vari-
ous amounts of Cr2+ jons at 90° C. for 30 minutes under
a hydrogen overpressure of 500 psig. These precipitants
were then used to precipitate selenium from a nickel
sulfate solution containing 85 gp! nickel and 3 ppm total
selenium at 90° C. under an unoxidizing condition for

60
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ppm selenium with aeration at 80° C. for two hours with
the precipitant being added to the nickel solution at a
rate equivalent to 2 gpl metallics in the precipitant. The
results of these tests are shown in Table IIL

.. - -, TABLEUI
SRC Prep. Tcmperulur’c % Metallics Terminal Se-Conc.
.. (C) ' In SRC ppm
90: T T 156 0.712
120 R 91.5 0.90

Co1s0 L. 98.7" : 2.4
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TABLE Ill-continued 65° C. for one hour. The results are reported in Table 5.
SRC Prep. Temperature % Mectallics Termina! Se-Conc. .
°C. In SRC. ppm TABLE V
180 92 . 30 Ni-Cr Addition Initial .
Solution gp! (10092 Ni base) Se ppm  Terminal Se, ppm
Comparison of the results shown in Table III shows I 6.0 9.9 0.52
n 10.0 14.6 0.10

that acceptable terminal selenium concentrations can be
obtained when the semimetallic nickel chromous pre-
cipitant contains about 92% metallics whereas metallics
exceeding 95% produce commercially unacceptable
terminal selenium concentrations of 2.4 greater.

EXAMPLE IV

This example demonstrates that higher temperatures
and longer times of selenium precipitation are more
effective in providing a low terminal selenium concen-
tration. A semimetallic nickel chromous precipitant was

10

15

precipitated from a nickel sulfate solution containing 80 -

gp! nickel and 1 gpl Cr(II) ion at 90° C. under a hydro-
gen overpressure of 400 psig for 30 minutes. The precip-
jitant so produced was used to treat a nickel sulfate
solution having a total selenium content of 4.5 ppm.
During selenium precipitation the nickel sulfate solution
was aerated and the precipitant was used at a rate equiv-
alent to 3 gpl metallics in the precipitant. The times,
temperatures and the results of these tests are reported
in Table IV.

TABLE IV
Time Temperature (*C.) Terminal Se-Counc.(ppm)
1 75 1.1
2 75 1.0
3 75 . 0.9
4 75 0.9
2 20 1.2
2 45 . 1.0
2 - 10 . 10
2 95 09

The results shown in Table IV confirm that longer
precipitation times are effective in producing lower
terminal selenium concentrations. However, at a given
temperature, times in excess of one hour are only mar-
ginally better than those for 1 hour. The results in Table
IV also demonstrate that higher temperatures are more
effective in providing lower terminal selenium concen-
trations. Again, the effects of temperature above 45° C.
produce only marginally better results. The results in
Table IV demonstrate that optimal selenium removal
can be achieved by conducting the selenium precipita-
tion operation at temperatures between 50° C. and the
boiling point of the solution for a time between about 1
and 2 hours.

EXAMPLE V

This example confirms that copper-bearing electro-
lytes can be treated by the process in accordance with
the present invention to produce electrolytes having
low selenium cohtents.

A semi-metallic nickel chromous precipitant was
made from a nickel sulfate solution containing 80 gpl
nickel and 1 gp! chromous ion at 90° C. under a hydro-

gen overpressure of 400 psig. A copper-bearing electro--
lyte containing between about 40 gpl and about 50 gpl

nickel, between about 60 gpl and about 70 gpl copper,
between about 2 gpl and about 4 gpl iron and between
about 10 ppm and 15 ppm selenium was treated with a
precipitant to remove selenium therefrom. Selenium
was removed from this solution at ambient pressure at
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Substantially complete selenium removal was ef-
fected by these tests. In copper electrolytes containing
selenium both in the hexavalent and quadravalent states
in which the major part is present in the hexavalent state

(70% to 90%), consumption of the precipitant was re-

duced to between about 0.6 and about 0.7 gp! precipi-
tant per ppm selenium removed. '

Although the present invention has been described in
conjunction with preferred embodiments, it is to be
understood that modifications and variations may be
resorted to without departing from the scope of the
invention, as those skilled in the art will readily under-
stand. Such modifications and variations are considered
to be within the purview and scope of the invention and
appended claims, ’

We claim: :

1. A process for precipitating selenium from solutions
of nonferrous metals wich comprises contacting a solu-
tion of at least one nonferrous metal selected from the
group consisting of cobalt, copper and nickel with a
semimetallic chromous precipitant of the nonferrous
metal which has a nonferrous metal to chromium ratio
between about 10:1 and about 200:1 and which has a
metallic content between about 50% and about 90% to
precipitate selenium from the solution as a selenide of
the nonferrous metal. o

2. A process for precipitating selenium from nickel-
containing solutions which comprises contacting the
nickel solution with a semimetallic nickel chromous
precipitant which has a nickel to chromium ratio be-
tween about 10:1 and about 200:1 and which has a me-
tallic content between about 50% and about 90% to
precipitate selenium from the nickel solutions as nickel
selenide. .

3. The process as described in claim 2 wherein the
nickel-containing solution is at least one solution se-
lected from the group consisting of nickel sulfate and
nickel amine sulfate.

4. The process as described in claim 3 wherein the
nickel containing solution has a nickel concentrate be-
tween about 10 gpl and about 120 gpl.

5. The process as described in claim 4 wherein the
nickel solution contains between about 2 ppm and about
40 ppm selenium.

6. The process as described in claim 5 wherein the
selenium concentrate is between about 3 ppm and about
6 ppm.

7. The process as described in claims 2 through 6
wherein the semimetallic nickel chromous precipitant is

- produced by treating a nickel solution or a nickel slurry

65

containing a water-soluble chromium salt in an amount
sufficient to provide a nickel to chromium ratio be-
tween about 10:1 and about 200:1 with a reducing gas
selected from the group consisting of carbon monoxide
and hydrogen at a temperature between about 50° C.
and about 200° C. using a reducing gas under pressure
between about 100 psig and about 800 psig.

M)
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8. The process -as described in claim 7 wherein the

nickel-containing solution or slurry is treated at a tem-
peralure between azbout 80° C. and about 100° C, with a
reducing gas under préssuré between about 300 psig and
about 600 psig. ,

9. The process as described in claim 8 wherein a
nickelcontaining solution is‘treated to produce 2 sermi-
-metallic ni¢kel chromous precipitant and free acid gen-
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10
erated during producing of the precipitantis neutralized
with a neutralizing reagent. ‘

‘10, The process as described in claim 7 wherein the
effectivéness of the sefnimetallic nickel chroméus pre-
cipitant is improved by adding at least one reagent se-
lected from the group consisting of ferric ions, alumi-
num ions, silver ions, sulfide iots, cyanide jons, alizarin,
polyacryli¢ -acids and anthraguinone in amounts be-
tween about 50 ppm and. about 200 ppm..

* * ¥ " L]
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companies in various stages of exploration, mine devel- . facility for mine equipment maintenance began init.
opment, and mill planning. Exploration activity, 1975, along with removal of overburden. 5L A major ex
reviewed in greater detail elsewhere in this issue, contin- At present, the Petrotomics mill is also processin" o4 .ranium mill
] _ues at a fast pace despite governmental red tape. Footage  from the Jenkins project of Utility Fuels Inc., aZfs :d capacity :
q 1 ~drilled in 1978 is expected to exceed 17 million ft, up  miles away. 5% ihe partners ;
ol . from 15.4 million ft in 1977, when it accounted for Getty reached ore in January 1978 in the Sect: +&78 ion, in coope
Lo 37.6% of the US total. o ‘mine. Ore processing began in June. At the rehabilitsef v to supply
" Large petroleum companies lead the dnlhng activity,  mill,'a new yellowcake dryer and @n rmprovedq_ _ower plants.
followed by smaller petroleum and mining companies  collection system have been installed. *§ In both Wy
‘and independent operators. In general, drilling depths More than 40 million tons of overburden havebc: sroduction is

. . : = :
are increasing and ore grades are falling. However,  removed from the 4-33 mine. Over the estimated lO-yws;ecrfy.a»ﬁoat
. significant exploratron successes are snll bemg life of the mine, more than 200 million tons of over&l =orld uraniur

. -recorded. |~ -, . " den ‘will be excavated.-Stripping is done by two P Stripping ¢
At the Hauber mine in northeastern Wyommg, 2300 shovels with 27-cu-yd buckets loadmg into’ (iz‘ vd per month:
,; : : Homestake Mining Co., in cooperation with a utility = Rig M120 Lectra Haul trucks. - ﬁ@ sith-a 15-cu=
£ ‘company, is completing the third year of a four-year Mining is done with Cat 2‘/z-cu-yd backhoes loadeg spened up.. 1
exploration and development program. The mine, which  into 35-ton Euclid trucks. Mine waste is removedt§ wverburden fi
’ L . - produced 350 tpd from a 400-ft shaft in 1957, supplied = three Marathon LeTourneau Model 1700 front=§ egun there.

e

ore to the Edgemont, S. Dak., mill, which is now shut  ‘loaders with "13-cu-yd" buckeéts, an M-LT Model: LY Tablestakes si
down. TVA recently purchased the mill, but no plans for . with a 15-cu-yd bucket, and a Hough Model 580-fig#f sroperty. Stri:

-i) reactrvatron have been announced S . end loadér with a massive 25-yd bucket.-The -MIY Hills Cap pro,
=4 - . .o trucks haul mine waste. Petrotomics will be expenmg? In addition,
L Petrotomlcs mlnes and m|||s again ing in overburden’loading and removal with a Unizg‘ to produce or

: - “Unimatic™ bucket wheel loader, whrch has been betif sxpected to be
RE Milling operauons have resumed at the 1,500-tpd _ up for the Job R S

Petrotomics plant in the Shirley Basin, after a three-year R B

f . . 4 : 521 A new mine

n layoff. In early 1975, Getty Oil and Skelly Oil acquired  yYnjon Carbide adds heap leaching g

: Kerr-McGee Nuclear Corp.’s one-half interest in Petro- . -1 American |

tomics Co. The mill, with a capacrty of 1,500 tpd of  Union Carbide’s Gas Hills operauons have respoi®f Tennessee Val
uranium- ore, had been closed since Noveémber 1974, to stronger uranium. demand by stepping up of the Cotter

: _ following " temporary. termination of uranium mining  production and mill throughput and by installing b begin upon re
; conducted there by KGS-JV, a joint venture of Getty leaching operations. The company's Gas Hills uranie} Department ol

o Qil, Skelly Oil, and Kerr-McGee. ~ mill has set production records for the last two yearS located south ¢
. Although the Petrotomics mill was idle during 1975, Capacny of the Gas Hills mill has been expanded* Corp. The Fe
‘equipment was kept in operating condition, and refur- 500,000 tpy of feed. Mill throughput has been incre#¥§ American Nuc

~ bishing and process improvements were made in antici- by speeding up the mill, incfeasing the sizing ont¥} The Cotter

pation of resuming production in the area in 1977. cyclones, and adding ion exchange capacity. The com'

i The mill is now processing ore from UJV, a joint  ny expects to produce | million lb of uranium oxrde
. ,  venture of Getty and Skelly. UJV holds properties in the  year. 2
!

i Shirley Basin estimated to contain 6.9 ‘million tons of Union Carbide is comtructmg a large heap le3
f

h in-place reserves having an average grade of 0.19%  project that will be 1,200 ft long, 600 ft wide, and 22
(b - uranium oxide, or 3.8 b per ton. Sections 4 and 33 are high.
o

‘§ group, in an es
Teclamation m
by other comp

The project
million to tap
Slnppmg will -

ke

oes loadiy w up. The company’s scraper fleet stripped the valleys in the Sweelwater area by using seisrnic teoh-
‘emoved £ mhurden from the Clyde-Bret-pit, and' mining has  miques. So far, drilling indicates good correlation with
) front-es ﬁegun there. It then moved on to the Sagebrush-  the seismic results as deep as 1,100 ft.- -
lodel L8 Tsblestakes site and from there it went to the Sunset = « == ' -- i+ i . R -

580 frov %Peﬂy Stripping is now in progress on the East Gas  Startup at Morton Ranch scheduled for 1980 - .
The. MI3BHlIs'Cap property. - ’

i estimated to contain 4.5 million tons of in-place ore Major equrpmem at Union Carbldes open- p,t g lion, with_two
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g into Ut %er month with a new Marion 191M shovel equipped Beaver Rim and south through..the Sweetwater clalms i 3
wilia 15- cu-yd bucket, and several new pits have been American is attempting to identify the deep hidden ' % 45
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xperimer} &n addition, an underground .mine is being developed United Nuclear Corp.’s Morton Ranch mine may be ]
1 Unit R4 wproduce ore at the 1,050 level. The main shaft is  in full production by early 1980, as construction could . | !
een beeld txpected 10 be eompleted in late 1978 or early 1979 begin as early as the last quarter of-1978. The mill will
gL ; take about 15 months to complete. Estimated cost of the
Knéw mine for Amertcan Nuclear - - mill alone is slightly less than $35 million. :
- The mine will be located on the Morton Ranch, whlch ‘
%encan Nuclear Corp . in conjunction with the  is about I8 mi north of Douglas and encompasses about
I‘CSPON‘” "Tmnessee Valley Authority, plans to begin construction 26,000 acres. -
up mi ﬂhe Cotter Ferguson mine in late 1978. Work will ‘United Nuclear is working on the tailings disposal
ling he:d Begin upon receipt of the mine permit from the state  plan, environmental reports, and radiological assess-

» uranivy Dbpartment of Environmental Quality. The mine will be ments. A series of three settling ponds has‘already been '
» years. lmled south of the Lucky Mc mine of Pathfinder Mines  constructed. UNC has been mining some uranium from ’ d
randed # erp .The Federal-American Partners mine, in which  the first pit for metallurglcal testing, and on the northern — '. .
increas ‘ﬁmencan Nuclear is a°40% partner, L also is nearby o ‘porhon of the property, Teton Drilling Co., a subsidiary -~

g on 1 &The Cotter. Ferguson.mine.will. be on the Peach claim - - of. UNC,. is. doing development drilling to block out - - '
¢ comtl mup. in an established mining district, and ‘mining and orebodies. !

kide ll‘a Jeclamauon methods will be similar to those being used In addition to the open-pit mine, United Nuclear is l‘ :
D rother companies in the area. developing an underground mine on the northern edge of A
1p lead gThe project” will require a capital investment of $60  the property. The main shaft is 740 ft deep. Track and

ppmg will be carried out by a truck-shovel combina- expected to extend about 3,000 ft from the main shaft.
'ﬁﬂn ‘with two 19-cu-yd electric shovels loading into a * The underground mine also is slated to be in full

b_er ‘I?" %—Nowmkr l978 .

t

ind 22% "mllhon to tap known reserves of 7 million Ib of U3Os.  development -work is at the 630-ft level. Drifting is ‘ l
4

pit mif :
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Wyoming
production by 1980.

United Nuclear and the Tennessee Valley Authonty
estimate that the properties contain 11.4 million 1b of
uranium oxide. As half owner, TVA would get 5.7
million Ib, or 5% of its identified needs through 1990.

Kerr-McGee mines Bill Smith undergroﬁhd

“A new underground mine in the Powder River Basin

has returned Kerr-McGee to the ranks of Wyoming
uranium producers. The company’s Shirley Basin mines
were shut down in 1974 after being mined out.
. Kerr-McGee's drilling program has included explora-
tion in the Red Desert and Green Mountain districts,
which has outlined potentially mineable reserves, and
drilling in the Powder River Basin. ~

The productlon shaft for the new Bill Smith mine was
bottomed out in November 1974, and the main. shaft
station has been equipped at the 870 level. B

The mine will be worked by modified room-and-pillar
techniques. The haulage level of the mine is equipped
-~—with 36-in.-gauge track. Haulage is carried out by an
8 ton Plymouth locomotive and 110-cu-ft cars.

~ The 14-ft-dia, concrete-lined shaft is-equipped with a

~ Nordberg double- drum hoist and two 110-cu-ft skips in

balance.

Kerr-McGee's future uranium dcvelopment ‘plans,
which include several open pit and underground mines,
have run into trouble with state agencies. A final deci-
sion to settle the disputes should be made in the near
future.

1

Mullen Mining well into four-year project'-

"Mullen Mining Co., operating in the Shirley Basin,
relies entirely on large crawler-tractors and a fleet of

* tractor-scrapers to perform stripping at the four-year

Jenkins project. Some 21 million cu yd of overburden
will be exca'vated at the rate of more than 36,000 cu yd

" ‘per day.

The scraper hauls tend to be long — 3,000 ft to 5,000 ft

STATE AGENCIES AND ENVIRONMENTALISTS are raising a

red flag to halt major uranium expansion in Wyoming.

The Wyoming Industrial Siting Council, for example,
has rejected a proposed compromise and ordered Kerr-
McGee Nuclear Corp. instead to file for a permit for a
proposed $600 million uranium complex in Converse
County.

Minerals Exploration, a subsndlary of Union 01] Co. of
California, is under pressure from the Wyoming Envi-
ronmental Quality Council, which charges that the
company has made significant changes in plans since its
application for a permit to construct a uranium mine and
a 3,000-tpd mill in the Red Desert of southwestern
Wyoming. As a result, the council has authorized its

106

one way—and the mining company keeps ha"'{ ‘.,.(-MCGCC
surfaces well maintained. The dumps are in previgsf ved. The ¢
mined areas of the pit, which makes backhaul, o ﬂoach to pr
relatively flat. : the Kerr-M
Overburden bench areas are often Iarge with n cumulativi
and push-loading done on a slight downhill grad ¥ .1 appear
speed push-loading by its fleet of 12 Cat 651 andig L llenges. Tei
scrapers, Mullen chose a pair of 425-fwhp Fiat-Allgif’ .. the nex
tractors. Their speed and power make it advnsablg sbide, Wes
team each one with two lighter Cat D9s to maitl.. aseulf.
push-load balance in the pit. - ¢ Befgrc the

In the heavy, wet, consolidated sand and clay; .‘.._ L qun mine - ¢
upper levels of the pit, the scrapers can take g w,um proje
45-cu-yd load in 25 sec. Rather than'chain- load, . had begu

succeeding scrapers making one' long cut down; «.n clopment -

_ bench, they work the width of the cut in succest:l - Plans ¢
passes. This system gives a smoother pit surface, pe i ps product

faster spotting of incoming scrapers, and re diads. planning
nonproductive tractor time during-a,long returs & Minerals Exg
back to the beginning of the cut. R million ir

With production ranging from 35,000 to 50, 000-33% . " Although t.
per day on two shifts, equlpment availability muy uires Ker

high. : T -8k thin year,

The Jenkins project being stnpped by Mullezg, urface mine
managed by Uranium Supply Services Corp. for U & ons empl
Fuels Inc., a subs:dnary of Houston Industries Inciz®fre council

s h-derground

- L
Wyomlng Mineral: Solutlon mme at Ingaray, <nt of the fi
“yPfreparation

Wyoming Mineral Corp., wholly owned subsndx Bid-quire depo

Westinghouse, plans commercial development 032‘ riigate advi
Trigaray uranium solutlon mine.in southeastern Joh gty
County. . . “Before the

The mining method consnsts of injecting llqund mt hould have
underground_uranium formation, dissolving the - = elop four
um, and then pumpmg it to the surface. The COm '~. ine, which
which has been mining uranium solution at the- ra;& The comp
100 gpm at the site, plans to increase the rate to | OM

&

1,600 gpm. Planned capacity of the leaching procesyd

“500,000 1b of uranium oxide annually—equal tozii URE

yield from mining about 750,000 tons of average- 2
ore. [] : 28 B state «

Y

| State makes it tough to get okays for new projects | # Banium dej

: -. g Corp S
staff agency either to dismiss the company s apphca freas encon
or to accept amendments incorporating the changes‘g kota and

The Wyoming-Outdoor Council, an environmentals finnesota,
group, has also made its objections known to Miner#] The prim

2

£

“‘Exploration and to the state. Minerals'Exploration Eert of 197°

hoped to be in production by September 1977. Butfit§?determin
permit application was denied twice by the Wyo ;m; Surfac
Environmental Quality Council. When the permit wfvestigatio
finally granted after the plan had been resubmitted, B ochemica
Wyommg Outdoor Council charged that the state ag e being u
cy had overlooked important issues, such as possﬂ) “aluation
lowering of the water table and i improper design for Bfreliminary
uranium tailings disposal. . &) Projects
- A host of other companies are waiting to see how:led for cor
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DISCUSSION OQF THIS PAPER IS INVITED. [t should preferably be proseated by the contributor in
person at the New York Meetimg, February 1940, when an abstract of the puper will be read, If thisis iinpossi-
ble. discussion in writing (2 copies) may be sent to (he SBecretury, American Lustitute of Mining and Metal-

lurgical Enginecers, 20 West 3oth Street, New York, N.

Unless special arrungemcnt is made, discussion of this

paper will close Sept. 1, 1940, Any (iscussion offereil xhuc.uher should prefernlly b in the form of a new paper.

Principles of Comminution, I—Size Distribution
and Surface Calculations

By R, Scuunsany, Jr.,* Junior MEMBER A LML

{New York Meeting, February 1030)

ProsLEMS in expressing, interpreting,
and using size-distribution data recur in
many phases of mineral dressing; therefore
it is desirable that size analyses be ex-

" pressed in such a form, either numerically
or graphically, that comparisons can be
made readily.

The size distribution of comminuted
material is a result of a specific physical
operuation on the material and therelore
should be governed by some dehnite
physical principle, or cause-effect relation.
Although this principle has not been dis-
covered, it has been found that the size
distribution of comminuted, homogencous
solids may be expressed by relatively
simple mathematical equations. T'wo equi-
tions in particular, proposed by Gaudin!
and by Rosin and Rammler.? respectively,
have stood out, hoth having wide demon-
strated, ranges of application. The form
and the method of application of the two
appear almost irreconcilably different on
ihe surface, but, as will be shown, they are
asymptotic in the fine sizes when expressed
in the same units.

This paper gives the results of a further
study of the Gaudin and Rosin-Rammler
relations, made with the object of develop-
ing a form of size-distribution eguation
that will be more usable and more signifi-
cint—particularly in comminution studies,

Manuscript received at the oftice of the Institute
Nov. 30, 1939.

* Instructor in Mineral Dressing, Massachusetts
[ustitute of Technology, Cambridye, Mass.

t References are at the end of the paper.

both for interpreting the nature of size
distribution and for cvaluating surface.
The work is summarized in the following:

An equation relaving cwmulative -per

cend finer Lo particle size in the fine sizes is

derivéd from Gaudin's original equation.
That equation relates weight per cent
retained on one size and through the nest
larger size in a geometric series of sizes to
size (of the retaining screen, for example).

2. Comparisons with Gaudin’s equation '

and with the Rosin-Rammler equution

show that the cumulative équation applies .
10 the fine sizes of all size distributions that -

fit either of these earlier relations, and, fur-
thermore, has some advuantages over each.

3. A simple graphical method of surface
calculation based on the cumulative-equa-
tion plot is evolved and illustrated.

4. Additional confirmation of the cumu-
lative equation was obtained in the more
severe test of sizing down to the limit of a

sedimentation balance a sample of jaw-.

crushed quariz. The equation was closely
followed over a 200-fold range in size, from
approximately o.4 mm. (335 mesh) down to
0.0023 mm. (2.3 microns), the lower limit
of the size analysis mude. There is no
indication that the equation will not hold
further to well below 2.3 microns.

5. Calculations of the surface produced
in the jaw-crushing test mentioned above
showed that at least 8o per cent of the total
new surface was on particles finer than 33
mesh (about 425 of the crusher setting).
The minus 33-mesh portion was only
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2 PRINCIPLES OF COMMINUTION, 1

12 per cent of -the total weight of the
crushed quartz. ’

6. The surface calculations for the data
from the jaw-crusher test, together with

. the extrapolations below the measured

size range, demonstrate the extreme
importance of extending measurements of
size distribution and surface into the nearly
untouched size range between unit crystal
size and about one micron.

DEr1vATION OF CUMULATIVE
S1ZE-PISTRIBUTION LEQUATION

The starting point of this derivation is
Gaudin’s equation for comminuted, homo-
geneous solids:! .

w = Cxm . [l]

in which w is the weight per cent retained
on the séreen of opening x and passing the
next larger screen of opening px in a
geometric series of sieves, and C and m
are constants.

The cumulative per cent finer than «x,
designated by v, is the sum of the weight
per cents retained on all screens.finer than
x; that is, it is the sum of the series of

. X x X
values of w corresponding to s

etc. Thus

y= c(%) + c(z},) + c(—;-;> + ete.

2

Cam(p™ + p7n 4 p=in 4 etc) (3]

If it is assumed that equation 1 holds
down to x = o, the series in equations 2
and 3 are infinite geometric series, whose
sums are given by simple algebra, and

o 25)

Defining a new constant k in terms of the

Cp—-m m
constants C, m,and p as| ~—————=
: roo(1 — p~m)
and substituting in equation 4 gives the
cumulalive size-distribution equation:

y = °°<i> 15

The assumption made in the derivation,
that equation 1 is valid down to x = o,
is probably untrue. If equation 1 is valid
only to a lower size limit xo, then instead
of eq. 5 the following is obtained:

-] ()= (3)]

Actually, as will be brought out later, eq. s
in its simplest form has held for all data
tested, within- the experimental error.
This shows that x, is negligible compared
with x in the present range of size-dis-
tribution measurement (down to 1 or 2
microns), and therefore the existence of a
definite lower size limit must rest on evi-
dence other than available size-distribu-
tion data.

The same constant m appears as an
exponent of x both in Gaudin’s equation
and in the derived cumulative equation.
The physical significance of this constant
and ils importance in interpreting size-
distribution data were pointed out and
illustrated experimentally by Gaudin in
his study of the original equation.! In
this work the constant m will be called the
distribution modulus.

One of the disadvantages of Gaudin’s
original equation is that the constant C
has no simple physical interpretation.
Actually its value varies with the sieve
ratio p, as well as with the material whose
size distribution is being expressed. That
is,- in using the equation, a particular
geometric-series sizing system must be
adopted and specified. On the other hand,
the cumulalive equation applies to data
relating cumulative per cent and size,
obtained by any sizing system. The con-
stant % in the cumulative equation has.
dimensions of particle size, and hence will-
be termed the size modulus. 'Thus, the size
distribution of a comminuted product

{sa]
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in the fine sizes is specified by giving the
two constants of equation s, the distribu-
tion medulus and the size modulus, both
of which have definite and easily visualized
physical meanings.

Gaudin'e and Bond and Maxson,® in
applying eq. 1 to extrapolations and surface
calculations, have used a mathematical
approximation, which has not been so
designated heretofore. This approximation
is represented in the assumption that the
weight of particles in a given size fraction
(w between x and px) is evenly distributed
over the size range of the fraction (x to
px). This assumption is not necessary in
dealing with cumulative percentage.

Fvaluation of m and k.—Taking common
logarithms of both sides of eq. 3,

log v = m(log x) + 2 — m(log k) (6]

As m and & are constants, it is obvious
that a plot of log v (log cimulative per cent
finer) versus log x (log size) gives a straight
line of slope m. Also, when y = 1co
per cent, x = &.

This is illustrated in the cumulative
curve in Fig. 1, based on data published
by Bond and Maxson.® The data for
the fine sizes fit a straight line of slope
m = o.640. The size modulus % for the fine
sizes is 0.0 mm., and is found by extending
the line of distribution of fine sizes to.find
its intersection with the horizontal line
corresponding to r1oo cumulative per
cent finer.

- For comparison, the same size analysis
is also plotted in Fig. 1 in the ‘manner
originally suggested by Gaudin (log weight
per cent retained versus log size). This
must also fit, in thé fine sizes. a straight
line of the same slope as the cumulative
{ine, but it is apparent that this method
of plotting magnifies screening errors so
that accurate location of the line and
measurement of the parameters is rather

Jifticult. The difliculty is demonstrated by’

Bond and Maxson’s postulate that this
particular analysis should be represented

R. SCHUIIMANN, JR. 3

by two straight lines instead of one in the
fine sizes. Furthermore, the fact that the
cumulative data fit a straight line within
the experimental error of the analysis

Te
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F1G6. 1.—LOGARITHMIC PLOTS OF SCREEN

ANALYSIS OF GYRATORY CRUSIHER PRODUCT.
Data from Bond and Maxson.®

(and therelore fit equation 3) shows that

there is no evidence whatever in this size

analysis alone for the existence of a lower

size limit or of unground colloidal material.

CALCULATION OF SURFACE AREA

‘I'he surface arca do of particles runging
in size from x to x - dx in a sample of
oo grams equals the product of the specific

i . S 6

surface of these particles, = .5 = - ,

x sp. gr.

for spheres when x is given in centimeters

and surface in square centimeters),* and
the weight of thosc particles, dy:
s .

do = ~dy {7

Dilferentiating eq. 3,

100 mxn!

dy = X dx (8]

Substituting eq. 8 in eq. 7, and integrat-
ing to find the surfuce gy — oy berween

#* Surface on one sphere of diameter v is »x.? The
. . e N
weight of one sphere Is '—0- X ispoogr.)., Thus the

specific surface, or surface arca per unit weight, of
PR

spheres of diameter xis—

]
e, OF s
T X (51 ur.) X X (sp.gpr)

R4 TR
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sizes ay and wy (assuming S docs nou vary
with size in the range considered),

VLY o (o]
g2 ~ 01 = 100 - X e
z ! mo—1 km gy 0

Thus the surface on particles between

two sizes, in the range of validity of the -

cumulative equation s, is given by the
difference between the values of ¢ for
the two sizes, where

o M X xm=t {10d]
¢ = 100— am= 100
k7 — 1
or,
. m
—¢ = 100 X — X 2m~' [iob)

Taking common logarithms of both sides,
of eq. 104,

logo = (m — 1) log x + log (,_’lL) +

m — 1

PRINCIPLES OF COMMINUTION, 1

log (106% X ~"-I—) when m < 1. (Note:

I —m

;—g = specific  surface corresponding  to
size k) ,

The location of thee line from a logarith-
mic plot of size distribution, and the use
of the graph for surface estimation are
illustrated in Fig. 4 and Table 1, which arc
taken up in more detail later.

SuMMARY OF GRAPHICAL PROCEDURE

The graphical process for which the
mathematical basis has been given in the
preceding pages is as follows:

1. Plot cumulative per cent finer against
size on logarithmic paper (equal intervals
along both -axes). The suci:ceding steps
are applicable only to the straight-line
rcgion established on the graph for the
fine sizes.

s

N

in which m is the distribution modulus
measured in step 2. Drop the minus sign
obtained when m: is less than 1. This
product may be designated as o (in Fig. 4,
m = 0.873; thus

: log ('Zi‘s) ‘[”a] 2. Measure the slope of the line, which
¢ . is the distribution modulus m. Read the
;“ or of eq. 10b, to avoid an equation with the  size modulus k as the abscissa of the point
{": logs of negative numbers when m < 1,* of intersection of the extended distribution
z line with the horizontal line at 100 cumula-
h log {(—o) = (m — 1) log x + log ~(k T m) tive per cent finer (point A in Fig. 4).
CHe 1005 3. Cualculate the specific surface for
] ! + log ( o ) [r1b]  particles of size equal to &, the size modulus,
. * assuming that the purticles are spheres
5:, ! From these cquations it is apparent that  (in Fig. 4, & = 4.74 mm,, sp. gr. = 2.63;
1 4 a logarithmic plot of the positive value of ¢ thus specific surface of particles of size & is
. £ versus size gives a straight line of slope - ,
g t (m — 1). Also, when x = &, 2.65 X 0.474 Or 4777 5q. cm. per gram).
g :1 s " 4. Multiply the figure for specific surface
&1 ¢ = 1007 X ~— calculated in step 3 by the factor ~o2%,
T b m—1
;

" .
——— (used if m < 1).
I — m

Thav is, the line passes through the point
whose abscissa is log &, and whose ordinate

or (—o) = 100% X

. . S 3 :
is log (mo; X -ﬂ—) when m > 1, or
=1 100 X 0.873
0.127

SR gr = 4.

* The case for m = 1 is not considered, and the
graphical method of surface calculation cannot be
used when m = 1. If this case is encountered, surface
is caleulated from the following: When m = 1, the
total surface between tweo consccutive sizes in a
gecometric series of sizes {rconstant over the range of
validity of ¢q. 5.

-1
~1
-~

= 3283 sq. cm,
per 100 grams).

5. Draw a straight line of slope (m — 1)
through the point whose abscissa is &

’
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and whose ordinate is g Positive values
of ¢ can be read from this line for various
values of size (in Fig. 4, a line of slope
—o.127 is passed through point B, whose
abscissa and ordinatee ar read as 4.74 .and
3283, respectively).

6. The surface between two sizes in the
range of linearity of the size-distribution
plot is the difference between the values
of ¢ for the two sizes.

7. The surface area for sizes above the

straight-line region is calculated separately’

in the customary manner; or the totul
may be roughly approximated by using
the ¢ line and assuming the upper size
limit to be 4.

TrSTING THE CUMULATIVE FQUATION

Reproduction of all data used for testing

eq. § is not justified, but the method of -

testing and the principal sources of data
require brief consideration.

The testing method consisted simply in
plotting the data as log cumulative per
cent finer versus log size (or easier, cumula-
tive per cent finer versus size on logarithmic
paper), and determining whether the data
fitted a straight line in the finer sizes.

The size analyses tried by this method
were all on products of ¢rushing or grindhxg
homogenecous or nearly homogeneous min-

erals or rocks, as the size-distribution

principle does not apply uamodified to a
mixture of minerals of different physical
properties or to a rock with structural
heterogeneities, such as a natural grain
size, occurring in the size range um-
der consideration.!

It should be emphasized that.all the
data in the literature that have been
shown to fit Gaudin’s original relation
(eq. 1), are mathematically required to
fit either eq. 5 or eq. sa. The fact that the
data tested all fit the cumulative eq. 3
within experimental error indicates that o
lower. size limit is well beyond evaluation
by the size-distribution technique used.
Some of the data extend to t or 2 microns,

R. SCHUHMANN, JR, : 5.

hence the lower size limit must be well

below 1 micron,’

The size-distribution data tested, all of
which, with the few exceptions noted, fit
eq. 5 within the probable accuracy of the
data, were the following:

Screen analysis of Montana gold ore,
gyratory product, Bond und Maxson.?
(See Tig. 1.)

Screen and sedimentation-balance analy-
sis of quartz, jaw-crusher product. (See
Tig. 4 and later discussion.)

Two typical coal-screen analyses, Geer
and Yancey (samples A and B, Table 1).*
(See Yig. 2.)

Screen analyses of ball-mill
quartz, Gross (Tables 8o, 81, 82 and 83).5
Exceptions, not fitting the equation, were
for grinding tests under the extreme condi-
tions of using “pulps” of 96 and g8 per
cent solids. . .

Screen analyses of flint and dolomite,
ball-mill products, Coghill and co-workers
(Tables 3 and 4).8

Screen analyses of roll-crushed Holl-
inger quartz and Coniagas conglomerate,
Haultain.? .

Sedimentation-balance analyses of ball-

mill  ground gulena, Schlechten® and
Diokno.® The deviation from eq. 3
found in 1wo of these analyses may

have been due to incomplete dispersion
before sedimentation.

COMPARISON WITH ROSIN-RAMMLER
' EQUATION

The Rosin-Rammler equation, in - the
form used by Bennett and by Geer
and Yanceyt is

_(i)""
R = 100e \¥ [r2]

in which 'R is the cumulative per cent

coarser than size x, ¢ is the base of natural
logarithms, and =’ and 4" are parameters
of essentinlly the same physical signiticance
as the corresponding parumeters a and & in

ground
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the cumulative equation. In terms of
cumulative per cent finer

y =100 — R = 100[1 - e_({T’)m J {13}
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FF1G6. 2.—~SCREEN ANALYSIS OF COAL SAMPLE

_ OBEYING ROSIN-RAMMLER FQUATION.

Data from Geer and Yancey,* Table 1, sam-
ple A,

The general similirity between these
equations and eq. 3 is heightened by
expanding the Rosin-Ramnler equation.
Applying Maclaurin’s expansion,!!

2m/
r\m' ’ <‘l,> .
o@D (£,> _\F o
. x am/
)

3!
which is a converging series when

2\
P 1.

If all terms except the first term in the
right-hand member of eq. 14 are neglected,
and the resulting equation is combined with
¢q. 13, we obtain

% m!
Vo= Jhost
TEI®

which is the simd as eq. 5. Actually, later
terms of the series in eq. 14 do become

- )

(xs]

et - -

negligibly~smail in comparison with the

first term when low values of are

x
—k_l
considered. Thus, in the fine sizes, the
size-distribution equation derived in this
paper agrees with the Rosin-Rammler
equation, and the parameters are the samec.
This is illustrated in Fig. 2, in which
a screen analysis following the Rosin-
Rammier equation is plotted on the
logarithmic basis for testing the applica-
bility of eq. 5. The straight line represents

eq. 5, using Geer and Yancey's values
o
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Fic. 3.——RosIN-RAMMLER PLOT OF SCREEN
ANALYSIS OF GYRATORY CRUSIER PRODUCT.
Data from Bond and Maxson.%

of the parameters, which they determined
by applying the Rosin-Rammler equation.

The graphical method of using the
Rosin-Rammler equation consists in plot-

ting log (log %’) versus log size.* The

equation gives a straight line. Comparisons
of plots obtained by this method with those
obtained by plotting log cumulative per
cent finer versus log size for the data listed
in the preceding section (not including
coal) showed: (1) both methods give
straight lines in the fine sizes, confirming
the mathematics above; and (2) the
straight lines generally extended over a
wider range with the log cumulatlive
method of plotting. This is illustrated in



Figs. 1 and 3, in which the same analysis
is plotted according to the two difierent
systems. The straight line in Fig. 3 is. a
graph of the Rosin-Rammler equation

12 for m' = 0.64 and % = 9.0 mm,,

values found in Fig. t for m and % as

described earlier.

LOGARITHAIC-PROBABILITY METHOD
or Prorring Size DISTRIBUTION

Another relation, which has been success-
fully applied to give linear size distribution
plots, in certain cases giving straight
lines over the range of sizes between 3 and
05 cumulative per cent finer or better,
-is the logarithmic-probability relation,
discussed and illustrated recently by

Austin.® Austin summarizes the methdd

as follows: “ . . . plot particle size on a

logarithmic scale and cumulative per cent
oversize, or undersize, on a probability
scale—that is, a scale whose intervals are
based upon values of the probability
integral. As graph paper with these
coordinates is available, this method is
very convenient.”

Examination of this method brings out
the following significant point: A par-
ticulate material whose size distribution
is represented by a single straight line over
a size range including a large portion by
weight (for example, {rom 10 to go, or 3 to
95 cumulative per cent) of the material
may be described as a material of “sym-
metrical size distribution.” Plotting such
a distribution as weight frequency versus
log size gives a curve that has the shape of
a probability curve (over the range of
linearity of the log-probability plot) and
is symmetrical about the size correspond-
ing to so cumulative per cent. The plot of
the screen analysis of this ideal material,
as weight per cent retained (on a given
size and through the next larger size in a
geometric serics of sieves) versus log size
likewise gives a symmetrical curve of the
probability (ype. In view of the fact that
such plots for comminuted products are al-

R. SCHUHMANN, JR. 7

most invariably asymmetric or ‘“skewed”
to u considerable extent, it is apparent
that the logarithmic-prabability method
of plotting cannot give simple linear plots
covering large weight percentages of com-
minuted products. '

APPLICATION TO PRrODUCT
or Jaw-crusuiNG Test

Experimental.—A 6.7-kg. sample of 1 to
114-in. quartz was prepared by crushing
pure quartz lumps through 114 in. in a jaw
crusher and screening the product on a
26.67-mm. screen. The sized quartz was
thoroughly washed free of dust and fines by-
shaking on a screen under a stream of tap
witer, and finally was rinsed with distilled
water.

The wet quartz sample was then fed to a
clean Sturtevant laboratory jaw crusher,
sct at 3§ in. The crusher mouth was kept
full (choke feeding), and also a good stream
of distilled water was used to prevent loss
of dust and to wash out the crusher at the
end. .

The whole of the wet product was then
carefully sized according to the following
procedure: (1) wet-screen at 8 mesh, dry
oversize, and screen dry into f{ractions
above 8 mesh, adding additional minus
S-mesh to remainder; (2) repeat the same
procedure at 100 mesh on undersize from 1
(3) wet-screen undersize from step 2 at 400
mesh, and then wet-screen the plus g4o0-
mesh into {ractions on 130, 200, 270 and
400 mesh; (4) dry all minus g00-mesh
material, mix, sample, disperse in water,
and determine its size distribution by the
sedimentation-balance ‘method.*

Results of the complete analysis are given
in Tuble 1 and graphically represented in
Fig. 4, following the procedure developed
earlier in this paper. Iig. 4 shows that the
size distribution, plotied as log cumulative
per cent finer versus log size, follows a

* A new form of apparatus hus been .dcvc\oped at
Massachusetts Institute of Technology and checked

against other sizing methods. It will be described in a
later paper.
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straight linc over the roughly 200-fold runge
from c.4 mm. down to 2 microns. Char-
acteristics of the line are: wm = 0.873;
k= 4.74 mm. The characteristics of the

of the weight of the sample. However, from
the standpoints of surface and of number of
size fractions, the straight line includes the
major part of the plot.
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F1G. 4.—=S1ZE DISTRIBUTION AND SURFACE CALCULATION TOR JAW-CRUSHED QUARTZ.

three sizing methods (dry screening, wet
screening, and sedimentation) show up as
small displacements of the line, as might be
expected. ’

Theoretical values of the cumulative per
cent finer, at sizes 1.0, 0.1, o.01, and o.c01
micron, were found by extending the
straight line (not shown). ‘I'hesc extrap-
olated figures are given in column 4 in
Table 1.,

The limited experience with this plotting
method to date docs not justify interpreta-
tion of the shape of the curve in the coarse
sizes, but it is believed that the plotting
method offers good possibilitics in studying
crushing action, natural grain-sfzc phe-
nomena, etc. From the standpoint of
amount of material involved, the straight
line covers only about the finest 15 per cent

Surface areas for the sizes in the curved
portion of the graph were calculated by the
customary method, assuming spheres or
cubes, as indicated in columns 2 and 6.

Location of Lhe surface-function (g) line
followed the procedure already outlined,
and is indicated in the figure. Values of o
read from this line are given in column 5
of the table, together with extrapolated
values for 1.0, 0.1, 0.01, and o.001 micron,
obtained by extending the surface-function

line (not shown). Surface arcas for the .

various size groups, found as differences
belween the ¢ valucs, are given in the last
column. By comparing the two parts of
column 6 for the coarse sizes, it will be noted
that in calculating surface for this par-
ticular sample no appreciable error is
introduced in assuming the whole analysis
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to be represented by the straight-line
relation. Running totals are also given in
column 6.
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FI16.  3.—SURFACE DISTRIBUTION IN  JAw-
. CRUSHER PRODUCT.

Significance of Surface Calculations.—
Before discussion of the calculations, it
should be pointed out that there are three
questionable, interrelated assumptions in
calculating surface from size: (1) that the
particles are spheres; (2) that all the surface
is on the outside; and (3) that the propor-
tionality constant between specific surface
and the reciprocal of size docs not vary
with size. The first assumption is easily
corrected by applying a constant shape
factor, and therefore detracts little or
nothing from the value of the calculations.
On the basis of Gross and Zimmerley's'?
measurements of quartz surface by the dis-
solution method, it appears that assump-
tions 2 and 3 arc objectionable only in
coarser sizes .of small specitic surface.
T'herefore, it appears likely that calculation
from size distribution is a reliable method
for determination of surface in fine sizes.

The schematic diagram in Fig. 5 was
constructed to aid in visualizing the results
of the surface calculations. Areas on this
diagram represent actual surface areas
determined in Table 1 and Fig. 4. The
portion of the dingram down to 2.3 microns
was established experimentally, and the
dotted area below is based on the assump-

. COMMINUTION, 1

tion that the size distribution follows the
same equation on down to about unit-
crystal size.

It is apparent from Tig. 5 that the por-
tion of the jaw-crusher product below 2.3
microns, small as it is {(o0.13 per cent of the
total weight), may conceivably account for
most of the surface. From the fact that no
deviation from the cumulative size-distri-
bution equation is detected experimentally
at’ 2.3 microns. the extrapolation down to
or 0.2 micron does not seem at all
unreasonable. On the other hand, validity
of the equation all the way down to unit-
crystal size can well be questioned. There
has been a tendency in the past to specify
a lower size limit of crushing effect when
the portion of the sample involved becomes
too small for detection by rough tests, but

0.1

.obviously this is not justified when surfuce

area is as important as it is in comminution.

By the numerical data in column 6,
Table 1, it may be seen that of the surface
calculated from the part of the size distribu-
tion actually measured (down to 2.3
microns), less than 20 per cent is in sizes
above 335 mesh; that is, in sizes larger than
about 45 of the crusher setting. Over 8o
per cenl of the product surface thus deter-
mined is on particles finer than 35 mesh.

Making the extrapolation to 0.1 micron.
which.should give at least a first approxima-
tion, it appcars that about go per cent of
the total surface above o.1 micron is on
particles finer than 35 mesh.

The further extrapolations, of doubtful
validity, to o.o1 and o.001 micron, suggest
that as much as 93 or 95 per cent of the
total surface produced in ‘jaw-crushing
the quartz through 23§ in. may be on
particles finer than 335 mesh—also that as
much as 8o or 83 per cent of the surface
may be below the screen-sizing range.

Just. as the first explorations into the
subsieve range in the last 20 years have
made possible considerable advances in
comminution theory, it now seems prob-
able that exploration into the colloidal



range of sizes may reduce still more- the,
formidable array of what we da not know
about comminution. '
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Potash and Politics

PauL A. RITTENHOUSE

y - Abstract.

.World demand fl:ur potash for agricultural purposes will continue to expard with in-

creasmg world demand for food and fiber.

World supplies of potash appear more' than

adequate t6 meet future increases in demand. Howevér, pdtash teserves and production
facilities are increasingly eoming under the ¢antrol of national ‘governments and in the
future. the industry outleck will be -affected more by political factors than by the eco-

nomics 6f the marketpldz:e

As 2 result, the. privdte énterprise potash producer faces a

difficult time competing in a world market dominated by large, politically motivated,

government-controlléd compaiiies.

Introduction

WuEen the ofganizefs of the potash program for the
1978 dnnual meeting of the Society of Ecohomic
Geologists and the Society of Mining Engineers of
the Ametican Ingtitute of Mining Engineers invited

me to present a paper om the supply/démand dutlock

for potash, they did not specify how far into the
futire they wanted me to look, and it seems to me
that the time element is crucial to you who are geolo-
gists or miners as well as to me, an economist and
forecaster, In your case, you have to look far enough

‘into the future to provide time to explore, discover,

evaluate, develop, and hnng into production a com-
merical Ciq‘;po;«;_lt My mining associates and {friends
do not agree on the time required for these accom-
plishments, but it is probably in the range of eight to
fifteen years. Théy do agree that the time required
is continually increasing. My time problem is exactly
the opposite of the. explorationists and miners: they
want. more time, I want: less. It is relatively easy,
and I stress “relatively,”
the importance of the various factors that impact on
both the supply of and demand for a commodity suth
as potash if the time périod is today. It becomes

moré difficult, obviously, the farther one atteripts to-

project into the future and really becomes sticky
whén ane. starts talking in terms of years, in which
case the old crystal ball becomes mighty cloudy. How-
ever, we economists and forécasters are npt known

for our temerity, so let me get on with the job at

hand and take a Took at the world potash supply/
demand outlook. In.my opinion this relationship,
during and beyond thetime: period I-will be discuss-
ing, will be affected profouncﬂy by the large-scale
entry of povernment entities into potash production,

pracessing, and marketing, hence the title of this

paper, ‘‘Potash and Politics.”
Historical Background

First, it is probably a good. idea to get a little

historic, perspective about potash.

to identify and evdluate.

“ash is.produced in only about-a dozen countries.

Potassium, phosphorus, and mtrogen tiiake up the
three primary nutrients that are required for plant

growth and it is as a plant nutrierit that potash de-

rives most of its market, Ahout 95 percent of the
potash produced in the world is utilized as a ferti-
lizer., The remaining 5 percent is consumed in a
large variety of industrial uses including detergents,
télevision tubes, and the production of industrial
chemicals. Thesé industrial markets are very small
compared to the fertilizér market and 'the data on
them are rather limited. Therefore, most of the
demand data whith follow refer to the fertilizer
market.

Historically, the growth in world demand for all
fertilizer has been, extraordinary. In thé fertilizer
year 1976/77, the world consumed over 93 million
métiic tons of primary plant nutrients. Nearly half
was nitrogen and a quarter each, phosphates and
potash. The world use of nutrients today is double
what it ‘was 10 years ago and more than triple what
it was in 1962 (Flg 1).

The potash compenent of thase cansumption data -

totdled about 23 million metric tons Ko in 1976/77
and shows a similar historic growth trend (Fig. 2).
Potash is consumed as a fertilizer material in

-nearly all countries of the world, some 140 by last

count. A few areas account for the bulk of the con-
sumption. The TSSR, the United States, France,
West Germany, and Jdpan use nearly 60 percent of
the world’s productioh. The product is used mainly

‘as KCl (potassium chlsride), although potassium

sulfate and nitrate are also popular fertilizer product
forms.

In contrast to the many consuming-countries, pot-
Six
of them, the USSR, Canada, Fast and West
Germany, the Uniteéd -States, and France, account for
over 90 percent of the world’s production. Four of
these producérs, Canada, the USSR, and the two
Germanies, alsé have over 95 percent of knowm re-
serves (Table 1),
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Metric Tons Nutrients TasLE 1. World Potash 1977
Mitlion
%o — - - Metric tons: KD
* =
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Since there are relatively few producers and many
consumers, there is a brisk world trade in potash.
In 1976, for instance, nearly 13 million tons of K.O
or 55 percent of the total world’s requirements en-
tered world trade: Canada, which supplied 40 per-

cent of the total is the largest world supplier, while,

East Germany and the USSR each supply about 20
percent, Figure 3 indicates the major wotld flows
of potash in 1976,

Supply and Demand Outlook

Now let's take a look at the future. We expect
that the demand for potash will continue to grow as
the world requires more and more fértilizer to pro-
duce the food and fiber required by an increasing

Metric Tons K0

world population. By 1985 (as shown on Table 2),
we.expect the world will require.about 33 million tons
of KO per year or nearly 50 percent more than is
currently used. This demand figure also includes

-about 1 million tons for industrial use-and a 4 per-
cent factor for losses incurred between the production ~

and consumption peint. Whilé the developed areas
of the world will continue to account for a major
portion-of the demand, the lésser developed countries
of Latin Aimerica, particularly Brazil, and Asia and
Africa will expand their réquirements most rapidly.
Demand ‘in the Eastern Bloc nations also should
continue to grow as they attempt to become more

self-sufficient in growing their food requirements.

In regard to supply ( Table 3), productive capacity
including present plants, jplants under construction,

MilBon )
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. Million metric tons K,O
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'
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Source
Western World 11.8
Eastern Bloc  10.5

Total 223

F16. 3. Major world potash movements in 1976.

and new projects, which appear to have a reasonable
chance of being completed by 1985, will exceed 37

_million tons K;O, some 11 million tons above 1977

production and 6.6 million tons above current capac-
ity. Half the increase will result from continued
development of the extensive deposits in the Urals
area of Russia. In the western world, the Potash
Corporation of Saskatchewan has announced expan-
sion of both their Cory and Rocanville mines. Also
in Canada, Ideal Basic’s PCA Company has recently

TasLE 3. World Potash Supply (Million Metric Tons K,0)

Estimated Productive

production  capacity Percent
Country 1977 1985 increase
U. S. 2.2 2.5 14
Canada 5.9 8.5 44
France 1.8 2.0 11
West Germany 2.2 3.0 36
Other Western
Europe 0.8 1.6 100
Other 1.0 1.8 80
Total Western
World 13.9 19.4 40
German
Democratic
Republic 3.2 38 19
USSR 9.0 14.0 55
Total World 26.1 31.2 43

announced they will move ahead with development of
their project in New Brunswick. Overseas, Israel
will add some tonnage and it now appears that the
Jordan project will be completed by thé early 1980s.
We also expect that capacity in West Germany may
be increased marginally.

I should also mention that there are many other
areas of the world where potash deposits are known
to exist. At one time or another many have been
evaluated, but none appears far enough along to have
an impact on the supply/demand picture by 1985.

Now, if we put the supply and demand sides of the
equation together, what sort of a picture do we get
(Fig. 4)? As you can see, there is considerable ex-
cess productive capacity throughout the forecast
period and there appears to be little need for anybody
to continue to look for and develop new sources of
potash. However, I believe this chart does not quite
present the real picture. The supply line is “pro-
ductive capacity” and in most cases represents “name-
plate” or theoretical capacity. As we well know,
very few plants.can operate at capacity over an ex-
tended period of time, and, in fact, a sustained
operating rate of 90 percent of capacity is considered
to be near maximum. In Figure 5 I have added a
curve representing 90 percent of installed capacity.
As is indicated, the supply/demand balance changes
dramatically. Instead of an oversupply situation well
into the mid 1980s, the world is nearly in balance by
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Mition Tasie 4. Potash Productive Capacity
Actual Forecast
as Percent controlled by:
World Western World
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— From the viewpoint of the private company which
W T h  m w5 & u & & & produces potash there are many problems. In the

Fic. 4. World potash supply/demand.

1981. That is only three years into the future. I
believe the world will require more production ca-
pacity in very short order.

But additional capacity is not the only problem
facing the potash industry today. We face an even
more important problem which has already seriously
disrupted the industry and can have a very major
impact on the whole future of potash—that problem
is the “political problem” facing potash. What do I
mean by the political problem? Very simply this:
the control of the world potash industry is rapidly
shifting from ‘“private hands” into the hands of
“political entities” and by 1985 governments will
directly control nearly three-quarters of the world’s
productive capacity.

One might say “O K, that’s because of the large
production in the USSR.” But as Table 4 indicates,
even capacity in the western world is increasingly
coming under the control of governments.

The next obvious question, then, is “What'’s so bad
about having a major portion of the industry under
government control ?”
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F16. 5. World potash supply/demand.

first place, with government as a major industry
producer, the economics of the market place cannot
operate freely. When there is a change in demand,
either up or down, supply will be less responsive to
that change. In times of surplus supply a govern-
ment producer is reluctant to cut production. Lower
production may mean lower employment, a politi-
cally explosive issue. It may also mean lower govern-
ment income and affect both the national budget and
foreign exchange balances. A developing country,
where a mine is a major factor in the total economy,
particularly would be affected in such a case.

A good example of what T mean has been occurring
in the copper industry. World production has been
above demand and the industry has been faced with
rapidly falling prices and increasing inventories.
How has the industry adjusted to the situation? The
private producers have reduced production and in
some cases have even closed marginal operations. At
the same time, government-controlled producers,
mainly in the developing areas of South America and
Africa, have increased output in order to maintain
employment and the foreign exchange needed to
finance their imports. Government producers can
even subsidize their copper production, if necessary,
a position which a private producer cannot take. It
is the private producer who has to bear the burden
of lower production and profit or even losses on the
down side of the business cycle.

A second problem the private producer faces is
that of competing in the market place with the
government producer. A government producer car-
ries a great deal more political and economic weight
than a private producer and can make government
to government barter deals or government to private
company deals. As an example, Morocco, a major

government phosphate rock producer, made an agree-

ment to supply phosphate to Brazil. The arrange-
ment was with the government and it probably was
made possible by the fact that Morocco will take
Brazilian automobiles as payment, Morocco also
will take sulfur from Poland in payment for ship-

oS
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ménts of phosphate rock to that couhtry. Algeria has
made a similar deal with Finland and will take tex-
tiles in return for supplying phosphate rock. Closer
to. home we can cite the example of Russian potash
being' traded for phesphoric ‘acid ‘produced by Oc-
cidental Petroleum. 1 think it is quite ‘evident that
most private producers are.unable to compete equit-
ably if a ]arge segment of the market transactions
" are barter déals between government producers.

A third problem facing the. prwate producer com-
peting with goveétnment producers.is that the govern.
ment not only may lie your competitor but also may
make the rules by which you must operatﬁ The
governmient sets the taxes and. royaltles it can con-
trol your levels of produetion, snles and even your
prices. In fact, in the end the . government can take’
over your whole operation and, as we know, it has
in sonve cases done just that, It’s pretty difficult to
compete when your competitor can also set the rules.

Now, my purpose here is not to argue whether
governments have the right to be involved in mmmg
or any other venture, They are involved in mining
and many other economic activiti€s and will continue
to be. Rather, my purposé is to point gut the risks
to the private company which operates in a business
environment. dominated By government production.
Consideration should begivén td the following factors
when looking for and developing commercial mineral
orebodies, Flrst considér the risk involved in hold-
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ing the deposit after you haveé .spent millions on ex-
ploration and development. Second, consider the
chances of your project being able to compete on
equal terms when your competitor is also the govern-
ment making the rules under which you must operate.
Finally, eveén if the local government is not a com-
petitive. producer, determine if your projéct’s logical
markets are dominated by government firms which
‘can utilize their political leverage in order to put a
private producer at a competitivé disadvantage in the
market place.

Now; maybe all of this sourids very pessimistic,
but T don’t mean te be.  On the éther hand, ane must
he realistic and must be careful to corisider the politi-
cal and econgmic environment within which a po-
tential potash mine must operate. As I pointed out,
potash demand is strong, is gfowing, and will con-
tinue to grow. I have also pointed out that the world
will need to develop additional potash wifies® within
the next five years, which, by the way, isn't very
much time. Howevér, when looking for potash,
remember, “potash and politics” don’t always go well

together,

TEXASGULF, [NCORPORATED
MARKETING RESEARCH DEFARTMENT
Hicn Rince Park
Stamrorp, ConvecricuT 06904
November 1G, 1978
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Objectives

This report is intended (1) to provide some perspective
of the magnitude and the scope4of R&D in the nonferrous metals
and m{ﬁﬁng industry, and (2) to serve as a basis for identifying
potentially constructive areas for government-industry cooperation
in view of the needs, the opportunities, and the congtraints
applicable to that industry.

Background

The continuing concern with our. natural resources and their

-economic ‘importance has given rise to several major materials

1,2

studies over the past 30 years. - These have focused 1arge1y

on questioﬁs of supply and demand, both present and future, and

have inc]yded analyses of the role of science and technology
in improving that future.

There 'are important differences in breadth and substance
between this paper and tﬁe previous studies mentioned:

1. This particular report is a very brief overview of
one.principal factor in the health of the metals and mining
industry, i.e., research and development. Moreover, it is a

necessary first step leading to a particular type of action of

a technical nature, not of broad policy changes.

2. Several new pressures of a peculiarly public nature
require attention by the metals and mining industry on 5 scale
radically different than in the.years prior to 1970. Thése

include environmental controls, safety procedures, and energy

conservation,




3. Thése pressures have mandated actions within the
industry which consume a significant fraction of available capital,
and lower effective productivity so as to reduce the industry's
capacity for capital formation. |

4. A1l of these factors.may have resulted in weakening
the ability of the industry to generate and absorb technological
change necessary to sustain healthy growth, particularly in
compefition with higher-grade, lower-cost foreign procedures.

Given this environment within which the industry must
operate todéy, the material presented in this report focuses
on adequacy and feasibility. First, how adequate is the R&D effort
.of the private sector, supported by particular government programs,
to meet the long-term objectives of the metals and mining industry?

Second, in what areas is -t feasible to strengthen the current

efforts by a substantive cooperative program between government

~and iﬁdustry?
This report does not answer these questions directly. It
provides data and perspective on thch Joint government-industry
actions can be based to determine those answers.
The public concern with natural resources will continue
and intensify because of our need to reduce costs and insure
supplies. I*t is reasonable to expect expanded federél efforts
in mgterials P&D to arise from this concern. Experience with
other areas of federal involvement in civilian sector R&D over

the past 10 years shows that such efforts can only be effective




when based on intelligent inputs and constructive participatioﬁ
of the private sector. Only then can there be agreement on
pfograms‘whicﬁ can be applicable in operating procedureg, and
avoid efforts that are unneeded and/or uneconomic. This is

the justification and necessity for private sector cooperation
in fhe,conduct of this particular study.

While the concern is with the broad area of metals and
mining, this study has been limited to a relatively few common
metals of economic importance in order to permit a reasonable
perspective in the short time devoted to the program. These

metals are: aluminum, copper, lead and zinc.



Introduction

This feport is a surveyof available data concerning the
R&D effort in the nonferrous metals industries in the United
States and how that combares with some other industries. The
source of the funds will be examined and, to the extent bossi-
ble, the division of these funds among the various sfages, from
exploration to primary prdcessing will be indicated. In addition,
new data from a New York University survey are included. From
these data areas in which cooperative government-industry re-
search programs could assist in strengthening the economic
health of the nonferrous metals industries while improving the
sfrategic position of the United States will be indicated.

For the purposes of this study, four metals were selected:
aluminum, copper, lead and zinc.

The U.S. domestic production of these metals is shown in
Fig. 1 and the sources of the metals are given. In the case of
aluminum there are few economical domestic sources of bauxite
and hénce most of the bauxiteiis ﬁmported, while the aluminum
ingot is produced here. The earnings from the sale of the metals
and the number of employees invo]ved in the production are shown
in Table 1. .

The domestic sources, both mine and scrap, referred to in
Fig. ]'représent our independence from imports and hence our
self-sufficiency. Fig. 2 shows this in comparison with DOC

data on the self-sufficiency of the USSR in selected metals.
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TABLE 1

Gross Sales of Primary‘Hetal and Employment

1976 1977 1978 1979
$ millions 3,800 4,600 5,000 6,000
Al employees - 25,000 26,200 27,300 27,200
$ millions 2,250 2,000 1,970 2,900
Cu employees 29,700 24,900 26,400 27,500
$ millions 290 360 398 594
Pb employees 7,100 7,000 6,600 6,000
S millions 355 318 212 215
Zn employees 10,800 10,700 9,800 9,000

Source: U.S. Bureau of Mines, Mineral Commodity Summaries,
1976-1980. :
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=~ Fig. 2. Comparison of metal self-sufficiency of U.S. and
Uu.s.S.R. U.S. data from Fig. 1. U.S.S.R. Data
from Department of Commerce. )
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The relative economic health of the primary nonferrous
méta]sindustries is shown in Fig. 3. It is seen that the re-
turn on equity is considerably below, that 0¢ the all-manufac-
turiné average. Since the metals industries are very capital
intensive -- e.g., a new plant may cost hundreds of millions of
db]lars -- the return on such an investment is not very attractive
and resistance to change of method of operation is understandable.
Compounding the difficulties are the environménta] regulations
and the dramatic increase in the cosf of enefgy.

With prospects rather bleak for these ihdustries in the
U.S. it is %mportant‘to examine the available data to find ways
to ameliorate the situation; This examination will also reveal

the paucity of data and thereby indicate where more specific

data are required in order to optimize assistance to the in-

dustries.

20 r ____ PRIMARY NONFERROUS METALS
' — ALL MANUFACTURING

10 F

5 F

o u 1 1 ] 1
56 60 65 70 77

YEAR

3 Qompari§on of return on equity of the nonferrous metals
industries with all manufacturing. Data from U.S. Bureau
of Mines (ref. 4).



Comparison of R&D with Other Industries

The total R&D in some industries for the decade 1967-1977
is shown in Fig. 4. Only a few industries are shown for ease
of reading the graph. One of the most active, electrical equip-
ment and communication, is included for comparison. This is
exceeded by aircraft and missiles but, because of the large
DOD contribution to these fields, they are not considered rep-
resentative. It should be noted that some of the disparities
of R&D effort are to be expected. Communications devices is
a very rapidly advancing industry-with new introductions almost .
annually. Competition compels a large fraction of earnings to
_be reinvested. In capital intensive industries such as primary
metals (steel is included in this term as well as nonferrous
metals) changes are very slow, sometimes requiring decades.
Thus, prior to the sudden ard profound changes requirec by
energy cost and environmental regulation, only a small amount
of R&D was considered.prudent. Curves of the type of Fig. 4
are also somnewhat déceptive because they are.of'actua1 dollars.
When they are corrected by the GNP deflator index to 1972 dollars,
they take on thé appearance of those in Fig. 5. We see that R&D
for primary metals has remained essentially constant.
| The total R&D of Figs. 4 and 5 consist of essentially
two contributions, company funds and government funds. The
ccmﬁany funds in dollars are shown in Fig. 6 and corrected to
12072 dollars in Fig..7. The government contribution is shown

in Fig. 8 and in 1972 dollars in Fig. 9.
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- 11 -

5000

ELEC. EQUIP.
_ AND COMM.
~ 4000 |

= | .

'z - TOTAL R&D (1972 DOLLARS)

o 3000 MACHINERY

= MOTOR VEHICLE!

- AND EQUIP.

x 2000

<

-~

e

= CHEMICALS
11000 |

PETRO. EXT. & R
PRIMARY METAL

Fig. 5 Total R&D of various sectors in millions of
constant 1972 dollars.
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Company funded R&D of various sectors.
Data from NSF (ref. 5).
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Fig. 8 Federal contribution. to R&D of the sectors of
Figs. 4-7. DPata from NSF (ref. 5).
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. Fig. 9 Federal contribution to R&D in constant 1972 dollars.
GMP deflator index applied to data of Fig. 8.
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fhe percent of the federal contribution, i.e., the ratio

- of the data of Fig. B to that of Fig. 4, is shown in Fig. 10.

(Note thaf the constant dol]ar ratio would be .the same.) The
important point to note in this figure is that the federal con-
trfbution to R&D for primary metals is lower than any of the
others and almost insignificant compared to the company con-
tribution. This négiect is even more strikingly shown for
thé.nonferrous-hetals in Fig. 11. in this figure are plotted

the total R&D expenditures, this value corrected to 1972 dollars,
and the corresponding?federal contribution (noté the expanded

scale of the ordinate.)

There are other comparisons of R&D efforts that can be made.

If one examines R&D as a percentage of net profits, there is much

less difference between industries. An average expenditure on
R&D in the category of a]]-manufacfuring is aSout 35% of net
profits whi]e.in the nonferrous me;a]s industry the average‘is
ébout 25 to 30.percent§ The actual percent of net profits for
companies that in some years show very small profits, or even
losses, is meaningless. Some typic;1 data are given in Business
Week and are based on company 10K forms. (See Appendix A)
Since profits oscillate, a more realistic comparison may
be made from company R&D expenditures as a percéntage of net.
sales. Because sales of the steel industry are so large, their
inc]usﬁon will distort the metals data. Therefore, Fig. 12
shows data for nonferrous metals only. It is again evident

that, although R&D for nonferrous metals is at a relatively

’
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Jlow percentage, it is constant through the years. 1In a later

section it will be shown that more than 75% of this R&D for non-
ferrous metals and productsis for the product improvement part

in order to increase sales. Thus, less than 25% goes into ex-

. ploration and primary processing, or about 0.25% of net sales..



Cooperative R&LC

There are two types of cooperative R&D gffort; to be
considered, those between industries, and those between in-
dustry andvgovernﬁent.

The aluminum, copper, and lead énd zinc industries have
cooperative trade associations. The latter three sponsor re-
search and receive funds ffom domestic and foreign companies
in proportion to the quantity of produci sold the preceeding
year. The aluminum companies' organization is based in Paris
and is primarily concerned with increasing the uses of.a]umf—
num.

The copper industry cooperative has its office in New
‘York City and is called the International Copper Research Asso-
ciation (INCRA). For the past two years its funds were $1.7
mi11idn each year but they are e*pected to. be increased to
$2 million this year. Most of their research is for product
improvement, with an associated increase in use. About 12%
goes into research, but this research is primarily a 1iteraturé
survey to devélop handbooks of copper data.. About 3% goes into
laboratory research on thermodynamic properties of copper'.7

A counterpart cooperativé is the International Lead and
Zinc Research Organization, also with ifs office in New Yofk
Cfty. The current level of funding is $2 million per year for
lead and $1 million for zinc. Again, most of this is for pro-
duct improvement toward increase of sales. There is no basic
research that is being supported, although 30% of the lead

budget now goes for health studies both in the workplace and

in the general population.8
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Government-industry cooperation exists with both the
Department of Interior and the Department of Energy.

The major DOE cooperative projects from mining through
primary prﬁcessing are the following, where the indjcatqd
sums are those already contracted for, not the total costs)?

1) with Kaiser Aluminum, to develop a wettable
. cathode to produce aluminum in Hall cells.
Costs approximately $3,000,000. The cost-
sharing formula is extremely complex, but if
you regard it as 25% Kaiser 75% DOE you will.
not be far off.

2)‘ with Alcoa, to develop an inert anode to produce
aluminum in Hall cells. Cost approximately
$11,000,000, shared 25% Alcoa 75% DOE.

3) with.Alcoa, to develop a carbothermic direct
reduction technology for aluminum. Cost ap-

proximately %4,000,000, shared approximately
30% A];oa 70% COE.

4) with Alcoa and General Electric, to develop a
coal-fired aluminum remelt furnace. Cost
approximately $4,000,000, essentially 100% DOE.

5) with a consortium put together by the University

of Utah, to develop energy conservation ommrtmﬁtiés
represented by, and the technical and economic

consequences of supporting, various process
alternatives in the copper industry. 'Cost
$340,000, 100% DOE.

The major cooperative programs between industry and the
Bureau of Mines are listed in Table 2 in which a nickel and
a tungsten program are included for comp'leteness!O

There is another large project of the Pureau of Mines that

should be included. It is the "citrate" process for removal
of 502 from stack gases. It is of about 10 year duration and
will cost the Bureau $10-15 million. They have worked with

the copper, zinc and lead industries and an accurate breakdown



" TABLE 2

MINERAL RESOURCES TECHNOLOGY

PROJECTS INVOLVING COOPERATIVE RESEARCH

PROJECTS

FUNDING (5000)

NOTES ($000)

4. Tungsten Recovery
from Searles Lake Brine

FY BUREAU OUTSIDE
1. Ferric Chloride Leaching 80 250 200 $50 each from:
of Galena Concentrates/ Amax Lead and Zinc, Inc.
Fused-Salt Electrolysis ASARCO, Inc.
of Lead Chloride COMINCO Ltd.
- 8t. Joe Minerals Corp.
2, Alumina Miniplant 80 780 250 $50 each from:
. Aluminum Co. of Canada, ‘Ltd.
Anaconda Aluminum Co.
-Billiton International Metals
Kaiser Aluminum and Chemical Co.
Reynolds Metals Company
"3, UOP, Inc. Prior 1,917,780
‘Nickel Laterite Pilot 80 78,300
Testing
Total. 1,996,080| 398,467
80 275 250% Kerr-McGee

* goods and services

£e



of cost sharing in all aspects 6f‘deve1opment and demonstratidﬁ
is difficult, but it is éstimateq to be about 50-50.

In addition, the Bureau of Mines .has numerous short-
range studies with indjvidual mining operators. While these
studies are usually small, their aggregate is large and is a

noteworthy activity of the Bureau of Mines.



Effects of 0il1 Industry's Investment in Minerals

Over the past few years a number of nonferrous mining
companies, both in the U.S. and abroad, have been purchased
by oil companies. witﬁ the 0il companies' large capital
resources and their commitment to R&D, it is anticipated that
thé R&D funding of their new minerals divisions will improve.
. In the course of the New York University survey, this question
was bosed directly. The general response was that the take-
overs have been too recent to create a noticeable effect on
the overa11‘R&D expenditures. Howgver, because the mining
companies which were taken over often had negligible R&D
programs prior to their takeover, on a percentage basis any
‘increase would be extremely large. Such a quotation of figures
would be misleading. The general response from knowledgeable
officials was.that 1ncre$ses were being carefully examined

and probably would occur in the future.
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Distribution of R&D Expenditures

Priﬁary processing of metals involves several stages:
éxp]oration, extraction, comminution, beneficiation, and smelt-
ing or refining. Most studies apologize for the lack of data
on the distributjon of funding. However, it would be desirable

to‘have detailed data on the amount of R&D expended for each,

in addition to professional estimates of where increases of
effort would be most useful. Estimates which emerge from
the NYU survey on this point will be presented after areview
ofAexisting data.

Several barriers thwart the eitraction of such detailed
information from existing NSF data. For examp]e, Fig. n,
.based on NSF data, shows that in 1972 the tﬁta] R&D for non- .
ferrous metals and products was $130 million, while thé detailed
Battelle-Columbus study1]showed that the R&D was $33 million for
" primary processing, recycling, pollution control and land recla-
mation., Thus, 75% of the R&D had gone into prodﬁct development.
A similar comparison can be made for 1977. NSF data show tHat
$267 million was spent for R&D on nonferrous meta1§ and products.
The COMAT Phasell study? shows that $48.3 million was spent for
R&D in the following categories: exploration and extraction,
production of finished material, new material development ($13.7
million), improved processing, recycling and.recovery; and waste
management. This represents 18% of the R&D and if the category i:
of new material deve]opment is subtracted, then only $34.6 million

has gone into R&D for exploration through primary processing, or

only 13%.



~ Another barrier exists in the way'compaﬁies classify devel-

opment in their accoﬁnting procedures. For example, a mine
brought into operation wili be- capitalized and R&D in exp1or$tion
.costs may become part of such capitalization on the financial
balance sheet.. R&D for a new'technology will be labeled, R&D
until a new mill operationlis built at which time the R&D may

be capitalized. When the NSF questionnaire asked how much of
the R&D expenditures in 1977 went for basic research in non-
ferrous metals and products, the total of the answers was

$10 million, while the same questidn for applied resear@h re-
sulted in a total of $155 million. This illustrates the dif-
ficulties in achieving a uniform categorization.-

Two studies have been made in an attempt to gain more
details ih the division of R&D funds in nonferrous metals in-
dustr}es'from exploration through primary processing. The
Battelle-Columbus Laboratory questionnairg] gave results for
both the nonferrous metals industry as a whole and for the
metals of interest in this présent study. The results are
shown in Table 3.

The data of Table 3 can be expressed as percentages and,
for comparison, the percentages for the nonferrous metals in-
dustry (from the same Battelle report) are shown in Table 4,

Tt is evident from these data that each metal has its own
requirements. Aluminum, for which nearly all the ore is im-
"ported, clearly has little need for mining or land reclamation
"research and primary processing and pollution control are its
chief concerns. In contrast, the copper industry spends con-

siderable funds for mining research.
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TABLE 3

Privately Funded R&D Expenditures in 1972
(Mi1lions of Dollars) )

Metal Al. & Mg. Cu.  ~ Pb. & In.

U

Exploration 0.066 1.16 0.014
Mining | 0.007 1.5 0
Beneficiation 0.58 . 0.6 0.015
Primary proc. N 7.2 3.05 - 1.3
Recycling | 0.74 0.26 0
Pol1. cont. ‘ 2.6 1.2 0.059
Land reclam. 0 - 0.05 0

Total : 11.2 . 7.8 1.4

Source: Battelle-Columbus Laboratories, 1972.



(1972)

Stalge ‘ A Industrz Al & Hg
Primary processing 53.2% 64
Pollution control 18.1 19.6
Beneficiation : 10.2 5.2
Mining 1.9 0.06
cxploration R&D ' 6.4 0.6
Recycling ' 3.8 6.6
Land Reclamation 0.4 0
Source:: Battelle-Columbus Laboratories, 1972
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TABLE 4.

in somewhat different categories.

~ Percentage Division of R&D Funding for the
Nonferrous Metals Industry and for Selected Metals

Cu

39

15.4

19.2

14.9°

Pb & In

92.8
4.2
1.1

4.2

12 ) :
A later study by COMAT (1977-1978) reports the.results

These are shown in Table 5.

These data may also be expressed in percentages and compared

with the nonferrous metal total.

This is done in Table 5.
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TABLE 5

Annual R&D Expenditures by the Morferrous Metal Industries
' (1977-1978) : ‘
(Millions of Dollars)

Al Cu ~ Pb & In
Exp. & extr., 2.9 6.2 2.4
Prod. fin. mat, 13.2 2.3 1.7
New mat. dev. 7.7 1.0 0.6
Improved proc. 15.6 2.8 0.3
" Rec. & recyc. 4.5 2.6 0.3
-Waste mgmt. 1.5 0 £0.1
“Unsp. & other £0.1 0 . 0.1
Total o s 14.9 5.1

Source: COMAT, Phase II.
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TABLE 6

Percentage Division of R&D Funding for the
Monferrous Metals Industries and for Selected Metals
(1977-1978)

Stage ’ Industry Al Cu Pb & In
Improved proc. 24.6% 34.4 18.8 | 5.9
Expl. & extract. 24.5 6.4 41.6 47

. Prod. fin. mat. 22.4 29 15.4 33.3
New mat. div. 19.9 16.9 6.7 11.8
Rec. & recyc. 6.9 . 9.9  17.4 L2

Waste mgmt. R Y 3.3 0 <2

Other ' 0.3 © ¢ 0.2 o . 2
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The .New York University Survey

‘A need has arisen for greater detail in the various
categories of R&D in the nonferrous metals industries. If
an intelligent dialogue is to commence between government
and iﬁdustry for increased cooperation in genericror co-
operative R&D efforts, all parties should have current
information,

| To accomplish this New York University sent out
questionnaires to the companfes with the greater R&D in-
'volvement in aluminum, coﬁper. lead and zinc. The questions
asked were: the level of R&D, government contributiod, and
the percentages of R&D for each metal in several categories.
A sample copy of the questionnaire is shown in Appendix B.

It should be noted in examining the results that
essentially all of the U.S._a]uminhm production is from
foreign ore.

The response was excellent and indicated a willingness
by the metal companies to cooperate with this project. The
results of the questionnaire represent the amounts of U.S.

production of these metals given in Table .7.

The large percentage in zinc indicates that either the
Bureau of Mines forecast will be revised upward in their
final commodities summary or that some companies misunder-
‘stood the request'thaf only products from domestic sources

be listed (except for aluminum).
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TABLE 7

Quantity of Metal Production Represented by the ,

New York University Questionnaire

Tonnage (1000)

A]uminum 3,160
Copper 1,417
Lead- 376
Zing L

Bureau of Mines (Est.)

5,023
1,430
510
260

63
99

- 74

159
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Although all of the responding companies were willing
to give albreakdown of the percéntage of their R&D for each
stage of processing of each .metal, some declined to state
the dollar amount. The missing amounts were imputed from
earlier surveys, which did give funding level, by apply}ng
the GNP deflator factor. This method was used because Fig. 7
indicates that comﬁany—funded R&D in primary metals has been
essentially constant in 1972 dollars. However,_Fig. 11 shows
that R&D for nonferrous metals has increased by 35% in coh-
stant 1272 dollars. Therefore, the imputation value is con-
sidered to be 65% reliable. If, in fact this total increase
were in copper, then the total R&D funding would be 22% larger
" than that given in Table 7. The results of the survey for the
four metals of interest are shown in Tables 8 and 9 where the

results are given for the responding companies only.



Aluminum
‘Copper
Lead

Zinc

TABLC 8

Results of New York University Survey in Thousands of Pollars

Total R&D {in thousands)

Primary

~ (b)
(c)

Imputation 1%

Imputation 2%

Alloying

Co. funded Govt. funded Exp]oration Mining Comminution Beneficiation Processiﬁg, Fabrica. Environmenfi
72,000 5,400 .- -—--- ---- ---- 37,000 25,800 13,100
31,500'8)  negligible 711 2,590 1,240 . 3,850 9,490 3,890 5,140
8,000(?) 300 260 20 0 356 2,120 —--- 50
4,300(¢) negligible 320 50 0 180 1,300 720 380 L

'

(a) Imputation 28%; estimated at least 65% accurate



TABLE 9

Results of New Yofk Jniversity Sdrvey in Percent of Total R&D'for each Hetal,'

: Primary v Alloying and
Exploration Mining Comminution Beneficiation Processing Fahrication [nyironmental
Aluminum i ‘ -- ---- _ —-- 47.7 33.2 17
Copper 2.2 8.2 . 3.9 12.2 30.1 16.3 12.3
Lead 3.2 2.6 4.4 26.5 0 R 0.6

0
Zinc 7.4 , 1.1 0 4.2 30.2 16.7 8.8 .

- gg -



" Comparison of Results of Batteile, COMAT, and New Yorkaniversity
T Surveys

The categories of the 1977 COMAT study of Table 5 dre -not
quite the same as those of the 1972 Battelle study of Table 3.
HoyeQer, some comparison may be attempfed. For example, in
Table 5 exploration, extraction, improved process and producfion
of finished material (although inclusion of the last category
is quegtionable) may be considered as the sum of exploration
R&D, mining, beneficiation and primary processing of Table 3.
These may be compared with the sum of exploration through ﬁrimary
processing of Table 8, ignoring the magnesium contribution to
a]uhinum. This comparison in dollars in shown in Table 10,

and as a percent of total R&D in Table 11.
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TABLE 10

1

R&D for exploration through primary processing ($ millions)

Al and Mg
Cu
Pb and ZIn

1972(2)

7.85
6.31
1.33

1977-780)

31.7

11.3

a) Battelle-Columbus 1972

b) Comat Phase II

¢) NYU 1979 (this report).
responding companies only,

R&D for exploration

Al and Mg
Cu

Pb and Zn

70%
81
95

1977

TABLE -1

4.4

of total

1977-78

70%

76

86

1979(¢)

35.4
17.8
4.8

Note .that these data are from

through primary processing in percent

47.59%

57
39
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It can be seen in Table 11 fhat the R&D percentages
for exp]orafion through primary processing 59”3 VQMQJ"eé.,
reésonab\y constant over the period 1972-1979 for the metals
under consideration. However, Table 11 shows that the per-
centage for these categories dropped in 1979. The reason
for this ig that while the dollar amounts for these categories
have remained constant, the industries have been investing
more in total R&D. - This is seen by comparing Tables 3, S.and
8. This is done in Table 12. The increased R&D has largely
goﬁe into product improvement (alioying and fabrication) and

environmental.

TABLE 12

Total R&D in Dollars (millions) by
industry for 1972-1979 (data from Tables 3, 5 and 8)

1972 1977-78 : 1979
Aluminum 11.2 45 .4 72,
Copper . 7.8 . 14.9 31.5

Lead and Zinc 1.4 5.1 12.3
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Environmental R&D

Congress enacted a series of laws in the past few years

which was designed to correct the problems of increased pollution.

The principal ones are the following:

Laws : ‘ Administering Agency
Clean Air Act - EPA

Fedéra1 Water Pollution Confro1 Act ~ EPA
Occupational Safety and Health Act OSHA

Resource Conservation and Recovery Act EPA

Safe Drinking Water Act - - EPA

Mine Safety and Hea]th Act MSHA

NSF has obtained data on the expenﬁitures for R&D for
pollution abafement for 1976, 1977 and has estimated the amount
" for 1978. Table 13 shows both amount and as a percent of R&D.
the.that data are not available for motor vehicles. If the
data of Table 13 are calculated-as a percentage of net ﬁ:hles,

a different order is obtained. This is shown in Table V4.
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TABLE ¥3

R&D For Pollution Abatement in DPollars and as Percent of R&D

1977
$Million Percent

‘1978

$Million Percent

. Pet. Ext. & Ref. 61
Nonferroﬁs Metals 12
Chemical 65
Machinery 33
Elec. Equip. & Comm. I 20

Source: National Science Foundation

TABLE 14

6.

4

0.

6

&

3

72

13

- 68

41

19

6.7
4.6
3.7
0.9
0.3

R&D for Pollution Abatement as a Percent of Net Sales

1977
Chemical . 0.14%
Petrol. ref. and ext. | 0.046
Nonferrous metals . 0.044
Machinery 0.042
Elec. Equip. and Cpmm. 0.021

Source: National Science Foundation

1978

———

0.13%

0.05

0.041

0.046

0.017
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. We may‘co11ect the Battelle (Po]fution control), the COMAT
(waste management) and the Mew York University (environmental)
~data from Tables 3, 5 and 8 and consiﬁer these categories as

similar, if not identical. These data are shown in Table 15.
It is seen that there has been a significant increase in cost
. of R&" for environmental control between 1972 and 1979. The

COMAT data does not appear to reflect the correct industry _'

activity. Possibly their que;tionnaire was misinterpreted

and pollution abatement research is containéd iﬁ one of the

other categories.

TABLE 15

ng&N for Environmental Control (¢ millions)
and Percent of Total R&D

1972 (Battelle) 1977-78  (COMATY) | 1979  (Nyi)
* Aluminum $2.6 19.6% $1.5 0 3.3% $13.1 17%

“Copper 1.2 . 15.4% 0 0 5.14 12.3%

" Lead and Zinc 0.06 4.2% 0.1 2 0.43  3.4%

~%
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Considerable polliution control technology is known for non-
ferrous metals but the cost of compliance forces a business
decision to be madé. For example, a major copper smelter in
Montana was recently closed with a resulting loss of 1500 jpbs
because it was decided that cost of compliance was tob great for
continued profitable operation. The sulfur dioxide and particu-
“late regulations were followed by the closing of 9 of the 14 zinc
smelters, or nearly one-fourth of the nation's zinc slab produc-‘
tion capacity. “"However, since the smelters whith closed were
somewhat obsolete and only marginally economic, it is difficult
to'p{ade the blame entirely on the environmental regﬁlatfqn."lg
The 1lead industry‘may be particularly‘dévastated. The current-
émbient air quality sfandard promulgated by EPA is befng vigor-

ously oppoéed by the industry. A study by the Charles Rﬁyer
.Association and the Reseafch Corporation of HeQ England carried
out for the Lead Industries Association showed that compliance
with the law would be virtua]]yrimpossihle.13 Their conclusions
are iﬁ Table 15,

Comparable data, Table 17, have been obtained in an analysis
by various federal agenc.'ies.]4 Mote, however, that in Table 17
the control costs have been estimated on an OSHA standard of
100A(g/m3 while the recently enacted standard is 50/1g/m3.

The major upward revision of control costs and its effect on

pricing lead has not been made.
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TABLE 16

Impact on the Lead Industry of Attempting to Meet the
EPA Ambient Air Lead Standard

Sector ' ' Costs Plant Closings
Capital Annual
Primary Smelting . $190 m. $35 m. all seven
Secondary Smelting $285 m. $60 m. 40 of 50
(90% of loss of
capacity)
AMining not applicable all non-Missouri

Missouri (7?)

Source: AIME, Lead-Zinc-Tin '80.
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"TABLE 17

Partial Environmental Impacts and Control Costs

. Min., & Ben,

Processing

"Control costs

Price increase
Capacity loss
Imports

Employment

Copper

686x106 tons waste and
overburden. 170;106 tons
toxic taflings

10% of national SO2
emissions. 41x103 tons
of particu]atesA(0.4% of
national total)

'Industry cost since 1970

$2x,109 for SO2 with another

billion expec;ed; 10-14% of
production costs

12-15¢/1b..
13-17%
9% increase

5.5% decline by 1085

Source: Re?erence 14,

Lead

Acid mine drainage
8.4x106 tons toxic
tai1ings_

440-2740 tons/yr..
lead emissions

$500x10°

62% total plant
costs

16¢/1b.
320-550x103 tons
7% 1ncrease‘

2240-8750 total
jobs depending on
degree of control

capt. costs
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Effects of Energy Costs

There is a very large consumption of energy for the pro-

duction of metals.

Table 18 1lists the energy required per net

. ton of product for the nonferrous metals under consideration

and the total energy consumed for 19f3]5.

TABLE 18

Summary Table of Energy Requirements for
Metals Production in the U.S. in 1973

Metal Primary Produc;
Al ingot
tu refined copper
Pb refined lead

. in elemental zinc
Source:

Total Energy
Required for U.S.
Consumption in
Trillion BTU

Energy in million
per net Ton

244 1,408
122 221
27 24
65 ' 92

Zattelle-Columbus Laboratories, 1976.
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Before primary processing can begfn, crushing and gfindinj
of the ores must take place. This comminution step is highly
energy intensive because of low efficiency, oéten less ;han 1%
~in fine grinding. The energy consumed for comminuting A]'and Cu
is shown in Table 19.

It should be noted that as the grade of ores such as
copper become lowef, finer grinding is required to liberate
the metal-containing fraction. It is a,pr{nciple in communition
that the energy increases rapidly with fineness of grind. This
is reflected in the generalized curve of energy of extraction
vVSsS. grade:of ore given by the U.S. Bureau of Mines and shown
in Fig. 13,

| .The metal processing plants in the U.S. were largely built
in the era of low concern for pollution control and'energy costs.
These processes could be replaced with more e%ficient ones frqm
the energy standpoint and a change from pyro- .to hydrometallur-
-gica1 processes would be advantageous in some cases for pollution
control. The energy situation has been studied in some detail

by Bqtfe11e for the Bureau of Mines with the conclusions pre-

sented in Table 20.



TABLE 19

Energy Requirements for Crushing and Grinding
A1 & Cu Ores

Specific enerqgy BTU/T* % of total processing enerqy
A 49 ; 20%
Cu 2400 21%

*The conversion from KWH to BTU involves the Battelle Laboratory
estimate of 32% efficiency of electrical generation with the
result that 1KWH = 10% BTU,

Source: Battelle-Columbus Laboratories, ]975.



Fig.

GRADE OF ORE (%)

13.

1 1 1 1 ] ) i |

o) I0 20 30 40 S50 60 70O
MILLIONS OF BTU

Relationship between grade of ore, in percent
of desired value, and the energy required to

mine and beneficiate a net ton of primary product,
(ref. 15.). :
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- TABLE 20

Need and Principal Opportunities for -Energy Savings
Via Process Alternatives in the Production of
~ Some Key Metals

Estimated

ﬂétal Need for Regjgcemgnt Alternative Process Enerqy Savings
Al Highly desirable Alcoa smelting process 25%
to replace Hall process '
Cu Highly desirable 1) Flash smelting 10%
' 2) Continous smelting 10%
3) Blast furnace 10%
4) Autogenous smelting ' 10%
Pb Desirable 1) Single step smelting 30%
' . 2) Imperial smelting process not known
In Desirable 1) Imperial smelting process approx. 7%
2) Jarosite process 5-8% :

Source: Battelle-Columbus Laboratories, Phase 9, 1976.



Competitiveness of the U.S.

Three important effects on the.U.S. nonferfous metals
"position have been summarized:

1. National security and se]f—sufficienc&

2. Po]]ution control

3; Increased cost of energy

Many foreign countries do not have as stfingent environ-
mental protection laws as those of the U.S. Furthermore, there’
is an increasing desire by LDC suppliers to produce finished
metals within their countries rather than'ship ore concentrates.
The capital costs of new plant construction are>given by Battelle
in Table 21.

Aﬁ an example, a new copper project in Colorado involves
an investﬁent of néarly $1 billion. MWith these considerations
it is not unexpected that some companies choose to shut down
plants in the U.S. and build overseas. Such action does not
have a completely negative effect on the overall U.S. economic
picture, for the energy used ‘is not that of imported o0il into
-the U.S. but oil imported into another country for the metals
processing. The neéative aspects are, of course, the loss of
jobs and a decline in se]f—sufficiency. |

Thefeffects‘of environmental laws and of foreign assistance
to their national metals companies have been assessed by Bureau

of Mines specialists and have resulted in the prospects for the

year 2000 gfven in Table 22.



TABLE 21

-Cmpitai'Costs of New Plant Construction

Metal ' Capital, dollars pef annual ton
Al _ . 2,400
Cu' _ 3 6,000
Pb o | 1,400
In | * 1,600

‘Source: Battelle-Columbus Laboratories, 1979,



Metal Industry

AMumfna ref.
Aluminum sm,
Copper min.
Copper sm.
Coéper ref.
Lead min. ‘
Lead sm.
Zinc min,

Zinc sm.

TABLE 22
Secular Changes in the Competitiveness uf;Se]ected
U.S. Metal Industries, 1953-57 and 1973-77

.S, Pro&uction K103 u.s. Frndqcers Percent
Metric Tons of U.S5. Narket

1953¢5f 1973-77 2000 1953-57 ‘1973-7? 2000

1,457 3,181 4,900 100 72 39
1,460 4,340 11,470 96 92 80
898 1,422 © 2,700 89 - 96 95
1,000 1,408 2,860 79 - 94 95
1,432 1,826 3,700 100 92 95
308 . 561 900 68 89 78
903 1,192 1,00 7} 94 89
473 . 433 730 52 72 62
905 . 835 904 95 52 63

Source: Reference 10.

y.s. Proddceﬁs‘?ercen

of World Market

1963-57 1973-77 200
44 22 9
45 32 23
29 20 5
30 19 16
38 21 18
22 8 17
22 18 17
16 I 8
32 8 11

'55'



. Opportunities for Improvement

The capital costs per annual ton for the construction of . -
modern efficient plants were given ‘in Table 21. Eétimafes of
the operatihg priée of a-new facility excluding depreciation;'
and thé caicuTated price including return on investment and taxes
are cumﬁared to market prices in Table 23.

Theoperﬁtfng costs are largely wages and energy and can.be
coﬁsiderEd as tied to inflation, The_voTafility of pricing can
be seen in the changeAin market prices, Thﬁs, large caﬁita1
dinvestment for 1ong‘£erm requires eithef stabi1ﬁty or some
guarantees. thSWms reflected in the views of Battelle in their

1972 report!!

on needs of the industry. They were:

1;‘ Tax incentives for funding of R&D prngréms.'

2. Low interest Ioans:for funding R&D to companies
that have trouble genératiné the needed capital.

3. Cooperative R&D programs..

4. Accelerated amortization schedules for equipment
and facilities devoted to RA&D.

8. Federal_insuranpe for cempanies'tesfing expensive
full-scale equipment.

Regarding_ﬁtem 5, it is obvious that one does not go from
a laboratory bench model to a plant costing hundreds of millions
of dollars. Various -stages of pilot pTants'as well as full-scale
demonstratioh plant must be operaféd, corrected for errors, and
‘engineering personnel must bé.tréined. This is a high-risk area
and some incentive must be created for company expenditures of

this stage,.
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TABLE 23

Uperiting and Calculated Prices for New Plants and
Market Price of Product

Market Price

Metal Operating Cost  Calculated Price*

July 76 Déc. 77  Oct. 80
Al L . $ 0.37/pound $ 0.66/pound $0.44/pouﬁd 0.53 0.68
Lu *  0.53 S - A » 0.74 0.61- 0.98
Pb 0.11 ©0.29 ' 0.24 '0.33 0.45°
In 0.9 0.39 » 0.37 0.30  0.37

* Since this calculation was-madekin'lg?ﬁ, interest rates have increased

Source: Batte]le-Co]umbusiLaboratories. 19749,



"In 1977 the American Mining Congress requested a number o~

companies to Tist priority areas where government R&D was nee-ed.

They werega

1. Safety

2. Upgrading Tow-grade ores

3. New and improved methods for mining.

‘4. Geological mapping and surveys.

5. Research in high-risk areas such as solution
mining, ocean mining, and recovery of metal
values from marginal deposits.

6. Methods of decreasing costs of meeting environ-

. mental standards.



Another series of recommendations was develoﬁed in 1978
‘through a workshop of industry and university experts he1d by
the'uomm1ttee on r1nera1 Technélogy of the NRC Board on H1nera]
and Enerqy Resc:u.n'ces]6 The comm1ttee recommended 1n general that
"only a minima! technical effort should be expended on patch1ng-'
up egisting and old or potentially ebSQIete and cost]y’pfocedures
and processes, A maximal technicaT'efFort shoqu'be;deyoted to
a re-evaluation and modificetion of exiﬁtihgiproceduﬁes and
processes and the?fapid development of new procedures and pro?
eesses which will satisfy likely future conditions under which
‘the industry will be required to operate.®

‘More specifically the Cpmmittee recommended that federal
1po1ity be directed toward the industry with the following :
&bjectives:} L |

1. Provide for the proFess{onaTVdeveTOpment of
competent R&D personnel.

2. Provide for the deve]npment of new techno1ogy .
B through the establishment of demonstration projects

and single industry consortia for R&D in new tech-
no1og1es

3. Provide for incentives for the application of new
technologies in the mineral industiries through
both tax incentives and inc¢reased protection above
existing patent laws and antitrust policy and practice.
Additionally government purchase programs based on the
uses of new technologies for low-grade domestic ores
would have a strong incentive.



A study was undertaken by Battelle Columbus Laboratories
to determine the R&D needs for various minerals as perceived
by kﬁow]edgeable peop]é involved in such matters? Altﬁough
subjective op%nions were gatﬁered in this survey, they were
in sufficient numbers to enable a rénking index to be formed.
Opinions were solicited for the metals concerned, their pro-
cessing stages and the urgenéy for R&D in short-term (0-5 years),
1ntermediate-term.(5-15 years) and long-term (greater than 15 |
years). Selected results -are shown in Table 24 forithé metals
and processing stages of intere;t in this presént review..'ln

this Table the larger the number the greater the urgency.



Estimated‘lndices of Urgency by Stage and by letal
%
(Larger number means higher urgency)

Aluminum
Copper
Lead

Zinc
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TABLE 24

Exploration Mining

ST IT LT ST IT LT

4 5 6 3 4 .4

3 4 4 ‘ 2 3 3

2 3 3 1 3 3

2 3.3 1 2 2

ST = Short Term 0-5 years

IT = Intermediate Term 5-15 years
LT =

Long Term greater than 15 years

*Da;a from Ref. 6

Minerals
Processing

ST IT LT
2 3 4
2 2 3
0 1 1
1 2 3

Recycling
ST IT LT
3 3 4
2 3 3
1. 2 2
T 1 2



Recént testimony of David Swan, Vice President of
Kennecott prper'COE)zmplifies these viewsly He outlines
the R&D process'in four stages:

1. The generative stage is that which creates an
adequate reservoir of basic science and knowledge.

2. The innovative or synthesis stage is that in which
basic scientific findings are synthesized to find
new and better ways of doing things.

3.- The demonstration stage .is that which demonstrates
the utility and economic merit of a novel concept.

4. The transfer stage is that in which an innovative
process is broadly applied.

This testimony develops these ideas further by pointing
out that the federal govgrnment-shou1d increase its level of
support in stages 1 and 3, Stage 1 1sch05m1asit:is tradition-
;aJ1y the area of university research., He suggeéts that fede%al
ﬁo1icy forer§ear;h emphasize long-term funding of prdjecfs at
these . institutions to estab1ish a continuity of reseérch on
what are characteristically long-térm projects. Stage 3, the
demonstration stage, is expensive and is best done at the mine
site, Often ﬁhesg-demonstratioﬁs are of'large-scalelhigh-risk)
innovative-pwojects which invofve new technology developed in
response to Qovernment-mandatéd regulation. Sﬁan presents the
mining -industry view .that the national proéram should provide -
mechanisms for a more effective federal contribution to demon-.
stratiﬁg new technology. |

In his testimony Swan emphasizes two further points’



a)

b)

that there be a review of policies which tend
to inhibit cooperative industry R&ED; specifically

. some of the antitrust provisions and interpreta-

tions.

that there also be a review of the current U.S.
defacto policy which has the practical effect’
of denying large areas of the potentially most

attractive mineral deposit areas in the U.S. ‘to
access for exploration.



The Concept of an Industry-Government Cooperative Program in

'Mining-lletals Research and Development

The nonferrous ﬁinera]s industries have character{stics
which inhibit rapid change. 1) The mining and beneficiation.
processes are restricted to the location of the ore body;
costs of shippfng necessitate that only concentrates can be
shipbed for-refining. 2) The primacy of an ore body results
~in an inteknétional aspect of competition and.ig one of the
forces for relocation of'p1ants. 3) There is a large capital
investment in the industry with a resulting reluctance to
. mbdify or bui]ﬁ new technology. 4) Fluctuating price and
demand resu]tg in cautious investment when long-term pay-
off is required. 5) Concern over uncertainties in U.S.
policy, laws and regulatioﬁs inhibif innovation and in;
vestment. | | |
| A number of these problems can be alleviated by a
better understanding of the solutions through increased
research and Aevelopment. The concept has developed that
increased government-industry regearch, on a 50-50 funding
basis, may be an effective method. With such cooperative
programs the knowledge and experience derived would fiow
to all participants, generally in amounts far greater than
could be achieved by_indiVidu$1 corporate or federally
supported project investment in R&D. The program would be
of basic and applied research as well as advanced technology

"through pilot plant development,



Some example topics are given below:

1. Regional metallogenic studies which would intégrate
geochemical, geophysical and geological .research,

2. Deve]opment of tonnage and grade frequency d1str1bu-
tions. :

3. Development of new down-hole and deep, high- resolu-
tion geophysical techniques.

4. Development of alternatives to ‘excavation m1n1ng
such as in s1tu leaching.

5. Effect of excavating mining on mechanical properties
and integrity of underground rock.

6. Development of better techniques and/or equipment
for in-mine handling of waste.

7. Development of beneficiation techniques that have
greater flexibility with respect:to ores.

8. Invention and/or development of nonpolluting’
alternatives to smelting.

These cooperative activities wou]d‘be selected by those
involved in the support and the site of the research activity
would also be chosen. It could be in-house, in a government
lab, or at one or more universities. A mechanism for carrying
out the decision-making process would have to be established
with agreemént by industry.
fhis concept was tested by personal %nterviews with

officials of 12 nonferrous mining and metals companies by
Mineral Systems Inc]8 The result was that nine were-seriously
1nterested and expressed and offered cooperat1on Three had
reservations, not to the concept, but fathér to the mechanism
of decision-making, Such conservativism is not unexpected,
they simply would like to know more about how their money will

be spent be fore they commit their funds.
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Summary and Conclusions

This report has reviewed the patterns of R&L in the non-
ferrous mining-meta\s industry. Total annual R&D in this |
industry is below $300 million and for ferrous and non- .
ferrous metals combined the total is about $500 million.-
This can bé'codtrasted to the industrial chemical sector
at $1.8 billion, machinery at $4.5 billion, electrica1
equipment at $6.7 billion and petroleum refining and ex-
traction at . $1.1 billion. The percentages of federal con-
tribution to the R&D of these sectors are: electrical equip-
ment 45%, chemicals 18% machinery 15%, petroleum extraction

and refining 8%, nonferrous metals 8%.

The nonferrous metals industry in the United States
has had a series of severe pressures in the past few years.
These have largely resulted from environmental and safety
regulations, the high cost of energy and the current high
interest rates. This.review has shown that, compared to
almost any other industry sector, the R&D has been low and
federal contribution almost negligible. Nevertheless, the
fndustry has been ihcreasfng its R&D funding.

The concept of government-industry cooperative résearch
through the pilot plant stage has been proposed and tested
for'industry 1ntérest.' The interest was found to be high,
The -important point in the survey was the necessity that the

organization and control of such a program be acceptable to

industry.



- 65 -

If the organization can be created acceptably to all,
questions will arise as to the dfrections of research.
Several surveys of industry representatives are quoted in
this report concerning their views on priorities. In addition,
the New York‘University Center for Science and Technology
Po]fcy.has conducted a survey during October-November 1980
to determine the -areas of R&D in which industry is épending
“its own money. This should serve as a useful guide to fhe
cooperative program advisory members in the direction of

funding of the program.
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APPENDIX A

Reasons for the Omission of R&D Data from Busineés weef

A common source of R&D data by industry sector is

~Business Week. Once a year these data are published and

fﬁequently duoted by students and sého]ars. Business leek

obtains their data from cdmpany annual reports and 10K
forms. Thg annual reports and 10K forms of the companies
surveyed invthe present report were available during the re-
port preparation as they were to Business Week. These had
only limited usefulness. The Business Week summaries were
not used for the following reasons.

1. Their data for the nonferrous.me£a1s in&ustry

includes companies that produce only minimally
from ores.

2. There is no separation of R&D .of foreign sub-
sidiaries. '

3.. The reporting is inconsistent -- a company may
be listed one year and not the next.

4. The annual reports and 10K forms give only
limited information which is not selectively
quoted or rejected, e.g., an oil company which
owns a mineral company often reports total R&D
with the mineral part not separated. In Business Week
the 0il company R&D may be listed under o0il R&D so
that the mineral part is not listed.

5. In many company reports R&D is not a separate item,
so the Business Week summary is incomplete.

6. The numbhers given include R&D for consumer prpduct
improvement, which is often 75% of the total.

These objections are not the fault of the researchers

at Business Week. The inaccurac¢ies simply arise from in-

complete or fau]ty data. Data of the quality in.this report

cannot be obtained from annual réports and 10K forms alone.

1
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WHEN the request to organize a program on the
geology of potash deposits for the 1978 Annual Joint
Meeting of the Society of Economic Geologists and
the Industrial Minerals Division of the ‘Society of
Mining Engineers of AIME was received, the con-
venors recognized that the program would have to be
international in scope because most of the important
new discoveries of, potash have been made outside the
United States.

The past 15 years have seen a tremendous accelera-
tion in the generation of geologic and geophysical
data pertinent to potash deposits. This has been due

- largely to the massive exploration efforts of the petro-

leum industry in all corners of the globe. These new
data have resulted in the discovery of several new
and important deposits as well as providing a better
understanding of some occurrences already known.
Because of this we decided to try to organize a pro-
gram that would emphasize descriptions of some of
the new findings and what their economic impact on
the potash industry might be. Thus, although the
collection of papers published in this issue of Eco-
nomic Geology does not represent complete coverage
of all the world's potash deposits, it does include
papers describing most of the important newer dis-
coveries.

Bedded deposits of potash assocmted with marine
evaporites are now known to be much more common
that geologists previously realized. Deposits are
known at several localities on all continents except
Antarctica and Australia and were deposited in all
geologic periods except the Ordovician. Current
world supplies come principally from mines in North
America and in Europe, but potential new sources in
other regions are being explored and because of
favorable location or geology will doubtlessly be-
come sources of supply in the future.

Six of the papers in this collection describe the
regional geology of marine evaporites that contain
potash deposits and illustrate very clearly the indis-
pensable role played by the petroleum industry in
discovering and in providing geological and geo-
physical information on the deposits. Two papers
detail the geology of specific potash deposits, in one
case from exposures in a new potash mine and in the
other from cores and other data obtained during an
evaluation program that is still in progress. Finally,
a significant overall contribution is ‘made by one
paper devoted to an analysis and projection of future
world supply and demand for potash salts and a dis-

cussion of economic and political factors that affect
the potash industry.

Two of the regional papers describe different parts
of the largest potash deposits in North America, and
possibly the largest in the world, those of Middle
Devonian age in the Williston Basin in the Great
Plains region of Canada and the United States.
Potash salts produced from these deposits in Sas-
katchewan, Canada, during 1977 were estimated to
contain 5.9 million metric tons of K;O equivalent, the
largest production from any country in the western
world. There has been no production from exten-
sion of these deposits into the United States. Here
they are so deep it appears probable they can only
he produced economically by solution mining.

Except for a very few cored and analyzed sections
of some potash deposits, the two regional papers on
the Middle Devonian evaporites are based upon inter-
pretations of geophysical logs of several kinds re-
corded in wells drilled for petroleum. They represent
excellent examples of multiple use of basic geologi-
cal and geophysical data in natural resources investi-
gations.

Details of the geology of a potash deposit of Mis-
sissippian age i the northern part of the Appalachian
orogenic belt in New Brunswick, Canada, is the sub-
ject of one of the papers on a specific deposit. These
evaporites have been deformed by both regional
tectonics and salt flowage. In addition, there has
been extensive solution of parts of these evaporites,
which adds to the challenging problems facing the
geologists at this continuing exploration project.

The third regional paper describes the upper Perm-
ian evaporites in the British sector of the North Sea
and contiguous land areas, and thus adds another
dimension to the famous Zechstein evaporites. Those
deposits are now the source of potash salts produced
at the new Boulby mine on the western shore of the
North Sea at Salthurn, England. Details of the
geology of the orebody at this mine is the subject of
the second detailed paper. The very interesting
structures in the area mined to date, the indicated
paragenesis of the mineral suite, and the indicated
paleomovement of brines ard gases through the body
of salts is better understood by the reader because of
having the regional paper on the Zechstein to give
perspective for the detailed geology of a relatively
very small part of the larger body of salts.

The fourth regional paper describes evaporite de-
posits of Lower Cretaceous age that were deposited
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in a linear hasin 1,800 km in length along the western
continental margin of Africa. These deposits are of
particular interest, first because they include thick
deposits of potash and rare magnesium salts; second,
hecause of a scarcity of the less soluble carbonates and
sulfates; and third, because of the similarities in
structural environment, age, composition, and details
of saline stratigraphy and mineralogy with evaporite
deposits on the opposite side of the south Atlantic
Ocean along the eastern continental margin of
South America. The striking similarities in struc-
ture and stratigraphy in the two now widely
separated regions have been explained as resulting
from deposition in grabens caused by rifting that
originally were contiguous and have since been sepa-

. rated to their present positions by the processes of

plate tectonics. The scope of this paper is large,
both in the geographic area covered and in the ex-
ample it provides of the multiple use of hasic geologi-
cal and geophysical data. The information on stratig-
raphy and structure was originally obtained for use
in petroleum exploration; it was then used to select
an area for potash exploration and in considering
geologic and geochemical problems in salt deposition ;
and most recently it has been used in evaluating the
concept of plate tectonics.

Two potash-bearing evaporite deposits, of different
ages and with distinctly different geology, located in

. Brazil, are covered by the fifth regional paper. One

i

deposit, which is in the vast and almost inaccessible
Amazon Basin of northern Brazil, is of Permo-Car-
honiferous age. This sequence consists of a large
number of remarkably complete evaporite cycles, and
the paper is the first documentation that they are
potash bearing. The second occurrence described
are those deposits of Lower Cretaceous age found
along the northern Brazilian coast principally in the
State of Sergipe. These deposits, which have been
extensively explored for potash and may soon be
developed for this resource, are in a complex struc-
tural setting and show evidence of a wide range of
depositional environments and diagenesis. One of
the world’s largest deposits of the mineral tachyhy-
drite is found here. This mineral, which, until re-
cently, was believed to be uncommon in an evaporite
sequence, indicates extreme conditions of desiccation,

The sixth regional paper is a brief description of
the newly discovered potash deposits of Cretaceous
age on the, Khorat Plateau of Thailand and Laos.
The discovery of these deposits was somewhat of an
exception to the rule, in that it resulted from a direct
exploration effort in which bromine geochemistry
played a major role. These deposits, which are very
large and unbelievably shallow, contain an abundance
of tachyhydrite and borate minerals and in this re-
spect are strikingly similar to deposits of like age in

coastal Brazil and the Gabon-Congo Basins of coastal

Africa.
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Abstract

micro- . _— .

logiche- Several different varieties of sedimentary phosphatic deposits of Neogene age occur on
»duction the southern and western continental margins of southern Africa. Their origin and

English distribution were influenced by major transgressions and regressions identifiable in off-

shore seismic reflection profiles and confirmed by onshore observations. Offshore deposits
consist of nodules eroded from outcropping Neogene strata and mixed glauconite/apatite
pellets. In addition concretionary masses occur on the South West African shelf as-
sociated with siliceous muds. On the western coastal plain the oldest deposit is a Mio-
cene phosphatic sandstone which is unconformably overlain by a Pliocene unit containing
reworked Miocene material. Small volumes of phosphate-cemented surface sands are
found, and a number of deposits of aluminium phosphates occur in the vicinity of

Saldanha Bay.

The deposits are of the platform type. No tectonic control of mineralization has been
identified, but local topographic features have influenced the distribution of ores.
Several modes of origin including direct precipitation, replacement, diagenesis, allo- -
chemical and lithochemical, have been identfied. .

Offshore Phosphate Occurrences
Tertiary stratigraphy

During the past ten years marine geoscientists at
the University of Cape Town have undertaken de-
tailed investigation of the continental shelf off the
southern and western coasts of South Africa by sub-
bottom seismic reflection profiing and dredging
(Dingle, 1971, 1973). The following summary of
Tertiary stratigraphy in the offshore regions has
heen prepared from Dingle’s work. It highlights
the main features of the region, especially as they
hear on phosphate deposits onland.

The continental shelf around the South African
coast can be divided into contrasting western and
southern parts that are separated by the Agulhas
Arch, a region of elevated pre-Tertiary formations
which lies in the western sector of the Agulhas
Bank (Fig. 1). \Widespread unconformities can be
recognized so that the Tertiary can be subdivided
into time-equivalent lithological sequences. Sufficient
work has’been done on dating material dredged from
outcrops of these sequences to allow broad interpreta-
tion of their ages to he made as well as those of the
major unconformities that separate them.

Seismic data shows thdt the western shelf is under-
lain by a more complex assemblage of Tertiary
strata than its southern counterpart. The latter
region was relatively stable during the Tertiary and
the stratigraphic record is interrupted by only one
major unconformity, of Oligocene age. The Oligo-

cene hreak can he followed into the western shelf so
that Dingle has been able to correlate the strata of

221

”~

the two regions on the basis of their position relative
to the major hiatus.

The southern shelf contains two Tertiary se-
quences separated by the Oligocene unconformity.
The lower (Dingle’s T,,)) rests on a Paleocene/early
Eocene unconformity and contains sediments as
young as upper Eocene. The upper (Dingle’s Ty)
has heen dated, on the basis of the few ages available,
as upper middle Miocene.

The w 1despreqd Oligocene unconformity allows the
Tertiary succession underlying the western shelf to
be divided into a lower sequence (T,), assumed
equivalent to Ty. and an upper equivalent to Ty,
which can further be subdivided into three units (T»,
Ty, Ty4). In contrast to the relatively straightfor-
ward Tertiary stratigraphy of the southern area, the
western shelf succession is marked by many planes
of erosion, rapid lithological change, and various
structural attitudes. evidence of greater crustal mo-
hility of the region.

The history of major transgressions and regres-
sions interpreted from the offshore data is of par-

ticular importance with regard to the occurrence of
A major transgression oc- -

onshore phosphorites.
curred in early Tertiary time (Paleocene/Eoccene).
A major regression occurred at the end of Eocene
time, eroding the bulk of early Tertiary sediments.
This accounts for the paucity of Eocene sediments
on land. A second major transgression occurred in
Miocene time, possibly lower Miocene. At the end of
the Miocene another regression occurred, accounting
for an unconformity between Dingle’s Tgy and T,
sequences. A third transgression occurred in Plio-
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Fic. 1. Broad outlines of the geology «f the southern and southwestern continental shelf as
deduced from seismic survey and dredging.

cene time, followed by a regression. This sequence
of events deduced from offshore seismic investiga-
tions agrees well with onland observations discus-
sed elsewhere in the text.

Nodules

Historical note: Fragments of lithified phosphatic
sediments, commonly referred to as nodules, were
first recovered in dredgings from HMS Challenger
(Murray and Renard, 1891). The samples came
from localities on the upper, northwestern side of the
Agulhas Bank (south of Cape Town) and from the
the lower continental slope off the southwestern tip
of the bank. Collet (1905) reexamined the Chal-
lenger material and described phosphorite collected
by the Gazelle and Valdivia cruises. Cayeux
(1934) and Haughton (1956) described material
made available by the South African government
and commercial trawling operations. Since 1967
investigation of the nodules has been carried out at
the University of Cape Town as part of the Con-
tinental Margin Programme. This has resulted in a

determination of their regional distribution, petro-
graphic and geochemical characteristics, and a
greater understanding of their lithogenesis (Parker,
1971, 1975; Parker and Siesser, 1972; Parker and
Simpson, 1972 ; Summerhayes, 19733, b).

Distribution: Phosphatic nodules are widespread
on the continental shelf off the Cape coasts (Fig. 1).
Nodules have been recovered from 107 stations off
the west coast at depths between 200 and 500 m.
The largest concentrations occur between Cape
Point and Saldanha Bay and between Cape Agulhas
and Cape Recife (Fig. 1),

Classification: Parker and Simpson (1972) and
Parker and Siesser (1972) have recognized several
nodule types and have suggested the following classi-
fication based on compositional and textural criteria.
The scheme has been found useful,in that it groups
the major nodule types into only a {ew categories,
but Birch (1975) points out that a continuous grada-
tion in properties exists between one type and
another,

The nodules are classified into two basic types—
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nonconglomeratic (NC) and conglomeratic (C).
Nonconglomeratic are further divided into three
subtypes: NCI, composed of silt-size quartz and
microfossils cemented by a collophane/micrite mix-
wure (medium-grained packstones and wackestones) ;
NC2, a brown microfossiliferous limestone cemented
by a collophane/goethite/micrite mixture, the goe-
thite imparting a distinctive brown color (medium-
to coarse-grained packstones) ; and NC3, a composite
of quartz, glauconite, and microfossil grains to-
gether with variable quantities of macrofossil frag-
ments cemented together by a collophane/micrite
mixture (fine- and coarse-grained packstones and
wackestones).

The conglomeratic category is divided into two
subtypes, C1, angular pebbles of NC1 and NC2Z ce-
mented by a matrix similar in composition to NC3,
and C2, shell casts and macrofossils set in a NC3-
type matrix depleted of glauconite and rich in micro-
fossils.

Chemistry:  Whole-rock chemical analyses ~ of
nodules” (Table 1) show variations consistent with
relative amounts of their dominant mineral phases:
quartz, calcite, glauconite, and collophane (Parker,
1971). .

Mineralogy: X-ray diffractograms of nodules
show well-defined peaks corresponding to the domi-
nant mineralogical species present: collophane, cal-
cite, quartz, and glauconite. Birch (1975) reports
that the ferruginous, nonconglomeratic varieties
(NC2) produce diffuse reflections suggesting poor
crystallinity. No positive identification of the iron
oxyhydroxide has been made, but it is presumed to
he goethite. Mixed-layer clays are ubiquitous and
kaolinite was found in trace amounts in four samples.
Plagioclase feldspar is present in all samples. K-
feldspar is present only in nodules dredged in the
vicinity of Cape Town.

The phosphate phase in all nodules analyzed, both
from the western shelf and Agulhas Bank, is car-
honate-fluorapatite (Parker, 1971). Birch (1975)
has determined that the average CQO. content
of the apatites from western shelf nodules is 5.5
percent which agrees with the values of 4.8 to 6.1
percent found by Parker (1971) for Agulhas Bank
samples. .

Stratigraphic relationships: Phosphatized lime-
stones of the nonconglomeratic nodule varieties and
their pebble equivalents in the conglomeratic types
are from the Agulhas Group (Siesser, 1972) of
lower Miocene to Pliocene age which outcrops on the
middle and the outer continental shelf off southern
and southwestern South Africa (Dingle, 1973). The
aerial extent of the conglomeratic category coincides
with an elongate outcrop of Paleogene sediments on
the inner Agulhas Bank parallel to the south coast

TaBLE 1. Analyses ol Nodules from the Aguthas Bank

NC1-3 Ci1 C2

Fe-poor  Fe-rich

Si0. 6.20 345 15.30 13.79
TiO, 0.06 0.04 0.10 0.11
Al,0, .13 0.92 2.14 2.12
Fe.0, 1.40 25.80 5.58 7.34
MnO 0.01 0.06 0.01 0.02
MgO 0.97 1.49 1.34 145
CaO 47.02 33.42 37.04 36.54
NaiO 0.62 0.34 0.78 0.73
K.0 0.43 0.39 1.57 1.51
P.0; 14.82 10.26 17.89 16.82
S 0.31 0.21 0.46 0.45
F 2.12 1.42 2.21 2.04
LOF 25.52 23.24 16.15 16.89
Total 100.61 101.04 100.56 99.81
Less O 0.96 0.60 0.93 0.86

i 99.72 100.44 99.63 98.95
No. of ’

analyses 3) 3) 8) 4)

Analytical procedures:

X.R.F.: Si, Ti, A], total Fe, Mn, Mg, Ca, Na, K, P, S.
Wet chemistry: CO,, FeOQ, F.

(Dingle, 1974). The present distribution of nodules
reflects the extent of their original outcrop when
allowance is made for redistribution during Pliocene
and Quaternary regressive episodes.

Origin: Dingle (1974, p. 263) has summarized
opinion regarding the origin of both the ¢onglomera-
tic and nonconglomeratic varieties of nodules. Three
considerations are:

1. All evidence suggests that diagenetic replace-
ment of carbonate by phosphate was the principal
miechanism of phosphatization. Numerous observa-
tions of surface to center decrease of phosphate con-
tent in individual limestone fragments support this
conclusion.

2. Dingle (1974) states that ‘‘there is general
agreement amongst workers on the Agulhas Bank
deposits that the main source of phosphatising solu-
tions is intimately connected with the high incidence
of cold, nutrient-rich, ocean water upwelling, such as
that now common along the south-west coast of

southern Africa (Parker, 1971; Summerhayes, 1972,

1973a; Birch, 1973; Rogers, 1973). The affected
areas have high pelagic biological activity, and the
shelf and slope sediments are rich in organic carbon
and biogenic carhonate. .Phosphate-rich microen-
vironments are created in the sediment interstices by
solutions derived from dead phyto- and zooplankton
protoplasm. Under circumstances which bring these
solutions into contact with a.high surface area/
volume ratio sediment susceptible to replacement
(e.g., micrite), phosphatisation would proceed.”

3. The conglomeratic nodules possess many fea-
tures which suggest an interplay of several factors in
their formation. These include poor sorting, large

TRy
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periodic influx of iron-rich river waters which would
have favored formation of glauconitized pelletal
phosphorite types.

Onshore Phosphatic Formations

Exposures of Tertiary strata in the southern and
western coastal regions of South Africa are not
abundant because during the Pleistocene, when vast
areas of the shelf were exposed, an extensive cover
of eolian sand of Pleistocene age occurred.

Siesser (1972) has made a detailed study of for-
mations which have their best exposure along the
southern coasts. They consist mainly of calcarenites,
both marine and eolian, commonly occurring in
couplets typical of regressive sequences, i.e., dunes
overlying beaches. Siesser (1972) has suggested the
informal name, ‘coastal limestones,’ to replace prev-
iously used terms such as Alexandria Formation,
Bredasdorp Formation, and Dorcasia Limestone.
Although certainly of Tertiary age, precise dating has
not been possible due to the poor state of preserva-
tion, and paucity, of microfossils. It is apparent
that the oldest units are farthest inland and rest on
marine terraces of highest elevation. These range
from 670 to 370 feet above present sea level, most
of the coastal limestones now lying below the water
level. It is probable that these terraces correspond
to the major transgressions which occurred in early
Paleogene, early Neogene, and late Neogene time,
but positive evidence is lacking. No significant phos-
phate mineralization is associated with thegg coastal
limestones.

Information regarding Tertiary formations, apart
from the coastal limestones, comes almost entirely
from mining operations, drilling and quarrying, and
is entirely restricted to the west coast. Iocene
strata are known from only one locality (on the
South West African coast; Siesser, 1977). It is
likely that if at one time Eocene strata were more
widespread, they were removed by erosion during
the profound Oligocene regression. The earliest
Tertiary strata widely represented are Miocene in
age and they are followed unconformably by Pho-
cene units.

Miocene units—the Saldanka Formation

Four widely scattered occurrences of a thin phos-
phatic unit are located on the west coast, only one of

. which outcrops, the others being in pits and quarries.

Tankard (1975) correlates these units and has pro-
posed the name Saldanha Formation for them. He
has selected as the stratotype the only natural ex-
posure which is close to the town of Saldanha at
Bomgat on Hoedjiespunt (Fig. 2). Tankard (1975)
provides the following description of this- occurrence.
“The stratotype is 1.2 m thick on Hoedjiespunt. It

is preserved in a basin on a granitic platform; the
floor of the basin is 5.25 m above mean sea level.
The lower 0.7 m of the stratotype consists of hori-
zontally bedded microsphorite. The upper 0.5 m is
a layer of granite boulders and cobbles supported in
microsphorite which has been reworked. Bedding is
not readily apparent in the upper layer. The unit
consists in part of phosphatised microcoquina. The
upper part of the stratotype represents more turbu-
lent conditions in a shallow environment, probably
due to regression, while the lower part is a quieter
water deposit.”

The formation is seen in relation to Pliocene de-
posits, which it unconformably underlies, in the floor
of the New Varswater quarry at Langebaanweg east.
of Saldanha Bay (Fig. 2), the site of the only phos-
phate mining (excluding the small-scale exploita-
tion of aluminium phosphates at Saldanha). The
rock is a thin (1-1.5 m) brown phosphatic sandstone
with an undulating polished surface, pitted by erosion
and burrowed by marine animals, It is conglomeratic
in places, containing phosphatic intraclasts. Petro-
graphically it is described as a “fine-grained pack-
stone with a matrix of microsphorite and finely-
divided argillaceous and organic material. Aniso-
tropic francolite has grown about the quartz-grain
surfaces, while the voids are filled with isotropic
collophane” (Tankard, 1975).

Neither the Hoedjiespunt nor Langebaan ex-
posures contain sufficient suitable fossils to allow an
age to be attributed with any confidence. But
farther south, a few miles east of Cape Town at
Ysterplaat, a layer of phosphatic sandstone was ex-
posed in a quarry which contains an assemblage of
gastropoda, hivalvia, bryozoa, echinoidea, chondrich-
thyes, and aves which is regarded as the Saldanha
Formation and which is of Miocene age. The unit
is thin (75 em), made up of fine, medium and coarse
sand lenses, and rests on latest Precambrian (Mal-
mesbury) strata about 8.6 m above sea level, It is
this unit which firmly places the Saldanha Forma-
tion in the Miocene, if Tankard’s (1975) correlation
of these scattered exposures is accepted.

The final exposure of this formation is on the
Namaqualand coast in the vicinity of Hondeklipbaai
(30°19'S; 17°16’'E). The region is known for its
production of alluvial diamonds. In the course of
exploration a sequence of Tertiary strata has been
exposed in boreholes and trenches. They were re-
ferred to by the mining fraternity as the E-Stage
sediments. The lower E-Stage unit contains a2 1 m
thick phosphatic siltstone which on foraminiferal evi-
dence i1s dated as late Miocene (A. J. Carrington;
pers. commun.). It is regarded by Tankard (1975)
as being a northward extension of the Saldanha For-
mation. .
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Fi1c. 2. Location plan of phosphate occurrences in the Saldanha area.

Tankard (1975) has provided chemical data
(Table 2) for the Hoedjiespunt microsphorite (ana-
lyses 1 and 2) and Langeberg phosphatic sandstone
(analyses 3 and 4). He interprets the low fluorine
analysis 1 as indicating the hydroxyapatite dahllite,
while analysis 2 is interpreted as francolite.

The origin of the Saldanha Formation is associated
with the well-documented Miocene transgression.
From the few exposures available it is apparent that
although the unit is consistently thin, several facies
representing various environmental conditions (e.g.,
water depth) are present. The formation is the only
example of an in situ marine phosphorite known in
the South African onshore coastal region.

Pliocene units—the Varswater Formation

For a number of years scientists at the South
African Museum, Cape Town, have been studying a
rich assemblage of fossil mammalian fauna recovered
from the New Varswater quarry on the farm Lange-
berg at Langebaanweg east of Saldanha. Hendey
(1974) has established that they are of Pliocene age.
The fossils come from a unit in a sequence largely

made up of fine-grained quartzitic sands. Hendey
(1974) originally suggested the name Varswater
Formation for this sequence. He included the basal
marine phosphorite bed as part of the formation, but

TaBLE 2. Chemical Analyses of the Saldanha Formation

1 2 3 4
SiO, 3.60 N.D. 59.92 35.16
Al,0, 1.83 N.D. 0.94 2.70
Fe:0, 0.27 N.D. 0.63 2.02
MgO 2.32 0.47 0.99 1.04
Ca0 46.04 49.59 19.35 29.72
Na,O 0.27 1.00 0.22 0.36
K-0 0.06 0.0S 0.32 0.18
P.O; . 33.97 35.39 14.52 21.93
S - 0.22 0.80 0.08 0.11
F 0.57 1.59 1.30 1.60
CO, 3.28 4.08 0.75 ' 1.84
H,0* N.D. 2.24 N.D.; " N.D.
H,0- 2.55 2.54 0.72 0.91
Total 96.13 97.15 99.79 97.74
Analysts:

1, 3, 4, Anglo American Research Laboratory."
2, General Superintendence Co.
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Tankard (1974a) later demonstrated its unconform-
able relationship to the overlying Pliocene sequence,
renamed it the Saldanha Formation, and restricted
the name Varswater Formation to the Pliocene se-
quence.

The maximum thickness of the Varswater Forma-
tion is about 43 m. This thickness is not developed
in the quarry from which it takes its name but has
been determined from borehole logs prepared during
extensive exploration for phosphate in the Saldanha
area. The Formation originated during a Pliocene
transgression which reached an elevation of about 55
m above present sea level. It contains both marine
and fresh-water facies, the most important of which
from an economic point of view being the Pelletal
Phosphorite member, a 25 to 28 m thick unit occurr-
ing at the top of the sequence. Tankard (1974a)
provides the following description of this member:
“moderately sorted, fine phosphatic, quartzose sands.
Quartz rounded to well-rounded, polished. Phos-
phate present as pelletal phosphorite which is largely
subspherical in shape, medium to fine sand size.
Occasional iron oxide staining of quartz and pelletal
phosphorite. Lenses and concretions of phosphate
sandstone common throughout demonstrating post-
depositional phosphate mineralisation. Heavy min-
erals always less than 1 percent. Ilmenite constitutes
about 97 percent. Shark teeth, marine mollusc shells
and shell casts occur throughout, with limited ter-
restrial fossils at base. Microfauna: phosphatised
foraminifera Tragments, mainly Elphidium; echinoid
spines; minute fish teeth; coprolites.”

Tankard (1974a) has demonstrated on chemical
and petrographic criteria that the phosphate peliets
in the Varswater Formation were mostly derived
from the erosion of the underlying Saldanha Forma-
tion during the Pliocene transgression.

Apart from the Saldanha area the Varswater
Formation is not known with certainty to occur else-

TaBLE 3. Partial Chemical Analyses of Pellet Concentrates
from the Varswater Formation

Constituent Average Range

Ca0 51.79 44.85-54.19
MgO 1.69 0.44- 7.62
Na.,O 0.82 0.77- 0.87
P.Os 37.80 36.63-39.01
CO., 4.70 4.25- 5.54
SO, 0.96 0.19- 1.84
F 3.85 3.15~ 4.81
F/P:;0, 0.10 0.08- 0.13
CaO/P105 1.37 1.15- 1.46

Analytical procedures: »
MgO, CaO, volumetric, E.D.T.A.

Na.0, flame photometric.

CO,, direct.

P.0;, alkalimetric, molybdate.
S0O;,, gravimetric.

spectrophotometric.

where in the western and southern coastal regions.
Pelletal sands have however been reported from
several localities and may represent extensions of the
formation. Among these are the upper E-Stage
sediments of the Namaqualand coast. It has already
heen noted that the lower E-Stage sediments are
probably the equivalent of the Miocene Saldanha
Formation, so it is possible that the E-Stage sedi-
ments represent an extension of the sequence devel-
oped at Saldanha. .

Tankard (1974h) has tabulated seventeen partial
chemical analyses of pelletal phosphorite concentrates
from the Varswater Formation and provides a sum-
mary of average and ranges (Table 3). Analyses
have Dleen recalculated after exclusion of SiQ,,
Al:Oy, and K.O which cannot be assigned to the
apatite structures. Chemical and X-ray diffraction
data identify the phosphate mineral as francolite.

Phoscretes

Outcroppings of brown, massive, tabular collo-
phane-cemented surface quartz sands occur at a
number of localities in the western coastal regions
(Visser and Schoch, 1973). They are referred to as
phoscretes, their mode of origin being regarded as
similar to related pedogenic materials such as cal-
crete and ferricrete. Little work has been done on
these surface deposits, probably because their rela-
tively small volume and thoroughly indurated state
make them unattractive economically. Birch (1975)
has compared them with other phosphorites in the
area (both on- and offshore) and finds that although
they are petrographically similar, they are easily dis-
tinguished by their higher levels of Al and/or Fe
derived from terrigenous contaminants. That their
origin is unrelated to marine processes is suggested
by their elevations which frequently exceed 100 m
above sea level. 1t is generally agreed that the phos-
phate was introduced by upward and/or lateral
percolation of ground water and that precipitation
occurred following evaporative concentration.

Alwominum. phosphates

Deposits of aluminum phosphate occur at a num-
her of localities in the granite hills both north and
south of Saldanha Bay (Fig. 2). They were first
described by Du Toit (1917). Tankard (1974c)
provides a brief review of their main features and
Visser and Schoch (1973) give field descriptions of
the major deposits. .

There is general agreement that the leaching of
guano deposits and replacement of the granites and
porphyries which form the bed rock account for the
origin of these deposits. The bodies are highly ir-
regular, mineralization having been controlled by
joints and fractures in the granites along which solu-
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tions could penetrate. Tonnages of ore are unlkely
10 exceed 1,000,000 tons in the largest deposit.

Visser and "Schoch (1973) describe the ore as
varying “from hard and compact to soft, friable and
cellular. A concentration of hydrated iron oxides
may locally cause bright reddish to brown colors, but
the color commonly varies from shades of yellow to
dark brown or light to dark grey. A dull greenish
color often appears on weathered surfaces. Some of
the ore is banded, streaky or spotted.

“Unaffected quartz grains are usually visible in
the more compact fresh ore types. Altered feldspar
grains may be present in less phosphatised varieties.
The larger hodies are cut by numerous veins of
aphanitic horny phosphate similar to that in the thin
stringers which pervade all the phospatised rocks and
which constitutes a major part of the dark brown
resinous ore. In many cases similar material oc-
cupies master joints in the centres of narrow altered
hands within fresh or solid quartz porphyry. This
dense and horny phosphate is either light to dark
brown with a dull resinous lustre, or chalky white to
grey and even faintly banded in part, like chalcedony.
Du Toit (1917) considered the chalky white ma-
terial to have heen veins of clay in the rock that are
now phosphatised. As the differently colored varie-
ties grade into each other, it would appear that the
light colored type is the weathered and leached por-
tion of the brown phosphate.”

Du Toit (1917). on the hasis of optical and chemi-
cal data, identified harrandite as well as wavellite or
variscite which occur as minute yellowish crystals
lining cavities.

Partial chemical data are provided by Tankard
(1974c; Table 4). The material analyzed is de-
scribed as phosphatized porphyry.

Apart from Du Toit’s (1917) work and Visser and
Schoch’s (1973) field observations, no systematic
study of these deposits has been undertaken.

Theories of Origin of Phosphate Occurrences

All workers who have studied phosphate occur-
rences around the South African coasts have
stressed the applicability of the Kazakov-McKelvey
hypothesis in accounting for their origin. Divergent
upwelling along the west coast has been well docu-
mented and must have been effective throughout
Tertiary time. Similarly the Agulhas Bank experi-
ences strong dynamic upwelling. The regions are,
and probably in general were, sites of low terri-
genous input. This is particularly true of the west-
ern shelf,

The phaosphate deposits described have affinity
with the Florida type, lacking associated fine-grained
dark shales and cherts. A possible exception is the
deposit off the South West African shelf which has

Tasur 4, Parval Chemical Analyses of
Phosphatized Porphyry

Percent Percent
Si0, 59.20 65.40
AlO; 8.32 6.78
FelOx . 4,02 5.29
Ca0 0.10 .-
K.0 0.60 0.48
P,0, 12.14 11.68
CQ, — —
F Tr Tr

coexisting siliceous oozes and strongly reducing
muds,

Tectonically the deposits are of the platform type.
The offshore varieties were probably derived from
outcropping Tertiary strata deposited on a continen-
tal shelf which, particularly on the western margin,
displayed a degree of instability throughout the
period. Onland occurrences were controlled by
major transgressions and regressions which although
probably of eustatic origin were almost certainly in-
fluenced by seaward tilting of the shelf regions,

Nowhere has it been demonstrated that tectonic
movements contemporaneous with sedimentation af-
fected the site of phosphate accumulation. This may
have been the case in offshore regions, hut lack of
direct information (from drilling) precludes analysis
of this type. Emphasis has heen on local topographic
influences, as with the pelletal deposits of the Vars-
water Formation which are confined to erosional
hasins.

Varieties of deposits

Several different origins have been suggested to
account for the varieties of deposits that have been
cliscussed. :

Direct precipitation types: phoscretes, phosphatic
sandstones of Miocene age found onshore—the
Saldanha Formation, and concretions on the South
W est African shelf: Among these the phoscretes are
a special case. They are agreed to represent ac-
cumulations of phosphate introduced by circulating
ground water in a phosphogenic province, mineral-
ization occurring as a cement in quartzose sands.

The hest documented example of an inorganic
precipitation type of deposit is the Miocene phos-
phorite (Saldanha Formation) exposed in the floor
of the New Varswater quarry at Langebaanweg.
This is essentially a phosphate-cemented quartz sand,
francolite occurring as’ drusy encrustations around
quartz grains, the remaining voids being filled with a
mixture of clays, organic matter, and collophane.
The only evidence for replacement in this formation
is seen in occasional phosphatized foraminifera and
echinoid spines. Precipitation is thought to have
occurred in shallow, warni embayments receiving an
influx of upwelled water during periods of strong
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divergence aided by prevailing offshore. winds. Mass
mortahty of siliceons phytoplankton following the
collapse of upwelling <cells, and their subsequént
decay and release of phosphate-rich protoplasin, re-
sulted in the ingrganic precipitation of phasphdte -in
the: sandy boftom sediments.

~ The concretionary phosphates in the silicéous muds
of the South West African shelf aré included here-in

the direct precipitation category '1Ithongh they differ.
from other examples in requiring a phasphatic

nucleus for their growth. They also demonstrate
diagenetic recrystdllization as they mature. Clearly
they are a 'special case and the physicochemical
conditions they réflect différ from those required for
true unseeded precipitation, espécially with regard to
temperature. ‘

Replacement types: offshore nodules: The. term
nodule has beeri uséd in the account above to desgribe
a wide variety of phosphatic material littering the
‘sguthern African shelves. The term has tradition-
dlly ‘been applied although the diversity of shapes it
émbraces, from large angular slabs to rounded
masses, makes it something of a misnomer in many
instances. The distribution of the nodules suggests
that they have béen eroded from outcropping Terti-
ary strata, altheugh this must remain conjectural
uritil drilling is undertaken on the: shelf. Petro-
graphic and chemical studies have clearly revealed
that these tocks are inicrosphorites, mineralization
heing thestesult of diagenetic replacement of calciiim
carbonate.

Allochemical phosphorites:
apatite pellets and pellets on the South West African
shelf: Pelletal phosphorites on the South West
Alfrican shelf are thought to have been derived from
storm-wave disrupted morgamcally precipitated semi-
lithified collophane muds o the floors of shallow
lagoons,‘ subsequently redistributéd into ether regions
of the shelf. ‘

The mixeéd glancohite/apatite pelléts. of the south-
ern African shelf are also -allochems; being derived
fram disrupted semilithified microsphorite of replace-
Hieént origin,

Lithocheniical phosphorites: pelletal deposits on-
shore—the Pelletal Sand member of the Varswater
Farmatign: Phosphate grains (pellets) in the Pel-
letal Sand member of the Varswater Formation were
for the most part derived from the Saldanha Forma-

tion (Miocene), erosion of this unit occurring dur-

mg a Pliocene transgressmn detritus béing. trapped
in shallow ‘erosional basins. i

Phosphatized bed. rock associated with. guaho:
chomdnum phosphates:

the. Saldanha area clearly represent deposits formed
by alteration of grarite bed rock by solutions derived
from guano accimulations.

The high" productivity

offshere glavconite/

Kolodny, Y., and Kaplan I. R,

Miller, A. K,
The. alwininuin phospliates of

Ad. 0. FULLER

of the region supported vast nufibers of sea fowl
which occlipied topographic highs which formed
islarids in the Tertiary seas. These now form partof
the mainldnd and although no trace of the original
gudiio acenmulations remains, numergus: small «de-
posits of aluminum phosphate testify to their former
presence,
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1. Introduction EARTH SCIENCE LAB |

Few properties of natural materials have received more attention
from hydrogeologists than porosity and pérmeability. Despite the
vast amourit of work expended in ‘measuring thesé two properties in
countless samples, reliable values can rarely be estimated on the basis
of general geologic knowledge alone. The purpose of this chapter
is to review the extent of our general knowledge concerning porosity
and permeability and to relate this knowledge. to ‘the more analytical
discussions which follow in subsequent chapters.

1.1. PorosiTy

‘Porosity, as used in this chapter, is defined as the ratio of pore volume
to the total volume of a given sampje of material. This definition 1s
adequate for many purposes. Microscopically and 'submicroscopically,
nevertheless,a complete gradation exists ffom large pores easily accessible
to fluids to very small openings in minerals that are caused by minor
Jattice imperfections. The smallest ‘openings contain fluids that are
rendered essentially static by the close proximity of atomic force fields
at-the surfaces of the solids (Kempeér et al., 1964). Whether or riot these
submicroscopiq openings are measured in the laboratory as part of the
void space depends on the methods of thé measurement employed.
Techniques using heat, centrifuging, liquid saturatién under a vacuum, H
and other conditions ‘abnormal to near-surfacé rocks will certainly ]
displace static fluid that might be best considered part of thé solid rock.

A large number of terms have been introduced into the literature to
describe various physical measures related to porosity. Moisture equiv-
alent, effective;porosity, specific retention, drainage coéfficient, coefficient
of storage, and specific. yield are some of the terms used to qualify
variables such as degree of saturation, forces applied to the sample,
length of test, degree of interconnection of pores, and fluid chemistry.
Besides simple porosity, the only other closely related term used in
this chapter will be specific yield, which will be defined as the volume
of watet drained by gravity from an initially saturated sample divided
by the total volume of that sample. Idedlly, specific yield should be
measured using samples having column lengths of mote than 3m to
avoid excessive capillary effects. Drainage time should be measured
in many years_for clay-size material: As a result of these inconvenient
requireinents, few reliable measurements of specific yield of fine-grained
materials have been made, Modern laboratories tend to rely on centri-
fuging to speed drainage and to overcome capillary effects. Strain




2. POROSITY, PERMEABILITY OF NATURAL MATERIALS .55

induced by centrifuging, however, makes the resultant sbeciﬁc yield
values of fine grained materials open to question. This is particularly
true of nonindurated silts and clays.

1.2. PERMEABILITY

Permeability is a measure of the ease with which fluids pass through
a porous material. Permeability, or more properly, “intrinsic
permeability,” is a property of the solid material and is independent
of the density and viscosity of the fluid. A common expression for
permeability & is

Q p (Oh\?
k= =T (E)
in which Q is the volume of fluid discharged per unit time through a
cross section having an area of A4, u is the viscosity of the fluid, p is the
density of the fluid, g is the acceleration of gravity, and 0h/ds is the
hydraulic gradient in the direction of flow s.

Permeability £ has the dimensions of L% The darcy, which is almost
universally used in the petroleum industry, will be used as the unit
of permeability in this’ chapter. One darcy has the value of
0.987 x 10-8 cm® Units of hydraulic conductivity, which superimpose
fluid properties on permeability and have the dimensions of LT-1!
are most common in ground-water work. The ‘“‘meinzer” is one of the
popular units of hydraulic conductivity in the United States. It is
related to a fixed viscosity and density of water (pure water at 60° F
or 15.6° C). Media having a permeability of 1 darcy have a hydraulic
conductivity of 18.2 meinzers.

Analytical work with single-phase flow of fluids almost universally
assumes that permeability is constant with respect to time. Several
important exceptions should always be kept in mind. Largest changes
take place with changes of state or dissolution of minerals, as for example
the slow formation of limestone caverns, the more rapid dissolution of
gypsum, or the extremely rapid melting of granular ice as warm rain
water percolates through a snow bank. Significant changes also take place
in response to stresses associated with declining artesian pressures
or with external compaction of sediments. If fluid chemistry changes,
sedimentary materials will respond dynamically. Effects of partial or
complete hydration which will cause clays, colloids, and some organic
material to expand and closc pore spaces are the most important of the
responses to changing fluid chemistry. Permeabilities are largest with
air and other nonpolar fluids. Partial hydration by brines will cause
values to lower. Full hydration using distilled water as the measuring

At
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fluid will cause a drastic reduction of permeability (Johnston and
Beeson, 1945). These effects are greatest in fine-grained sediments and
could account for permeability differences of several orders of magnitude
in the sample.

Effects of measuring techniques on the permeability of fine-grained
sediments and rocks is particularly striking. Young et al. (1964) have
shown that increasing confining pressures of samples of argillaceous
rocks in-order to duplicate subsurface conditions produces a decrease
in permeability of more than tenfold over results of unconfined tests.
Permeability contrasts in some nonindurated materials may be even
larger.

Natural material is commonly assumed to be homogeneous and
isotropic with respect to permeability. In general, computational
problems associated with heterogeneous aquifers are easier to deal
with than those of nonisotropic aquifers. The measurement andfor
estimation of the actual extent of heterogeneity is also much easier
geologically than is the measurement of anisotropy. Further attention
will be given to these matters in later sections of this chapter as well as

in other parts of this volume.

2. Dense Rocks

2.1. INTRODUCTION

A large number of rocks have porosities of less than 29, and
permeabilities of less than 102 darcy. Granite, dolerite, quartzite,
slate, and gabbro are but a few of the common dense rocks which are
abundant in the earth’s crust. Of the major rock groups, most meta-
morphic, all plutonic igneous rocks, most volcanic rocks in near-surface
intrusives, and many dense sedimentary rocks are grouped together
as far as their gross hydrogeologic properties are concerned. Such rocks
in their unmodified state will not yield fluids to wells nor will they
store significant amounts of fluids in their limited pore spaces. Typical
values of porosity and permeability for dense rocks are given in Table 1.

2.2. WEATHERING AND FRACTURING

Weathering and fracturing of dense rocks will increase overall
permeabilities by two to four orders of magnitude (Table 2). Weathering
will increase rock porosity from initial values generally less than 59, to
final values of between 30 and 609% (Stewart, 1964). Fracturing alone,

va

th
th
(E

CcC
jolt
Pt
st
ot
P!

ac

18
th

W



2. POROSITY, PERMEABILITY OF NATURAL MATERIALS 57

TABLE 1

Rocks of Low Permeabilities and Porosities

Porosity Permeability

Rock name (%) (darcys) Reference
Chert — 1.9 x 107 Stuart et al. (1954)
Diabase . 0.1 — Brace (1965)
Dolomite 6.3 1.0 x 10-3 Murray (1960)

04 — Brace (1965)
Granite 0.3 — Brace (1965)
Graywacke — 3.0 x 10-¢+ Stuart et al. (1954)
Limestone 8.4 1.0 x 10-* Murray (1960)
Marble 0.3 — Brace (1965)

0.6? — Manger (1963)
Mica schist — 2.1 x 10-¢ Stuart et al. (1954)
Quartzite — 1.9 x 10-¢ Stuart et al. (1954)

0.6 — Brace (1965)
Rock salt 0.6 7.3 x 10-¢¢ Gloyna and Reynolds (1961)
Slate — 1.3 x 10-%¢ Stuart et al. (1954)

3.4 ] — Manger (1963)

% Median of § samples.

® Mean of 100 samples.

¢ Representative value taken from several different determinations. Permeability
varied widely with confining pressure on specimen and with the type of fluid used.

¢ Median of 9 samples. '

* Mean of 19 samples.

however, does not generally increase overall rock porosities by more
than 2-59%,. The size of fractures may range from large dislocations
having open cracks of more than 1.0 mm to microfractures that develop
throughout the rock prior to failure. Recent laboratory experiments
(Brace et al., 1966) have shown that initially dense rocks will gain from
0.004 to 3.6 %, in porosity after being compressed under moderately high
confining pressures. Brittle rocks such as aplite will gain the least
Porosity, and slightly ductile rocks such as limestone will gain the most
porosity. The hydrogeologic importance of this rock dilatancy under
Stress is yet to be investigated. It is possible that large volumes of
otherwise dense rock will undergo small but significant increases in
Porosity near major faults and possibly even in zones of regional stress
accumulation that are not broken by major faults.

Both weathering and fracturing are most evident within 20 m of the
surface. In tropical countries weathering may extend to depths of more
than 100 m, but most temperate regions have not experienced significant
Weathering of dense rocks below about 50 m.
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TABLE 2

Porosity and Permeability of Originally Dense Rocks
Modified by Fracturing and Weathering

Specific
Type of  Porosity yield  Permeability
Rock name test (%) (%) (darcys) Reference
Quartz-mica
schist,
weathered  Laboratory 48 20.6° 3.3 x 102 Stewart (1964)
Field - 0.61 0.97° Stewart (1964)
Graywacke, .
fractured Ficld — — 4.5 X 1072*  Lewis et al. (1966)
Metasediments
fractured Field 2.4 — 3.1 x 10739 Lewis et al. (1966)
(estimated)
Iron formation Field — — 5.5 x 10-* Stuart et al. (1954)
{minimum)
5.8 x 10-*
(maximum)
Metabasalt Field — 2.0 1.9¢ Meyer and Beall (1958)
Schist Field — 3.0 1.4¢ Meyer and Beall (1958)
Marble Field — 0.4 18/ Meyer and Beall (1958)
o Median values for 21 samples. 4 Median of 6 tests.
b Assumed aquifer thickness of 70 ft. ¢ Assumed aquifer thickness of 200 ft.
¢ Median of 11 tests. 7 Assumed aquifer thickness of 160 ft.

Fracturing of rocks may extend to depths of several thousands of
meters, and water has been encountered in some mines and tunnels
at depths of more than 1000 m. Large excavations far below the surface,
nevertheless, generally encounter little water (Samuelson, 1965).

Fractures of several types exist in dense rocks. Faults are extensive
fractures that mark zones of differential movement within the earth’s
crust. They generally extend to an unknown depth below the surface.
Some faults most certainly exist at depths of more than 10 km below
the surface and hence penetrate all fluid-bearing zones of current
economic interest. Fractures within the fault zones will tend to close
with depth owing to the weight of overlying rocks. Joints are single
fractures, commonly with planar surfaces along which macroscopic
movement parallel with the surface is lacking. Joints arise from tensile
stresses associated with the shrinkage of rocks during the drying,
cooling, or chemical transformations; shearing stresses associated with
the expansion of rocks during warming, hydration of minerals, or
unloading; and compressive forces most commonly associated with
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“ large-scale earth movemeénts. Although, theoretically, some joints can
. propagate to great depths, the frequency of many joints decreases
rapldly with depth (Jahns, 1943). Besides joints and faults, fractures
of many ofigins are encountered near the surface. Landslides, ‘impact
effects, explosions, subsidence, and various luman activities can disrupt
rocks to depths of a few hundred meters.

2.3. RELATION OF PERMEARILITY AND PORQSITY TO DEPTH

The permeability and porosity of dense rocks decrease with depth.
This decrease is not only caused by a smaller amount of rock weathering
with depth but is also caused by the fact that many forces causing
fracturing are localized near the surface. The rate of décreade varies
widely from one locality to the next. As a rough generalization, however,
both the porosity 'and permeability of originally’ dense rocks should be
about 10 times greater at a depth of only 10 m than at a depth of 100 m.

Numerous ground-water studies have noted a decrease of yields
with depth, which is related to the.decrease of permeability and porosity
with depth (Frommurze, 1937; Johnston, 1962; Le Grand, 1954; and
Dingman et al., 1956). Several possible soutces of bias, nevertheless, are
present in the water-well data. First, testing methods used are not
uniform. Second, climatic conditions vary widely in regions used for
comparison, Third, and probably most serious, wells started in areas
of permeable rocks will be successful and therefore will be tefminated
at a shallow dcpth‘. On the other hand, wells-drilled in areas of relativély
imperméable rocks will tend to be drilled much deeper in unsuccessful
attempts to reach water-bearing horizoris. A comparisen of wells within
the entire région will show high water yields per foot of depth in shallow
zones and a low yields per foot of depth in de¢per wells. This may

suggest falsely that permeability decreases with depth, whereas the

variations of permeability are actually lateral rather than vertical.

Data from tests made on helés drilled for dam and tunnél site
exploration have, been studied in an attempt to evalute the possibility
of bias in the water-well data (Davis-dnd Turk, 1964). The depth and
spacing of these holes are commonly determined before drilling; and
many: are positioned so a8 to intercept potentially permeable zones
near the bottoms of the holes. Thus, the data are biased, if at all, in.the
directiof of an increase in the perméability of rocks:with depth The data
from hydmgecloglc testing of the holes are also gathered in a more
uniforny tannér, -so that differences relatéd to testing methods are not
as important as in water wells, Results of the study showed essential
-agreement between test-holé and water-well data (Fig. 1); namely,
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a rapid decrease with depth of the water that can be injected into the
drillholes. The general conclusion is, thercfore, that whatever biases
exist ini the water-well data, they are not important enough to mask the
gross relationships of water yield and depth.

The relation between well depths and the yield of wells has been
studied mostly for igneous and metamorphic rocks, and only to a minor
degree for sedimentary rocks. Rather limited data suggest, however,
that the same general type of depth-yield relationships holds for all
dense rocks.

1000

100 [

MAXIMUM DEPTH OF HOLE (Feet)

I I i 1
10 - 00l 0.l 1.0

GALLONS PER MINUTE PER FOOT OF HOLE

Fic. 1. The relation between depth, and yield and injection rates for granitic rocks
of the Sierra Nevada (Davis and Turk, 1964).

Lack of detailed information on the actual configuration of flow
in the vicinity of wells in dense rocks makes it difficult to relate well
yields to gross permeabilities of the rocks. Tracer dilution tests require
a prior knowledge of the local hydraulic gradient in the vicinity of the
well. Conventional aquifer tests, if valid for dense rocks, require that
the effective thickness of the aquifer is known. The common assumption,
which is also made in compiling Table 2, is that the thickness of saturated
rock in the well is equal to the effective thickness of the aquifer, so that"
the hydraulic conductivity can be obtained by simply dividing the -
transmissivity of the aquifer by the thickness of the aquifer. Pressure or
packer tests are even more difficult to interpret because the shorter
length of hole involved in the test will be influenced much more by the
local fracture patterns developed in the rock. As a consequence of the
foregoing uncertainties, most studies have given the relationship between
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depth and well yield or injection rates rather than attempting to estimate
the actual hydraulic properties of the rocks as a function of depth.

The relation of well yields to well depths would suggest that a close
relation must exist between the local topography and well yields.
This is borne out by a number of studies (see a review in Davis and
De Wiest, 1966). In general, recharge from streams and production of
water directly from alluvium within valleys strongly favor large well
yields in valleys. Valleys also tend to form along lines of structural
weakness that may contain fractured and permeable rocks. After valleys,
the next best water yielding areas are found on flat uplands. Here,
erosion is slow, so that weathered rocks that are permeable and porous
tend to accumulate. Inasmuch as the underlying rocks have a low
permeability, water will tend to accumulate within the basal part of the
weathered material. Valley walls and sharp-crested hills and ridges
are the least favorable localities for water-well development. These
areas have maximum rates of erosion with bare, dense rock at or near
the surface. In addition, opportunities for recharge are minimal. Relative
yields of wells suggest that rocks 5-50 m below the surface average
from two to three times more permeable under broad upland areas
than at or near tops of steep hills.

2.4. ImporTANCE OF Rock TYPE

The influence of rock type on gross permeability of rocks is not
as large as one might expect (Davis and De Wiest, 1966). Maximum
yields of domestic wells ranging in depth from 10 to 100 m will generally
be between about 40 and 80 liters/min. This is true of granite, diorite,
dense basalt, gneiss, schist, and many other rocks of diverse origin.
Softer metamorphic rocks such as serpentine and some slates and
phyllites will tend to have lower well yields, generally from 10 to
40 liters/min. Marble and dolomite will have somewhat greater maximum
yields, generally from 50 to 150 liters/min. Truly large differences in
well yields between areas having different rock types are usually due to
differences in the histories of weathering and/or of fracturing of the
rock rather than to lithologic differences. As an example, rocks in a
thrust sheet may be more than 100 times more permeable than similar
rocks in an adjacent autochthonous mass, yet in another region the
two rock types may have nearly identical permeabilities.

25. EFFECTs OF SOLUTION ON THE PERMEABILITY AND POROSITY
oF Dense Rocks

All minerals are soluble to some extent. Water circulating through
Mminor cracks can, if given enough time, open the cracks and increase
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greatly the permeability. Abundant evidence of this type of permeability
increase is so well known from limestone, dolomite, and marble that
it would hardly seem worth more than passing mention. A number
of fascinating problems concerning solution permeability, however,
remain to be investigated. Factors controlling the initiation and selective
development of solution openings are poorly understood (Davis, 1966).
Structural control of solution is almost always present but details are
puzzling. For example, a cavern may follow a joint for several meters
and suddenly come to a dead end or turn abruptly along another inter-
secting joint. The apparent randomness is such that even if joint and
fault patterns are mapped in detail at the surface, the exact position of
subsurface solution openings cannot be predicted with confidence.
Another interesting question concerning solution openings is the
extent to which they develop in rocks that are ordinarily thought of as
being rather insoluble. Tolman (1937) suggested several years ago
that solution of siliceous rocks was important, but little work has been
done to test his hypothesis.

Water in equilibrium with the minerals in basaltic rocks will contain
about 60 ppm (parts per million) silica, calculated as SiO,. Water in
equilibrium with the minerals in granite will have from 15 to 30 ppm,
and water in equilibrium with quartz will have only about 10 ppm silica
(Davis, 1964). Rain water has less than 0.5 ppm silica, so that if it
entered directly into cracks, a significant amount of silica should be
removed in solution. A hypothetical example is now given.

Assumptions:

Water passes through quartzite (nearly pure Si0,).

A single set of parallel joints receives per year 10 liters of water for
every meter of joint. This would represent 1.09, of a 1000 mm/year
rain in joints spaced 1.0 m apart.

Recharge water increases uniformly in silica content from 0.0 ppm
at the surface to 10.0 ppm at a depth of 10 m.

Calculations:

Area of joint being considered is 10.0 m2

Annual removal of silica is 100 mg.

Silica removed in 10° years is 10#4; this would represent a rock volume
of about 3.8 X 103 cm3.

Under the assumptions made, the crack marking the joint would be -
widened by 0.38 mm in 10 years.

The widening of a crack by 0.38 mm is very significant from the
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standpoint of Aluid flow. Normal cracks along joints are mostly less than
0.1 mm wide (Davis, 1966}, and the discharge of ground water along the
cracks is a function of the width of the crack cubed. This assumes that the
flow through cracks can be approximated by the equations for the
flow between parallel plates. Thus, even if the increase in an exceptionally
large cracks were only from 1.0 to 1.3 mm (representing slightly less
than the 10° years solution in the previous example), the discharge

through the rock would be more than doubled, providing the hydraulic

gradient remains constant.
Several factors, however, -argue against the rapid opening: of cracks

in crystalline: rocks by solution. First, considerable silica is taken into
solution as ‘the water passes through the soil horizon (Davis, 1964;

Laney; 1965), so that water moving downward into the underlying rock
will be much.nearer saturation than rain water. Second, surfacé and
subsurface .runoff will ténd to bypass thé rather tight joints without
significant circulation of ground water through the joints. Third, unlike
most carbonate rocks, the:average silica-rich rock will have large ampunts
of insoluble residue such as iron, aluminum, and titanium -oxides that
will tend to clog the small cracks in the rock.

Large initial permeability of the roék and -a high water température.

both ‘would favor rapid solution enlargemeént of primary openings in

silica-rich rocks. Hot springs in crystalline rocks may have dischargcs

of more than 100 liters/min (Waring, 1965). Many- of these springs are

probably localized along fault zones. Such Iarge discharges would suggest.
that selution openmgs have deve]oped in the .rocks. This is logical.

inasmuch as silica is almost ds.solublé in boiling water as limestone.is
in the average near-sutrfdce ground witer.

2.6. AntsoTrorIC CHARACTERISTICS

Reliable measurements in the field of the extent of antsotropy in
dense rocks is virtually lacking. Stuart et al. (1954) made. aquifer tests
in low grade metamorphic rocks of the iron mining district of Michigan
and found the transtnissivity of the rocks to be roughly twice as large
along the strike as perpendicular to the strike. Similar results were
obtained by- Stewart (1964) in tests of higher. grade metamorphic rocks
of Georgia in which the permeability was, greater in the direction of the
schistocity than pérpendicular to thé schistocity. On the other hard,
Yokota (1963) compared théoretical flow nets under a dani with the
actual head measurements made after the construction of the: dam and
concluded that for the rock studied, which was %E%,At%: ;s.oi_trppy could be
assumed with very little: error. = TR
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3) wat change in the hy drogen chloride content of the mix-
ture from 10 to 30 vol. % increases the degree of chlorina-
tion by almost twice, Further increase in the concentration
of hydrogen chloride does not have a significant eifect on the
rate of the process. The order of the reaction in hydrogen
chloride was determined and was equal to half.
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o ng.J The dependence of the degree cf c.'u.onnatioh
of PdD on time at HC1l concentraticns (vol.%):
1-10, 2 - 13.5, 3 - 15; 4 - 206, 5 - 30,

6 - 40, 7 - 100. Temperature +50°C. Consump-
tion of gas mixture 10 litre/h.

The effect of water vapour on the chlorination of PdO was
also investigated. It was shown that'variation of P o from
* 2 to 10mm Hg has practically no effect on the reaction of

pdo with HC1 (zero order in H,0); i.e. the reaction product
_,: does not retard the chlorination process. It can be supposed
1 that the reaction of PdO with HC1 at 400-475°C is complica-
1 ted by diffusion of the reagents through the layer of reaction
;.. product PdClz, and the process probably occurs in the inter-
= mediate region.

2

povan

. At temperatures above 5000C, where the decomposition of
' PAdC1, which forms becomes appreciable, the reaction of
P with hydrogen chloride occurs in two stages:

'd0 + 2HC1 - PdCl; + H;O

1

> double layer

i Me\allurgical Processes)

T

2% 2 platinum electrode and 2 V05 -V.O, melt,
‘ ~of the processes which occur was studied, the thermo-
".. dynamu: parameters were calculated, :md the capacitance «

The nature

152% v- €

?Bate of transfer of electric charges across the platinum-v.0; -V_0O, melt interface and the capacitance of the electric

PdCl; ~ Pd +Cl;

and the final product from the reaction of the oxide with the
gas is the metal. It was shown that the controlling stage of
the high-temperature reaction of PdO with HC1 is the decom-
position of PdCl;. Thus, at 7509C the process is character-
ised initially by a'sharp increase in weight, indicating
chlorination of PdO to PdCl,, and then by a uniform decrease
in weight to a value corresponding to metallic palladium.

Conclusions

1, It was shown that palladium hardly enters into reaction

with hydrogen chloride at all in the range of 20-1000°C even
an extremely reactive form (spongy metal).

2, At temperatures up to 500°C palladium monoxide reacts

ﬂESMﬁ@ﬁg ENSWNB F&lgorously with hydrogen chloride to form the chloride, The
EARTH SCIENCE 165

activation energy of the reaction in the range of 400-4750C
famounts to 24kcal/mole (101kJ, mole). At higher tempera-
tures the reaction product is the metal, since the PdCl, which
forms decomposes.

3. It was shown that the order of reaction (1) is half in HC)
and zero in H,O.

4. The decomposition of PdCl; in a stream of hydrogen
chloride begins at 500°C and takes place similarly to the de-
composition in a stream of inert gas (argon). The apparent
activation energy for the thermolysis of palladium chloride
amounts to 31kcal/mole (130kJ, mole).

References

1) G Brauer (Ed. ): Manual of preparative inorganic chemi-
stry: 1L, Moscow 1965, p. 724.

2) Yu V Karyakiv and I I Angelov:
Khimiya, Moscow 1974, p. 187,

3) 1S Shaplygin and V B Lazarev: Fifth All-Union Confer-
ence on thermal analysis: Novosibirsk 1973, Summaries
of Reports, Nauka, Moscow 1973, p. 142,

4) L I Tolokonnikova et alia: Fifth conference on kinetics
and mechanism of chemical reactions in the solid. Sum-
maries of reports. Chernogolovko 1973, p. 3,

5) B V Erofeev: Dokl. Akad. Nauk. SSSR 1946, 52, 515.

Pure chemical substances:

UDC 669, 2

- AS Churkin G A Toporishchev and N Ya Kondyurina (Urals Polytechnical Institute - Department of the Theory of

of the electric double layer was determined,

The results show that the transfer of electric charges
across the interface between platinum and a semicon-
ducting melt can be investigated by elec\rochemxcal
methods.,
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e Precipitation of palladium and platinum from agqueous solutions with ozone

§ The wide use of palladium and platinum in catalysis has

*: created the problem of their regeneration. The spent cata-
7 lysts are most often treated with acids, and the palladium
= and platinum are extracted from the oblained solutions with
“**extractants or by ion exchange or are precipitated as thio-
i-tyanates or sulphides® ). It is possible to remove these

—

¥ x *A F Chudnov (Kuzbass Polytechnical Institute - Department of General and Inorganic Chémistry)

metals directly from the ground catalysts as volatile chlor-
ides by high-temperature chlorination®), The variety of

subjects, composSitions and conditions exclude the possibil-
ity of the existence of a universal method, but the high cost
of these metals makes the problem of their recovery urgent,
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We studid the possibility of the precipitation of palladium
(I} and platinum (II) from aqueous solutions with ozone in
the form of poorly soluble tetravalent derivatives (oxides or
complex chlorides). The work was carried out on normal
laboratory apparatus by bubbling an ozone-air mixture (8mg
0,/1)at a rate of 4\/h through solutions of the divalent der-
jvatives of palladium and platinum at room temperature,

The initial derivatives K,[PdCL] and K;[PtCL] were
synthesised according to published data®) and were sub-
sequently identified by their UV spectra (on an SF-16 spec-
trophotometer). The other reagents were used in the chem-
ically pure grade without additional purifif:ation.

The concentration of the hydrochloric acid solutions of
K,[PdCL] was determined by means of their intrinsic
colour by a photocolorimetric method (FEK-M instrument,
20ml cuvette, green filter, fig. 1), The solutions of K,[PtCL]
and K,[PtCl;] were analysed according to published data®).
The degree of oxidation of the palladium and platinum in the
ozonolysis products was established by characteristic qual-
itative reactions *) and by UV spectroscopy (SF-16 instru-
ment).

/] Fig.l Calibrazion curve for the
ar determirnation of the con-
. centracion of hydrochloric
a1 acid soiutions of Kz (PdCly)

»

on an FzX-M photocolorimeter.
D is the optical density, and
C is the concentration of
pat* g-Ion-1.

ar

¢ at a2 C

The experiments show that the precipitation is affected by
the nature of the medium, the pH value, and the concentration
of the reagents. Ozonisation of the initial aqueous solution of
K.[PdCl ] (3.107 -8.10"M, pH = 4-5, volume of sample
30-60ml) is accompanied by a rapid change in colour; from
the characteristic yellow of palladium (II) the solution be-
comes brown, and after only 10 min a black sol, of the palla-
dium (IV} derivative is formed. Presumably, it has the com-
position K,[Pd(OH), Cl,], were n + m = 6. On heating to
80-900C or prolonged standing (10-12h) in the presence of a
reducing agent (acetone), a voluminous black precipitate of
hydrated palladium oxide separates. In more concentrated
initial solutions (>2.10-*M) K[ PdCL; ] appears in the pre-
cipitate, and the palladium is precipitated almost completely.

If the initial solution of K;[PdCl, ] is made alkaline to a
total alkalinity of 0.1N, a brown precipitate of hydrated diva-
lent palladium separates. During ozonisation it is rapidly

oxidised, and a fine black suspension is formed. It separates .
as a compact readily filtered precipitate of palladium dioxide.
On standing the dioxide is reduced in the solution to the oxide.

During ozonisation in a sulphuric acid medium (0.2-1.0M
H,SO;)the colour of solution changes from bright-yellow
after 10-15 min to a greenish colour and then to dark-brown,
A dark-brown precipitate’ of palladium (II) and (IV) oxides is
formed, Thus, in a neutral, alkaline, and sulphuric acid
medium ozone precipitates palladium (II) almost completely
as oxides.

In nitric acid medium (0.2-2.0M HNQ, ) a dark-brown sus-
pension appears at the beginning of the ozonisation of
K,[PdCL]. It then dissolves in the solution, and the amount
of precipitate decreases with increase in the nitric acid
concentration, In 5M nitric acid there is none at all, and
water-soluble derivatives of palladium (IV) are formed.

During ozonisation of K[ PdCL] (3.10*M) in 1-2M hydro-
chloric acid the solution soon becomes red (the [ PdC1s]?"
ion), but there is no precipitate of the chloride on account
of the low concentration of the salt. Hydrochloric acid sol-
utions of palladium (IV) are unstable and are rapidly reduced
to palladium (II}, depending on the concentration in the absence
of ozone. Thus, the perigd for the reduction of half the pal-
ladium (IV) in 2M hydrochloric acid amounted to 360 min
with a palladium (IV) concentration of 0.306g-ion/1, 220 min
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. dium from the next batch of spent catalyst,

3

. P r s o '
for 0.180g-ion /1, 90 min for 0.120g-ion/1, 40 min for 0.083 .~ |

g-ion/1, and 10 min for 0.036g-ion/1. The solutions of
[PdCls] ™2 obtained by chlorination are more stable, since
the dissolved chlorine, in contrast to the readily decompm {
ozone, stabilises the palladium (IV). :
i

The best results were obtained during the precipitation of
palladium (II) with ozone in a hydrochloric acid medium
{0.5-2.0M HC1) in the presence of 10-15% potassium chilorise
(ammonium chloride is less effective). Here a compact regq
crystalline precipitate of K;[ PdCls ] is formed and is readily
separated from the solution on a filter. Typical experimenty)
data are given in fig. 2. It is seen that the degree of preetpj.
tation of the palladium (II) amounts to 98-99%, and the ¢on-
sumption of ozone (during the precipitation of the bulk of the
palladium) amounts to approximately a gram per gram or 2
moles of ozone for a gram-ion of palladium,

-
"
17.

asr

as Fig.2 The effect of the ozonisaticn
time on the precipitation of
Pa** in the form of K;[PdCl,] :
ae (volums of sample 36ml):
t is the ozonisation time lnin,
. C is the concentration of pdi*;.
a2 g-ion/1.

® 2 »t min

Under these conditions a series of experiments was set up
on the extraction of palladium from spent APK-2 catalyst.
(its characteristics were given in the literature*)]. The
catalyst was ground to a powder and kept in 20% hydrochloric
acid for 24h. The solution(red-brown) was filtered, a 15%
solution of potassium chloride was added to the filtrate, and
the solution was ozonised. The red salt Ko PdCl,] soon
separated, and the solution became colourless, i.e, palladium
(II) was fully precipitated. After separation of K,[ PdCl, Joa
a filter the filtrate was returned for the extraction of palla-

Ozonisation of solutions of K,[PtCl, ] with concentrations
of 2.107*-2,107>M under analogous conditions showed that in
HC1, H, SO, , and HNO, media platinum (II) is oxidised to form
water -soluble derivatives of platinum (IV); in alkaline and
neutral media colloidal solutions of hydrated platinum di-
oxide with K,[ PtCl;] as impurity are formed. As in the case
of palladium, the most complete precipitation of platinum (I)
occurs in hydrochloric acid mediuvm (0.5-2.0M HCI) in the
presence of 10-15% of potassium chloride as a finely crystal-

line compact precipitate of K:[ PtCL]. Typical results are

given in fig. 3. A

Fig.3 The effect of the ozonisation

time on the precipitation of
a2 Pt*? in the form of K [PtClg]
(volume of sample 42ml). t is -
the ozonisation time min, C
is the concentration of Pt*?
g-ion/1.

¢ m w Xt min 3 
. "V:f's.‘
oS

It is seen that more complete precipitation is achieved for .
platinum than for palladium, and this is clearly due to the
higher stability of platinum (IV) in the solution. Ozone can
evidently be used instead of the traditional chlorine as a
more convenient oxidising agent for the preparative syn-
thesis of K,[ PdCl,] and K,[ PtCl,].
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Comparisan of the experimental data on the precipitation
of palladium (II)-and platinain (H) by ozone shows. that'these
metal$ can be separated by ozonisation in a sulphuric acid
;-» medium, During the ozonisation of solutions of 0.5-2.0M
"2 sulphufic acid containing’equal amounls of K. o[ PACL] and
e Kz PtCI.] (3.107* M for.each) a dark-brown precipitate of~
- p adium dioxide is formed, According'tp analysig®), the
i, preclpltate separatéd on.the filter tontained 58-99% ¢ of palla-
« dium and 1-2% of platinum. Most:of-the platinum-was present
~in the:filtrate with palladiim as impurity.

i
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‘Furnaces)

i
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3

To.solve the problem of further improvement in reverbera-

-tory smelting {the se of effective heating. schemes, the con-

version o avtomatic control of: 'the ‘therinal operahcn of thie
furnace,, el;c) it is' necessary to investigate the-éffect of the

fiain operatlonal parameters and conditions of fuel combus-
- tion 6n the characterisiits of ‘the thermail of the thérinal
operation of reverberatory furnaces. Experimental investi-
gation of the thertal operation; of these furnaces'is extremeély
difficult, ‘and'we theréefore PEsOrt th theorehcal analysis by
‘means oI mathematical models of heat excha.nge in the: workmg
zane.

"L‘?i?%i-‘iilf-él}‘

Furper]
Wpy

o

e

ﬁ:&

In the development of complex mathematic models of heat
exchange in the reverberatory furhace, howevef; it is heces-
-gary to-use-a selies of mmphfymg assumptmns ice., dis-
regard of the- scattering of radiation’ by dust parucles,,constant
cbenucal composmon of the charge §lag, uniformity: of char-
gihg of the banks, ete, It is therefore of practical interest
:solvecthe problem of external heat e_\cha,nge with atlowance
+ -for the scdttering of radiation as apphed to the real condit-
fons in the reverberatory furnace. In addition, e‘cperlmental
venllcatlon of the mathematical nwdel of heat exchange on
an actual plant is” lmportant.

ln the literature - "etc) the effect of scattermg oh Fadiant
"#‘ heat transfer was mvestigated for: comparatz vely Siniple: radj-
;' ating-systems (a flat layér; an isothermal medium-with- um—
Ef- form rachatwn characteristics, black walls ‘the hmltmg

v cases of @ weakly’ absorbmg or optxcally dense medium etc}.
1 To investigate the role of the. ‘scatiering of radiation in radi-
Feant heat" exchiange processes in the workmg Zope of the Fever-
gg ‘beratory furnace in the present work:we used an algorithm
% Which we. developed for the zonal solution ofsthe.problem of

%% external heat exchange with allowance for the'seatterin of
‘radiant enefgy by statistital tFialss), This algorithm.is based
-on the determination of the free pdth of the photons rfr{m)

‘by means of random nu mbers

K" Iny (1]
here: K = thé scattering.factor m:*

v = a-rafdomi rnimber distribuied umtormly in the

interval (0; 1}

-A detailed . descriptich of-the algorithin and the floy ¢hart for’
- the calculation of the generalised angular coefficients of the
-"radlant heat- exchange- with allowance for the, scatlenng were
given in the hterature &}, The calculahons were performed
-on the basis of the previously developed.zonal mathematical
? mode] of heat excha.nge which corresponded tp the eircum-
W Bta.nces ol' the- reverberatory copper-smeltlng furnace of the
NGMK plant ‘heated by natural gas s) ‘The: worlﬂng Z0one
“dlong the Jength of the [urnace Wwas Tepresented in thé {6Em
ofeipht working- sections 3.125Mm in length. In each section
u“'e isolated the' volume: zone of the flames: {combustion. prod-

ThE'rqle of the scattermg of radiatjon was investigated for-

1“18) and three surface zones (lining, slag, and charge banks).
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" Investigation of heat exchange in a reverberatory furnace with allowance for the scattering and absorption 'of radiation

“Yu A Zhuravlev; EV Bogdanova and VG Lisienko [Krasnoyarsk Institute of. Nonferrous Metals - Department of Metallurgical

Tablel: The screen analysis of the dust from the .reverberalory furbace”)

Amount of dust. { %) on total weight

Pmnt where dust with particles measuring mm

sample taken - -
0127 | 0.063-0.127 | 0.0s:0.0e3 [ 158 than
? 0.05
Below bailers and flues | 19:6 24:2 8.6 41,8
From chimney .slack g 31 1.9 v1.6

a thermal load of 60, 5MTW, & flame length of 7.5m, and an
oXygen ebiitent- oi 21% it the blast. ‘To calculate the radiation
characteristics the .av erage. diameter of the dust particles
d,, was.taken as 50z on. the basis of published data’) for a
reverberatory rurmce {table 1, For particles of-Such sizé
(coarse particies) the scattering characteristic can be taken
as-sphierical, and the diffracled radiation cah be taken ds
tra.nsmlttedsl Lif thid: easesthe dlmenqmnless attenuation
factor K'is equal to unity, and the- effective attenuatmn
crogs-section k = F,, /4 (where F iy ‘the average specific
surface area of the particles, n¥/g%). In addition, for dust’
particles of the. indicated size with’ specmc values of ‘the
optical constants {Lhie® refractive index and absofption coef-
fitient) characterlshc of the dust formed in flame- type
smelfing l’urnaces the scatlering factor amounts to 605 of
the full attenuation factor®).

The' average sljecihc surface arenof-a spherical form was
calculated by m€ans bl the equaton (10};

-8
Eav —yd.a

av

(2)

where: ¥q= thes specific gravity of the dust; calculated for
the Kollomng chemical composxtlon (%):
20Cu,S, 25FeS, 8Fe0, 25Fe,0,, 10510;‘,
and 12 othefs, aid is'equal‘to 4. 10%g/ m?
dgy =the average diameter of the partlcles 5.10-2m.

Then,,

rﬁﬁ%—‘s =0.030m?/g

The dust-cortent of the gasesin the working gone of the
re\erberatory lgrnace under narmal conditions amounts on
the sverag€ 16-30-50 g’m’ eac}ung 100-200 g/m? during
charging. The calculahcns were performed for the hmmng
concentration of dust'in the working Zone of tha. furnace,
eqinlto 200 /. For the actual conditions with the gases
in thefurnace at-a temperature of 15000(: the concentration
of dust-is equal to

200

B = —mp ~ 30817 g/m?
1+ 73 :
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UDC 622,765

V. V. Yakovlev, M, I. Mantsevich, V. A. Shcherbakov, and A. I. Glushnitskaya

e

-

The chemical concentration technology (1, 2] which has been developed for processing
nickel-pyrrhotite sulfide concentrates includes the separation of non-ferrous metal
sulfides and elementary sulfur from iron oxides by flotation. )

The physical and chemical properties of the pulp entering the flotation process de-
pend to a considerable extent upon conditions in the hydrometallurgical operations. If
the pulp temperature during leaching and precipitation of the non-ferrous metals does
not reach the melting point of elementary sulfur, most of the sulfur-sulfide material
is present as fine formations. .

When the pulp temperature rises as a result of disturbances in these operations or
the inclusion of an aggregation operation in the processing scheme, the particles of
elementary sulfur coagulate and form drops which wet and occlude the sulfides. After
cooling, these drops solidify as granules ranging in size from 0.1-0.2 to 2-3 mm of
an "alloy" or elementary sulfur and sulfides.

Classification of the material by size is required to extract these prior -to flota-
tion. Two methods were tested under pilot-plant conditions: screening on a vibrating
screen and hydraulic classification. The latter proved to be more reliable. The re-
sults of particle-size analysis of the classification products indicate that the
granule separation process is fairly efficient (Table 1}.

Depending upon the yield of granules (sands from classifier II), 15-30% of the val~

uable constituents pass into them ished sulfur=-sulfide prod-
uct and are sent for further proce ' action of the valuable con-
stituents is practically complete,

Pulp flotation after separation. P}) 7—/2: oduct followed a continuous
routine in a 59-5L machine with a " ¢ using a scheme including
rougher and control operations anc s (see Fiqure). The flota-
tion machine was made from steel 1 Jerceptible signs of corro-
sion in five years of use]. ‘ .

. The capacity of the flotation uf ) liters/hr in the course
of the tests; the operations, taki -filling factor adopted

of 0.75, were of the following dur _‘ I a2 13-18 min, control flo-
tation 22-30 min, and recleanings (totdal] 30-40 min. Pulp density is not more than
1.38-1.35 g/cm® at pH = 3-4,5. The optimum flotation machine unit was established; as

H3YY3:
RLISUIARe s

JON3

.av’
N
vin

a whole it was 0.224-0.18 m®/ton/day, including 0.08-0.065 in rougher flotation, 0.044-

~0.035 in control flotation, and 0.1-0.08 m3/ton(day in the recleanings.
Butyl Aerofloat at the rate of 200-300 g/ton (in terms
of active constituents), T-66 frother up to 100 g/ton,

and kerosene up to 300 g/ton in certain cases were used Table 1
for flotation of the sulfur-sulfide product. Particle-Size Characteris-
Flotation of the oxidized pulp is characterized by tics of Classification Pro-
high froth product yields and considerahle mechanical ducts
extraction of finely-dispersed ferric hydroxide into Yio1a of size
the froth products. The latter factor requires consid- classes, o
erable dilution of the crude concentrates in the reclea- products F] 3
ning operations with fresh or recirculating water to 2 ;?#&tu g
raise the level of hydroxide removal from the concent- bt : $
rate. The high flotation activity of the sulfur-sulf- .
ide material is appaeent in thsse circumstances; 1t en-  Cpaagttier T | ee 6.0 | 1es
sures 95-97% nickel extraction in recleaning I and II ‘2ﬂﬁﬁfx s e | sz
and copper extraction of about 95%, while the copper Classifiec 1 + . s 1320
and nickel content of the recleaning tailings is simi- R U TP TR I : ’
lar in most cases to the waste tailings content of these Svertien. gy | B4 e (830
elements. Thus, the sulfur-sulfide concentrate reclea- andn e vands| 3000 | 183 | si7
nings are a kind of flotation-washing operation. mee cycl-teed " | ol a0 | es.e
Processing pyrrhotite-bearing concentrate§ in a scbeme :
without an aggregation operation from materla} contain- S . )
ing 2.6% Ni and 1.6% Cu y:.eldec_i a sulfur-sulfide con- ':3;h97;?u:;.::g;§::tggn-:::ﬂ:_t:c_‘}':d:;.
centrate containing 8.8-9.0% Ni, 5.1-5,6% Cu, and up to l:l‘lgl from that op:n;lonl:r; l:i;ll :ln-'
40% S (element]). Nickel and copper extraction into the- ;,,.,2{;."‘“},""“’:‘:";,,2 eyelong. om @

concentrate reaches 90-92%.
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Results of Sulfur-Sulfide Flotation (without aggregation) ,Z“T?:ﬁ“”
¥ concentrate, % tallings ¥ feed , ‘r-JL—3§§EEE:>¥g____

Yield 27.8 72.2 100.0 : X |,
Content:

Niieeaoann " 8.8/8.82 0.22/0.28 2,61/2.66

CUivirooes 5.14/5.25 0.1/0.18 1.57/1.59

F€uevennns 18,8 ' 47.7 39.8

Stotal.... 56.8 2.4 17.5 '
SO.... ... 39 7 Traces 11.0 | 5
Extraction: - > :35
Nieeeveooo 91.9/92.4 6.2/7.6 98,1/100 : 4 3-H]
CUlevecoasns 90.1/92 4.6/8.0 97.6/100 e '§§
Feuvevnnn 13.3 86.7 100 Tailiogd tol 313
Stotal.... 90.0 10.0 100 tich -
SO....... 100 Traces 100 T Gongenteae.

Dlaqram of the sulfur-
sulfide flotation pro--
cess stage layout:

1 - intake cell; 2 -
rougher flotation (13

Note: The numerator shows the content and extraction in
the solid phase,.the denominator the calculated content
and extraction, taking into account the content ln the
liquid phase.

when an aggregation operation was introAduced to the cells); 3 - control
process, a classifier overflow containing 2.8-3.1% Ni and flotation (7 cells);
1.1-1.5% Cu was fed to the flotation process. A sulfur- " 4 = recleaning I (7
sulfide concentrate containing 12.6-13.0% Ni and 5.1-6% cells); 5 - reclean~
Cu was.obtained in these circumstances (Table 2). ing II (5 cells):; 6 -

The higher quality.of the concentrate is due to separa- recleaning III (4 cell
tion of a substantial part of the copper sulfides, the - cells); 7 - thickener
incompletely decomposed pyrrhotite, and the elementary for tailings (1.8 m
sulfur into the granules. diameter); 8 - thick-

Slime and chemical analyses of the flotation tailings ener for concentrate
(Table 3) showed that most of the sulfides were present (1.8 m diameter);
in the fine classes and losses of sulfides with the tai- 9 - collectlng tank
lings were attributable to the -20p classes. With satis- (volume 11.4 m3); 10 -
factory classification of the material prior to flotation. sand pump.

there are almost no metal
losses with the +74u class,
but when relatively coarse

ifnclusions enter the clas- Table 2
kY = oY
i;g;g:téznvgzisgizwéoggiitu Sampllng Results from the Sulfur-Sulflde Flotation
. > B Tailings -
ent attributable to this Cont g -
class rise sharpl ' : 3 otent Extraction
bly. Products < A
On azeiage, thetnog—zﬁrr- gt | N[ cu| Fo [Seou| s* | Nt | Co| Fo |Seorr| s°
ous metals content oOf e J . o
tailings is 0.2-0.3% Ni and Rougher flotation '
0-1_0.2% cu. A definite Dough'e'r“!i'o't.liié;\. . .{100.0 | 2.83] 1,13 |44,29 |,2'°5 5.47[100 [ 100 |t00O 100 100
proportion Of .the lOSSES is Rgggﬁ:;‘ %;;:;iiéﬂ‘. .1 38,65 7.64]2.99 3?.‘ 31.2 115.34]96.2]94.7]31.1| 92.4 | 100
attributable to the tail- n:::::: 2 Cancene’ 82,48 0.23{0.10(48.3 | 2.55 [vraces| 6.6] 7.7|93.1] 16.8 | ¥r.
ings liquid phase; this is pacloanlag’t” tallladd) R R HERH R R R 5:31%:5]18:3] %50 | ‘&80
due to incomplete precipi- fgclpaning I concen- ¢ . 98| "er, | 2:3( 18] 16! . ;
Rttt et ettt et 1 1 11 S Py 22.14[12,3514.85]23.6 | 46.7 [23.83}96.7195.3)11.8) 86.2 | 102.6
tation of copper and more :::e::::: xlx!!:l::::- 3/95] 0.79/0.20045.1 | 3.62] 0.98] i.1| 0.7] 4.4 1.3 0.6
; : . -
particularly nickel, and to aSEtS s 1y eattans] 20081128, 3.98 37% 48.9 28.56193.9]92.8110.3 83.8 | 100 .
the reverse passage of non- Control TTocation s 0L, . . - . . . . .
ferrous metals into solution (oncencrats. ... . o | 3.05( 0.45]0.18/48.8 | 2.24) ®r. | 0.5{ 0.5] 3.4f o8| - -
due to sulfide oxidation CERilingB.oennest -.179.4 | 0.22/0.1050,0 | 2.45{ » 6.1 7.2[89.7] 16,2 »
during the pumping of pulp in
flotation.

Sulfide oxidation was par-
tlcularly marked when a non-connxnuoss metal precipitation process was used; this gave
rise to the need to store pulp prepared for flotation over a 2-4 hr period. The shift
to a continuous precipitation schedule reduced nickel and copper dissolution. Never-
theless, the nickel content of the talllngs liguid phase reaches 100-200 mg/liter, the
copper content 100 mg/liter, and tae cobalt content 10-20 mg/liter, which usually
accounts for 1.5~2% of the conteat ¢f these metals in the initial feed.

The main ways to reduce metal lossss in the liquid phase are by improving the pro-
cess of metal precipitation and eliminating sulfide oxidation in all possible ways,
particularly by reducing the nunber cf pulp-pumping operations, cutting down pulp
storage time in vessels, increasini the speed of sulfide flotation, etc. The non-
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ferrous metals which have oone into solution can be re-extracted by using ionic flota-
tion[3] and also by sorption processes

The pilot-plant tests confirmed the results of laboratory and larger-scale investi-~
gations and were used as the basis in developing an autoclave technology project.
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PILOT-PLANT TESTS OF A PULSATING ADSORPTION COLUMN MG - b e

FOR THE EXTRACTION OF GOLD FROM NON-CLARIFIED SOLUTIONS CAF - “;‘2 b

; A B

UDC 662.342:661.183.12 m~§;E3
. . v &3

E. I. 2akharov, B. E. Ryabchikov, N. G. Rudenko, L. K. Mikheev, and B. E. Besxrovny ;;égag
: o 1 b=
. ) ‘ . e B
Ion-exchange processes have gained wide acceptance in Fhe.goldfextrac§1on lndustry,;:u;aa

since they provide for a higher recovery and the production of high-purity retals. = s

In gold-extraction plants, there are numerous nonclarified solutiogs, contzining
up to 0.02-0.5% of suspended particles. Such solutions may be recycling solutions,
waste waters, or thickener overflows. Pachuca tanks, currently employed in p;lp pro- .
cesses, are not suitable for the processing of such solutions since they reguire a
large number of series-connected apparatus, which consume a great deal of air and
involve complicated maintenance. .

Industry today has developed a novel PSK pulsating adsorption columns [1-3}, which
have been found to be well suited to the processing of various solutions andé Tulps
[3-8). They do not require large investments nor large operating costs; they have
simple designs and are much more economical than Pachuca tanks.

The specific features of the ion~-exchange gold-extraction process are low sgeed
{the period to onset of equilibrium runs up to 350 hours) and the favorable ratio
between the flux of resin and solution, both passing through the column: n = Wy/Ws =
= 1:2000-1:3000. However, theseé conditions required the design of an improvecd pulsa-
ting column to ensure a long and controlled period during which the sorbent will re-
main in the column. Such a design was developed and
is being marketed under the trade name PSK-T mobile
pulsating column {1, 6, 8].

The Kuranakha Plant assembled and installed an h“n&ﬁ & e
installation (Fig. 1) consisting of an adsorption Nl = }
column, 200 mm in diameter and 10 mm high, a con- ] > é
tainer for the starting solution, a feed pump, rota- s {13
meters, pulsating elements, and two separators for SRR TR
the collection of resins. biscard: 7 * . !}4{

A pump 2 is used to feed the solution from the s i) | Selueion
buffer container 1 through the rotameter 4, rising Ll 1 ters
upward, then is expelled through control separator ; ¢/W Smate
5. Grade AM125 sorbent is fed manually to the top l okt
zone of the column. Resin, saturated in the column, iR ;Y
is removed downwards -- with an air-lift pump -- -7
into separator 6, where it is allowed to remain for . . :

a certain time. The solution is recycled to the f%gé éé gggifiziithzgfam
bottom part of the column. er (column): ;

Column 7 contains specially-designed perforated 1 - buffer céntaiﬂer-
plates (trays) with clearances of 100 mm; their 2 - pump: 3 - r;;amét-
cross-section was so selected that when the solu- . E _pé g £t
tion feed rises the flow velocity in the plate er: 1i op anc ?o_ om
holes is larger than the entrainment rate of the sett lgg zoness: 2. 6 -
largest resin particles. During top feed of resin, controt s?psri o‘i .
it is retained at the plate where it forms a fluid- g A Ring: § - oaloi-
ized-bed layer. For downward movement of the ion- i paﬁa;gg'.‘lo ?“ngu
ite, the direction of the solution flow is reversed blfn ¢ iré trol;
by air pulsation; this is achieved as follows: air Tﬁ_gassdrgRgze_CSEmro ’
is slowly fed to the pulsation chamber during the 1 an cime
operation. An electromagnetic solenoid valve is relays

then opened to remove air from the pulsation cham-

ber; the solution in the column is thus forced into the.

the. pulsation chamber and its level in the column drops sharply. Pulsation amplitude
depends on the "flash" time. By varying the pulsation amplitude and freguency, we
were able to control the resin flow and its residence time in the column.

At the véry instant that the direction of solution flow is reversed, the resin par-
ticles move tcgether with the solution from one plate to the other. The amount of
transferred sorbent depends on the amplitude of reverse solution flow.

In technological tests, gold was extracted from solutions containing 0.8-4.4 mg/l
Au, 2-12 mg/l 2n and other impurities; adsorption was conducted with type AM-25 res-
in in the form of OH™ and Cl1l~ ions.

The first tests were conducted on regenerated type AM-2B resin following its exten-
ded use in pulp processing.

Determination of the operating schedule for the extraction column was effected
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using laboratory data on the hydrodynamic kinetic and
static features of the process in type PSK-T columns.

The tests were performed under the following condi-
tions: a throughput of 830 l/hr (specific load of 28
mi/m2.hr); resin throughput of 300 m)}/hr; resin-to-
solution flow ratio n = 1:2800; pulsation frequency
1 pulse/hr; pulsation amplitude 45 mm; sorbent resi-
dence time in column 100 hours; solution residence
time 20 minutes. : . :

The test lasted 118 hours. To accelerate the onset
oI steady-state conditions for the column, its top 20
plates were quickly filled with resin and the rated

" pulsation amplitude established. Concentration of Au
in the solution was varied dJuring the tests (Fig.
22), reaching an average of 1.5 mg/l; the average 2Zn
content was 8 mg/l. The waste solution contained ;
0.1-0.5 mg/l Au (about 0.37 mg/l on average), corres-.
ponding to a recovery of about 75%. Resin saturation
was ‘about 6 mg/l. "The calculated number of contact
stages (CCS) was 2.5-3 and the VETS factor [Transla-
tor's note: VETS is the Russian designation. for the
height of that part of the coiumn in which ‘the con-
centration of the material being extracted reaches
ecuilibrium] is 3-4 m. ’ .

The second test-was conducted (Fig. 2by at a smaller
locad (24-26 m3,/m2-hr) and throughput (710-730 1/hr). SRR « I
Since the starting solution had a high gold concentra- % 4 2 % T hr
tion (3.3 mg/l Au on average) and a high 2Zn concentra-
tion (12 mg/l1), the flow rate was raised to n = 1:2400.
The tests were conducted with fresh AM-2B rsin in a
Cl~ form. The pulsation para—eters remained unchanged.

The test lasted 136 hours, with 100 m? of solution
processed during the tests. The waste solution con-
tzined ‘0.4 mg/1l Au on average; its concentration was

%
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<
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Fig. 2. Indices for
¢old adsorbed with
unregenerated resin :
{a) and with fresh-
resin (b): . .

Gold content: 1 ~-. in

varied synchronously with the zold content in the fee- jiérglggiio;:::ggéegg/
ding solution (Fig. 2b). Recovery reached 83%; resin re;in, mq/l; 3 - .in
sazuration was 10 mg/l1 for Zu 2nd 21 mg/l for zn.. The gold-free solution
nunber of CCS was 2.5-3, :

Results obtained from mg/lf .
bozh tests were in good ’ ) : .
agreement with the theo- '
retical data. o

During the tests, we
rezularly took samples
frcm resin and solutions
over the height of the -
column; from the samp-
ling data, we plotted
the concentration curves T '
(Fig. 3) corresponding S . : L
to the different time g 20037 0 W2 LEiig i g
intervals of column ope- ‘ (Ru] in solution, =g/l . )
ration. As 1s evident Fig. 3. Gold content in resin and solution over the
frem the curves, the column height: - : oo : cae
prifCLEaltghanges in 1 - resin level in column,.m; 2 - gold content in re-
ig;vigpr;a;gnogcig; 22_ sin, mg/l; 3 - gold content in solution, mg/l. - ;
lurmn over a 2.5-m height, :

i.e., during the first 25 hours of contact between the resin and the solution. During
the subsequent 74 hours, the changes in solution and resin concentration are insignif-
icant. :

Such concentration [saturation] curves usually correspond to the situation in which
the sorbent is saturated to its equilibrium capacity in the top part of the column; - .
any additional contact period with fresh solution will bring no significant changes
in saturation. On the other hand, Au adsorption develops in two stages:. external
an¢ internal diffusion. Durinc the initial period the process rate is limited by
external diffusion and then later by internal diffusion. Under static conditions,
the first stages require about 75 hours of contact while the second stage needs 180-
~250 hours. We tend to improve the mixing of the phases in the column so that the

[{Au} in resin, mg/g . L.

5575 2587 2ERkE 15 SAIS N
2 - (s~ -

Wl

firs: stage takes 25 hours. The second stage cannot be accelerated so that, as be-
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using laboratory data on the hydrodynamic kinetic and
static features of the process in type PSK-T columns.

The tests were performed under the following condi-
tions: a throughput of 830 l1/hr (specific load of 28
mi/m2.hr); resin throughput of 300 ml/hr; resin-to-
solution flow ratio n = 1:2800; pulsation freguency
1 pulse/hr; pulsation amplitude 45 mm; sorbent resi-
dence time in column 100 hours; solution residence
time 20 minutes.

The test lasted 118 hours. To accelerate the onset
of steady-state conditions for the column, its top 20
plates were quickly filled with resin and the rated
pulsation amplitude ‘eStablished. Concentration of Au
in the solution was varied during the tests (Fig.
2a), reaching an average of 1.5 mg/l; the average 2Zn
content was 8 mg/l. The waste solution contained
0.1-0.5 mg/1 Au (about 0.37 mg/l on average), corres-
ponding to a-recovery of about 75%. ‘Resin saturation
was about 6 mg/l. The calculated number of contact
stages (CCS) was 2.5-3 and the VETS factor [Transla- '
tor's note: VETS is the Russian designation -for the
height of that part of the column in which the con-
centration of the mateérial being extracted reaches
equilibrium) is 3-4 m.’ g ' .

The second test was conducted (Fig. 2b) at a smaller :
loaé (24-26 m3/m2+-hr) and throughput (710-730 l/hr). ' . Rhae
Since the starting solution had a high gold concentra~ ¥ w2 %_mThr
tion (3.3 mg/l1 Au on average) and a high 2n concentra- ; : '
tion (12 mg/l), the flow rate was raised to n = 1:2400. ) F;gid2édggggg§sw§g§
The tests were ‘conducted with fresh AM-2B rsin in a unregenérated resin .
Cl~ form. The pulsation parameters remained unchanged. - (2) and with fresh.

The test lasted 136 hours, with 100 m? of solution resin (b):
processed during the tests. The waste solution ¢on— Gold conteﬁt-‘l - in
tained 0.4 mg/l Au on average; its concentration was starting soiution, mg/

| ®

S
(Au} in resin, mg/g

{Au} in solution, mg/l
S S

PR
3 < ) i

~
&

(Au] in polution, mg/qg
"{Au) in resin, mg/g

8
Y

varied synchronously with the cold content in the fee- . -

ding solution (Fig. 2b). Recovery reached 83%; resin ﬁi;ii m;;lfagufazid
saturation was 10 mg/1l for Au and 21 mg/l for Zn. The gold—free solution
number of CCS was 2.5-3.- : mg/1 .

Results obtained from
both tests were in good
agreement with the theo- : (Aul in resin, mg/g

retic ata. :
etical data 2552510 255755 255278 ¢ 25258 2550050
sl

During the tests, we o ST R G —
regularly took samples ; !::§\ f IA\:‘\\ 'r‘i\\
from resin and solutions Bt IR O N
over the height of the e |yar ”"’“\v Vathe v lgewe .
column; from the samp- gi*“ti ' - ¢ Lok o
ling data, we plotted - 3 2454, ! l,] EJ
the concentration curves o i ‘ T 34
(Fig. 3) corresponding - o P Ll
to the different time - ¢ a4 W28 031 0 @ 7S 7 g 10 12
intervals of column ope- [Aul in solution, mg/l

ration. As is evident
from the curves, the
principal changes in:
concentration occur in
the top part of the co-
lumn over a 2.5-m height, ) . .
i.e., during the first 25 hours of contact between the resin and the solution. During
the subsequent 74 hours, the changes in solution and resin concentration are insignif~
icant. . : - -
Such concentration - [saturation] curves usually correspond to the situation jin which
the sorbent is saturated to its eguilibrium capacity in the top part of the' column;
any additional contact period with fresh solution will bring no significant changes -
in saturation. On the other hand, Au adsorption develops in two stages: external
and interpal diffusion. During the initial period the process rate is limited by
external diffusion and then later by internal diffusion. Under static conditions,
the first stages require about 75 hours of contact while the second stage needs 180-
-250 hours. We tend to improve the mixing of the phases in the column so that the
first stage takes 25 hours.: The second stage cannot be accelerated so that, as be-

Fig. 3. Gold content in resin and solution over the.
column height: . Lo
1 - resin level in column, m; 2 - gold content in re-
sin, mg/l; 3 - gold content in solution, mg/l. ’
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fore, it requires 180-250 hours, i.e., to obtain a fully-saturated resin we have to
ensure a contact period of 200-27C hours. This may be obtained by the installation
of two series-operating columns. Discharge concentrations may also be lowered since
sorbent saturation increases by 20-30%, i.e., the process contributes to extracting
the remaining,K gold from the solution.

Gold extraction to any ‘desirec figure at the given sorbent saturation may be ob-
tained by increasing the resin throughout. We thus entrain a larger part of the co~
lumn into the mass-transfer process (Fig. 3).

CONCLUSIONS

The results of our pilot-plant tests show the hlgh eff1c1ency of pulsation columns
in systems with very slow exchange kinetics (load 30 m?/m?-hrs; VETS - 3-4 m; time
to.equilibrium '~ 250-300 hours); use of such columns ‘substantially improves the en
gineering-economy figures for the ¢old-extraction procésses. )

Our test results, as well as ¢zata from industrial employment of large size pulsa-
tion columns were decisive in the de51gn of a plant for the proce551ng of 3000 m?/hr
of nonclarlfled gold~bear1ng solutions.

REFERENCES

l. B. E. Ryabchikov and E. I. Zakharov. Equlpment for Ion-Exchange. Moscow. "Tsvet-
informatsiya," 1974; ill.
2. S. M. Karpacheva, L. S. Rachln-xll. V.. M. Muratov, et al. Pulsation Apparatus.

Moscow, "Tsintikhimneftmash, 271, 68 pp.; ill.

3. §. M, Karpacheva, E. I. Zakna:ov, V. N. Koshkin, et al. "Extractxon and Sorption
in the Metallurgy of Molybden=z, Tungsten, and Rhenium." Moscow, "Tsvetmetinfor-
matsiya," 1971, p. 182-193, . )

4. B. E. Ryabchikov, E. I. 2akharcv, and D. I. Trofimov. In the book: Problems

in Atomic Science and Technigues. Pulsatlon Apparatus. Moscow, "TsNIIatominform,"

. 1972, pp. 63-76.

5. E. I. Zakharov, V. S. D'yachkov, N.'Koshkln, et al. In the book: Problems in
Atomic Science and Technlque . Pulsation Apparatus. Moscow, “TsNIIatomlnform
1972, pp. 77-83.

6. E. I. Zakharov, B. E. Ryabchikov, V. N. Koshkln, et al. In the book Development
and Use of Pulsation Apparatus. Moscow, Atomizdat, 1974, pp. 171-188. ’

7. S.'M. Karpacheva, S. F Medvedev, and S, M. Balakirev. Tsvetnye Metally, No. 7.
pp. 10-14.

8. F. V. Rauzen, E..I. Zakharov, 2. E. Ryabchikov, et al. Atomnaya Energlya, 1974,
vol. 34, No. 1, pp. 27-31, : : o




ess set
-2y

1 be
the
tons on
1 on
dhysi-
1e bath
1u-

w the

ide di- "

'0lling
Xpres-

(3}

the
the

l"lu:
nodel :

(4

(5)
icted

Wing

‘ting

Je

at’

|

- . : ) - i
' TSVETNYE METALLY: ¥ NON-FERROUS METALS M é ; /9 M B 2 o X
: - T & Q t
METALLURGY SUBJ S |
—— MNG ]
ALUMINUM, ALUMINA, AND ELECTRODES PSCC i@%% .
| e = b
Ll T
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Supplying industrial enterprlses in non=ferrous metallurgy with recirculating
water is a major trend in organizing thé efficient utilization of water resrouces
Sodium sulfate is the main constitu-

and in protecting reservoirs from pollution.

I’

Crystalllzatlon of Sulfate Compounds in Evaporatlon
of Solutlons

ent preventing the utiliza-
tion of slime waters in,

shop recirculating water in
alumihum plant cryolite re-

[re———"

D

generation sections. The
Chemical composition, g/liter |, % most effective way'is to or-
- ‘" @ H R . . X -
‘. solution filtrate Rok ganize the extragtlop of
gt . . 5 |*E5| Phase CO?PO' sodium sulfate from indus-
o |Sotutden g g1 8 g g2 [$35 *eiergt trial gas cleaning solu-
H B T |l B 22 |58 ‘tions, where its concentra-
& 2l =y =i 2l=l = =r]= o tion reaches 70-90 g/liter.
7 |clarified | 13:9| 44.8 { 123 [ 18,7 | 224 | 66.5| 66.7[ 35,1 | NaF.Na,50, We demonstrated prevmus—
6 |gas-clea- [ 13,9448 | 123 1sg 2;2 ggg £§§ gga Edfﬁ%§84 ly in (1] that it was pos-
170 | ning so- | 10:0].50.4 | 93] 16,0 | -9.7 | 109.; A1 520 | NaE.Nz,50,, -
6a | Piorien |139) 448 [ 123 | 187 |20i2| 524 | 124]2 | 6818 | NaF-Nas30, sible’ in principle: to éx:
11 ol 463 | 1o | 244 2331 51,71 138:0| 76.2 | NaF.Na,30, tract sodium sulfate in
2% 148 49,7 | 10,6 } 22,7 | 16,8 49,3 150,7 - 822 ;dzga€§&30 the form of Glauber's salt
E g-ciid, ) . h ir T . ‘
9 170 46,3 | 10.1 | 20:4 [21,6| 45.4|157.7] 85:5 | NaF.Na SQ.Q. Na2504 - 10H,0 by cooling the
‘ N N s ‘Eﬂ-g'soéﬁﬂ?  mother liguor to 0% C after
14 28,0( 355 | 6.3 | 25,97 | 184 | 57.7|120;7 | 66,9 | NaF.NayS0yi precipitation of the sec-
= . —= ondary cryeclite -and the
16 | Mother |50 |4a.0 | 207 | 55 8012830 134.7] 34.2 | NaE.Na,50;
19 | liquer- |sip | 440 [2077 [ 55 | 7.2(132.7149,5(.35,7 [ NaF:NaySO4 conditions required for the
i Na, 00 5. 2MNa;50 process: For installations
29 3,05| 49.6 | 286 ] 56| 3,6]170,3] 18507 50.8 Iﬁacha’fioso of small capacity the best
4, da
Sy e system -is crystallization

of sodium sulfate in the

form of the double salt

NaF-Na»S0O, by éevaporation
of clarified gas cleaning .sdlutions.

When sclutlons coentaining sodium fluoride, sulfate, and carbonate :are evaporated,
crystallization of. the salts NaF- +Naz50, and NazCO3-2Na»50, takes place [2,3). In-
dustrial sclutions for secondary cryolite production at aluminum plants have the
following composition, g/liter: 5-25 NaF: 50-90 Naz:S0.; 5-40 NazCOsz; 5-30 NaHCO; .

Gas cledhing solufions after clarlflcatlon and méther liguors after cryolite pre-
cipitation were taken for extraction of accumulated sodium sulfate in the form of
the. compounds indicated.

‘* The selutions were evaporated under laboratory COndltlQnS, in a thermostatzcally
controlled fetal réactor at 70-80° € with mlxlng, at .atmospheric pressure ‘and in
vacugo.
encristation of the reactor surface increases substantlally. The precipitates pro-
duced were washed with an alecohol solution (50% alcoliol. and 50% water).

-A chemical ana1y51s af the solutions and the solid phase composition are given in
the Table.,

The phase composition of the precipitates was:found by qualitative X-ray diffrac-
tion and crystal ‘optical analysis wmethods. The x-ray diffraction patterns for the
precipitates in experiments: N&é, 9, 11, and 14 aré given in Flg. 1.

The refracdtivé indices of the products ares

NaF:Na280u + 4 « 5 & 4 & « 4 % Ny = 1.436 ne = .1.439
Na;CO42Naz804 v v v o s a5 & ng =A‘l.492 np = 1.450
NaF . & &+ 2 o s « s « s+ &+ sn =1,324

When the solutions are concéntratéd i vacuo the hedt ‘input is reduced,; but.
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The double salt NaF-Na;SO0,
crystallizes in the form of
rhombohedral and hexagonal la-
mellar crystals 30-150p in.size uDC 66
and forms radiating concre-
tions. The relative density of A
the salt is 2.611. '
The NaF-Na;S50, thermogram is
given in Fig. 2; the effect of At §
fusion of the salt at 790° C is en £
apparent. ga es
As was shown by the results 9
of experiments on the evapora- trapp
me tho

tion both of clarified' solu-
tions and mother liquors con-
taining a comparatively small
amount of sodium fluoride (3-5.
g/liter), the double salt sepa-
rates out into the solid phase
first, then the burkeite or
NaF, depending on the chemical

Fig. 1. X-ray diffraction patterns for precipi- composition of the initial so-
tates: NaF-Na;S0, (experiment 1l); NaF-Na;SO, lution.

and Na.CO,-2Na,SO, (experiment 9); NaF-Na;SO, Crystallization of NaF:Na,;SO,
and NaF (experiment 14). by concentrating clarified gas

cleaning solution may be- used

to extract sodium sulfate from
industrial solutions. The degree of evaporation is determined by the concentration
of soda and sodium bicarbonate, which must remain dissolved.

It is apparent from the Table that NaF.Na;SO, separates out in concentrating a
clarified gas cleaning solution up to a total sodium carbonates content of not more
than 140 g/liter. With further evaporation, burkeite separates out into the solid
phase. When the sodium fluoride content of the initial solution is considerable
(experiment 14) it crystallizes with the NaF-Na,SO,.

.. Sulfate compounds should not be separated from the mother liquors, because when
.. the NaF-Na,SO, crystallizes the passage of sodium sulfate from solution to precipi-
«+ tate is comparatively small in extent { ~ 34%), and with more complete evaporation a

mixture of NaF-Na;SO. and Na2C03;-2Na2S0. is precipitated. The product cannot be zg:
used, and separation of the mixture is difficult.
7Y ' To precipitate sulfate salts, therefore, they should
: 790 be extracted as NaF-Na:S0, by the evaporation of clari-
° fied gas cleaning solutions containing 13-17 g/liter NaF
3 DTA and 45-70 g/liter Na,;SO,. The filtrate is used in the u
e cryolite production-system after removal of the precipi-~ | ,
2 tate. The extracted salt can also be used for the pro- ‘
E duction of cryolite.! It is best to transport the P
double salt from several plants to one plant, where it R
Time . can be processed to obtain cryolite and sodium sulfate. «
Fig. 2. Thermogram of This plant must operate a more complex installation for
double salt NaF-Na;SO,. the extraction of sulfates from gas cleaning solutions
by cooling them to low temperatures: from +5 to -2° C. P
. The double salt may be used for other purposes in the
national economy, for example, for the fluoridation of water. - Fic
CONCLUSIONS p
Sod@um sulfate should be extracted as the double salt from clarified gas cleaning zf
solutions by evaporation to a total sodium carbonates content of 130-140 g/liter. ‘
Under these conditions 65-76% of the sodium sulfate separates out into the solid
phase, wa
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1. :é Aé Mggoggva, E. P. Rzhechitskii, and V. P. Klimenko, Tsvetnye Metally, 1973, (F
. ’ - .
2. A: A. Furman and S. S. Shraibman, The Preparation and Purification of Mother 2
3 Liquors, Moscow, ‘Khimiya, 1966, 245 pp., illustrated. ’ e

T. M. zlokazova, M. G. Zolotareva, P. D. Katsenelenbogen, et al., Inventor's

Certificate No. 196745 Izobreteniya, Promyshlennye Obraztsy i Tovarnye Zpaki
1967, No. 12, 18. ' Y X L L

‘ )
U.S. Patents No. 2925324 and 2925325, 1960.




i
3
#

————————

=

' - BmE

[ ¥4 128 =

TSVETNYE METALLY / NON-FERROUS METALS ! : = m =

[

» wo®

THE PRESENT SITUATION IN HYDROMETALLURGY AND PROSPECTS FOR THE DEVELOPMENT Q5=
OF HYDROMETALLURGICAL PROCESSES® I == e

zgg§¢ﬁ

tDC 669.2.053.4 L
. . %

B. N. Laskorin B &
. % = 2

bl

puring the past twenty years there has been rapid development in hydrometallurgical
methods and a steady expansion in their fields of application in the metallurgy of
the non-ferrous metals.

The inevitability and regularity of the transition to hydrometallurgical methods
arises primarily out of the necessity to make full use of the valuable constituents
in raw materials being processed and to prevent damage to the environment by gaseous
industrial waste.

The particularly favorable conditions which have contributed to the extensive

_development and industrial utilization of these methods are due to major successes

in inorganic and physical chemistry in the study of heterogeneous reactions (the

- mechanism and kinetics of leaching processes and oxidiation-reduction reactions) and

of inorganic reactions taking place under pressure at temperatures above 100° C, i.e.,
the chemistry of autoclave leaching processes and of autoclave methods of depositing
pure metal powders from solution using gaseous reducing agents.

The greatest advances in production technology for compounds and non-ferrous metals
of high purity in recent times have been made by using ion-exchange and solvent-
extraction technology, based primarily on the use of filterless methods or methods of
sorption from pulps, as well as sorption and solvent extraction from clarified solu-
tions and membrane technology. L

Various countries have now gained great industrial experience in the use of auto-
clave processes, bacterial leaching, and sdrption and solvent-extraction technology
in the hydrometallurgy of the non-ferrous metals.

A continuous autoclave leaching process has long been in use at many plants pro-
ducing alumina. .

Acid, carbonate, and ammonia autoclave leaching are widely used in processing oxi-
dized and sulfide nickel-cobalt and tungsten-molybdenum concentrates and middlings.
Sulfuric acid autoclave leaching of lateritic nickel-cobalt ores has been success~
fully used over a long period at the Moa Bay enterprise in the Republic of Cuba.

This experience is undoubtedly of great importance in the further development of acid
autoclave processes.

The Mekhanobr Institute has developed and introduced on an industrial scale an
autoclave-soda process for the production of tungsten anhydride from low-grade
scheelite-molybdenum concentrates, for the first time in world practice; this process
is now being used successfully by many enterprises in the USSR and in other countries.

An autoclave method is in use at many foreign nickel enterprises, for example, at
the Sherritt Gordon Plant in Canada. Autoclave methods are being developed for proc-
essing sulfide nickel, copper, molybdenum, zinc, and various bulk polymetallic con-
centrates. Thus 12 of the 42 papers in the autoclave section at the First All-Union
Conference on Hydrometallurgy were devoted to the study of autoclave processing of
Noril'sk pyrrhotite concentrates.

It can be stated that an optimal solution to the problem of integrated processing
of complex copper-nickel material, producing elementary sulfur and giving a high rate
of extraction of all valuable constituents, can be found primarily in the use of
hydrometallurgical autoclave-sorption or solvent-extraction technology.

The work on high-temperature hydrolysis as a method for chemical concentration and
Processing of solutions is worthy of attention. Reaction speeds increase substan-
tially at the high temperatures that can be reached in the autoclave treatment of
solutions, and products can be obtained with a structure that ensures accelerated
50lid and liquid phase separation. Thus the products of hydrolysis of aluminum and
titanium salts obtained at room temperature, or even at 100° C, are usually gelati-
Mous, difficult to wash free of impurities, and giving very poor results in filtra-
tion or thickening. The corresponding metal hydroxides separated from solution at
220° ¢ filter very well and can be produced in the pure state.

Considerable advances have been made in the industrial assimilation of the auto-
clave separation of copper, nickel, and'cobalt powders from aqueous solutions using
9aseous reducing agents. The most widely used reducing agent is hydrogen, but the
Possibility of using carbon monoxide, converted natural gas, and various freely

1
Baseq upon a paper read at the First All-Union Conference on Hydrometallurgy.
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available liquid organic reducing agents is not excluded. Thls method will undoubt~
edly find more extensive. industrial application in the immediate ‘future in the Pro-. .
‘ducétion of copper, gold, silver, and the platinum metals, and may possibly be used | .

later to produce iron powder. “ﬁu

By no means all metals can: be produced by auteclave reduction; radical improvements .

are therefore planned for electrochemical methdds as a result of adoption of cont1nu~~ i
ous processes, and partlcularly by using selective ion-exchange membranes. N

Autoclave leaching is not always theé only method or the best method even for sul- .

fide ores and concentrates of non-ferrous metals. There are other effective methods - " {

for the overwhelmlng majority of mixed ores, and partlcularly for oxidized ores; the
characteristics. of ‘these methods are lower unit capital investment and good techni-
- cal and economic results. Of these methods, only some potential applications -of- bac-_

terial leaching were discussed at the abovementioned conference. [ |

A detailed analysis made by the ‘Interdepartmental ‘Commission on Development of
Hydrometallurglcal Methods set up by thé State Committee for Science and Technclogy
showed that, as a rule, pyrometallurglcal methods of proce551ng have llmlted possi= ﬁ
bilities compared with hydrometallurgical methods, especially as regards the complete-is
utilization of raw materials. Hydrometallurglcal processes predcmlnate in zinc and
tungsten production. The limited possibilities of pyrometallurgy arise from the

physicochemical essentials of the .processes: they are limitations .of princ1ple, not %ﬂﬂ
determined by the state of development of this or that methed. 1In addition, substan~s, |

b3

tial unit capital investment is usually a feature of pyrometallurgical methods, and
they are energy- intensive, requiring the ccnsumptlon of large amounts of fuel or
electric power to melt and supetheat all the charge constituents.

More ‘than 1.5 million tons of sulfur and up to 2 million tons of iron are lost
every year in the USSR alone in the pyrometallurglcal proce551ng of variocus copper
ores and concentrates. Every year some 70,000 tons of zing ate lost with the slags
and dust in emeltlng Urals copper—zlnc ccncentrates. The discharge into the atmog-
phere of large amounts of toxic gases and aeroscls is -an essential. disadvantage of

-

medern prycmetallu¥rgical métheds.. In -a number of cases, an effective way of Obtaln-_;ﬂ:

.ing much greater efficiency at existing pyrometallurgical entexrprises is to redesign
them on the basis of comblnlng prycometallurgical and ‘hydrometallurgical methods,
i.e., to separate out a certain part of the concentrate with a high percentaqge of
metal (to be sent for hydrometallurg1cal proceSSLng} at the concentration plants
using a simplified scheme ensuring maximum extraction and to use- the bulk middlings
for the hydrometallurgical process stade. 4
" Purely lydrofietallurgical gchemes which can be used to ,progess low-grade bulk cen~
centrates with a high level of technical and ecoriomic efflc1ency will have consid- - |
erable advantages for most 6f the newly built enterprises, This provides prospects -+
for considerable merovements to concentration plant .schemes, with a simyltaneous
increase in the extraction of all the valuable constituents.’

The copper industry provides an examplé of the rapld and widespread development of.f h

hydrcmetallurglcal methods. At present a total of about 6.0 million tons of primary -
copper is béing produced anhually in the capitdlist and the developing countries, ﬁ‘
more than 800,000 tons of which is hydrometallurgical coppexr. e
There are some 50 enterprises throughout the world using hydrometallurgical meth-
ods to produce copper, 19 of them in the United States. From 1963 to 1973, copper

production in the Unitéd States by hydrometallurglcal methods rose from 7 to 20%, © -

with a total production of 1,5- 1.7 ‘willion tons per year.
The .s0lvent extraction &f copper from ammonia. and sul furie ac1d solutions. has® been -
mastered, The extractants used are solutiocis of alkyl- or benzyloxyoxlmes in kero-
sene (Lix-93 and Lix-%4) and, more -recently, Kelix-100 and Kelix-~120, which are
elkyloxyqulnollne derivatives, The flrst plant. operating a solvéht extraction scheme-
was started up in the United States in 1968. There are now 12 enterprises in opera-
+tion using solvent extraction technology in various countrles {besides the USSR).
According te the forecast for- the United States; in 1975 15% of all copper will be
produced by ‘solvent extraction. Copper produced in this way is 12.9 cents per kg
cheaper than when the cementation method is used. - The econgmic efficiency of. the
solvent extractién system will increase substantxally with the production of copper
powder from the reextract by hydroqen reduction in autoclaves. E
The devélopmént by a number of firms in America, England, and India of hydrometal- *
1urg1ca1 schemes for processing sulfide copper concentrates is a major advance; these:"
schemes are destlned for large-scale industrial 1mp1ementatlon in the near future.
These methods will prov1de radical solutions to the problems of environmental protec'”
- tion. HaV1ng regard to the atmospherlc pollution. that is. already takxng place, the

United States goverriment was forced t6 pass a law (as long ago as 1970) under ‘which
a fine ranging from 2 to 20 cents is imposed for each kilogram of sulfur discharged
into the atmosphere by ‘an enterprlse maklng operation unprofitable in a number of
cases.
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According to forecasts by a number of foreign researchers, hydrometallurgical
methods will undergo further development during the next decade; it is assumed in
particular that hydrometallurgical production of copper will increase substantially.

As has already been observed, the greatest advances in hydrometallurgy in the past
20 years have been based upon the use of ion-exchange and solvent-extraction tech-
nology.

The manufacture of selective sorbents and extractants has been developed and mas-
tered, and schemes for processing the ores and concentrates of non-ferrous, rare, and
-dispersed metals and gold have been perfected. Sorbents for sorption from pulps and
solutions have been created, and the industrial production of the strongly basic gel-
form anion exchangers AM, AMP, VP-1A, and VP-3A and the macroporous anion exchangers
AM(p), AMP-p, and VP-1A(p) on the same basis, the bi~ and polyfunctional anion ex-
changers AM-2B, EDE-10p, and AN-2f, the moderately basic anion exchangers AM-3 and
vP-1P(p), as well as the extremely promising carboxyl ampholytes AMK, AMK-2, and VPK,
and various phosphorus-bearing and phosphorus-nitrogen-bearing ion exchangers (the
ampholytes AFI-5, AFI-7, VPF-1 and VPF-2) has been mastered. These ion exchangers
are of high mechanical strength, which ensures minimum losses under the most severe
operating conditions.

In correlating the large amount of work published in the world on the mechanism of
non-ferrous metal sorption by ion exchangers, a clear relationship can be seen between
the basicity of an ion exchanger and its affinity for various metal complexes.

In an overwhelming number of cases, macroporous ion exchangers have advantages over
the corresponding gel forms in terms of sorption kinetics. In a number of cases the
effect of stereocliemical factors is clearly apparent; this can be determined by using
copolymers produced from ¢-, f~-, or y-vinylpyridine with divinylbenzene.

Anion exchanger VP-3A(p), which is produced from a-vinylpyridine, has the most fav-
orable matrix structure, ensuring high sorptive capacity in the whole range of con-
centrations by comparison with anion exchangers based upon a-f-vinylpyridines. This
is characteristic of the sorption of vanadium, molybdenum, tungsten, and other metals
which form large complex or polymer ions in solution.

The use of AM-3(p) and VP(p) moderately basic porous anion exchangers for vanadium,
molybdenum, tungsten, columbium-tantalum, and other ores and concentrates has great
potential value. Since these elements form polymer ions in solution, the kinetics of
their sorption are determined to a substantial extent by the nature of the porosity

.and are particularly sensitive to structural stereochemical factors.

The development in 1953 of a process of metal sorption from pulps and sorption
leaching was a great event in hydrometallurgy and ion-exchange technology. This
process exceeds the traditional and classic filtration methods in intensity by hun-
dreds of times, and by thousands of times in a number of instances.

The efficiency of sorption from pulps increases significantly when it is combined
with leaching. 1In these circumstances improvements in leaching kinetics, reduced
reagent consumption, and substantial increases in metal extraction are observed in
many cases. : ;

The sorption leaching method has been successfully used for over five years in the

. Kizil-Kum at the large Muruntau auriferous ore processing enterprise.

A sorption leaching process has been perfected for all the main types of aurifer-
Ous ore, and it was adopted in 1972-1973 at the Kuranakh and Matrosov Plants. As
& result, gold extraction rose by 15-20% at the Matrosov Plant and by 8-10% at the
Kuranakh Plant by comparison with the filtration schemes previously used. Conver-
sion of all the main hydrometallurgical enterprises in the gold-mining industry to
sorption leaching is planned in the immediate future. '

Sorption or solvent-extraction recleaning processes are used to produce metallic

. 90ld containing 99.99% Au. Pure cathode gold, from which high-purity metal is ob-

tained, is separated out from the desorbate or reextract.
A sorption technology for processing copper, nickel-cobalt, molybdenum, and tung-
Sten ores and concentrates has been developed and tested at pilot-plant level.
Various ampholytes of AMK, VPK, VPG, etc. type can be successfully used for copper
Sorption from solutions obtained by heap leaching and leaching in place, as well as
for sorption leaching of oxidized copper ores and the removal of copper from nickel
electrolyte.

A direct analogy exists between sorption and solvent-extraction processes, i.e.,
tween solid and liquid ion exchangers. Physical and chemical forces of the same
bhature operate in sorption and in solvent extraction. However, the different states
of aggregation of the absorbers involve great variations and produce specific char-

- @cteristics in each of these processes.

The successive development of this viewpoint has made it possible to utilize the

.QHQrmous amount of factual material on the chemistry and technology of ion-exchange




14 TSVETNYE METALLY / NON-FERRQUS METALS

processes to create new types of extractant (liquid ion exchangers) and to develop a
series- of new specific solid sorbents by analogy with liquid absorbers or extrac—
tants.

Comparative evaluation of sorption and solvent-extraction processes has made it
possible to define the most effective and optimal fields of application for each of

these processes. 3 UIX
Liquid cation and anion exchangers or extractants containing ionogenic cation- -}
exchange, anion-exchange, or chelatophoric groups are used in non-ferrous hydrometal-
lurgy. The great potential of polydentate ligquid polymer (oligomeric) extractants, , )
produced for the first time in the USSR on a phosphate compound base (polyalkylphos-~ )
phonitrilic acids), should be particularly noted. The organic diluent is an impor- g
tant factor in all cases in which liquid ion exchangers are used. B ¢ -
Many researchers have established that the absorbing power of an ion exchanger is ) @
intensified when the degree of basicity of the phosphoryl group increases and on 2
transition from monodentate to polydentate absorbers, i.e., in the end to polymers. . Py
0f the neutral organophosphorus compounds, phosphine oxides are the most efficient : . ;
. p

absorbers of heavy metals. The high distribution coefficients, steep isotherm, and
great selectivity of phosphine oxides make them suitable for solving various diffi-
cult problems in hydrometallurgy. _

The properties of a large class of phosphine oxide compounds and their various 1
derivatives have been studied in detail. It has been established that removal of the
electronegative substitute from the phosphorus atom intensifies the complexing pro-
perties of phosphine oxides.

A further increase in their effectiveness is achieved by the introduction of elec- 2l
tropositive groups or radicals which intensify the basicity of the phosphine oxides. “
The aminophosphine oxides and phosphoric tris-amides are examples of such compounds.

Further improvements in solvent-extraction technology primarily involve the devel-
opment of a process of extraction from pulps of various densities. The opportunity Fig
of varying selectivity within wide limits as a result of altering the structure of i
the hydrocarbon radical and the nature of the diluent is an advantage of liquid ion
exchangers; they also have great potential by virtue of their kinetic characteristics. i

For the present, processes of solvent extraction from solutions cannot compete with £
sorption from pulps, especially in concentratlng valuable elements from extremely

dilute solutions.
The high level of losses of llquld ion exchangers (extractants) is the main cause C 10

e
beod
~

r

of the poor technical and economic characteristics of the process. The main task in in
improving the solvent-extraction process is to develop economic and effective methods
of regenerating the extractant and solvent, i.e., to reduce specific losses substan-

Rel

tially.
New opportunities are arising in hydrometallurgy as a result of the creation of tio

processes which combine the advantages of sorption and solvent extraction. Cop

One such combined method is the use of porous granules impregnated with an organic men

solvent and processes of solid ion exchanger desorption with liquid ion exchangers or - —

neutral extractants. - P

Further developments in hydrometallurgy can be achieved by the extensive use of . el

membrane technology methods, particularly electrodialysis using selective ion-exchange Cute

membranes. The problems of reducing the consumption of chemicals, improving the

hydroelectrometallurgical processes, increasing the efficiency of oxidation-reduction o
. reactions, and separating elements with similar properties are being solved success-

ful 1y . Culs
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PERMEABILITY FROM SINGLE AND MULTIPLE
. DETONATIONS IN BOREHOLES
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ABSTRACT

Relationships describing the permeability enhancement caused
by explosive detonations in boreholes have been derived and com-
bined to yield

o 3f-3
d

k =k - f-m 2
c (rd + no/nc)

+ko,

for the case in which the stress decays asymptotically as a power
law; ke and n, represent permeability and fracture density at the
edge of the pulverized region near the cavity wall; f is a geo-
metric attenuvation factor; m is the dissipation due to real
material effects; k, is the original permeability, ngy the initial
fracture density, and ryq the scaled radius. This relationship

has been compared with available measurements from the American
"Hardhat'" nuclear shot, the French nuclear events in Hoggar granite,
and a chemical explosive shot in coal near Kemmerer, Wyoming.
Significant correlation between theory and experimental measure-
ments 1s observed. A comparison between single and multiple
detonations shows that permeability enhancement falls off steeply
near the shot; however, enhancement can be considerable midway
between two shots spaced 10 cavity radii apart. The degree to
which enhancement can be significant depends on material properties
and initial fracture density. Porosity distribution from the
explosive is the dominant parameter in permeability enhancement.
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INTRODUCT ION

We are currently in the midst of an energy crisis, and it is
generally recognized that a mineral crisis also looms on the
horizon. Recent productivity trends in U. S. surface mining show
the industry losing ground in comparison with other industries at
home and abroad in competing for capitall . This is primarily
a result of the fact that increases in equipment handling capacity
have been more than offset by the need to turn to lower-grade
ores. This situation has been further complicated by inflation
and other factors 2- Greater attention is, therefore, being
focused on in situ processes for mineral recovery 3,4

Methods of in situ recovery fall into three categories.
First, an ore body may possess sufficient native permeability for
direct in _situ recovery through boreholess. Secondly, if the
natural permeability is low, stimulation by hydraulic fracturing,
explosive detonation, or some other means will be necessary.
Finally, the formation may be so impermeable that a modified
in situ process involving partial mining and the use of explosives
will be required to generate pefmeabili;y sufficient for proces-
sing6’7.

Considering the convenience and potential lower cost of bore-
hole recovery, it would be very desirable to render as many deposits
as possible amenable to this technique. For low-permeability
deposits, an array of explosively loaded wellbores offers the
possibility of creating a distribution of many fractures not
achievable by other techniques. 1If fractures with sufficient
porosity to create permeability can be generated, then a viable
in situ recovery process may be possible.

Explosives are often discussed in the context of in situ
recovery. However, only recently have serious attempts been made
to understand the mechanisms controlling enhancement of permeability

by means of explosives. See [8] for dicussion of previous theories.
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THEORY
Lq s 9,10
Many permeability models have been proposed . The most
widely accepted one is the Blake—Kozeny—Carmen11 theory, in
which the medium is viewed as a bundle of capillary tubes. Because
permeability through fractures interests us here, we postulate a

parallel arrangement of fracturés instead. The flow from a single

fracture of uniform width (w) and aperture (a) (see Fig. 1) is {12].

Q = e —-e-g-wa3 Ql— (l)
f 12y dr
Y

/'/
//:,/
Unit )
area
w //
ﬁy/
7
/ a
Specific = aperture
discharge w = crack width

FIG. 1

Unit channel for calculating flow through a fracture. By
considering a number of such channels penetrating the block,
one derives a Blake-Kozeny-Carmen formula for fracture
permeability.
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The porosity (¢) from a group of fractures having similar
properties is
¢ = naw , (2)

where n is the fracture density (number/unit area). Multiplying
equation (1) by n and eliminating a, the flow from a group of

fractures is
s 3

where the permeability (k) is given by

k:-———, (A)
lZTnzw2

and the tortuosity (T) is defined as

T = actual channel length ?
direct distance between channel and pointﬁ

(5)

The tortuosity ccncept was first introduced by Kozeny and later
modified by Carmenlo. It accounts for the fact that pore (or
fracture) channels are not straight. The ratio of actual to direct
length appears twice, since it affects both the head gradient and
fluid velocity. The fracture-density-width product in equation (4)
can be expressed in terms of specific surface (fracture surface
area/unit volume of solids) as

s =32 (6)

Substituting into equation (4), we obtain

m

= 5 (7)
CT(1-¢)ZS2

where C = 3 for fractures.
When fractures are pervasive (w = 1), then from equations (6) and

(7), we obtain
3
ket (8)
n
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For a fixed porosity, equation (8) implies that increasing
the fracture density will strongly decrease permeability.

To link explosion effects to either of the permeability
equations above, the process must be somewhat idealized. We view
the explosion as occurring in two stages, the first dominated by
a large-amplitude stress wave, and the second involving an expan-
sion of the cavity by high-pressure gases from the detonation.
The effects of the first stage on the medium are of a dynamic
nature, while those of the second stage extend over a much longer
time interval and can be regarded as a quasistatic process. To
obtain a description of permeability, these processes must be
related to the fundamental equations for permeability.

According to Kutter and Fairhurstl3, the principal role

of the stress wave- is to initiate fractures. Griffith14
postulated a failure criterion for real materials. From tensile
tests, he learned that the average stress at rupture was small
compared with the theoretical strength of the solid. He concluded
that energy in the test piece was not uniformly distributed. At
points where the cracks originate, high concentrations of strain
energy must exist. We assumé that these concentration points are
macroscopic flaws in the material. A real geologic medium will
contain a distribution of flaws having variations in length and
orientation. We view flaws to be nucleation sites for fracture
generation.

If similar specimens of a given material are subjected to
failure tests, they do not all fail at the same stress. A distri-
bution of breakage strengths will be foundls- It can, therefore,
be interpreted that the material contains a distribution of flaw
strengths. Variation in stress levels from an applied load at
flaw tips is proportional to the square root of their lengthsle-
Longer flaws will, therefore, have a higher probability of

extending under a given applied stress.
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The dynamic stress wave will cause all flaws whose strengths
are less than the magnitude of the locally applied stress to extend.
A relation between the growth of flaws or the increase in specific
surface and energy can be obtained from comminution theory.

Several comminution relations have been proposed. The one most
applicable to our situation is Rittinger's Law, which states that
an increase in specific surface area is directly proportional to

the energy input:
S «E. (€)]

Rittinger's Law has been substantiated by the general scaling laws

of Langefors and Kihlstrom 17

which have been verified for

burden dimensions varying between 0.01 and 10 m with a 107 variation
in explosive charge. Rittinger's Law has been further substantiated
by Felts and others 18

Rose 19.

in the laboratory and theoretically by

Creating fractures does not in itself generate permeability.
This is because the stress wave propagates at the compressional-
wave velocity (cp), while fractures can grow in a rectilinear path
at a maximum velocity of 1/3 cp. Hence, the stress wave will
inevitably outrun the fractures it generates. New fractures will
then be initiated on other flaw sites in the material. At this
moment in the process, the medium consists of a noninterconnected
gystem of fractures with essentially no new porosity.

The second stage of the essentially continuous explosion
process is dominated by the quasistatic expansion of the gas in
the cavity. The cavity void space is produced by irreversible
pressure~volume work of the explosive gases. Void space is
created by irreversible radial compression and by the tangential
tension of the surrounding rock. The fracture porosity will be

20
proportional to the first invariant of the strain tensor ,

¢ =4, (10)
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where A is the first invariant and contributes to porosity only
when it assumes positive values (dilatation). 1In stating

equation (10), we have considered only explosion-induced porosity.
Frthermore, the quasistatic, radial displacement and tangential
stress caused by the gas pressure will result in linking a portion
of the fractures created by the passage of the dynamic stress wave.
Also, gas fracturing may contribute to linking of fractures.

Figure 2 shows the postshot configuration. The cavity's
initial radius is - The ‘explosion springs the cavity to a larger
radius r.. The material initially between T and r, has been
compressed into a narrow region beyond rc. This material, in
trying to recover a fraction of its original size, is locked in.
The tangential stress in the locked-in region gives rise to a
" compressive radial stress or effective pressure.

The two stages, dynamic and quasistatic, must now be given
mathematical form. As mentioned earlier, the dynamic phase is
responsible for creating surface area, a fraction of which is
subsequently linked in the quasistatic cavity expansion stage.

To obtain an expression for surface area, we must find the energy
input per unit volume from Rittinger's Law. The power input per

unit is 2!

P=T-u, (an

where T is the stress tensor and u is the particle velocity or time
derivative of the displacement. The time average energy applied

is determined by integrating equation (11) over a time interval
< <

t =t - t, to obtain
o 1 N
1
E = Pdt. (12)
.
o

Since fracture surface energy is so small, it is probably not
possible to separate its energy from the much larger amount deposited
irreversibly as strain energy and heat. We, therefore, assume that

only a small fraction of the energy input acts to nucleate new
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Initial
fracture
.  pattern

ik

FIG. 2

An illustration of the post-shot configuration for an explosive
fired in a borehole. The sketch includes an initial fracture
pattern with the explosive patterns. The preshot radius is r_,

the post-shot radius is L and the limit of significant com-"
paction is re.

fractures or surface area. To simplify matters, we use the mean

value theorem for integrals on equation (12) to obtain
E=7P (t1 - tb) . (13)

where P is an average power input over the specified time interval.
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The power for plane harmonic waves 20 and for cylindrical or
spherical waves with dissipation 22 can be expressed in terms

of particle veloclty or stress squared. We may, therefore, write

Eeuole T2, (14)

Even for high stress levels, equation (l4) is still a good
approximation. '

The contents of proportionality in equation (14) are
immaterial, siﬁce we are only trying to determine functional depen-~
dence. The time interval is regarded as fixed. Hence, equation
(14) may be used in Rittinger's Law to predict the incipient frac-
turing or surface area dependence with distance from the shot.

The functional dependence can be predicted by applying the non-
linear continuum models to obtain the decay rates for particle
velocity or stress. We must also include the effect of existing
fractures. To be included with the explosion-induced fractures,
the natural fractures should be pervasive and unhealed. Other
critieria will be discussed below. For the case of pervasive
fracturing (w = 1) and small porosity, surface area is directly

proportional to fracture density or

S = 2n . (15)

Denoting the explosion-induced fractures by n, and the naturally
occurring ones by n» the total specific surface or fracture den-

sity becomes

n =n +a , (16)

where

n_ = bE n

and b is a constant of proportionality.

Peny
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The second or quasistatic stage can be satisfactorily treated
by using the bilinear elastic static solutions for dilatation
around a pressurized cavity24 , which can be substituted into
equation (10) to yield

f-a
¢ = T7g> as
r
where £ = 1, 2 for cylindrical and spherical symmetries, respec-
tively, and

a=f-¢, (19)

where € is a small positive number related to the ratio of elastic
constants in compression and tension (24).

If no bilinearity in the elastic constants is present, then
from equations (18) and (19), dilatation, and hence porosity,
would be identically zero. Biliniearity implies the existence of
cracks and flaws that are necessary to create permeability.

The use of equations (18) and (19) is supported by displace~
ment measurements reported by Borg23 . These measurements were
taken around a 61-kt nuclear explosive fired in granodiorite.
Measured and calculated displacement follows a 1/1:2 decay. Strain
is proportional to the spatial derivative of the displacement and
justifies the use of these equations. As discussed above, the
effective pressure used as the boundary conditions for the
analytic solutions arises from locked-in stresses caused by com-
pressing material around the cavity (Fig. 2). Effective radius
for the pressure is taken to be .-

Combining equations (8), (10), (16), and (17), we obtain the
expression,

A3

ke © (20)
(no + bE)

for the explosively created permeability. The effect of preshot
permeability is included by adding to it the explosively generated
permeability to obtain
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kt = ke + ko ’ (21)

where ko is the preshot permeability. If open fractures are
present and contribute to permeability, then they should be
included in ko. Only pervasive, unhealed fractures having negli-
gible porosity should be used to determine n,-

Some limiting cases to equations (20) and (21) are evident.
From equation (21), if initial permeability is high, then the
explosive's contribution to the total permeability can be negli-
gible. Secondly, if initial fracture density is large compared
to that generated by the explosion, then substituting equations
(18) and (19) into (20), we obtain

k, = 1/r6 (cylindrical geometry) (22)
ke « 1/r9 (spherical geometry) , (23)

where € is small compared to £f.

Hence, the effect of the explosive decays strongly with dis-
tance. On the other hand, if the material is relatively competent
or 1if explosion-induced fractures dominate the initial fracture

dengity, we obtain

A3

ke « ;E . 24)

From Selbergzs, energy decays asymptotically in the
elastic limit as
2
E ~ 1/r” (dynamic, spherical geometry) (25)
E ~ 1/r (dynamic, cylindrical geometry) (26)
Substituting for dilatation from equation (18), we find (for
n, »> n and in the elastic limit)

k, = 1/r4 (cylindrical geometry) (27)

k, = 1/r5 (spherical geometry) . (28)
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In the general case, energy will obey a power law decay
n, = bE - VL S (29)

where f is defined as before (f = 1, 2 for cylindrical and spher—
ical geometry, respectively). In the perfect elastic case, m = 0
(asymptotic limit). However, in general, m is greater than zero.
For a competent formation (ne >> no), permeability will have the
form

2m
r

k = ;3-;—5 . (30)

If m = 0, then we recover equations (27) and (28). Real materials
will exhibit dissipation and deviate from elastic behavior (i.e.,
m will be greater than zero). From equation (30), we see that
explosion-created permeability can decay much more slowly than

for the perfectly elastic case or for the case where the initial
fracture pattern dominates. A physical interpretation of this

is readily apparent. For the perfectly elastic case, we note that
fractures must exist as continuous rays emanating from the cavity.
On the other hand, a real material will exhibit a fracture pattern
having a distribution of fracture lengths. For a dissipative
material, fracture density decreases more rapidly with distance
from the cavity than in the elastic limif. There is always com—~
petition between fracture density and porosity. When fracture
density decreases with distance from the borehole, as in a real
material, surface area declines more rapidly tending to compen-
sate for the decrease in porosity. Hence, the result is a slower
decrease in permeability away from the explosive cavity. This
results because an increase in surface area increases drag and,
hence, resists flow. On the other hand, making porosity larger
increases the cross-sectional area to flow, thus decreasing

resistance.
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EXPERIMENTAL RESULTS FROM SINGLE EXPLOSIVE DETONATIONS

Hardhat (Spherical Geometry)

The Hardhat event was a 5-kt nuclear explosion in granife.

Boardman and Skrove26

performed extensive air permeability
measurements around the Hardhat nuclear chimney. Their raw data
shows considerable scatter, some of it attributable to their
measurement techniques. We have applied a selection criterion24
to their data. to obtain a consistent set. As discussed in
reference [24], the stress wave decayed approximately as the
elastic case. Initial fracture density was taken to be small
compared to expiosiyely created fractures. Botg23 reports that
preshot material was broken by fractures, faults, and shear zones,
most of which were healed (cemented by minerals of a later origin).
She further states that the consensus among geologists is that
joints and fractures are shortlived, i.e.,- terminated within a few
yards. The typical flaw size is, therefore, small compared to the
cavity radius (20 m) and justifies ignoring the effects of the
existing fractures. Figure 3 shows the comparison between perme-
ability measurements and equation (28), the theoretical prediction
for an elastic material. Preshot permeability measurements were
not performed. We, therefore, assume ko = 0. Agreement between
the theoretically predicted slope and the experimental data 1is
quite good.

Hoggar (Spherical Geometry)
27

Delort and Supiot report results of permeability measure-
ments at the French Hoggar test site in the Sahara. Their measure-
ments give a detailed picture of the permeability distribution
around the postshot cavities and resulting chimneys. They analyze
a number of detonations of varying yields and presemt the results

in terms of scaled radii. We will not compute the dilatation
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FIG. 3

Comparison of theoretical and measured permeability, k, as a
function of distance scaled in terms of the cavity radius r .
Permeability was measured in both horizontal and vertical

holes and is independent of direction. The experiment was
Hardhat, a 5-kt nuclear explosion in granite at the Nevada Test
Site.

(and, hence, the porosity dependence) near the chimney relief zone.
Instead, we will use their data from the region unaffected by
chimey relief so that our pressurized cavity solution, equation
(18), will be valid.

The preshot fracture density is reported to be on the order
of 1 to 0.5 per m 28, Explosion-induced fractures near the
cavity wall are closely spaced, producing particles having dimen-
sions characteristic of sand or grave127. Fracture density
decreases from the crushed zome to a distance of 3.6 cavity radii,
at which it 1s 20 times greater than the natural fracture densi-
ty28. Beyond this distance, drill cores separate into thin disks,

indicating the presence of appreciable residual stresses. This
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phenomenon occurs to approximately 5 cavity radii. Fracturing

in this zone is difficult to quantify, and we assume that it con-
tinues to decline in accordance with equation (17). Various
investigators have taken great pains to quantify various fractured
zones. However, permeability data in the events we discuss do not
appear to exhibit a discontinuous behavior. We, therefore, assume
that fracture density, or at least that portion responsible for
permeability, decays in a continuous manner as predicted by
equation (17). This.is not surprising, in view of the fact that
most natural geologic materials contain a distribution of flaws

or weak points so that a unique tensile strength cannot be given.
No two volumes of rock will, therefore, fail at the same stress.
This results in a blurring of the boundaries between regions
displaying different fracturing effects, giving rise to a contin-
uous fracture density dependence with distance from the cavity.

In view pf the fact that explosion-induced fractures are much
more numerous than the natural fracture density, we ignore n, in
equation (16). Beyond 4 to 5 cavity radii, the explosion-induced
fractures will, with increasing distance, blend into the natural
fracture system by using equation (21). The undisturbed perme-
ability appears to be on the order of 5 x 10"3 um2 (5 md) 27.
Explosion-created fracture density can be predicted by com-

bining equations (14) and (17) to obtain

-2
n, =ut . (31)

2
Terhune's analysis ° indicated that particle velocity

attenuates with distance as

an 1/t ' (32)

in agreement with Hoggar measurements.
Equation (32) is an asymptotic result, valid for distance
greater than 1.5 cavity radii. Nearer the explosive, attenuation

is more rapid. The implications of this will be discussed below.
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Substituting equation (32) into equation (31), we find that
the fracture density should decay asymptotically as

ne « 1/1‘3'2 , (33)

which corresponds to a value for m of 1.2 from equation (21). We
recall that m > 0 implies greater energy dissipation due to
inelastic effects.

Substituting equation (33) into equation (30), with f = 2,
m = 1.2 yields

ko« 1/r28 (34)
e
Substituting into equation (21) with ko = 5 millidarcies (md) and
scaling r with respect to the cavity radius, we find
r

c 2.6
kt = kc (—;) +5 ( in nd) , (35)

where kc is the intercept at the cavity wall. An approximate fit
to the Hogger data given by Delort and Supiot = gives a value
of

kc = 1700 =d ., (36)

The predictions of this theory are in good agreement with the
few available observations as is shown in Fig. 4. Data points
were taken from reference?’.

We anticipate that energy decay rates will be higher at dis-
tances less than 1.5 to 2 cavity radii. In particular, if energy
decays more rapidly than 1/1'4'5 (m 2 2.5), the permeability decay
by equation (28) ( f = 2, spherical geometry) must flatten and
decrease as the cavity wall is approached. A decrease in perme-
ability near the crushed zone was reported by Derlich [30]. We
have not carried out the numerical calculations in this close-up
region to predict the slope. Additional energy absorption due

to phase changes also occurs in this region. It is not clear
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Comparison of theoretical and measured permeability values. The
log of permeability, k, is given as a function of distance scaled
in terms of cavity radius r . The data is taken from a series

of nuclear detonations in tfie Sahara by the French. The medium
was granite.

that Rittinger's Law will hold in such an extremely nonlinear
regime. However, such extreme conditions are significant only
within 1 to 2 cavityradii' near nuclear detonations and are of

minimal importance with chemical explosives.

Kemmerer Coal (Cylindrical Geometry)

As part of a coal gasification program, the Lawrence

Livermore Laboratory conducted an explosive test in a coal outcrop
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near Kemmerer, Wyoming 31. A cylindrical, high-explosive charge
(Teledet*), 5.5 m long, 0.1 m in diameter, and weighing 59 kg, was
detonated in a vertical borehole. The center of the explosive
charge was buried 15 m below the ground surface in a 26-m-thick,
subbituminous coal seam. The postshot cavity radius was estimated
from calculations to be 17 c¢cm. The coal outcrop was highly
jointed, with two joint sets normal to each other. The coal séam
was bedded with the bedding dipping at 18°. Logs indicated that
bulk elastic properties of the undisturbed coal did not vary from
hole to hole. All permeability tests were conducted in situ using
packers. Pressure testing was performed using water injection
until a quasisteady condition was attained. Permeability was then
measured at steady state.

In Fig. 5, the horizontal bars in the boxes are values of
repeat measurements in the same hole. They represent the
uncertainty in permeability. Width of the boxes along the radial
direction is a measure of drill hole deviation from the vertical.
Further details concerning the experiment can be found in the
works of Hearst31 and Butkovich32.

Preshot permeability as well as initial and postshot fracture
frequency measurements displayed considerable scatter. No velocity
or stress attenuation measurements or calculation near the explo-
sive have been reported. Because of these factors, we compare
the postshot permeability to the linear elastic solution, equation
(27), for cylindrical geometry. This equation does not include
the initial fracture density or permeability. Indeed, one can
find some measurements of preshot permeability higher than some
postshot measurements 31. Given the data, one cannot signif-
icantly improve upon this estimate. However, 1if initial fracture
density is negligible (a fact which is not at all clear), one
would expect the permeability to decay less rapidly. Equation
(3) with m > 0 (inelastic behavior, n = 0) predicts a slower
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Post-shot permeability vs radius for a chemical explosive deton-
ated in a coal seam. The emplacement geometry possessed cylin-
drical symmetry. Permeability is in darcies, while the radial
distance in meters is measured from the axis of symmetry. The
small box on the upper right represents two measurements in

the same borehole.
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decay. In fact, a least squares fit to the data, assuming that

measurements are scattered lognormally, results in the fit

427

Kk = —— .
3
(r/rc)

(37)

The exponent 3 is less than the elastic limit, corresponding
tom = 1/2 in equation (30). It implies that particle velocity
should decline as r-0'7S as opposed to r—o'5 for the linear elastic
case., This is in agreement with the trend for real materials to
display higher attenuation than the ideal elastic case.

In view of the experimental scatter, it is risky to assign
a definite slope to the entire permeability distribution. It is
entirely possible for more than one mechanism to operate, resulting
in a continuously changing slope as in the Hoggar example above.
This can occur depending on the relative importance of initial
permeability, fracture density, and energy dissipation. These
are not precisely known because of the high scatter in the measure-

ments.

THEQRETICAL COMPARISON OF SINGLE AND MULTIPLE DETONATIONS

The effect of multiple detonations is a straightforward
extension of the theory for single charges if certain assumptions
are made.. These are: (1) that energy fluxes from a number of
detonations can be superimposed, (2) that the fracture surface
area is directly proportional to cumulative energy input, and
(3) that the elastic potential can be superimposed from many
cavities to result in a total dilatation which, when positive,
is proportional to the porosity increase. The third agsumption
is not strictly correct unless the bilinear effect is small. The
three explosive events discussed above (Hoggar, Hardhat, and
Kemmerer coal) tend to substantiate assumption three. We can
conclude, therefore, that dilatation, to a close approximation,

behaves linearly and that superposition is valid.
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We will nof attempt to tréat this subjeéct in axhaustive
derail. We will r@therllimit our’ discugsion to the case of two
explosives, cylindrical charges separated by a distdance of 10
cavity radii between their lines of center. We ‘further assumeé
that their leagth is large compared with the separaticn distance.

Other implied assumptions: are- the sémé as for single charpes:
(1) that pravitationzl stresges are small compared to the residuval
strains induced by the explosive, {2) that ffée sutface relief
effects are unimportant, and (3) that the cavity dees not. depart
from symmetry assumpticns used in deriving the appropriate
sclutions for porosity or emexgy.

To calculate fracture dersity, porosity, and permeability
from two chavges, we firat Compufe their functional dependencies
for a single charge. Cornstants for thesé equations will be
normalized to the cavity wall»fbr 8 singlé explosive. Increases
diue to éffects of another nearby explogive will be observed by
comparisond with the ‘effécts due to a single expiosive.

The fractiré density from-equations (;ﬁje (17}, and f299 is

n
- e ]
n=ng + T+ @) " {38)

where
rd== rfrc {39)

and “é is the fracture dendity &t r = T, (cavity;wall) due to the
explosive. Equation (29) for radial dépendérce is in general an
asymptotic law walid when r >ﬁJ;;rc (£ is wmeasured from the center
of the cavity). Since the energy dissipation rate may be higher
ags T approaches rc, we éxpect that the actual f;gptuze density
will be greater than‘hg, thus causing a reduction in permeability
near the cavity wall béldy that shown in Figs. 6 and 8. However,
o, will still be correct for the ‘bulk of the explosively effected
reégion, and it will, therefore, be instructive to observe 1ts

enhancement due to a nearby detonatfon, Values of kc,.nc mst,
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(a) Explosipii—induced ‘fracture-density enhancement, normalized
to the-fracture density at the cavity wall 25 a function of
scaled distance, The solid curve represent.s a4 semielasgtic
medium (m=0) and the dashed line 2 dissipative media (m~0, 5).

(b} Explosion-induced poTosity, normalized to porosity at the
cavity wall as a function of scaled distance. {c¢) Explosion-
induced pemeability enhancement, notmalized to the permeability.
at ‘the cavity wall. Tliree dases are .shown: (1) a seilelastic

medium with zero initial fracture density, (2) a. dissipative

medium (u=0.5) with zero imitrial fracturé, and (3) a dissipative
mjedium__ with an initial fracture density of half the explosion~
indiuded fracture demsity at the ¢avity wall (m=0.5).
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lead one to expect a more gradual decline in permeability with
distance, which is incorrect.

All three curves show a slight decrease in permeability as
the cavity wall is approached. In Fig. 8c, it is only noticeable
in the bottom curve. The decrease for the top two curves in
Fig. 8c is due to the fact that porosity decays more rapidly
than fracture density, resulting in a higher contribution to sur-
face area as each explosive is approached. The decrease in perme-
ability for the bottom curve is due to increased surface area from
the presence of an initial fracture density. The values at
r/rc = 5 are doubled over that for a single charge for the top
two curves. However, permeability for the bottom curve is
enhanced by a factor of 5. This is due primarily to the increased
porosity from the second explosive. Enough porosity is added to
compensate for initial fracture density.

If detailed calculations were performed, permeability should
flatten due to increased energy dissipation as the cavity walls
are approached. While this can be calculated, extending our
analytic solution for porosity into the region would be tenuous
since it is in this locked-in zone that the boundary condition is
created for the analytic solution. Porosity in this crushed
region is not likely due to random rotation of grains.

The optimum permeability distribution from Fig. llc is pro=-
duced in a dissipative medium with small initial fracture density.

Such an effect can be expected in a competent formation.

DISCUSSION

Most of the key equations, such as (14), (17), (18), and the
superposition arguments have been based on the assumption that the
medium behaves in an approximately elastic manner. We would,
therefore, expect the results to be valid for rocks which fail in
the brittle region due to response from an applied load. Rocks

which respond in a ductile manner may have large pore space com-
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paction and exhibit cataclystic flow in which individual grains
are rotated and fractured. As mentioned above, it is not clear
whether Rittinger's Law would hold under such extreme conditions.
Also, a significant loss in porosity would invalidate equation
(32), which assumes that preshot and explosion-created perme-
ability could be superimposed. In ductile response, it is likely
that most of the preshot porosity would be removed, thus severely
reducing preshot permeability. While this effect may be corrected
by multiplying ko by the ratio of postshot to preshot porosity
function contained in equation (7), the remainder of the theory
can only be expected to furnish a crude approximation at best.

It is also interesting to note that dilatation must always
be identically zero in the absence of a bilinear effect. Under
such circumstances, porosity cannot be produced from any number of
stressed boreholes.

Although permeability declines fairly rapidly, appreciable
permeability can still be achieved. Referring back to Fig. 1llc,
we note that if kc were 100 darcies, permeability at ry < 5 for
the best case (top curve) would be 158 millidarcies. Depending
on the application, this could be a substantial permeability. If
drill holes having a 0.3-m (1-ft) diameter were drilled and sprung
by an explosive by a factor of 3 (varies with depth), drill holes
separated by a distance 10 rc would then be 15 ft apart. Wider
separation would produce lower permeability enhancement, which may
still be acceptable for many in_situ processes.

The theory we have developed does not distinguish between
simultaneous and sequential detonations. The role of the stress
wave is to nucleate flaws into fractures, which are connected in
the expansion phase. If the medium possesses flaws having suffi-
cient length and number for this purpose, then producing additional
cracks in a2 medium by one explosive for the other to act on will

have little effect. However, in a competent material with low-
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flaw-density, sequential detonation may have an important effect
on permeability. This is one of the factors that must be addressed
in future experiments.

In order to implement this theory, accurate calculations of
stress or particle velocity decay are required. It is especially
true for the case of low initial fracture density. This is
because equation (35) (low no) combined with equation (42)
involves the particle velocity to the inverse fourth power. A
small error in its exponent (* 0.2) would result in an exponent
for permeability decay which is off by nearly 1 in the exponent.
Over a distance of 10 cavity radii, the predictions could be in
error by a factor of 10. Most numerical calculations of particle
velocity exhibit higher attenuation than is actually observed.

This is due to the fact that artificial dissipative mechanisms
are introduced to stabilize the calculations. This effect can
increase the decay to as much as 1/1'1'25 instead of 1/r in the
elastic limit (spherical geometry), resulting in considerable
error. Hence, checking numerical calculations against experimental

measurements of particle velocity is highly desirable.

SUMMARY

Several theories of permeability were first discussed and
analyzed. These theories were deficient in that they correlated
permeability only with the degree of damage or fracture density.
They were not based on any fundamental equations related to perme-
ability, and they ignored porosity. Our investigation demonstrated
that permeability should be inversely proportional to the fracture
density squared rather than directly proportional as previous
workers had supposed. The significance of porosity was clarified

and quantified.
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The theory of McKee and HansonZA was extended to include
the effects of preshot fracture density, inelastic dissipation,
and multiple explosive charges. This theory divides the explosion
process into a dynamic and quasistatic stage. The dynamic part
is responsible for generating a distribution of fractures. Frac-
ture density was related to energy flux through Rittinger's Law.
Fractures are linked by hoop stress induced by the continuing
quasistatic expansion of the cavity by high-pressure gases, and
by initial momentum imparted to the cavity wall from the shock
wave.

Existing preshot fractures having negligible porosity and
a characteristic dimension several times larger than the cavity
were added to the explosively created fractures. Fractures
smaller than the cavity were regarded as part of the native flaw
distribution, which furnishes nucleation sites for stress-wave-
generated fractures. Guldelines for treating natural fractures
having porosity comparable to that induced by the explosive were
also suggested.

Fracture density generated by explosives was expressed in

equation (28) in terms of energy flux as

n_ = bE .
e

As indicated in equation (25), energy was found to be proportional
to particle velocity or stress squared.

Porosity was viewed as being deposited and sustained by irre-
versible compression of rock into a stressed or locked-in region
concentric with the cavity. This effect was satisfactorily repre-
sented by a static analytic solution for a pressurized cavity.

We remarked that elastic constants must exhibit different values
in compression and tension to produce a non-zero dilatation. In
equation (21); porosity was taken to be proportional to dilatationm.
Porosity decays as l/r2 and 1/r3 around a cylindrical and spherical

cavity, respectively.
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Permeability from a single charge was found to have the form,
3
(8/6,)

—_ 4k
¢ (a/n )2
c

k =k .
o

Additionally, we found that if stress obeys a power law relation,
permeability will decline as

r—3f-3
[+] d

~-f
d

c (r5™ 4 a2 '

. o ¢
where f = 1, 2 (cylindrical or spherical geometry) and m represents
inelastic dissipation. This equation will be true for most explo-
sives beyond a distance of 1.5 to 2 cavity radii measured from the
axls of symmetry.

Various limits of this equation were explored. It was noted
that a low initial fracture density and increased energy dissipa-
tion (m > Q) tended to produce a permeability distribution with a
more gradual decline. The worst case is obtained when the medium
possesses a natural fracture density comparable to that induced
by the explosive. Then, permeability declines as l/r6 in cylin~
drical and l/r9 in spherical geometry. Such an effect may occur
in a poorly cemented or loosely consolidated sandstone and in
other friable materials.

The case of multiple explosives was then analyzed, and it was
found that fracture density and porosity could be directly super-
imposed. However, resulting fracture density and porosity must
be combined into one permeability formula. If the explosives are
identical, these quantities can be substituted directly into
equation (54). Various cases involving dissipation and initial
fracture density were examined.

It was concluded that while permeability will decrease
strongly, in many cases, substantial permeability can still be
achieved provided fracture density and shot spacing are closely

controlled.
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Electrochemical processes in aqueous solutions are used in metallurgy for electro-
lytic refining of metals or for extracting them from solution (electroextraction).

Electrochemical refining is economically advantageous for, e.g., the separation of
gold and silver from copper, removing platinoids from nickel, and for the production
of high-purity metals.

Processes of electroextraction from solutions after leaching make it possible to
organize a reagentless closed circuit producing metal of high purity.

The high purity of the cathode metal is usually regarded as due to the high sepa-
ration factor value characteristic of electrochemical processes, due to differences
in the standard and equilibrium potentials of the electrode reactions. However, the
following must be borne in mind when selecting process conditions in complex cases of
separation.

The joint discharge of any two types of ion takes place at a common cathode poten-
tial. The view is accepted [1,2] that equality of the sum of the equilibrium poten-
tial and the overvoltage in the joint reactions is the condition which determines the
possibility of joint discharge. It is accepted here that the equilibrium potential of
a given type of ion is constant for a given solution composition, and the condition
for joint discharge is written as follows‘([l,2}:

RT ., RT g ame
¢ +pFina+n =.w°”,+—zTF_]q° +1", . (1)

where ¢° are the standard potentials, z are the valences, a are the activities of the
ions, and n are the respective reaction overvoltages.

This is not a precise statement. In the joint discharge of two types of ion which
crystallize in a common lattice their activity in the evolving alloy is not unity and
equation (1) should be written as follows:

o0 , RT | @scin., , . RT @soln.
¢ +7Fm::1—°j'n = ¢4 2°F In a.allo;}—q". (2)

Attention should be given to the fact that both magnitudes (activity in the alloy
83110y and the overvoltage for metal evolution n) are interdependent, because they
are functions of partial current density; this functional link is linear for the’
alloy metal content and logarithmic for the overvoltage. Thus the relationship ex-
piessed by equation (2) proves to be much more complex than is apparent at first
glance.

. It is very easy to calculate the metal content of an alloy for the idealized case
in which both metals are discharged without chemical and concentration polarization
if the equilibrium potentials are known and the alloy which forms is ideal. However,
Such a calculation cannot even be regarded as provisional. Assessment of the composi-
tion of the alloy is made even more complicated by the fact that the functional link
betweeg the activity of a constituent and its concentration may take various forms,
depending upon whether a solid solution or intermetallic compounds are formed.

When an intermetallic compound is formed, the depolarization effect may become so
great that there may be joint discharge of the ions of two metals which are far apart
in the voltage series.

Thus it is impossible in principle in the cathodic evolution of metals to achieve
absolute separation of the two constituents.

i The practical possibility of separation will be determined by the ion concentrations:

n th solution, the standard potentials, and the overvoltages, as well as by the com-
Position and properties of the solid phase.

. The following are the substantial advantages of electrochemical methods:
€cologically clean cycles can be set up;

associated elements can be separated from the main metal fairly completely, to

.°btain intermediate products suitable for further processing.
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Electrochemical refining and electroextraction are now widely used in the produc-
tion of copper, zinc, nickel, and lead. Methods of producing pure manganese, cobalt,
antimony, and chromium by electrolysis have been developed and put into practice ip
recent decades.

In addition to its great advantages,. the electrolytic method of producing metals
also has substantial drawbacks: ’

the process is of relatively low intensity;

there are great difficulties in the way of integrated mechanization and automation;

it is highly energy-intensive.

It is therefore natural that ways of developing aqueous solution electrolysis proc-
esses in metallurgy must first involve the elimination of these drawbacks, although
the prospects for adoption of electrochemical methods, even in their present form,
are quite good {3,41.

It must be remembered that any improvement to the process must not affect its main
advantage: the production of cathode metal of high purity.

The process of electrolysis can be intensified by increasing the number of elec-
trodes in a box-type cell by bringing them closer together, or by raising the curren:
density. The former method has already led to definite improvements, but its pros-
pects are limited. The potential of the latter method calls for more detailed exami-
nation.

When the current density is raised in a periodic process in ordinary box-type cells,
the time for the cathode to build up to the prescribed thickness (regulated by the
quality of the cathode deposit and the distance between the electrodes) is reduced.
As a result the number of service operations on the cell increases, reducing working
time and consequently making intensification less effective.

All other conditions being equal, a rise in current density leads to increased
probability of formation of dendritic deposits.

A higher rate of access of discharging ions' to the cathode must be maintained in
order to obtain a high-grade (fairly smooth) cathode deposit at increased current
density. This higher rate can be achieved either by increasing the concentration of
these ions in the electrolyte (which is limited by the solubility of the salt) or by
reducing the thickness of the catholyte diffusion layer by creating a high rate of
electrolyte circulation, or by combining the-two factors. One of the effective ways
in the particular case of copper electrorefining is current reverse. Experiments on
the electrodeposition of copper, zinc, and nickel [5-12] have shown that high-grade
deposits can be obtained at current densities up to 40,000 A/m? with high speeds of

electrolyte travel along the cathode. However, this leads to
Lt A enormous electrolyte flows in the system and makes the proc-
7 ess unprofitable. In addition, the relationship between the
maximum current density at which high-grade deposits can
or still be obtained and the speed of electrolyte flow is usu-
ally expressed as

s
Imax=kV*, . . (3)

where x < 0.5 for laminar flow and x < 1 for turbulent flow.
o 2 Consequently, the further increase in Ipzx becomes slight at
very high V values. This relationship is clearly apparent 1n
, =~ ;%chs“ the Figure, which shows the results of experiments in pro-

’ T ducing nickel deposits from sulfate-chloride electrolyte at
Relationship between 60° C. The great difference between the curves is due to the
speed of circulation fact that deposition of nickel in powder form begins at a

and cathodic current current density much lower than the critical density.
density in deposi~ The curves should be closer to each other in electrodeposi-
tion of nickel. tion of metals which evolve with low polarization (copper.
zinc), when powder deposits are formed at current densities
close to the critical density; however, some discrepancy is practically inevitable.

Intensification of the process by raising the current density makes it necessary 9
examine the effect of this factor upon the purity of the cathode deposit.

There are two possibilities. If an electropositive metal (copper, gold, or silver])
is being deposited, most of the impurities, which have substantially more electro-
negative potentials, are not in practice discharged with the main metal and there 15
no fear of excessive contamination of the cathode deposit. If, however, an electro-
negative metal is being deposited, particularly one which evolves with considerable
polarization, most of the impurities are discharged at the critical current [13]. I?
this case the relationship of cathode deposit contamination by the impurity Aj to
various factors with the electrolyte circulating through the cell at speed Q (lit
hr) will be expressed by the following equation [14]:

A = DQCinit.:
+= 7(Qé+ D3y
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where D is the diffusion coefficient, & is the thickness of the diffusion layer,
Cinit is the impurity ion concentration in the incoming electrolyte, I is the cathode
current density, and S is the cathode surface.

it follows from this equation that increasing the cathodic current density when Q =
const, for example, by increasing the ‘main metal concentration, leads to an increase
in the purity of the cathode deposit. However, as was stated above, increasing cath-
odic current density when Q = const is limited by the solubility of the main metal in
the electrolyte and by increases in losses and in incomplete production, and cannot
lead to any substantial intensification.

There is an increase in the diffusion of impurity ions at the same time as the dif-
fusion of the main metal to the cathode surface increases. When the rise in the maxi-
mum current density (to produce a high-grade deposit) lags behind the increase in
diffusion there is increased metal contamination by the impurity, because it is de-
posited at the critical current. The quantitative relationship flows from the follow~
ing.

get us express the speed of electrolyte circulation and the thickness of the diffu-
sion layer by the equations

Q=4V (5)
and

5=k,V—>’,. (6)

vhere V is the linear flow velocity. . ’
By substituting equaticns (3), (5), and (6) into (4) we obtain
DhyCinig' —* GrigV' ~*

etV VLR DS T K VISVER K,

Since x < y for metals of nickel type both in laminar and in turbulent flow, the im-
purities content of the metal will increase as the process increases in intensity
under conditions for high-grade deposit formation; to produce metal with the permitted
impurities content when the whole volume of electrolyte is purified will call for a
higher degree of purification. "

However, x ~ y for metals which are discharged with low polarization, when Ipsx 1S
close to Icrit, and where K,vi-y >> K,A; it does not depend upon the linear velocity
of electrolyte flow.

The thickness of the diffusion layer can be reduced by creating a high rate of
electrolyte flow along the electrode surface and by other methods, for example, by
applying ultrasonic vibrations [15], using a cell with a moving or vibrating cathode,
or by raising the electrolyte temperature.

Intensification by applying ultrasonic vibrations does not differ in principle from
@he electrolyte-flow method as regards altering the extent of cathode deposit contam-
ination, because when the power of the ultrasonics is not very great its only effect
1s greatly to reduce the thickness of the diffusion layer.

According to formula (4), the application of ultrasonic vibrations will increase
‘A if the rise in I (equal to Ip,y) lags behind the reduction in §. A similar rela-
tionship is obtained when the reduction in diffusion layer thickness is produced by
moving the cathode relative to the solution.

Raising the electrolyte temperature makes it possible to obtain high-grade deposits
of a number of metals at substantially higher current densities. It was therefore
Proposed that the process should be carried out in autoclave-type cells at tempera-
tures > 100° C. In these circumstances the cell voltage is reduced due to the rise in
the specific conductivity of the electrolyte and the reduced polarization.

Which of these ways of intensifying the electrolysis’ process will be applied in
Practice?

. There is no doubt that controlled electrolyte flows and some increase in circulation
in a box-type cell with a periodic cycle may lead to an increase in cathodic current
density of almost twofold (and has already led to suchan increase in the electrorefin-
ing of copper [16}]). )

Hoyever, the advantages of high speeds of electrolyte flow (an increase in current
dgns1ty of not less than one order of magnitude) can be fully utilized only by transi-
tion to a continuous electrolysis cycle, and this is possible only with simultaneous
Organization of continuous metal discharge and the use of continuous (powder) anodes
Or by moving from a refining scheme to schemes for non-electrochemical dissolution and
e1eCtrqextraction of metal. Thus the best alternative is simultaneous utilization of

€ principles of high circulation speed and a moving cathode. '
slAlthough there have been several attempts to create electrolytic cells of drum and

Otted type with a continuous cycle, they have not yet emerged from the pilot-plant
tage, It is therefore not yet clear whether they are economical in use.
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There is apparently little prospect of using ultrasonics for tonnage production,
because of the difficulty of organizing the process and because ultrasonic vibratiopg
have a dispersing effect upon the anodes.

As regards electrolysis at high temperatures in autoclave-type cells to produce
compact metal, the necessity for very complicated apparatus will undoubtedly make 1:
unprofitable.

Production of metal in powder form may be a promising way of organizing a continy-
ous process [17]. Metals with low surface tension (Cu, Zn, Ag, Cd) tend to form pow-
dery dendritic deposits in ordinary electrolytes without surface-active additions.
In this case powdery deposits can be produced with high current efficiency at currau
densities practically equal to the critical diffusion current.

When electropositive metals are deposited in compact form (for example, copper or
silver), electronegative impurities form practically no part of the cathode deposit
as a result of joint discharge. A transition to electrolysis at critical current
(powder deposit) will lead to codeposition of impurities also at the critical current
routine. Consequently a powdery deposit will contain substantially more impurities
than compact metal. e

However, when electronegative metals such as 21nc, cadmium, and nickel are depos-
ited in compact form, many impurities are deposited at the critical current and the
cathode deposit proves to be richer in impurities than the solution. In this case
electrolysis at the critical current will lead to a situation in which the relation-
ship between the constituents in the deposit will become equal to their relationship
in the solution, i.e., the. powdery deposit will be purer than the compact deposit.

The flowchart for production of powdery deposits appears to be simpler than that
for an intensified process producing compact metal. In a number of cases, however,
the transition to production of metal powder will require radical changes in electro-
lyte composition. Thus the catholytic layer is alkalinized and hydroxide is included
in the deposit when nickel is produced in powder form from the usual sulfate-chloride
electrolyte. It therefore becomes necessary to use a solution with ammonium chloride
added.

Intensification of electrolytic metal productlon processes by increasing the cur-
rent density involves the solution of various problems: the permissible degree of
electrolyte acidification, its supplementation with discharging ions, removal of in-
purities from the new electrolyte composition, and so on.

In practice these problems remain when solyble anodes are used, because at high
current densities there is a strong probability of anode passivation and it becomes
necessary to separate the anode and the cathode space. Otherwise the electrolyte will
be heavily contaminated by impurities when the crude anodes dissolve.

Thus there must be simultaneous and integrated solution of the problems of supple-
menting the electrolyte with ions of the metal to be dep051ted, electrolyte pur1f1ca-
tion, the electrolytic cell heat balance, and the like in industrial electrolysis iz
any form. Correct organization must ensure a closed process circuit and an economical
process.
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"LETTERS TO TEE EDITOR

‘THE PRESENT SITUATION AND PROSPECTS FOR THE USE OF SOLVENT EXTRACTION AND SORPTION gaz
e ~IN ZINC AND CADMIUM PRODUCTION PR
'Unc 669.536.66 €9 6 6
F
g'g. ‘ L, S, Getskin &2 = e
€9
3 . mﬁ !
" Solvent-extraction and sorption processes are used in industry for indium, cad- pm e &=
mium, and thallium extraction in zinc production and for tellurium extraction in maezgg
lead production, The adoption of these schemes has provided an opportunity for _W;z

substantial increases in the extent of utilization of polymetallic materials and
has yielded great benefits to the national economy,
Unfortunately, these trends were not reflected in the paper. ’
One cannot agree with the statement by the authors that "...raising the temp-
‘erature and concentration of acid, using the jarosite and goethite processes, and
the use of new filtering equipment do not give a radical improvement in valuable
constituent utilization, fuller use of raw material, or greater process efficien-
‘cy in spite of their effectiveness", This proposition contradicts all the exist-
7’ing practices and trends in the technical development of zinc hydrometallurgy. The
“adoption of a hydrometallurgical method for zinc cake processing, high-temperature
‘leaching of zinc cake, a single-stage leaching scheme for roasted zinc concentrates,
.a three-stage scheme for removal of copper and cadmium from zinc solutions, contin-
‘uous counterflow washing of zinc cake in thickeners, and other improvements have
made radical changes to the existing zinc production technology, increasing the ex-
tent of raw material utilization and yilelding great technical and economic benefits
for the national economy.
The statement that "...sorption purification in cadmium production will reduce

the number of operations, cut production costs, and increase cadmium extraction"
is extremely controversial. 2 hydrometallurgical method for removal of nickel and
cobalt from cadmium solutions which is more efficient than the methods suggested
'by the authors of the paper has now been implemented at the Leninogsk Polymetallic
Combine on an industrial scale.
' When considering the use of sorption processes for zinc production effluent puri-
‘fication and the use of various equipment, the authors give no specific recommen-
.dations: which sorbents and which equipment should be used to implement these pro-
icesses? .
H% The adoption of "...a scheme for bulk sorption of indium, germanium, and gallium
~Mith subsequent separation by elution in stages or subsequent selective solvent ex-
h traction and sorption" is proposed as a matter of high priority. Thils proposal is

‘somewhat controversial, especially as regards indium, because solvent extraction of
indium is widely used in Soviet practice and has shown itself to be highly effec-~
_tive technically and economically,
® Finally the authors suggest a range of various solvent-extraction and sorption
ﬁchemes for extraction of associated elements in zinc production, without touching
‘upon the basic zinc and cadmium production technology. Thus the paper is written
:solely from the point of view of removing impurities from zinc solutions and ex-
itracting associated rare elenents, not as a radical improvement in zinc hydro-
smetallurgy.
$4 The authors' proposals for expanding the production of ion-exchange resins and
3industrial manufacture of highly efficient solvent-extraction and sorption appara-
“tus are expressed as general slogans and are not. spec1f1cally defined. The opera-
‘tion of industrial pulsating columns at one of the zinc plants is of great interest,
but this is not even mentioned in the paper.
% . The paper makes no new contribution to the choice of ways of solving the main
Problems of technical progress in zinc and cadmium metallurgy. The 'Main Trends in
the Development of the USSR National Economy for 1976-1980' provide for increasing
‘the extraction of non-ferrous metals from ores and fuller use of raw materials,
.and the-adoption of highly efficient ore-dressing schemes and hydrometallurgical and
i0ther advanced processes.
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o Potash at Salt Spriﬁgs, New Brunswick

"Jouw~ P. Anpercg, KeiTh S. Crossy, anD Davio C.E. Wauch \

t

N o . Abstract

‘A tectonically disturbed sequence of Mississippian-age evaporites located between
Sussex and Saint John in southeastern New Brunswick, Canada, has been investigated by

geologic, geophysical, and drilling programs. )
penetrated 10 to 140 ft of sylvinite in an evaporite sequence underlying 2,000 to 3,000 ft
Stratigraphic studies involving lithological characteristics,
_bromine, borate, and geophysical data have facilitated improved understanding of the
The salt sequence has been affected by flowage, which is
In the more structurally disturbed areas, the
sylvinite interval has been extensively subterraneanly eroded at the upper anhydrite-salt

of conformable red beds.

structure of the salt deposit.
represented by major and minor folding.

contact.

Introduction

THE Salt Springs salt.and potash reservation covers
an area of approxmntely 77 sq miles in Kings
County, New Brunswick, Canada, about 35 miles
northeast of the port of Samt John and approximately
15 miles southwest of Susséx.

In 1972 the Mineral Resources Branch of New
Brunswick, under a cooperative agreement with the
Federal Department of Regional Economic Expan-
sion, and following geological and gravity surveys in
the Salt Springs area which defined a circular struc-
ture interpreted as a ‘body of salt, drilled the Salt
Springs No. 1 borehole. This hole was terminated
at a depth of 3,000 ft after encountering a thick sec-
tion of salt and high-grade sylvinite.

In March 1975 the Government of New Bruns-
wick, sole owner of salt and potash mineral rights,

conducted a public bidding through which Inter-

national Minerals and Chemical Corporation
(Canada), Ltd., received the right to explore and
develop salt, potash, and underground storage within
the area of the Salt Springs reservation. The com-
pany began its exploratiori prograni in September
1975. This program has consisted of geological, geo-
physical, and geochemical investigations and an ex-
tensive drilling program. The principal results ob-
tained with respect to potash occurrence in the Salt
Springs area are the subject of this paper.

Exploration Program

A N 59° E base-line grid system consisting of 14
cross lines at approximately one-half-mile spacing
and totaling 43 miles of line was constructed in the
north central portion of the property. Gravity read-
ings were taken at 500-ft intervals with a Worden
master gravimeter, Scintrex proton magnetometer
readings and Crone very low frequency-electro mag-
netic readings were taken on the same grid at 100-ft

Elghteen of twenty-two drill holes have

intervals. Also, a multiple frequency McPhar in-
duced polarization system, Model P660, with a dipole
spacing of 1,000 ft was used to record apparent
resistivity readings at 1,000-ft intervals. Detailed
geologic mapping of 100 sq miles comprising the salt
and potash reservation and surrounding 'area was
completed. This mappmg, together with geophysical
information, provided an. early understanding of the
stratigraphy and structure of the Salt Springs area,
facilitating the positioning of the boreholes during
the initial exploration phase.

Twenty-two holes have been drilled in the Salt
Springs property with approximately one-half-mile
spacing. Eighteen of these holes encountered sylvite
mineralization ranging from 10 to 140 ft in apparent
true thickness and grade of approximately 28 per-
cent K:O. The drilling has defined a sylvinite bed
in an area 4,000 {t wide by 14,000 ft in length,

Geologlcal Settmg

The Carboniferous sediments of eastern Canada
were deposited in a large graben or rift structure, the
Fundy epieugeosyncline (Kelly, 1970). The Fundy
epieugeosyncline extends from southern Nova Scotia
to White Bay, Newfoundland. It is bordered to the
north by the New Brunswick Platform and to the
south by the Meguma Platform in Nova Scotia and
consists of several subbasins. The Moncton subbasin
of southern New Brunswick is characterized by a
thick sequence of Carboniferous sediments.

Geology of the Marchbank syncline

The Marchbank syncline is the most southerly part
of the Moncton subbasin. It has a length of ap-
proximately 20 miles and lies between the Cale-
donian Mountains on the southeast and the Clover
Hill fault on the northwest (Fig. 1). It contains
Carhoniferous sediments, as indicated by geophysical
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Fi16. 1. Geologic map, Salt Springs, New Brunswick.

surveys and drilling, with a maximum thickness of
about 6,000 ft. As shown in Figures 1 and 3 these
sediments have been divided into the Horton, Wind-
sor, Hopewell, and Riverdale Groups. Information
obtained by the International Minerals and Chemical
Corp. during the exploration program has provided
a basis for subdividing the Windsor and Hopewell
Groups. The stratigraphy of the clastic rocks is

complicated by rapid and numerous facies changes
and pinchouts and by a scarcity of marker fossils,

"For these reasons the authors have-utilized litho-

stratigraphic terminology in subdividing sediments in
the area explored. Additional stratigraphic studies
will be required before reliable correlations can be
made with Carboniferous sediments in other parts of
the Fundy basin or subbasins.
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The surface geology shows that the Marchbank
syncline is somewhat asymmetric; bed rock on the
northwest limb dips 10° to 15°, whereas that on the
southeast limb dips 20° to 25°. Dips as steep as 40°
are found locally at the southern margin of the syn-
cline. ~

The Clover Hill fault is interpreted as being a
thrust fault; the dip at the surface is approximately
80° northwest but is interpreted as decreasing with
depth. The fault zone is 500 to 1,500 ft in width
with a known vertical displacement of 3,000 ft.
Formations on opposite sides of the fault are char-
acterized by discordant structures. The direction of
movement of the block on the northwest side of the
fault is upward and eastward.

- Stratigraphy of the Windsor Group

The Windsor Group lithologies are composed of
anhydrite, limestone, halite, sylvinite, and/or carnal-
lite with red-brown to gray claystone and sandstone
in varying proportions and sequences depending on
the location in the Fundy basin. In the Moncton
subbasin as a whole the Windsor Group is repre-
sented largely by the low order evaporites, limestone
and anhydrite, but in the March bank syncline the
high order evaporites, halite and potash salts, are
dominant. The carbonate, sulfate, and chloride
phases are all preserved in the stratigraphic record of
the Marchbank syncline, which now are well known
from data derived from more than 46 exploration
holes and from surface exposures. Data from both
sources were used in subdividing the Windsor Group
into the formations, members, and beds shown in
Figure 2 and described briefly below.

Upham Formation

The Upham Formation consists of the Devine
Corner Member overlain by the Upperton Member.

The ‘former is~characterized- by -light-colored ‘lami-
- nated to massive limestone which locally contains

oolites, stromatolites, and brachipods. The Upperton
Member is composed principally of anhydrite which
usually is massive, although it is locally laminated.
The formation is underlain disconformably by the
Moncton Formation. -

Cassidy Lake Formation

- - This-formation:contains the.high.order evaporites

of the Windsor Group which occur only in the sub-
surface. The salts have been divided into four mem-
bers as described below.

Basal Halite Member: Consists of very light, gray
to clear, medium to coarsely crystalline halite that
characteristically contains dark argillaceous halite
bands of interstitial gray-green anhydrite claystone.

These bands vary in thickness from 4 to 20 in.

marked by diffused boundaries with clean halite in-
tervals separating the argillaceous bands. The argil-
laceous bands become more numerous in the upper
segment of the number., White nodules (0.5 mm)
of danburite have been recognized in this member at
the lower contact. ’

The Basal Halite Member' varies in true thickness
from 5 ft near the southern margin to more than 500
ft in the central part where folding and salt flowage
obscure the true thickness. Repetition of beds due to
folding makes the true thickness difficult to identify
because of the homogeneous nature of the Basal Ha-
lite Member. At most places the contact with the
underlying Upperton anhydrite is conformable and is
usually gradational across 8 in. of strata; however,
cores from some exploratory holes showed a marked
angular unconformity, representing décollement salt
flowage along a more competent lithology.

Middle Halite Member: This member consists of
very light brown to light brown, medium-grained
crystalline halite, which is characterized by dark gray

to dark brown argillaceous halite bands consisting of |

interstitial gray-green anhydritic claystone and red-
brown claystone. These alternating bands of argil-
laceous and clean halite vary in thickness from 4 to

20 in. with diffused boundaries.

The Middle Halite Member varies from a mini-
mum of 80 ft along the southern margin to a maxi-
mum of more than 250 ft in the central part of the
deposit. This member is in gradational contact with
the underlying Basal Halite Member, with an inter-
val of interbedded, clear to very light gray and light
brown halite over several feet to 150 ft.

Potash Member: During the exploration pro-
gram, the Potash Member has been defined arbitrarily
as the halite unit between the Middle Halite and
Upper Salt Members which contains the principal
sylyite mineralization in the Salt Springs area. Data

“that will pefinit rigorous identification of this halite

unit, regardless of whether or not potash salts are
present, are needed before final definition of the mem-
ber is made. As defined, it consists of two submem-
bers, the Sylvinite bed above and the Lower Grada-
tional bed below (Fig. 2). The base of the latter is
placed at the lowest occurrence of red-rimmed crys-
tals of sylvite in the orange or light brown halite that
overlies the Middle Halite Member; it varies in
thickness from 10 to 70 ft. Observations indicate
that variations in thickness of the Lower Gradational
bed and the Sylvinite bed are inverse, although not
rigorously so, suggesting they may, in part at least,
be time equivalents.

The Sylvinite bed is characterized by sylvite min-
eralization greater than 15 percent KCl, consisting
entirely of sylvinite and halite with no potassium-
magnesium salts. This bed is mainly composed of

¢ e -
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STRATIGRAPHIC COLUMN - MARCHBANK SYNCLINE ' !
GROUP | FORMATION | MEMBER BED GENERAL  LITHOLOGIES
56?83{0 Pale rd sitst, f gr ss.
Wanamaker Gry rd cql, ss, sitst,
4
o D?_EO‘{:S' Gry rd & rd brn ss, sltst, cql.
\z FBO;IS{ Gry rd 8 rd brn ss,sitst, B minor is,
o
T SE?"";E‘?:;I' Pale rd sltst, ss, vuggy; friable.
Poodiac i ake Brook Gry 8 gry brn, ss, sltst, minor cgl.
Southtield Grn gry cloysione.
Clover Hill
Lokefield Gry to bluish gry anhydrite.
EEE V1t brn with v [t orng f gr halite with
Upper Salt () numerous argillaceous & rd sylvite
pper 50 i beds with borate clusters.
¢ ()
———————— -255°]  Orng fgr halite with max. 29 anhy laminge
Potash | panite Rd to clear sylvite with It brn halite.
Cossidy Lowsr Gradational] Lt orng halite with sylvite clusters.
S Lake m‘:?:g Lt brn m gr halite with bands of dk
.‘é’ brn to dk gry argillaceous halite,
=
! V It gry to clear m gr holite with dk
Basal brn to gry bik argillaceous halite bands,
Halite :
Clear m gr fo ¢ gr halite.
- %
) Upperton // Gry anhydrite.
Upham Devi - {
Cs::;: =T Lt gry fo buff limestone.

Fic. 2. Stratigraphic column of the Marchbank syncline.

brick-red to blood-red sylvite crystals, 2 to 5 mm in
diameter, in a matrix of dark brown to dark orange
finely crystalline halite, the dark color being due to
trace quantities of disseminated clay. The lower part
of the bed contains more clear sylvite and this,
together with lighter colored halite, gives a lighter
color to the whole rock. Holes IMC-2 and SS-1
penetrated a gray to dark gray sylvinite bed below
the red sylvinite.

The Sylvinite bed is not homogeneous but is inter-
rupted by barren halite and low-grade sylvinite beds,
1 to 12 in. thick. Although locally there appears to
be a correlation of these beds over several thousand
feet, it has not yet been possible to trace any bed
within the Sylvinite bed over the entire property.

The true thickness of the Potash Member varies
between 60 to 150 ft. Assuming that the thickness,

taken to be the true thickness of the Potash Member,

is correct, and not the unrecognized result of salt
flowage, there appears to be considerable variation in
the original thickness of the potash salts deposited.
Further investigations are required, however, to
determine whether these variations are primary.
Upper Salt Member: The Upper Salt Member is
very distinctive. Unlike the homogenepus lithologies
of the Middle and Basal Halite members, the Upper
Salt member is a heterogeneous unit. It is char-
acterized by orange, brown, colorless, and argil-
laceous halite beds; red sylvinite beds and laminae;
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F1c. 3. Geologic cross section, Salt Springs, New Brunswick through IMC-4, §S-1, IMC-1
and IMC-5 (IMC = International Minerals and Chemical Corp.; SS = Salt Springs).

claystone and gray anhydrite laminae; and by the
presence of certain borate minerals.

Attempts at detailed subdivision of the Upper Salt
Member have met with little success due to the ab-
sence of persistent marker beds. As in the Potash
Member, marker beds can be recognized between
neighboring holes only. However, it is possible to
subdivide the Upper Salt Member very generally into
three parts which have obscure gradational contacts
that are often difficult to recognize. The upper part
consists of light brown to light orange finely crystal-
line halite with disseminated gray-green claystone,
red sylvinite beds and laminae, and gray-green clay-
stone laminae with numerous borate clusters and
Generally there are no anhydrite laminae
within this interval. The borates are often associ-
ated with laminations of claystone and sylvite. They
occur as disseminated crystals varying from 1 to 4
mm in diameter, in clusters with a maximum diame-
ter of 1 cm, and as distinct laminations. They are,
in order of decreasing abundance, boracite, hydro-
boracite, hilgardite, szaibelyite, and trace ulexite
(Murowchick and Gricius, 1977).

The middle part of the member is characterized by
light brown to light orange (minor bright orange)
and colorless finely crystalline halite with clayey halite
beds, red sylvite beds, and laminae with a maximum
of 24 anhydrite laminae (1 mm to 1 cm), and by
minor claystone laminae. Borate crystals occur as
described in the interval above.

The lower part of the Upper Salt Member has the
most consistent lithology of the three subdivisions.
It generally consists of orange colored finely crystal-
line halite with gray anhydrite laminae and no clay.
No borate crystals were observed. This unit varies
in thickness from 9 to 30 ft with approximately 5
to 29 anhydrite laminae, ranging in thickness from

0.5 to 2 mm. It is in gradational contact with the
underlying Potash Member. _

The thickness of the Upper Salt Member varies.
In the vicinity of IMC holes 5, 6, 7, and 11, a maxi-
mum thickness of 210 ft has been drilled. South of
these holes the member thins to 40 to 60 ft. At
present the decrease in thickness in the southern part
of the deposit is believed to be depositional because
lithology typical of the upper subdivision of the mem-
ber is found at the top of the thinner sections.
The thickness also decreases toward the north, but in
that direction the thinning is caused by suberosion.
From 0 to 100 ft of Upper Salt Member was
found in holes located over the central part of the salt
deposit where maximum suberosion has taken place.
From the lithology of the member it was obvious that
the upper part was missing in this area (Fig. 3).

Clover Hill Formation

This formation consists of the Lakefield and South-
field members. The former member is characterized
by gray, massive to bedded anhydrite. Frequently
the anhydrite is entirely or partly brecciated, with a
thickness of about 25 ft. The contact of the Lake-
field anhydrite member with the underlying Upper
Salt Member is represented by a 4- to 20-in minutely
laminated bed of anhydritic claystone, called the
residual bed. Analysis of this bed indicates the
presence of halite, sylvite, borate minerals, claystone,
and anhydrite found in the Upper Salt Member and
is probably a residue resulting from suberosion of
the salt beds at the contact,

The Southfield Member consists of gray-green
claystone 10 to 44 ft thick, in gradational contact with
the overlying red clastics of the Hopewell Group.
The red and gray-green claystones are interbedded
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BROMINE PROFILE CASSIDY LAKE FORMATION
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F16. 4. Bromine profile, Cassidy Lake Formation.

over a 20-ft interval. The contact with the under-
lying anhydrite member is conformable and distinct.

Stratigraphy of the Hopwell Group

In the Marchbank syncline the Hopewell Group
has been subdivided into several new formations and
members during exploration of the Salt Springs
potash deposit. Each of the three new formations
possesses a variance in lithologic homogeneity and
the boundaries display significant and distinct litho-
logic changes. The three are shown in Figure 2 and
are described briefly below.

Poodiac Formation

This formation consists of red-brown to gray-
brown siltstones and sandstones in gradational con-
tact with the underlying marine claystone of the
Clover Hill Formation. The Poodiac Formation at-
tains a maximum thickness of about 3,000 ft along
the Marchbank syncline axis where. four distinct
members are recognized. These are the Lake Brook,
Campbell Settlement, Fowler Brook, and DeForest
Lake Members as shown in Figure 2.,

W anamaker Formation

This formation is composed of generally gray-red,
poorly sorted, granular to boulder conglomerates,
with sandstone and minor siltstone. The conglom-
erate is the predominant lithology on the southern
and eastern margin of the syncline, becoming finer
and thinner northward. The Wanamaker Forma-
tion, which is in excess of 1,000 ft thick at the south
margin and only 400 ft thick in the drilling area,
may be, in part at least, laterally a coarser equivalent
of the Poodiac Formation.

Scoodic Brook Formation

This formation consists of pale red siltstone with
minor sandstone in conformable contact with the
underlying Wanamaker Formation and the overlying
Riverdale Group, Boss Point Formation. The
Scoodic Brook Formation has a maximum thickness
of about 300 ft along the Marchbank syncline.

~.

Bromine Study

Approximately 280 samples for bromine analysis
were taken of salt cores from the Cassidy Lake for-
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mation, handpicked at 5- to 20-ft intervals. Hole
IMC-6, which has a complete stratigraphic succes-
sion, represents a typical bromine profile (Fig. 4).

The Basal Halite Member averages about 48 ppm
bromine, the Middle Halite averages about 71 ppm,
whereas the Lower Gradational bed of the Potash
Member averages 124 ppm. The Upper Salt Mem-
ber ranges from 113 to 187 ppm, averaging 150 ppm
bromine. -

It is apparent that a gradual increase in bromine

occurs from the Basal Halite to the Sylvinite bed and
continues high through the Upper Salt Member.
This characteristic profile is consistent over the de-
posit and was used to verify the stratigraphic inter-
pretation in holes complicated by folding. One un-
interrupted evaporite cycle is also indicated by these
bromine profiles.

Evaporite Tectonics

The salt body in the Marchbank syncline is ap-
proximately 6 miles long, in a northeast to southwest
direction, and 2 miles wide, with a probable maxi-
mum thickness of 2,500 ft, thus forming an elongated
lens as opposed to a diapiric shape. The top of the
evaporite sequence conforms with the inclination of
the overlying clastic sediments, The thick salt sec-
tion between holes IMC-1 and IMC-4 (Fig. 3),
representing the center of the gravity anomaly, must
be explained by a depression in the pre-evaporite
rocks because the top of the salt mass is nearly flat
in this area.

As stated in the description of the thickness of the
Upper Salt Member, there is stratigraphic evidence
from the cores of much solution of the upper part of
the salt in the central part of the deposit. There is
also evidence of solution from structural data because
the conformable contact between the Poodiac and
Clover Hill Formations is often in great contrast to
the strong angular relationship between the latter
formation and the underlying salt and potash. In-
clination in the salt varies from 10° to 90° but gen-
erally averages 40° to 55°. Intersections along the
south flank average 20° to 30°.

The direction and time of salt flowage are difficult
to discern at this stage of development but probably
are influenced by movement on the Clover Hill fault.
It is apparent, however, that folding occurred with
relatively low stress, as schistasity in the salt cores
has not been observed except very locally.

Small-scale asymmetrical folds, observed in most
cores, usually vary from 1 to 10 ft across. Their
relationship to the major folds is not fully understood
from observations to date. -

Initial drilling intersected only one limb of the
major folds, and consequently no repetition or major
inclination changes were observed. However, study

Salt  Springs Plumwaseep
o SR
L~ Hopewe!! Group b
0 ] Groy Green Clgysfone  [-- o=
LL Tdkefigrg—— oL
tttt —Anhydritg -
LU
LU  Ueper Sait UL
Loy
vinite ee o iy ey o
- I d FLLL
B L L. - - . —ttt
500+ LLLLL 1ddie notte ? ELLLI
e -=77 RLLu
Ly - - CL L
L.~ : CLL
ey no\e F oLl
L L Lt 3056

1000

GRAPHIC CORRELATION
BETWEEN SALT SPRINGS AND
PLUMWESEEP EVAPORITE
STRATIGRAPHY

1500~

{Plumweseep dato modified from Kingston ond Dickie 1977)

F16. 5. Graphic correlation between Salt Springs and Plum-
weseep evaporite stratigraphy.

of cores from holes IMC-7, IMC-3, IMC-31, and
IMC-13 indicate several tentative conclusions. (1)
Overturned folds of 150- to 500-ft amplitude are
present. (2) The strike of the major folding in the
evaporite is probably northeast to southwest, similar
to the general strike in the Marchbank syncline and
to the major structural trend of Carboniferous rocks
in the Moncton subbasin. The shape of the evaporite
body is elongated in this direction, therefore the
folding is inferred to have a similar strike. (3) The
direction of inclination of the axial planes is uncer-
tain, but a north dip is regarded as most probable.
This attitude would parallel the axial plane of the
Marchbank syncline and would best fit the observa-
tions to date.

Summary of Evaporite Deposition

The end of deposition of continental clastics of the
Moncton formation was marked by transgression of
the Windsor Sea and the deposition of carbonate
sediments. Restricted circulation resulted in in-
creased salinity, followed by sulfate sedimention;
with continued evaporation of the sea under the in-
fluence of a restricted but continuous influx, halite
and potash deposition occurred. The deposition of
these evaporites was probably widespread and simul-
taneous throughout thé Moncton subbasin, with
minor variations caused by topographic restrictions
and local irregularities on the floor.
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The Salt Springs stfatigraphic sequence in the
Marchhank syncline is very similar to thé evaporite
:St]'_atigraphy at 'the P]umweseep deOSit, H:l the Durl-

,sinane syncline (Fig. 5). Similarities are apparent -

in lithologies, colors, téxture, thickness, and sequence
{Worth, 1972; Kingston and Dickie, 1977).

Both dﬁ])ﬂ.‘:lts have a sequence of Homogeneous
lower halite’in contact with basal anhydrite.and lime-
stone. ‘Only one.main sylvinite bed is present with
conisistent mifieralogy -and thickness. The Upper
Salt 1s a Heterogeneous sequence consisting of halite,
sylvinite beds, anhydrite laminations, and borate min-
erals. This Sequierice of evaporites {Sussex I Eva-
porites) is overlain in both deposits by an upper
afthydrite that prol}ahly represents the: beginning of
a second evaporite cycle (Sussex II Evaporites) in
the Moncton subbasin, In the Plumweseep deposit
a 75-ft bed of halite averlies.this anhydrite.

The retreat of the Windsor Sea is represented by a
gray-green, marine ¢laystone which covers the eva-
porites. in both deposits. A sequence of.transitional
sedimentation of deltaic to fluvial flood-plain deposi-
tion followed.

Salt flowage was initiated with burigl and was
further influenced by the mast recent mavement of

the Clover Hill fault which occurred during late-

Pennsylvanian to early Permian time.
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Potash Salts in the Williston Basin, U.S.A. = [ o2
SUBJ ~ = o 5
. %]
. MNG SipNEY B. ANDERSON AND ROBERT P. SWINEHART o % ?ﬁ
.~ PSKB S R = e
j Abstract = @l?g -
. . . €2
ot The potash deposits of North Dakota and Montana are extensions of the rich deposits  Fey =4 -
now being mined in Saskatchewan. These deposits underlie 28,500 km? (11,000 sq F'-#E .
miles) in northwestern North Dakota and 7,800 km? (3,000 sq miles) in northeastern 26 [
Montana. The Middle Devonian potash deposits occur in beds within the Prairie For- & g e

mation, an evaporitic sequence composed primarily of halite. The Prairie Formation
evaporites were deposited within the Devonian Elk Point Basin, which extended from
northwestern Alberta to the northwestern North Dakota-northeastern Montana area.
On the U.S. side of the border, the Prairie Formation salt reaches a maximum thickness
of 168 m (550 ft) in Burke County, North Dakota, whereas in Saskatchewan it exceeds
213 m (700 ft). North Dakota’s potash ranges from 1,707 m (5,600 ft) deep near its
eastern limit in northwestern Bottineau County to over 3,660 m (12,000 ft) in eastern
McKenzie County. In Montana, the deposits range from 2,530 m (8,300 ft) in Daniels
County to 3,500 m (11,500 ft) in Richland County. Three potash zones can be identi-
fied in Saskatchewan and North Dakota; two, in Montana. In North Dakota, the two
major beds, the Esterhazy and Belle Plaine, reach a combined gross thickness of 25 m

(83 ft) and a net thickness of 17 m (55 ft).
ness of 19 m (61 ft) gross and 13 m (43 ft) net.

Introduction

THE potash deposits of North Dakota and Montana
are extensions of rich deposits now being mined in
Saskatchewan. The potash deposits underlie 11,000
sq miles (28,500 km?) in northwestern North Dakota
and 3,000 sq miles (7,800 km?) in northeastern Mon-
tana. They are of Middle Devonian age and occur
in beds within the Prairie Formation (Fig. 1), an
evaporitic sequence composed primarily of halite, but
also potash and anhydrite. The formation conform-
ably overlies the Winnipegosis Formation and is
conformably overlain by the Dawson Bay Formation,
Both formations are of Devonian age and are com-
posed primarily of carbonates.

The evaporites of the Prairie Formation were de-
posited in the Devonian Elk Point Basin, a large
trough which extended southeastward from the
Northwest Territories and northwestern Alberta to
its southern terminus in northwestern North Dakota
and northeastern Montana (Fig. 2).

Geologic History of the Potash Units

During deposition of the Winnipegosis Formation,
reefs, which restricted inflow of waters from the open

- sea, formed in Alberta in the northern part of the

Devonian Elk Point Basin. Circulation within the
basin was further restricted by reefs that formed on
structural highs in the northwestern part of the basin
and along the basin margins (Saskatchewan Dept.
Min. Resources, 1973). These restrictions, coupled

with arid conditions, caused concentration of brines
358

In Montana they reach a combined thick-

within the Elk Point Basin, resulting first in deposi-
tion of gypsum, then of halite, and finally of po-
tassium salts, Periodic influxes of fresh sea water
into the basin caused deposition of alternating beds
of halite and potash. Potash deposition was restricted
to the southern part of the Elk Point Basin, an area
that covers parts of Saskatchewan, North Dakota,
Montana, and a small part of Manitoba adjacent to
the Saskatchewan border. .
Initial evaporite deposition of the Prairie Forma-
tion in North Dakota and Montana is represented by

a basal anhydrite (Fig. 3).. Deposition of anhydrite:

on the U. S. side of the international boundary ap-
pears to have been restricted to North Dakota and
extends 60 to 65 miles (96 to 104 km) east of the
present salt limits of the Prairie. The anhydrite may
indicate the original extent of the salt. Solution is
known to have occurred along the eastern salt mar-
gins' in western Bottineau,- easternRenville, and
northeastern Ward Counties, North Dakota, but
whether salt extended as far east as the anhydrite is
unknown. The eastern edge of the basal anhydrite
is farther east than the eastern edge of the overlying
Prairie salt, which may indicate a westward tilt of the
Williston Basin in early Prairie time with a resulting
westward shift in deposition. Westward tilting of
the basin is also indicated in Saskatchewan (Holter,
1969).

Following deposition of salt of the Prairie Forma-
tion, the Dawson Bay carbonates were conformably
deposited. A reddish argillaceous bed known as the
“second red” that occurs at the base of the section
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probably kept waters of the Dawson Bay Sea from
coming in contact with the salt. :
Geology of the Deposits

The present limits of the Prairie salt in the United
States are from western Bottineau County in north-

central North Dakota to Daniels County in eastern’
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Montana and as far south as northern Dunn County
in west-céntral North Dakota (Fig. 4). Evidence
of solution is indicated along both the eastern and
western margins as well as in three other areas in
eastern Montana. Thickness of the salt ranges from
a feather-edge along the margins to over 500 ft (150
m) in Burke County, North Dakota. In Montana,
the thickest section is in east-central Sheridan
County where the salt has a thickness of slightly more -
than 300 ft (90 m).

On the U. S. side of the international boundary, as
in Saskatchewan on the Canadian side, three potash
beds are present (Fig. 5). The Esterhazy and Belle
Plaine Members, the lower beds, are present in both
North Dakota and Montana and continue across
the international boundary. The upper bed, termed
the “Patience Lake Member” in Saskatchewan and
the “Mountrail Member” in the U. S., is discontinu-
ous and cannot be traced across the boundary ; how-
ever, the two members are probably correlative. The
Mountrail Member is not known to occur in Mon-
tana.
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Fic. 10, Net thickness of the Belle Plaine Member of the Prairie Formation in northwestern North Dakota.
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SHELL OIL CO.-SHELL-TEXEL NO.21-35
NE NW 35-156-93

MOUNTRAIL COUNTY, ND
FORMATION  GR. CAL. LAT.
-2 -
o
N (o]
' o
DAWSON BAY
3
[=]
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Fi. 11. Log section of the Shell Oil Company-Texel No. 21-35 well, Mountrail
County, showing the Prairie Formation, = ™

The two major beds, the Esterhazy and Belle
Plaine Members, reach a combined gross thickness
of 83 ft (25 m) and a net thickness of 55 ft (17 m)
in North Dakota. In Montana they reach a com-
bined thickness of 61 ft (18.5 m) gross and 43 ft
(13 m) net.

This study is based on apparent potash-bed thick-
nesses from gamma ray logs. The thicknesses were

determined by selecting characteristic points on the
well logs ; however, actual minable thicknesses may be
less because of the gradational contacts of halite and
sylvite. ;

The potash depasits of North Dakota and Montana
occur at depths exceeding 3,500 ft (1,065 m), which
precludes the possibility of conventional shaft-mining
and makes solution-mining the only viable method
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F16. 12. Gross thickness of the Mountrail Member of the Prairie Formation in the study area.
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' SUNRAY D-X OIL COMPANY
SW NW 13-163-89

BURKE COUNTY, ND

GAMMA RAY NEUTRON X-RAY DIFFRACTION
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Fi1c. 13. Log section of the Prairie Formation in the Sunray D-X well in northeastern
Burke County, North Dakota, with X-ray analysis.

(Fig. 6). In North Dakota depths range from 5,600
ft (1,700 m) near the eastern limit in northwestern
Bottineau County to over 12,000 ft (3,650 m) in
southern McKenzie and northern Dunn Counties.
Depths in Montana range from 8,300 ft (2,530 m)
near the western limit in Daniels County to 11,500
ft (3,500 m) in Richland County (Fig. 6).

Esterhazy Member

The Esterhazy Member is the most extensive pot-
ash bed in the U. S. portion of the Williston Basin
(Fig. 7); extending westward from western Bot-

tineau County, North Dakota, to Daniels County,
Montana, and south from the international houndary
to northeastern Dunn County, North Dakota. This
member is also the lowest stratigraphically and the
shallowest. The Esterhazy Member occurs at a depth
of 5632 ft (1,717 m) in northwestern Bottineau
County, which is the shallowest known occurrence of
potash in the U. S. portion of the basin.

In North Dakota, the Esterhazy Member has a
maximum known gross thickness of 44 ft (13 m) at
a depth of 11,800 ft (3,600 m) in west-central Moun-
trail County. In eastern and ¢entral Burke County,
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North Dakota, gross.thicknesses of 38 to 39 ft (12 m)
are developed at depths-of 7,900 ft (2,400 m) to
7,000 ft (2,130 m). In Montana, gross thicknesses
of 31 ft (9.4 m) to 34 ft (10 m) are developed in
west-central Sheridan County at a depth of about
9,000 ft (2,750 m). Three areas without potash oc-
cur in eastern Divide County, North Dakota, and
another in southeastern Williams County. These
areas occur where the potash is generally less than
10 ft (3 m) thick. The possible explanations are:
(1) the Nesson anticline may have influenced deposi-
tion; (2) the area may have been higher than sur-
rounding areas during deposition of the potash; and
(3) fresher water may have entered the area and dis-
solved the potash soon after deposition.

In North Dakota the maximum net thickness
known is 32 ft (10 m) in north-central Burke
County (Fig. 8). The net thickness equals the gross
thickness of the potash member minus the thickness
of the interfingering halite beds. Other areas in
North Dakota with substantial net thicknesses are:
central Divide County, 29 ft (9 m); northeastern
Burke County, 28 it (8.5 m) ; and southwestern Bot-
tineau County, 27 ft (8 m). In Montana the maxi-
mum det thickness is 22 ft (7 m) in northwestern
Sheridan County.

Belle Plaine Member

The Esterhazy and Belle Plaine Members are
separated by an interval of halite that ranges from

ANSCHUTZ DRILLING - EINAR CHRISTIANSON
NE NW 7-158-8!
RENVILLE COUNTY, ND

LAT.

FORMATION G.R.

SOURIS RIVER %
g

DAWSON BAY
-
8
o
"ESTERHAZY'] P
»
PRAIRIE 3
o
g
I

[,]
ﬂ
WINNIPEGOSIS 8

F1c. 14. Log section of the Prairie Formation in the Anschutz Drilling-Einer Christianson
well in Renville County, North Dakota.
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less than 15 ft (4.5 m) to more than 50 ft (15 m)
thick. The Belle Plaine Member, which is not as
extensive as the Esterhazy Member, extends from
western Bottineau County, North Dakota, west to
central Daniels County, Montana, and south {rom
the international boundary to northeastern Dunn and
east-central McKenzie Counties, North Dakota (Fig.
9). The greatest known gross thickness in the U. S,
portion of the Williston Basin is in west-central
Sheridan County, Montana; here the member attains
a thickness of 46 ft (14 m) at a depth of slightly more
In North Dakota, the
greatest known thicknesses afe in northwestern
Divide County where the gross thickness reaches 45

ft (14 m) and in central Burke County where it
reaches 44 ft (13 m). Net thicknesses in North
Dakota reach maximums of 29 ft (8.8 m) in Divide
County and 23 ft (7 m) in central Burke County
(Fig. 10). In Montana they are as much as 38 ft
(12 m) in northeastern Daniels County and 30 ft
(9 m) in northwest Sheridan County.

Mountrail Member’

The Belle Plaine Member is overlain by another
potash member that has not been named; it is here
informally named the Mountrail Member. Between
the Belle Plaine and Mountrail Members is an inter-
hed of halite that ranges in thickness from 40 ft

TEXACO-TXL STORAGE NO. |
SE NW7-162-91
BURKE COUNTY, ND

“BELLE PLAINE']

PRAIRIE

“ESTERHAZY

| K

FORMATION LAT.
®
SOURIS RIVER 3
° o
[«
DAWSON BAY 3
o

0068

Ll ) MLQUK
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0016

Fi6. 15. Log section of the Prairie Formation in the Texaco-TXL Storage No. 1
well in Burke County, North Dakota,
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AMERADA PETROLEUM CORPORATION-IVES-SKAAR UNIT NO. |
NW Sw 24-158-95
WILLIAMS COUNTY, ND

FORMATION GR. CAL

LAT

© DAWSON BAY

“BELLE PLAINE®

—_—
PRAIRIE g

WINNIPEGOSIS -

0oLl 002il oot 000t Q0601
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Fi1c. 16. Log section of the Prairie Formation in the Amerada Ives-Skaar Unit No. 1
well in Williams County, North Dakota.

(12 m) to 130 ft (40 m). The Mountrail Member
is established for the potash bed between depths of
11,680 ft (3,560 m) and 11,687 ft (3,562 m) in the
Shell-Texel No. 21-35 well located in the NE{NW}

of sec. 35, T 156 N, R 93 W, Mountrail County,

North Dakota (Fig. 11).

The Mountrail Member is thinner and covers a
smaller area than the Esterhazy or Belle Plaine Mem-
bers. The Mountrail Member attains a maximum
thickness of 8 ft (2.4 m) in south-central Mountrail
County (Fig. 12). The member occurs near the top
of the Prairie salt section; however, it probably has
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TapLe 1. Structural Cross-Section Data

W-E STRUCTURAL CROSS SECTION DATA

WELL NAMES

PRAIRIE SALTY

POTASH

MEMBERS

AND
LOCATION

TOP OF | BOTTOM

of
SALT 1 gaur

THICKNESS AND TOR
OF BELLE PLANE

THICKNESS AND TOP
OF ESTEMHAZY

NOTES

CROSS SECTION

NUMBERS AND

Union -Nuhring® |
NWNE 32-35-47
KB 2670

NPT

PRES

ENT

Bose of 2"

Red Bed ot
-573#

Notional Miller
NWSE 10-37-48
KB 2477

-5759'| -5981'

38'ct-5831"

22'0t -5831'

Carter Nelson
NENW4-37-50
KB 2502

-6273'[ -6525

46'at - 6365’

28'at-6420'

Sun- Honsen
NENE 10-37-57
KB2264

-6788'| -6997]

26'at- 6814

24'at-6874'

Kerr McGee-Johnson -7522' [ -7823

NENW 34-162- 104
XB2260

37'0t-7580"

6'at-7642'

Amercda-ives-
Skaar ®|
NWSW24-158-95

KB 2457

-8624'{ -9006'

1ot -8785'

NOT PRESENT

Mountrail
Member
30t 8690’

Texoco TXL
Storage ™|
SENW 7-162- 9t

KB1978

-6804'[ -7339]

©44'at -6920'

39'at- 6978’

well TD insalt]

Kirby -Brooks® I-32
NENW32-159-82
KBIS7S

-5041' | -5283')

NOT PRESENT

28'0t-5123%'

De—Tmi —+*-60 I/2Mi-eyo3| 1/2Mmiw Do 43 I/2misNe-2| 1/2MirDe—26Mi —+-le—2P9Mi—+ Ao I9mi —o — DISTANCE BETWEENM

Union-Steen™!
SESE20-159-81

KB 1517

PRES

Base of 2N9

Red Bed ot
6418

no economic value because of vertical separation from
the Belle Plaine and Esterhazy Members and because
it is so thin. ‘

. Mineralogy of the Potash Deposits

~ The sparse mineralogical data about the Prairie
Formation, on the U. S. side of the basin, indicate
that it is similar to the Prairie in Saskatchewan and

includes halite, sylvite, and carnallite, as well as the
insolubles anhydrite, clay, and dolomite (Fig. 13).
Carnallite in Saskatchewan is restricted largely to
the northern and eastern margins of each of the three
potash members (Holter, 1969). In ‘apparent con-
trast, though based primarily on neutron logs, carnal-
lite in the U. S. portion of the basin seems to be
largely, but not entirely, restricted to the Easterhazy
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Member. The mineral occurs where the member is
thick and buried deeply. On its eastern margin in
North Dakota and in Montana the Esterhazy Mem-
ber appears to be relatively free of carnallite. )

Favorable Areas for Potash Development

In North Dakota the most favorable areas for pot-
ash development appear to be: central Burke County,
where the depth to potash is 8,300 ft (2,650 m) to
9,000 ft (2,745 m); western Divide County, where
the depth is from about 8,900 ft (2,715 m) to 9,200
ft (2,800 m); and western Bottineau, eastern Ren-
ville, and central Ward Counties, where the depth is
6,000 ft (1,830 m) to 7,500 ft (2,285 m). Figures 14

through 17 illustrate selected log sections in these
areas of the Prairie Formation.

In Montana, the northeast portion of Daniels
County and the northwest portion of Sheridan
County appear to be the most favorable areas for
potash development. In northeast Daniels County
depths range from 8300 ft (2,530 m) to 8900 ft
(2,715 m) and in northwest Sheridan County depths
range from 8,600 ft (2,620 m) to 9,000 ft (2,745 m).

Potash Resources

The total potash resources in the U.S. portion of
the Williston Basin are estimated to be approximately
60 billion tons; North Dakota has an estimated 50

CARTER OIL-D.MOORE NO. |
NW NE 7-163-102
DIVIDE COUNTY, ND

FORMATION
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F16. 17. Log section of the Prairie Formation in the Carter-D. Moore No. 1
well in Divide County, North Dakota.
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SINCLAIR-MYERS #|
NE NE 10- 36 - 54
SHERIDAN COUNTY, MT

FORMATION G.R.

SOURIS RIVER

DAWSON BAY

PRAIRIE
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_
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e e

WINNIPEGOSIS

F1c. 18. Log section of the Prairie Formation in the Sinclair Myers
No. 1 well in Sheridan County, Montana.

billion tons and Montana, 10 billion tons. We do not
have an estimate of recoverable resources.

S. B. A,
Norta Daxora GEoLOGICAL SURVEY
UN1VERSITY STATION
Granbp Forks, NortH Dakora 58202
R. P.S.
BurLiNGTON NorTHERN INcC.
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BrLLings, MonTANA 59101
Nowvember 10, 1978
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e SUBJ Petrology of the Tertiary Phosphorite System of Florida
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yean and
athesis is , Abstract -

onshore Four basic types of macroscopic phosphorite have been recognized within the Florida
. forward stratigraphic section. Orthochemical and allochemical phosphorite are primary marine
in of de- sediments formed within the environments of deposxtlon The authigenic microcrystalline
| analysis phosphorite mud (microsphorite) which precipiiates in situ either hiochemically or

in of the ’ phys.icoch‘emica.lly is orthoghemical phosphorite. If the microsphorite mud is subsequently

ch brings modified into discrete clastic par'ticles, then it is considered to be allochemical p_hosphoritg.

ne phos- The muds may be torn up by hiological or physical processes to produce the intraclastic

. . allochems or ingested and excreted by organisms to form the pelletal phosphorites; if

uc onen- there is sufficient energy, the muds may also aggregate around a nucleus grain to form .
the rela- the oolites or pseudo-oolites. A fourth type of allochemical grain is the fossil skeletal

wry types material which rains into the_sediment system. The bulk of the phosphate macrograins

deposited during the Miocene phosphogenic system consisted of these orthochemical and
allochemical phosphorites. Subsequent processes modified some of the primary phos-
phorites to produce the other two varieties of macroscopic grains. Any phosphorite
which is later reworked into a younger sediment system is called lithochemical phos-
phorite. Subaerial weathering processes chemically and mmeraIOgncally change the
phosphorite to produce the metachemical grains.

Microscopically, most of the phosphate macrograins are true aggregates composed of a
complex mixture of various mineralogical and biological components. The primary
component is the cryptograined carbonate fAuorapatite matrix with varicus types and
amounts of disseminated cryptograined coloring matter. Also, there is a multitude of
micrograined included material which represents a mixture of everything that was in the
environment at the time of precipitation of the orthochemical mud. The inclusions con-
sist primarily of bacteria-like rods and rod aggregates, microorganism fossil hash, dolo-
mite rhombs, and terrigenous sand and clay. Consequently, each phosphate macrograin
is a complex sedimentary rock, the chemical composition and physical characteristics of
which are totally dependent upon the specific types of inclusions and their abundances.

Introduction well as expansion of the mining district in the world’s
most important deposits. The location of the known
deposits and phosphate districts of the southeast
Atlantic Coastal Plain are presented in Figure 1.
The origin and mechanisms of phosphorite forma-
tion, the processes and environments of deposition,
the secondary.or supergene alteration, and the in-
ternal makeup of the phosphorite itself have been

AGRICULTURAL resources, followed closely and now
intimately by energy, are the most basic of all re-
sources to man. As the world population continues
upon its exponential explosion, we become more and
more dependent upon a highly intensive fertilizer
and energy-based agriculture. According to the U. S.
Bureau of Mines statistics (Stowasser, 1975), the A ¢ )
United States produced 42.1 million short tons of €vasive objects of study. The prql)lfth of sedimen-
phosphate rock in 1973, 98.6 percent of which was tary phosphorite have not been easily solved for three
utilized for fertilizer production. About 82 percent Main reasons. The first and foremost factor is the ‘
of this production came from the Atlantic Coastal Small size of the phosphorite crystallites. They are
Plain deposits in Florida and North Carolina, with 07 thé ord(;r of sgveral hundreds of angstrom units
by far the greatest proportion coming from Florida. and exceedingly leﬁculF to analyze texturally, struc-
These coastal plain deposits represent the single most tural}y , and mm.eralog\call'y. Second, ‘most phos-
important phosphate resources in the world, account- phorite macrograins or sed:mer}tary particles are ag-
ting for 32 percent of the total world production in gregates of phosphate crystallites complexly mixed
1973. The phosphate resource and reserve potentia] ~With other cryptograined and micrograined con-
. of Florida, as well as the entire Atlantic Coastal stituents -in varying amounts; thus, niost individual
. Plain, are still very, very large. However, major phosphorite macrograins are complex rocks. The
land use and environmental pressures continue to different physical and chemical components which

mount in Florida causing a vast array of speculations 'comprise each phosphorite macrograin must be
ahout the future availability of phosphate reserves, as recognized and then techniques developed to separate

195
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Fic. 1. Map showing the relationship between the major Miocene phosphorite deposits and the
structural framework of the southeast Atlantic Coastal Plain-continental shelf system.

and analyze each component mineralogically and studies have heen done. Consequently, individual

chemically. Due to the size of the cryptograined and  phosphorite grain analyses are usually nothing more
micrograined constituents, few such systematic than bulk rock analyses. Such analyses are generally

.
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good enough for characterizing the gross chemical
and mineralogical compositions but are often not
adequate for detailed interpretations of the genesis of
phosphorites. The third factor which makes sedi-
mentary phosphorites still more complex is that they
are easilly and commonly modified by secondary
weathering processes. Thus, before the petrography,
mineralogy, and chemistry of an original phosphorite
grain can be understood and interpreted, the primary
constituents must be differentiated from the second-
ary components. Therefore, the major stumbling
blocks to understanding phosphorite genesis have
been the fine grain size, complex mixtures, and
alteration of the phosphate components.

The understanding and interpretation of any
natural system first requires a thorough description.
The description necessitates a well-defined terminol-
ogy and is in essence nothing more than the utiliza-
tion of many classifications of various parameters or
variables that occur within that system. For example,
the description of sediments or sedimentary rocks
considers the classifications of grain size and shape,
sorting, color, mineralogy, sedimentary structures,
and so forth. Thus, description leads directly to and
constituies the cornerstone of classification, which is
an attempt to organize and order a complex natural
system. Tt is important to remember that any
classification scheme can be no better than the level
of understanding of the system at the time of con-
sideration. Thus, any given classification should
continue to evolve with the development of knowl-
edge of the natural system.

Many sediment and sedimentary rock classifica-
tions exist in the geologic literature. However, most
existing detailed classifications consider only the
sediments which are either of single-mineral systems
(such as the carbonate and coal classifications) or of
single-source and grain-size systems (such as the
terrigenous sandstone and clay classifications). How-
ever, the sediments which are deposited and repre-
sent those sometimes broad and extensive “mixing”
environments between the pure end members are
rarely considerd in existing classifications. Many
such extensive deposits do exist both in the modern
environments and in the geologic column ; the world’s
phosphate deposits are an important example.

Phosphorite and phosphatic sediments are inher-
ently complex since they are generally the product
of three or more different sedimentary systems, and
are, therefore, exceedingly difficult fo describe. They
are the product of the intermixing of numerous pure
end members of sedimentation which generally in-
clude the phosphate, carbonate (both dolomite and
calcite), and terrigenous systems and commonly in-

- clude glauconite. organic matter, and siliceous sedi-

ments such as chert and diatomite, The Atlantic
Coastal Plain deposits, as well as most other sedi-

mentary phosphate deposits argund the world, con-
sist of complex mixtures of some or all of these ter-
rigenous-authigenic systems.  Another important
system is the supergene alteration of many of the
primary components which is often superimposed
upon the other systems and further complicates the
entire assemblage, particularly in the Central and
North Florida phosphate districts.

It is my intent to present in the two papers of this
symposium volume the hasic description of the Terti-
ary phosphatic and phosphorite sediments and rocks
of the Florida peninsula. The first paper will con-
sider the basic phosphate petrology while the subse-
quent paper will consider the structural and strati-
graphic framework, the processes of sedimentation,
and the genesis of the phosphorite sediments. These
two papers represent only a portion of the extensive
studies of the phosphatic sediments of the United
States Atlantic Coastal Plain and continental shelf
by International Minerals and Chemical Corporation
(Fig. 1). The ideas and interpretations in the in-
cluded papers are not only applicable to the entire
southeastern United States Tertiary but have been
used and corroborated with field and laboratory in-
vestigations by myself and other geologists in many
other regions of the world including Central and
South America, western and southern Africa, the
Mediterranean area, and Australia.

Regional Setting

The Florida peninsula is a portion of a much
larger structural platform which extends southward
between the Gulf of Mexico Basin and the Atlantic
Blake Plateau and Florida Straits (Fig. 1). The
peninsula itsell has a central highlands which
consists of the Ocala Upland surrounded by an ex-
tensive sequence of coastal lowlands with extensive
marine terraces. Eastward the peninsula is bounded
by the Florida-Hatteras shelf with its abundant sub-
marine terraces. The shelf narrows southward, until
helow West Palm Beach the shelf is only a few miles
wide and then drops abruptly into the Florida
Straits. To the west, the peninsula is bounded by a
very bhroad, gently sloping shelf cut by numerous
terraces.

" The dominant subsurface structure, which has de-
fined the Florida peninsula itself, is the Peninsular
Arch (Puri and Vernon, 1964). This Paleozoic-
Mesozoic structure formed the axis‘of the peninsula
and controlled pre-Tertiary sedimentation. The
Cenozoic rocks of the Florida peninsula are charac-
terized by a thick section which is dominated by
carbonates. The oldest exposed rocks are the vari-
ous formations of the Eocene Ocala Group, a series
of pure fossiliferous limestones deposited on a shal-
low shelf separated from the mainland to the north
by the negative area called the Gulf Trough (Pat-
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terson and Herrick, 1971). The Ocala sediments
were deposited on an isolated bank system much like
the Bahama Banks today. The Ocala Arch is a
slightly irregular uplift and deformation of the Eo-
cene rocks forming an upland area which controlled
all subsequent Tertiary sedimentation. The resulting
Ocala Upland constitutes the Central Highlands
physiographic province with its extensive karst
topography and springs. The Oligocene rocks,
mainly the Suwannee Limestone, are similar to the
Eocene limestones but commonly contain a shght
increase in terrigenous content.

The Miocene sediments, the subject of this paper,
were a product of a dramatic change in the entire
sediment system operating throughout the Atlantic
Coastal Plain. In Florida, the Miocene is charac-
terized by authigenic dolomite and phosphorite mixed
with a flood of terrigenous sediments which trans-
gressed across the Florida peninsula as the Gulf
Trough ceased to exist. The phosphatic portion of
the section is defined as the Hawthorn Group. The
Hawthorn is subdivided into three lithologic forma-
tions, the Miocene Arcadia and Noralyn Formations
and the Pliocene Bone Valley Formation. The ex-
tensive open-marine Arcadia Formation consists
dominantly of dolomite mixed with primary allo-
chemical phosphorite and subordinant amounts of
terrigenous sediments. This unit contains the vast
phosphate resources of the future. The Noralyn
Formation consists of the shallow-water coastal-
marine terrigenous sands and clays mixed with
primary orthochemical and allochemical phosphorite.
This unit constitutes the bulk of the phosphate pres-
ently being mined in Florida. The Pliocene Bone
Valley Formation is a thin and local unit of fluvial,
estuarine, and coastal-marine sediments composed of
terrigenous sands and clays, ahundant shell material,
and reworked lithochemical phosphorite. This unit

contains the abundant fossils for which the Central .

Florida phosphate district is so famous, however,
only locally does it constitute a major portion of the
mined phosphate. The fluctuations of Pleistocene
sea level across the Florida peninsula deposited a
sequence of coastal and barrier-island deposits of
mixed shell and terrigenous sand and clay with car-
bonate reefoid sedimentation in the southernmost
region. Most of the present topography of peninsular
Florida, other than the Central Highlands them-
selves, is a product of the coastal sedimentation pat-
terns of the Pleistocene-Holocene sea-level fluctua-
tions, which are still in progress.

The Macroscopic Components of
Primary Phosphorites

Phosphate is a mineralogical component, which,
at best, occurs in minor amounts in most sedimen-

tary rocks of the world. The presence of phos-
phate in concentrations of greater than 1 percent
is anomalous and an important sediment component
since its appearance reflects changing and specialized
depositional conditions, as well as the potential of an
economic concentration. The description of thou-
sands of drilt holes throughout the Atlantic Coastal
Plain and measurement of hundreds of detailed mine
sections have led to the following definitions as major
parts of the descriptive sediment or rock name.

Phosphorite: A rock term which applies to all
sediments or rocks containing 10 percent or more
(volumetrically)  individual * phosphate grams
mixed with any other mineral components and is
used to describe either the phosphate component
of a given sample (i.e., peiletal phosphorite, ortho-
chemical phosphorite, etc.) or the total rock or
sample. In the later case, this term precedes all of
the predominant mineralogical and/or textural
components of a given sample (i.e., phosphorite
quartz sand, phosphorite dolomite, etc.). If the
phosphate grains are the ‘predominant mineralogi-
cal component, then the term phosphorite follows
the subordinant mineralogical components and pre-
cedes the dominant textural character (i.e., quartz
phosphorite sandstone, dolomitic phosphorite mud,
etc.). The 10 percent figure represents a sig-
"nificant natural hreak hetween two major sample
populations within the sediments of the Hawthorn
Group of Florida.

Phosphatic: A rock term which applies to all
sediment or rock samples which contain 1 percent
or greater hut less than 10 percent (volumetrically)
individual phosphate grains mixed with any other
mineral components. This term modifies the pre-
dominant mineralogical and/or textural com-
ponents of the sample (i.e., phosphatic quartz con-
glomerate, phosphatic dolomite, etc.).

Phosphate: A general term which applies to a
class of chemical compounds a group of mmera]s
individual sedimentary grains or partlcles or'a
mineral deposit.

Sedimentary phosphorites are composed of three
different basic size categories. The phosphate min-
eral component, which is the basic crystallite size and
consequently not discernable with normal optical
systems, is the cryptograined material (<0.1x). The
grains of the second scale, the micrograins (<0.0625
mm >0.1 p, silt and finer) are only discernable
microscopically. The cryptograins and the micro-
grains aggregate to produce grains of the third order
of magnitude, the macrograins which are larger than
silt size (>0.0625 mm). These grains are dis-

cernible without the aid of a microscope and con-
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r sample the study of these sediments can be approached in an  age and which were initially deposited and lithified
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¢
Orthochemical phosphorite sedimentation
Orthochemical phosphorites are clay-sized phos-
phate minerals formed physicochemically or bio-
chemically in situ in the marine environment and
show little or no evidence of transportation. Such
deposits are composed of cryptograined phosphate
constituents, as well as any other micro- and/or
macrograined material which is in the environment at
the time of deposition. Riggs and Freas (1965) and
Riggs (1967) proposed the name “microsphorite”
for this primary phosphorite mud; this is a con-
traction of microcrystalline phosphorite, which is
analogous to micrite. in the carbonate terminology.
Mineralogically and chemically, orthochemical phos-
phorite may not differ from allochemical phosphorite.
Thus, the most critical parameters for its recogni-
tion are the stratigraphic occurrence and the textural
and structural relationships of the phosphorite ma-
terial with the associated sediments and rocks. The
orthochemical phosphorites occur preserved as dis-
tinct beds or laminae within discrete stratigraphic
units, disseminated mud binding the clastic diluents,
or as organically produced structures such as bur-
rows and fossil molds. Consequently, it is advan-
tageous to start with a detailed stratigraphic frame-
work prior to working with this concept. :
Description of orthochemical phosphorite: The
microsphorite beds in the Florida Miocene are gen-
erally graded. The grading is defined by a general
upward increase in phosphorite mud and degree of
induration of each microsphorite sequence. The

lower portion is a nonindurated to semiindurated
phosphorite mud matrix in a mixed terrigenous and
allochemical phosphorite sand sediment. This por-
tion often has the superficial appearance of a marl.

- The mud grades upward into an indurated, pre-

dominantly microcrystalline phosphorite mud with
minor amounts of included terrigenous grains and
allochemical phosphorite, The indurated mud por-
tion most commonly occurs as laminae a centimeter
or less thick; however, under specialized conditions,
it may be up to one meter thick and may be composed
of one or more sets of graded sequences (Fig. 3).
The upper indurated surface of each graded se-
quence is generally slightly undulating and highly
polished with truncated inclusions of terrigenous and
allochemical phosphorite grains, pelecypod borings,
and accretionary fillings and laminations of additional
phosphorite mud (Fig. 4). Occasionally, layers of
microsphorite will occur on top of and grade down
into a fossiliferous mold and cast carbhonate horizon.
In such instances, carbonate replacement structures
are quite apparent in thin section. :
Where a single microsphorite bed is more than 1

cm thick, a complex anastomosing burrow network
extends down into the middle portion from an upper
microsphorite surface. The uniform tube-shaped
burrows range from about 1 ecm up to 2.5 cm in
diameter, extend downward 3 to 30 cm from a micro-
sphorite surface, and then turn and run parallel to
the surface bifurcating and connecting with other
burrows. The burrow walls are generally -coated

Fic. 3. Microsphorite sample slabbed perpendicular to the bedding to show thin micro-
sphorite interlaminae of semiindurated, very pale orange and indurated, moderate brown
microsphorite. The figure shows three sediment surfaces and guartz sand inclusions (dark
grains). Scale bar is 5 mm long.

F16. 4. A close-up of a microsphorite surface which shows pelecypod borings, filled pelecypod
borings, included and truncated quartz grains (dark colored specks), phosphorite mud accretions,
and the high surface polish. Scale in centimeters.

F16. 5. Microsphorite sample which shows part of a complex anastomosing soft sediment bur-
row system which is lined with concentric interlaminations of dark indurated and lighter semi-

* indurated microsphorite mud. Scale in centimeters. .

F1c. 6. Top view of a microsphorite surface which shows two filled borings with the steinkern
of the boring pelecypod in the left mold. Scale bar is 1 cm long.

Fi1c. 7. Photomicrograph of microsphorite section cut perpendicular to the bedding. The
very thin, moderate brown microsphorite laminae in Figures 3 and 5 are characterized by the
denser lamellar zones of bacterial-like rods; the lighter microsphorite laminae are characterized
by a less dense concentration of rods and an increase in phosphorite matrix. Scalé bar is 50
microns long.

Fic. 8. The internal pelecypod mold in a microsphorite bed filled with fecal pellets. The
pelecypod shell was partially filled with phosphate mud and fecal pellets prior to induration,
then the filling was indurated, and the original shell material leached away. Scale in centi-
meters. .

Fi6. 9. Extremely angular phosphorite intraclast granules which show the original micro-
sphorite laminations and zones. These allochemical grains occurred immediately adjacent to a
partially disrupted microsphorite bed from which they were derived and deposited with minimal
transport or grain modification. Scale bar is 5 mm long. . 1

Fic. 10. Generally very well rounded phosphorite intraclasts which contain recognizable micro-
sphorite textures and structures. These grains occurred in a sediment unit where there was no
evidence of adjacent microsphorite beds; thus, the grains were probably transported consider-
able distances and abraded. Notice that most of the grains have a flat surface, and that with
decreasing grain size there is a marked increase in rounding, decrease in grain complexity, a
decrease in recognizable microsphorite textures and structures, and an increase in the regular
subspherical and oval allochemical pellets. Scale bar is 1 mm long.
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with an extensive sequence of thin concentric lamina-
tions (Fig. 5). The surface muds were swept into
the burrows by currents or carried in by the organ-
isms themselves and packed or molded against the
burrow walls.

The burrows are commonly filled with various ma-
terials. Some contain clusters of very uniform, regu-
larly shaped phosphate pellets, which are without
much question of fecal origin. When phosphorite
mud precipitation momentarily ceased, phosphorite
sand and clay, were deposited as thin, discontinuous
lenses and filled the inactive burrows. Subsequent
formation of phosphorite muds then filled or ce-
mented over the tops of the old burrows. The
microsphorite burrows appear to represent a burrow-
ing crustacean which lived in a shallow neritic to
littoral marine environment. The microsphorite was
probably a soft, sticky mud when it was burrowed.
The burrows are well preserved and very conumonly
occur as part of allochemical pebbles.

The microsphorite surfaces contain abundant bor-
ings that range from 6 to 12 mm in diameter and
from slight surface impressions to 4 cm deep (Fig.
4). These structures are considered to be hard-rock
pelecypod borings rather than soft-sediment burrows
because they are identical in size and shape to the
borings on bones and lithoclast pebbles. Also, the
internal molds of some of the pelecypods are oc-
casionally preserved within the borings (Fig. 6).
Somie of the horings pass through the upper indu-
rated microsphorite zone and extend into the softer
underlying microsphorite mud. Many of the borings
were subsequently filled by sediments producing
internal casts of the borings. The casts are occa-
sionally preserved in the microsphorite unit and also
as allochemical pebbles. The borings, which are no
deeper than surface impressions, were probably
formed by animals that bored through the sediment
that overlaid the inicrosphorite and that only
penetrated the top of the indurated microsphorite
bed.

The microsphorite heds contain abundant included
phosphorite allochems and terrigenous. sediments
(Fig. 4). Many of these sand grains are truncated
at the microsphorite surface, others protrude slightly
above the microsphorite surface and are rounded to
the surface with microsphorite lips, while still other
protruding grains are angular and unpolished. Some
of the quartz grains in the microsphorite have moder-
ate réddish brown, high-relief coatings of rods and
aggregates on one or more faces. The coatings, up

to 3 microns thick with irregular upper surfaces,

may have formed as growths on the grain surfaces

while the grains were at the sediment interface.

Surface coatings on clastic grains suggest, intermit-
tent periods of low energy prior to burial,

The microsphorite is generally mottled under low
magnification ; the mottles are mostly areas of higher
coricentration of various micrograined inclusions in
a lighter colored cryptograined matrix. Horizontal
laminae are often preserved near the microsphorite
surfaces, and concentric laminae around the bur-
rows (Figs. 3 and 5). The laminae are from 5
microns to several millimeters or more thick and are
generally fairly regular and sharply defined. Some
laminae are zoned into three parts. From bottom to
top or from the outside inward the three zones are:

Soft, light-colored microsphorite in which
the cryptograined matrix is dominant.and
rods or rod aggregates, if present, occur
as minor constituents, Sometimes this
zone is finely granular.
Indurated, light-colored microsphorite in
which the rods and rod aggregates increase
gradually and irregularly upward until
they are as abundant as the matrix and
occur either as mottles or completely dis-
seminated. QOccasionally the aggregates
form columns perpendicular to the lami-
nations, These possibly represent some
sort of upward organic growth structure.
Zone 3. Indurated, moderate to dark brown or
: black microsphorite in which the rods and
rod aggregates are dominant. The rods
are intertwined and in some laminae lie
horizontally. The concentration of rods
and rod aggregates are terminated
abruptly producing sharp and fairly regu-
lar upper surfaces.

Zone 1.

Zone 2.

All three zones are not developed in every laminae,
nor are all zones necessarily of equal thickness or
composition. This sequence may be repeated many
times in a single burrow or in a set of horizontal
laminae. The coloration of the microsphorite is
directly dependent upon the concentration of the
rods and rod aggregates, the most intense colors
occurring where they are the densest (Fig. 7).
Supergene alteration appears to remove the coloring
matter and produces progressively increased light-
ness values.

Mottles in the microsphorite range from micro-
scopic to macroscopic and are far more common than
the laminar structures. Many of the laminae appear
irregular and grade into mottles, The laminar
structures, where preserved, reflect either more
rapid deposition of the microsphorite, more rapid
induration of the mud, or the absence of certain
animals. The lack of microscopic bedding and the
occurrénce of mottling is probably the result of ani-
mals churning the sediments before the microsphorite
was indurated. Fecal pellets occur as grains included
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within the microsphorite, The pellets range in size
from about 0.1 to 0.5 mm in diameter, range in
shape from spherical to oblong, and occur in small
clusters or aggregates, sometimes filling burrows or
internal fossil molds (Fig. 8). Most fecal pellets
are composed of the same material as the encompass-
ing microsphorite, and therefore, are difficult to
identify.

The microsphorite is occasionally fossiliferous,
containing a limited macrofaunal assemblage of
marine invertebrates. Except for a few siliceous
casts, the fossils occur completely as internal and

external molds (Figs. 6 and 8). I have rarely found

original calcareous shell fragments or phosphate re-
placed shell fragments in the microsphorites of the
Noralyn Formation. The faunal assemblage of the
microsphorite occurs primarily in the lower zones,
appears to be mostly in place, and probably repre-
sents the indigenous population of macroinverte-
brates inhabiting the environment prior to the major
pulse of phosphate sedimentation. The organisms
were killed, buried, and infilled with phosphorite mud
prior to the induration of the sediments. If carbon-
ate was actively replaced by phosphate during deposi-
tion, one would expect to find some of the unstable,
high-magnesium calcite and aragonite shells replaced
by phosphate. The lack of phosphate replaced shells
and the undeformed fossil molds suggests that the
invertebrate shells were leached from the sediment
following the induration of the mud, and any phos-
phate replacement followed the shell dissolution.
Paragenesis: The sedimentary structures of the
microsphorite beds suggest the following paragenetic
sequence. First, a pulse of soft phosphorite mud was
deposited at the sediment interface killing the pre-
existing invertebrate fauna. The shells were buried
and filed with the soft sediment; a subsequent
colony of bacteria, fungi, and invertebrate organisms
reinhabitated the soft muds; these muds were in-
jested and excreted as fecal pellets and were molded
to the burrow walls. Second, the surface mud was
indurated during periods of change from mud deposi-
tion in environments of low turbulence to nondeposi-
tion and total sediment by-pass during brief periods
of high turbulence. Third, the indurated surfaces
remained exposed long enough to establish a boring
molluscan infauna. Also, the abundant clastic sedi-
ments that moved across the surface truncated the
included quartz and phosphate grains, smoothed and
polished the surface, and accreted minor amounts of

new phosphorite muds. Fourth, the calcareous shell

material was leached some time after the muds were
indurated since the molds were not deformed by
sediment compaction nor were casts subsequently
produced. Finally, when the environmental condi-
tions were right again, deposition of the microsphor-

ite muds resumed, and the above sequence was re-
peated.

Some of the microsphorite beds were subsequently
torn up and removed by an erosional process which
is both very common and very important in the for-
mation of the phosphorites throughout the inner
perimcter belt around the Ocala Upland. This pro-
cess was documented in detail by Riggs (1967) in
his study of the Noralyn mine where it was excel-
lently preserved. The microsphorite unit was 60 cm
thick and the upper 30 cm consisted of three 10-cm
indurated microsphorite laminae. The entire unit
was abruptly truncated on the south side by erosion
and reappeared in stair-step fashion from 3 to 6 m
to the north. Sandy gravel, consisting of 15 to 30
em platy pebbles and cobbles of the microsphorite
beds littered the erosional pocket from which the
microsphorite had been torn. The pebbles and cob-
bles were generally flat lying, and some were upside
down with the smoth, bored surface downward. The
gravel decreased in size and graded to a clayey,
gravelly sand both upward and laterally from this
area. The broken edges of both the clasts and the
microsphorite hed were quite irregular but generally
rounded.

The formation of the microsphorite is thought to
take place in relatively low energy environments.
However, the erosion and {ragmentation of the beds
is thought to be a response to periodic high-energy
storm events. The combination of the organic bur-
rowing and boring activity, with the waves under-
cutting the indurated microsphroite beds, breaks off
gravels of all sizes and shapes. The gravels may then
accumulate in adjacent lows or may be transported
from the immediate area with continued fragmenta-
tion. The subsequent rounding of the gravels may
be in part a response to abrasion during transport,
‘hut much of it is a product of accretion of mud by
blue-green algae and/or bacteria as the normal low-
energy conditions return to the system. 1 have com-
monly ohserved such processes in diverse modern
depositional systems such as the terrigenous muds in
the North Sea tidal flats and the low-energy carbon-
ate mud environments on the northwest side of
Andros Island in the Bahamas. On the basis of the
textural and structural similarity of the phosphorite
gravels of the Noralyn Formation to the microspho-
rite beds, there is little question that they were a
product of a similar process of sedimentation (see
the following section for a discussion of the gravels).
Beds of phosphorite mud were indurated in the
intertidal zone, bored, undercut, and fragmented.
The broken irregularities on the gravels and the
initial bed were then rounded by the accretion of
phosphorite mud by bacteria, blue-green algae, and
by subsequent transport.
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The development and preservation of microspho-
rite has very strong environmental controls (spe
Riggs, 1979). Major developments of microsphorite
were himited to the shallow-water coastal system
around the Ocala Upland; the areas of optimum
development were in the upsiope feather edges of
the Noralyn Formation. In these areas, however,
the Noralyn Formation is only preserved as irregular
and scattered remnants. The Hard Rock phosphate
district may represent some of these scattered rem-
nants. The northernmost mines in the Central
Florida district often contain the thickest and best
developed beds of microsphorite within the Noralyn
Formation. In many portions of this perimeter zone,
the microsphorite was deposited and subsequently
torn up. Consequently, it is not everywhere pre-
served. The implications of this will be discussed
later. Down the depositional slope of the Noralyn
Formation, the microsphorite development was
thinner, but it is more commonly preserved. Most
of the mines in the central portion of the Central
Florida district contain minor stratigraphic beds of
microsphorite. Further down the depositional slope,
little or no microsphorite was deposited, and, conse-
quently, it does not occur in the mines in the south-
ern portion of the Central Florida or in the South
Florida districts.

Allochemical phosphorite sedimeniation

Allochemical phosphorite grains (allochems) are
produced by the physicochemical or biochemical for-
mation of phosphate within the area of deposition and
are subsequently transported within the depositional
basin as clastic constituents. Since the allochems
are clastic grains, they may best be described by
their textural characteristics—size, shape, rounding,
and surface textures. These parameters best reflect
the mechanisms of formation, the currents of trans-
portation, the environments of deposition, and the
proximity of the source material to the area of
deposition. The allochemical particles comprise the
bulk of the phosphate components in the deposits of
the Atlantic Coastal Plain, as well as many other
major sedimentary deposits around the world. Four
major varieties of allochemical grains have been
recognized and are presented in Figure 2.

Of the four varieties of allochems recognized in the
Florida phosphorites, two varieties constitute 80 to
90 percent of the phosphate grains. The intraclastic
phosphorite is the overwhelmingly dominant variety
in the perimeter zone around the Ocala Upland in-
cluding the North and Central Florida phosphate
districts. In the outer belt, down the depositional
slope from the Ocala Upland and including the area
of the Sanford High, pelletal phosphorite is the over-
whelmingly dominant form. Since both are of equal

importance in the Miocene section, the geologically
significant relative concentration of the two is set at
50 percent (Fig. 2). The fossil skeletal material can
locally be important. Under these conditions, a con-
centration of 25 percent or greater is geologically
significant and takes priority. The fourth variety,
oolitic, or nucleated phosphorite, is of very minor
importance in Florida and throughout the southeast-
ern Atlantic Coastal Plain system. However, it is
feasible and apparently some deposits in the world do
contain significant concentrations and thus oolites
are included here with a 25 percent level of sig-
nificance. Each of these allochems has a consider-
ably different mechanism of formation and is totally
dependent upon the specific environmental conditions,
Thus, an understanding of the origin of the phos-
phorites must first depend on identifying and under-
standing the specific types of phosphate particles.

Intraclasts: Intraclasts are fragments of penecon-
temporaneous phosphorite sediments that have been
torn up from adjoining parts of the sea bottom and
redeposited by currents to form a new sediment—bro-
ken from within the area of deposition and within the
same formation (Folk, 1962, 1968). “Intraclasts may
be produced by erosion of sedimentary layers almost
immediately after they have been laid down, or
under more severe conditions, may be produced by
erosion of layers that had become buried some feet
below the sea floor. Consequently, the sediment
layers from which they are derived can show a com-
plete range of degrees of consolidation or lithifica-
tion. . .. These fragments (which commonly show
bedding) are then abraded to rounded or somewhat
irregular shapes, and the abraded margin of the
intraclast cuts indiscriminately across fossils, earlier
intraclasts, oolites, or pellets that were contained
inside the intraclast. This indicates abrasion of
intraclasts that had become consolidated enough so
that these included objects would wear equally with
the matrix (Folk, 1962).” As in " carbonates,
phosphate intraclasts might be formed either by sub-
marine erosion or by wave attack on exposed phos-
phorite mud flats. ‘This definition specifically ex-
cludes, as in carbonates, those fragments that are
eroded from older phosphorite beds cropping out on
the sea floor or on an emergent land area—these
are the lithochems.

The petrographic evidence supports the hypothesis
that at least 80 to 90 percent of the phosphorite allo-
chems in the coastal perimeter zone around the
Ocala Upland are intraclasts. The evidence support-
ing this concept can be summarized as follows.

1. Most of the allochemical grains are somewhat
irregular to angular, especially in the coarse sand
and gravel fractions (Figs. 9, 10, and 11),
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2. The included sedimentary structures of the allo-
chemical grains are the same as those of the ortho-
chemical phosphorites: laminae, sediment surfaces,
burrows, borings, invertebrate fossil molds, and ter-
rigenous and allochemical inclusions (Figs. 11, 12,
13, 14, and 15).

3. The margins of the allochemical grains cut in-
discriminately across the structures which have been
subsequently abraded (Figs. 11 and 12).

4. The inclusions protrude from and have been
abraded to the allochemical grain surfaces and have
affected the resulting shape of the abraded allochem
(Fig. 15).

5. The same microscopic components occur in both
the orthochemical microsphorite and the bulk of the
intraclastic grains; they are present in about the
same abundance and have the same structural rela-
tionships.

6. Fragments of external fossil molds of inverte-
brates occur as individual allochemical grains.

As a matter of fact, the intraclastic phosphate pebbles
and cobbles commonly can be distinguished from
microsphorite only by their stratigraphic occurrence,
the rounded surfaces, and the truncated structures.
All of the sedimentary structures described in the
section on orthochemical phosphorite are unquestion-
ably recognizable in the intraclast gravels (Figs. 11,
12, and 14). As the grain size of the intraclasts de-
creases and becomes smaller than the size of the in-
dividual structures, only parts of the structures are
recognizable, and finally they are completely un-
recognizable or absent. All of the sedimentary
structures, except the inclusions and fossil molds,
are readily recognizable in the intraclasts down to
3.36 mm and commonly to 1.0 mm. Occasionally
laminae and their associated zones are recognizable,
especially microscopically, in grains smaller than 1
mm but are completely lost below 0.42 mm. The
number of intraclasts which consist entirely of whole
invertebrate fossil molds are at a maximum above
0.42 mm size (Fig. 14). Below this size most of the
fossil molds are only fragments and become in-
creasingly difficult to recognize below 0.149 mm
(Fig. 10). The amount of macroscopic terrigenous
and allochemical phosphate inclusions (Fig. 15) de-
creases as fragmentation decreases the size of the
intraclasts. Fragmentation breaks grains from be-
tween the inclusions, freeing the inclusions and de-
creasing the percent of total grains containing the
inclusions. This continues until the size of the
intraclasts approaches the size of the macroscopic
inclusions; at this point the grains contain only
microscopic inclusions. The macroscopic terrigen-
ous and allochemical phosphate inclusions persist
down to 0.0625 mm in size. Consequently, with de-

crease in grain size, fewer and fewer parameters can
be recognized and related back to the coarser parent
material,

The shape of phosphate intraclasts is very distinc-
tive. Within each size fraction, the grains of most
samples grade from completely angular to highly
rounded . (Fig. 16). The grains occur in varying
proportions and appear to reflect the process of con-
tinual fragmentation of the intraclasts during trans-
port, rather than different origins or grain histories.
Most intraclasts are angular with low sphericity.
They become rounder and more spherical with de-
creasing size (Figs. 9 and 10). Only rarely do the
finer fractions have a high sphericity. Even the
most spherical intraclasts commonly show a slightly
flattened surface on one side (Fig. 10), suggesting
that probably they also formed as angular fragments
torn from microsphorite beds. The shape of many of
the smaller grains is directly related to protruding
quartz and allochemical phosphate inclusions (Fig.
15). These protruding inclusions have also been
modified by subsequent abrasion. Occasionally they
are truncated and polished almost flush with the
abraded surface of the enclosing grains. In the
coarser fraction (41 mm), some of the individual
intraclasts are both partially angular and partially
very well rounded. Some of these are highly abraded
allochems which were broken or fragmented during
transport and just prior to deposition. On many of
the grains the rounded surfaces commonly represent
portions of fossil molds, particularly in the —1.0 mm
fractions (Fig. 16).

In unweathered samples in Central Florida, the
dark grains (moderate brown) and some light grains
(very pale orange) generally are very well rounded;
whereas the majority of the light-colored grains has
a high angularity. This relationship of color to
rounding reflects the original sources of the grains
from the three microsphorite zones previously des-
cribed. The darker colored (moderate brown), very
well rounded intraclasts came from the darker
colored, indurated microsphorite surfaces of zone 3.

The very well rounded, very pale orange grains

originated in the thin light-colored, indurated micro-
sphorite of zone 2, helow the moderate brown sur-
face zone. The angular, predominantly light-colored
grains originated in the less indurated microsphorite
of zone 1. Some of the angular grains have a fine
sucrosic texture and are composed of phosphate
pseudomorphs after dolomite. These latter grains
were formed by the replacement of a preexisting
carbonate bed at and just below the sedimentary in-
terface by the interaction with the newly deposited
phosphorite mud on the carbonate surface. Because
of the sucrosic texture, these grains, as well as those
from the less indurated microsphorite, tend to shatter
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and fragment rather than round and abrade during
transport. Consequently, they tend to occur as rela-
tively fine sand-size grains and are quite angular.
This latter variety of intraclast constitutes up to 8
percent of the allochemical phosphorite grains within
certain stratigraphic facies in the Central Florida
phosphate district. Thus, the ratios of rounded to
nonrounded grains, as well .as the color differences,
reflect the type of transporting system and the dis-
tance from the source area and/or the type and de-
gree of microsphorite development.

Pellets: The second important type of allochemical
grains are the pelletal phosphorites. The individual
pellets occur as the major phosphate grains in the
size fraction between 0.177 and 0.06Z mm. Some of
the pellets get up to 1 mm in size, and some are finer
than 0.06 mm ; however, their abundance and import-
ance drops off very quickly in both directions. In
the inner perimeter around the Ocala Upland (Fig.
1), pelletal phosphorite constitutes an average of
5 to 15 percent of the total phosphate macrograins.
In this area the phosphorite is dominantly intra-
clastic and, consequently, is primarily of medium
sand and gravel size. However, the sediments down
the depositional slope and into the outer belt, includ-
ing the St. Augustine, East, and South Florida dis-
tricts (Fig. 1), are dominated by the very fine
pelletal phosphorite sands. In this area the pellets
constitute 80 to 90 percent of the phosphate macro-
grains. The remainder consists of 5 to 10 percent
medium to coarse sand intraclasts, 5 to 15 percent
fine sand fossil material, and a few percent psuedo-
oolites or nucleated grains. The pelletal phosphorites
are extremely well sorted, very fine sand which is
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very leptokurtic. It is generally finer than any
phosphorite which is presently being mined in
Florida and represents the vast and extensive. phos-
phate reserves of the future.

Pellets are often difficult to distinguish from
highly abraded and fine-grained intraclasts, The
main distinguishing characteristic of the pellets is
their uniformity in size and the regular geometric
shapes (Figs. 8, 17, and 18). Whereas the intra-
clasts are characterized by their diversity and ir-
regularity of shapes with a high degree of angularity

'(Fig.'16), even in the finer size fractions, the most

common pelléts are ovoid, semispherical, and rod
shaped depending on the organisms producing them.
They are most readily recognized when they occur
as clusters or aggregates filling internal fossil molds,
infilling burrows, and in clusters on the microsphorite
surfaces. The shape of the pellets is only a perfect
geometric form when they are clustered without any
transport. However, most of the pellets are non-
clustered grains and are generally slightly deformed.
This suggests that the excreted pellets remained soft
during subsequent grain transport and became in-
durated only prior to hurial by subsequent sedimenta-
tion. )

The pelletal grains consist primarily of crypto-
grained matrix with varying amounts of microscopic
inclusions disseminated through it. The included
“garbage” consists of rods and rod aggregates, dolo-
mite thombs, microfossil hash, and minor terrigenous
inclusions. The included material ranges from 0
percent up to 75 percent of an individual grain. The
concentrate grade of these grains is often low with

Fic. 11. A well-rounded and highly polished allochemical intraclast pebble shows the
following textures and structures of the original microsphorite bed: the horizontal interlaminae
of dark and light colored microsphorite, abundant smaller phosphorite allochem inclusions, and
abundant inclusions of quartz grains. Scale in centimeters. )

F1c. 12. An allochemical intraclast pebble which contains the rounded and polished cast of a
burrow partly filled by microsphorite laminae. The burrow was initially formed in a micro-
sphorite bed which was subsequently torn up; the fragments were rounded and polished as
clastic particles. Scale in centimeters.

Fic. 13. An allochemical intraclast pebble which contains abundant pelecypod borings. Note
that the edges of the borings are rounded. The borings were probably formed on the surface of
a microsphorite bed which was subsequently torn up and rounded and polished as a clastic
particle. Scale in centimeters.

Fi6. 14. Coarse sand to fine granule composite sample of phosphorite intraclasts which con-
sists of internal and external fossil molds of pelecypods, gastropods, and bryozoans in all degrees
of preservation and recognition. Notice the very fine quartz sand inclysions which occur in many
of the smooth surfaces of the fossil molds. Scale bar is 5 mm long. .

Fic. 15. Sample of phosphorite sand intraclasts which show abundant, generally well
rounded, and highly polished inclusions of quartz (transparent) and phosphorite allochems
(opaque). Many of the inclusions protrude from the surfaces of the parent grains and have
influenced the resulting shape during abrasion. Scale bar is 2 mm long.

Fic. 16. An allochemical phosphorite sample consists entirely of intraclasts, many of
which occur as fossil molds. Notice the high degree of rounding of the intraclasts which sug-
gests major transport and grain modification prior to deposition. Scale bar'is 5 mm long.

) F16. 17. Allochemical phosphorite sample of the —0.149 to +0.105 mm size fraction which
consists predominantly of subspherical to oval fecal pellets and a few intraclasts. The clear
grains are quartz. Scale bar is 1 mm long. . .

Fic. 18. Thin section which shows a cluster of oval to spherical phosphate pellets in a_phos-
phate mud matrix with some quartz grains. Notice the very high and similar concentration of
included material both within the pellets and within the mud matrix. Scale bar is 0.2 mm long.
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a relatively high magnesium content due to the
amount of included dolomite.

None of the pelletal grains studied petrogriphically
have displayed any recognizable concentric layering
or microhotroyoidal textures. Doyle et al. (1978)
have described both as being characteristic of the
hiologically precipitated phosphate kidney stones
from various types of modern pelecypods. They
have proposed that the kidney stones could be the
origin of the phosphate deposits of the southeast
Atlantic .continental margin. At present, this does
not seem to be a likely explanation for the majority
of the pellets due to the high concentration of in-
cluded garhage within the grains, the absence of the
structures and textures observed within the mollusk
kidney stones, and the stratigraphic evidence which
suggests there was a paucity of mollusks during
phosphorite sedimentation (Riggs, 1979). The pale-~
ontologic evidence suggests that the phosphogemc
system created a highly stressed chemical environ-
ment which was characterized by a very low species
diversity with a high population of nonshelled benthic
invertehrates such as polychaetes and crustaceans. I
presently consider it highly plausible that polychaetes,
crustaceans, and possibly several other types of
benthic organisms injested the phosphorite mud
along with all ‘of the included garbage. The ex-
cretory system played a.significant role in concentrat-
ing the phosphorus, bacteria, and associated trace
metals and excreted it as fecal pellets, The com-
pacted pellets were subsequently transported as
clastic particles.

A group of discoid shaped grains is 'mother
promment grain type which is tentatively included
in this category of allochems (Fig. 19): The discoid
grains are very uniform in size, generally ranging
between 0.2 and 0.125 mm, and contain a distinctive
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organic strucfure as grain nuclei, The organic
nucleus is characterized by distinctive layers of tear-
drop to rod-shaped structures which occur in a
specific geometric arrangement on both surfaces and
continue around a very promincnt flat disc edge
(Fig. 20). The disc structure is composed of phos-
phorite mud which contains abundant included ma-
terial and appears identical to all of the pelletal or
intraclastic phosphate grains. Thus it does not ap-
pear to be actual skeletal material nor a replacement
of such. Rather, this might suggest an internal fill-
ing or mold of an organic structure which was sub-
sequently Jost by dissolution. Whichever it is,
the nucleus grain subsequently accreted varying
amounts and thicknesses of phosphorite mud along
with all of the included garbage (i.e.,, dolomite
rhombs, fossil hash, terrigenous grains, etc.) to pro-
duce the resulting thin to fat discoid grains (Fig. 19).
The accreted muds cannot be differentiated from
the material of the organic structure. It is not
presently known what the structures are; however,
several good possibilities which 1 am presently in-
vestigating include internal molds of diatom valves
and frustrules and crustacean statoliths. “Crustaceans
agglutinate sediments from within the environment
to produce their balance structures; these are then
shed back to the sediment system with each molt.

The discoid grains are generally associated with
the pelletal phosphorites. Thus, they are most
abundant in the fine-grained phosphorites of the
downdip sections of eastern and southern Florida.
The discs generally constitute about 1 to 3 percent of
the total phosphate grains; however, within specific
grain sizes, up to 50 percent of the phosphate grains
may he the discoid variety.

Skeletal material: A much smaller percentage of
the allochemical phosphorite consists of individual

Fic. 19. A scannmg electron microscope photograph which shows common allochemical dis-
coid phosphate grains. Notice the irregular accretion of phosphate mud and do}omlte rhombs to
the regular discoid nucleus grain. Scale bar is 100 microns long.

Fic. 20. A scanning electron microscope close-up photograph which shows a broken discoid
allochemical phosphate grain as seen in Figure 19. Notice the layered organic rod-like struc-

tures which occur within the disc and around the perimeter. !
Scale bar is 40 microns long.

mud accretion around the outside of the grain.

Also notice the irregular phosphate

F1c. 21. Photomicrograph of microsphorite which shows a slightly irregular aggregate of bac-

teria-like rods within the cryptograined phosphate matrix.

The individual bacteria-like rods are b

about 0.5 microns wide by 2 to 3 microns long, slightly irregular, have a high relief, and are

accentuated by the darker coloring matter.

Scale bar is 10 microns long.

Fic. 22. Photomicrograph of microsphorite which shows a high density of disseminated dnd

loasely aggregated’ bactena like rods in a cryptograined phosphate matrix.’

microns long.

Scale bar is 10

Fic. 23. Photonncrograph of a fragment of the common mncrofosst] hash which occurs com-
monly disseminated throughout the cryptogramed phosphate matrix in orthochemical and allo-

chemical phosphate grains.

Scale bar is 10 microns long.

F16. 24. A scanning electron microscope photograph of an allochemical phosphorite pellet ~
showing a network of tubular structures which are tentatively interpreted to be some form of

burrowing or encrusting protozoan.

Scale bar is 10 microns long.

Fic. 25. Photomicrograph which shows phosphate replacemem of dolomite including a rhombic
dolomite pseudomorph. Scale bar is 10 microns long.

Fic. 26. Photomlcrograph of a phosphate intraclast which shows an abundance of macroscoplc
quartz mc)us:ons floating in a cryptograined phosphate matrix full of micrograined constituents.

Scale bar is I mm long.




210 STANLEY

grains of fossil skeletal material. This category in-
cludes vertebrate bones and teeth, invertebrate shell
material, and miscellaneous unknown material. This
category does not include the internal and external
fossil invertebrate molds or casts which are so abun-
dant in the Florida phosphate deposits. Such fossils
are formed in the orthochemical microsphorite beds
and constitute an important part of the allochemical
intraclasts. The mold and cast material is actually
phosphorite mud and does not represent skeletal
material. In the Central Florida district fossil
skeletal material generally constitutes about 2 to 3
percent of the phosphorite macrograins. In indi-
vidual samples, particularly in East Florida, the
skeletal material may increase to 10 to 15 percent of
the phosphorite.

The fragmented hash of vertebrate bones and teeth

which occurs in the sand fractions appears to be
mostly fish material of all forms and shapes. Within
the primary marine units of the Arcadia Formation,
it is mostly concentrated in the very fine sand grain
size and shows little evidence of abrasion. A general
increase of the bone and tooth material occurs in the
gravel fraction in the coastal sediments of the Nora-
lyn Formation around the Ocala Upland. Larger
nektonic marine forms are common and include
serinian ribs and vertebrae, whale and porpoise verte-
brae and teeth, shark teeth, parrot fish beaks, and
fish scales; some material is articulated whereas
others show evidence of having been abraded and
bored. .
The skeletal material of the Bone Valley Forma-
tion is even more abundant and consists of a much
more complex mixture of materials. All of the
marine material from the underlying Noralyn and
Arcadia Formations occurs reworked into the Bone
Valley; where it is highly fragmented, abraded,
bored, and often stained black. In addition, there is
an abundant assemblage of fresh and often partially
articulated terrestrial vertebrate material including
rhinocerous, mastodon, camel, wolf, horse, etc.

The phosphorite sand fractions commonly contain
up to 1 percent thin, slightly curved amber to dark
reddish brown plates of phosphate. Some of these
contain the internal structures of bone and teeth and
obviously are chips of vertebrate bone material.

. However, much of this fragmental material contains

diagnostic surface ornamentation and has been identi-
fied to be a member of the genus Discinisca. This
is an inarticulate brachiopod with a phosphatic shell
which has a small but ubiquitous presence through-
out most ‘'of Miocene phosphorite section in Florida.
Rudwick (1965) states that “almost all living
hrachiopods are marine, henthonic epifaunal, sessile
suspension-feeders. This mode of life probably has

heen characteristic of the phylum’as a whole though-
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out its history.” The inferred life habit and the
ahsence of whole shells suggests an active sediment
interface.

A few other varieties of unknown material are
hoth distinct and ubiquitously present as a fraction
of a percent of the total phosphate grains. These
fine sand-size amber grains include such things as
the broad-ribbed grain informally called the “cat’s
paw’ and the doubly crosshatched rod-shaped grain
informally called the “unicorn horn.”

Oolites: Qolites are also allochems since they are
formed and transported as clastic particles within
the same environment. Although I have not yet
seen any true oolites within the Atlantic Coastal
Plain phosphorites or other deposits that I'm familiar
with, they are reported in the literature as common
in some deposits of the world. Theoretically, given
the proper conditions and environments, phosphate
oolites should form from the microsphorite mud.
Thus, they are included in this classification for com-
pleteness. However, I do find some nucleated grains
which 1 call pseudo-oolites, which rarely exceed 5
percent of the phosphate grains. The pseudo-colites
are not very spherical and they generally lack any
well-defined concentric laminations. The grains do
have a major nucleus of quartz, feldspar, bone frag-
ment, or another phosphate grain and appear to have
accreted the phosphorite mud with all of its included
garbage around the nucleus grain.

Phosphate Petrology

Microscopically, most of the phosphate macro-
grains are true aggregates composed of a mixture
of various mineralogical and biological components.
The primary component is the cryptograined car-
honate fluorapatite matrix with various types and
amounts of disseminated cryptograined coloring mat-
ter. In addition, most nonbiological phosphate grains
contain a wide variety of micrograined included ma-
terial which represents everything that was in the
environment at the time of the precipitation of the
phosphorite mud. The inclusions consist mainly of
bacteria-like rods and rod aggregates, microorgan-
ism fossil hash. dolomite rhombs, terrigenous sand
and mud, and other clastic phosphate grains. Conse-
quently, most of the phosphate macrograins are com-
plex sedimentary rocks, the chemical composition
and physical characteristics of which are totally de-
pendant upon the specific types of inclusions and
their abundances.

Cryptograined components of phosphate macrograins

Matrixy: The matrix is the fundamental phosphate
component and usually the dominant constituent in
the phosphate macrograins (Fig. 21). Mineralogi-
cally it is carbonate fluorapatite with some dissemi-
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nated coloring matter. The color of the matrix gen-
erally grades from dark yellow orange where un-
altered to clear (in thin section only) where highly
altered. According to Lehr et al. (1967), the
matrix consists of relatively uniform cryptograined
material of highly substituted apatite with crystallite
sizes which range from 300 to 1,000 A, based upon
phosph'\te analyses from all over the world. The
matrix is present in all phosphate macrograins and
constitutes from 10 to 100 percent of any single
macrograin or part of a macrograin. In the Central
Florida district, the matrix averages 56 percent of

+ the phosphate macrograins.

Because of the extremely fine crystallite size, thé
matrix appears isotropic at low magnifications but
actually has an extremely fine anisotropism with a
low order birefringence. A haze of reddish broiwn
to milky gray material is intermixed with the ani-
sotropic material. The hazy material may be either
disseminated coloring matter and/or associated with
the rods and rod aggregates.

Coloring wmatter: The coloring matter constitutes
a small hut conspicious part of the phosphate macro-
grains. Because the coloring matter is microscopi-

- cally indistinguishable, it is considered to be crypto-

granular. It consists primarily of organic matter
and/or various iron oxides or sulfides. Some of the
primary coloring matter is intimately intermixed
with the matrix crystallites. However, the specific
chroma and the lightness-darkness value of many
phosphate grains are directly related to the char-
acter and abundance of the rods and rod aggregates
and the associated coloring matter; this will be dis-
cussed in the next section. Regardless of the as-
sociation of this coloring matter, it appears to have
been derived during the genesis of the phosphate
grains.

Any single stratigraphic unit, hthofacues, or grab
sample generally has a mixture of different colored
grains, but grains of one color usually predominate.
The general color of any phosphate sample is
definitely related to the types and abundance of
phosphate particles or grains, the lateral and vertical
stratigraphic position, the associated lithology, and
the subsequent geologic history at that particular
location. The uniformity of the macrograin colors
would initially be a function of the regional uniform-
ity of the depositional system. In any given regional
system of phosphate formation, it is possible that all

‘'or many of the color variations from black to the

various shades of brown, tan, and cream colors could
be forming simultaneously within different micro-
environments. The specific color or hue of dny single
grain would be dependent upon the processes of
formation of that grain, as well as the chemical
conditions and the amounts of organic matter and

terrigenous sediments within the various microen-
vironments of the phosphate system. Subsequent
transportation and deposition of the clastic grains
formed in many different microenvironments produce
the wide variety of grain colors characteristic of so
many phosphorite sediments. In a regionally more
homogenous depositional environment, there would
be a much greater uniformity in the hues of the
coloring matter and the grain types.

The coloring matter, be it either iron or organic
matter, is lost easily and quickly from the phosphate
macrograins with weathering or supergene alteration,
Supergene alteration generally increases the lightness
values, at first around the surface of the grain or
along fractures, and then migrates inward through
the grain, eliminating the primary coloring matter.
Within the Central Florida district, the phosphorite
of a given stratigraphic unit generally becomes lighter
as the clay content of a stratigraphic unit decreases,
as it is followed laterally into the river basins and
vertically upward into the weathering profile associ-
ated with the aluminum phosphate zone.

Secondary coloring matter of the macrograins is
commonly superimposed upon the original coloring
matter as surficial brown to black stains. This
secondary coloring matter penetrates irregularly into
the grains enveloping all of the mic¢rograined and
cryptograined constituents. This secondary coloring
matter contrasts sharply with the primary black
coloring ratter. The phosphate grains, as well as
bone fragments, chert nodules, and limestone litho-
clasts containing the secondary black stain are gen-
erally limited to the stratigraphic units composed of
reworked phosphorite sands and gravels such as the
Bone Valley Formation. It is definitely secondary
in origin and is probably produced under reducing
conditions below the sediment interface in the fluvial
and estuarine environments. Upon weathering, this
black stain is also easily destroyed.

Micrograined components of phosphate macrograins

Kods and rod aggregates: The rods and rod ag-
gregates are the second most abundant component of
Atlantic Coastal Plain phosphorites. They occur
disseminated through the cryptograined matrix and
range from O percent up to 90 percent of the volume
of any single phosphate macrograin, averaging 22
percent in the Central Florida district. The rods
are generally straight to slightly twisted micro-
grains which are ahout 0.5 microns in diameter by 1
to 3 microns in length and have rounded ends (Fig.
21). The rods are anisotropic with a high bire-
fringence and a fairly intense brown to gray colora-
tion.

A complete spectrum occurs from the individual
rods to loose aggregates with poorly defined shapes

<
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(Fig. 22) to clearly defined aggregates with a variety
of forms including spheres, ovals, rods, and lamellar
layers (Fig. 7). The slightly irregular aggregates
are by far the most abundant (Fig. 22); they gen-
erally range from 3 to 10 microns in diameter and
occasionally reach 50 microns, The lamellar forms
are 3 to 5 microns thick, occur in sets, and usually
extend through and are truncated by the grain
boundaries. Occasionally the lamellar forms occur
as irregular surface coatings or encrustations on ter-
rigenous grains and dolomite rhombs. In the Cen-
tral Florida district, about a third of the rods in the
phosphate macrograins occur in distinguishable ag-
gregate forms; however, this varies from sample to
sample.

The rods are generally the most intensely colored
micrograins. Thus, the presence and abundance of
rods and rod aggregates in any given phosphate
grain commonly determines the lightness values, the
chroma, and the opacity of the macrograin. How-
ever, supergene alteration readily destroys the color-
ing matter, while the rod structures are apparently
not initially destroyed. The rod structures are
destroyed with continued supergene alteration, which
first produces irregular botryoidal micrograins and
then destroys them altogether.

On the basis of the physical morphology, size, and
the tendency to cluster, I presently consider these
structures to be fossil bacteria. Because the identi-
fication and classification of microorganisms depends
largely on their internal cell structure, pigmentation,
and biochemical composition, all of which are either
not preserved or not observed with the present
available equipment, their identification as bacteria
remains tentative.

In 1933 Cayeux (1936) discovered and described
bacteria in the phosphate from two different deposits.
He subsequently identified bacteria in phosphorites
of many different ages from the Precambrian through
the Tertiary with the most conclusive specimens com-
ing from Morocco, the Wyoming Rocky Mountains,
and Pays de Galles. *“The truth is that I have found
some bacteria in all the phosphate materials where 1
have looked for them. In conclusion one can say
that some bacteria exist i some phosphates from
one cnd of the scale to the other in geologic time.”
He describes them as thick-sheathed spherules with
dimensions from 0.5 to 2.5 microns in diameter.
Most are isolated from each other, but some aggre-
gate into lines or irregular masses. In the Morocco

phosphorite, he counted several hundred organisms
within a 1,500 square micron field at 800 diameters.

Oppenheimer (1958) examined the phosphates
from the early Tertiary deposits at Gafsa, Tunisia.
“At magnifications of 1,000 many small uniform rod
shaped objects of a diameter of 0.5 to 1 microns

were seen which resemble bacteria. The length of
the forms varied from 1 to 3 microns, the ends were
rounded and chains of two were present.”

More recently Kuznetzov et al. (1963) discussed
the occurrence of fossil bacteria in the geologic
column, The fossil “bacteria may be represented by
cells encrusted with iron oxides, silica or other ma-
terials. It is naturally difficult to identify the dis-
cernable structures reliably as fossil forms of bac-
teria, but in numerous cases the identification of
these structures as fossilized bacteria cannot be
doubted.”

Vologdin (1947, in Kuznetzov et al., 1963) has
studied thin sections of the Cambrian phosphorite
from the Karatau deposit in Kazakhstan. He recog-
nized three components: “one was a group of yellow-
brown ferruginous cells of iron hacteria ; another was
a group of small hodies of coccus-bacillus form, which
were gray in reflected light (the phosphate was con-
centrated here), and the third was a dense, collo-
morphic mineral mass apparently made up of car-
bonates.”. Vologdin found similar structures in
phosphorite from the Mesozoic Salir deposits. These
hacteria were very similar to those he found in
limonite, brown ironstone, hematite, bauxite, and
kaolinite from various deposits in Russia.

Examination of the phosphorites from many dif-
ferent localities in the world has demonstrated to me
also that bacteria-like rods are ubiquitous components
of certain types of phosphate grains. These struc-
tures were absent in samples from zones of contact-
metamorphosed Phosphoria Formation from Mon-
tana and samples of altered and recrystallized phos-
phorite from the Bone Valley Formation in the Cen-
tral Florida phosphate district. Petrographic work
has demonstrated that the rods are readily destroyed
by supergene alteration and are probably likewise
destroyed by metamorphism.

Thus, at least four different investigators, looking
at different materials prepared in different ways and
observed with different equipment, have found abun-
dant rods in unaltered primary marine phosphorites
from around the world. Therefore, they are prob-
ably primary bodies, active during deposition and are
locally absent where they have been subsequently
destroyed. The almost universal association of bac-
teria-like rods with sedimentary phosphorites may
suggest that the two are genetically related. It is
not known which is the cause and which is the effect,
if either; however, the possibility that bacteria may
play an-active role in the formation of the phos-
phorite must be seriously considered (Riggs, 1979).

The residues from numerous phosphate samples
dissolved in dilute HCI consist mostly of the bacteria-
like rods with varying amounts of clastic quartz,
feldspar, and clay. X-ray diffraction analyses of the
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residues showed a high concentration of amorphous
materials and minor peaks from crystalline quartz,
clays, and some unidentified mine'rals. ) X-ray spec-
troscopic analyses showed a high iron content,
moderate titanium and sulfur content, moderate
calcium content in some samples, .and a negligible
phosphorus content. Before a sihca'spectroscopic
analysis can be meaningful, a techmqu'e must be
developed to separate the abundant clastic terrigen-
ous silicate grains from the rod structures.

Some of the bacteria-like rods in the residues were
encased within a clear irregular sheath. I am tenta-
tively identifying this isotropic material as amorphous
silica. All of the rods occurring in the undissolved
phosphate grains apparently either did not have an
equally thick coating sheath or possibly no sheath at
all since only some of the estimated total rods sur-
vived dissolution. This may be the material that the
mining companies report in their chemical analyses
as-soluble silica which ranges from about 1.0 to 1.6
percent.! .

The rods are thought to contain much of the fairly
high concentrations of amorphous iron which can be
seen microscopically as a brown material within the
structures. Also, the similarity of the rods to the
“yellow-hrown ferruginous cells of iron bacteria”
found in phosphorites by Vologdin (1947, in
Kuznetzov et al., 1963) would further support this
conclusion. By no means can the rods be composed
entirely of iron oxide since the rods and aggregates
form about 22 percent of the phosphorite grains in
the Central Florida district and the average iron
oxide content of the phosphorite is 1.34 percent?
ranging from 0.25 to 3.5 percent. Assuming that
the rods are fossil bacteria and that the iron is
primary, one might expect the iron oxide to occur
within the cell walls or as a layer around them. This
iron could then account for the very high relief of the
rods and also the great numbers of rods, but low per-
cent iron oxide.

Much of the organic matter, which averages from
about 0.5 to 1.0 percent! may occur as decomposi-
tion products of the bacteria within the bacteria-like
rods. Because of the geographic proximity to known
oil fields and their inferred high organic content,
phosphate deposits have often been considered to be
a prohable source of crude oil (McKelvey, 1959).
This may be true; however, in a study of the organic
matter in phosphorite sediments from various de-
posits around the world, Powell et al. (1975) found
that the average organic carbon content was only
0.62 percent with all of the samples having less than
2 percent. They concluded that phosphorites are not
abnormally rich in organic matter; the average

1 International Minerals and Chemical Corporation, 1965,
Product specifications: unpub. memo.

organic carbon value falls between those of shales
(099%) and carbonate rocks (0.33%). These
figures agree with those for the Central Florida
district. Thus, the organic carbon content of the
phosphate macrograins, as well as the iron and solu-
ble silica, appears to be related to the bacteria-like
rods. If this is the case, then there should be a direct
correlation hetween the composition and the abun-
dance of the rods and rod aggregates within any
grain or sample or deposit.

Fossil inclusions: This category includes any
micrograined fossils or fossil hash, other than the
bacteria-like rods and aggregates previously dis-
cussed, which occur as inclusions within the phos-
phate macrograins. The fossils include fragments of
vertebrate bones and teeth; an array of microfossils
such as diatoms, spicules, discoasters, and proto-
zoans; and filamentous boring and encrusting orga-
nisms which resemble boring filamentous blue-green
algae and fungi such as those described by Ginsburg
(1957). ‘

The vertebrate material consists predominantly of
various types of small fragments of fish bones and
fish and shark teeth. These grains are often amber
or honey colored, consist of extremely high grade
phosphate, and are readily distinguishable in thin
section by their typical internal porous character,
fibrous undulatory extinction, or salt-and-pepper
hone structure under crossed nicols, Fungal borings
are also common structures in the bone. Vertebrate
material generally constitutes less than a few percent
of the disseminated included fossil material. How-
ever, a hone fragment will occasionally constitute the
nucleus grain in a pseudo-oolite.

The microfossil inclusions are varied and abundant,
particularly in the pelletal phosphorites. Most of
the microfossil material occurs as fragmental hash
disseminated through the phosphate matrix giving
it the appearance of a virtual vegetable and meat
soup. Most of these fossils are very subtle features
and are only visible when using oil immersion lenses
at 1,000 magnification, with carefully prepared and
extra thin sections, and with the proper light trans-
mission through the microscope. The most common
forms appear to be various types of diatoms, spicules,
and bryozoans (Fig. 23) ; T have not yet been able to
identify any of this material definitely. Most of the
hash appears not to be phosphatic; differences in the

- birefringence suggests that some of it is silica and

some could be calcite. Some microfossil material
generally occurs in most phosphate macrograins,
particularly the pellets, but rarely exceeds 20 to 25
percent of the volume of the grains.

Figure 24 presents another type of fossil material
which T have just discovered in the pelletal phos-
phorites. I am tentatively interpreting these tubes
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to be some form of burrowing or encrusting micro-
organism, possibly a protozoan. They occur as
components of some of the phosphate macrograins
along with all of the other included garbage. On-
going research suggests that the relationships of these
microorganisms to the phosphate particles may be
extremely important with respect to the origin and
processes of phosphate sedimentation.

Carbonaic inclusions: The included carbonate
grains consist of detrital dolomite rhombs and relict
carbonate patches in samples partly replaced by phos-
phate. The detrital dolomite grains occur as euhedral
rhombic crystals of varying size, as partly abraded
and etched dolomite rhombs, and some occur as
transported rock aggregates. The rhombs range
from several microns to several hundred microns in
diameter and occur floating within the phosphate
matrix. In the Central Florida district less than 1
percent of the phosphate grains contain dolomite
inclusions; however, within certain stratigraphic
horizons the number of grains may reach 30 percent.
The latter generally occurs in the contact zone above
the Arcadia Formation. In general, the phosphorite
of the Noralyn Formation throughout the perimeter
zone around the Ocala Upland has very low concen-
trations of included dolomite and thus low mag-
nesium contents (see Riggs, 1979). On the other
hand, the phosphorite in the Noralyn Formation,
down the depositional slope and away from the
Ocala Upland, and in the Arcadia Formation con-
tains relatively higher ' concentrations of included
dolomite. Thus, the phosphates in the south, east,
and northeast sections of Florida all have relatively
high magnesium contents. In the latter areas, the
included dolomite ranges from ( percent up to about
75 percent of any single phosphate grain. It is not
uncommon to find up to 90 percent of the phosphate
grains containing some dolomite inclusions.

The dolomite rhombs are generally floating in the
cryptograined phosphate matrix along with all the
other included material such as the bhacteria-like rods,
quartz grains, fossil hash, other phosphate micro-
grains, etc. This, along with the regional distribu-
tion and the evidence that some of the rhombs or
rhomb aggregates show possible abrasion and/or
corrosion suggests that the phosphate and dolomite
were forming simultaneously in adjacent areas. The
dolomite was subsequently transported into the area
of phosphate formation and included with the phos-
phorite muds along with all of the other detrital
inclusions and vice versa.

Some of the included floating dolomite rhombs
have been either partially or totally replaced by
phosphate. Occasionally an entire phosphate macro-
grain will be composed of phosphate pseudomorphs
after dolomite. Both of these are discussed in the

section on alteration of the crypto- and micrograined
components.

Clastic phosphate grain inclusions: Any preexist-
ing phosphate grain which exists as a discrete clastic
particle within the environment at the time primary
phosphate miud is forming may be included within
the phosphate muds (Figs. 4 and 15). The muds
are then either lithified and broken into intraclast
grains or injested, pelletized, and excreted as pelletal
phosphate grains. In the Central Florida district,
the individual phosphate macrograins are composed
of about 4.9 percent smaller clastic phosphate in-
clusions; however, the inclusions may range from
0 percent to 90 percent of any single macrograin.
The number of macrograins containing inclusions,
as well as the percent of inclusions per grain, de-
creases rapidly with decrease in grain size. These
inclusions have the same composition and contain
the same basic textures and structures as the larger
phosphate macrograins and are described in the sec-
tion on allochemical phosphorite sedimentation.

Terrigenous inclusions: In sedimentary environ-
ments, the purity of any authigenic sediment is en-
tirely dependent upon the rate of terrigenous dilu-
tion. Throughout the formation and deposition of
the Miocene phosphate, there was a low to moderate
supply of terrigenous sediment contributed to the
Florida depositional system (see Riggs, 1979). Con-
sequently, some of this terrigenous material was de-
posited and included within the phosphate muds of
the microsphorite beds. Therefore, the microsphorite
beds, the individual intraclastic phosphate macro-
grains derived from the microsphorite beds (Fig.
26). and the pelletal phosphate grains formed from
the muds all contain varying amounts of quartz and
feldspar sand and silt, and some clay. In Central
Florida, the phosphate macrograins contain an aver-
age of about 5.3 percent included terrigenous ma-
terial. This is supported by the chemical analyses
of acid insolubles of mine plant concentrates which
average 5.1 percent. The average percent of phos-
phate macrograins containing terrigenous sand and
silt inclusions decreases with decreasing size of .the
phosphate macrograins. As the phosphate intra-
clasts are broken into small and smaller grains, the
more the included quartz and feldspar grains are
freed until finally the finest phosphate grains contain
only rare inclusions.

Feldspar from random grain counts of Central
Florida mine plant tailings (the +150 mesh —16
mesh floatation separations) ranges from 8 to 12
percent of the nonphosphate sand population. Ortho-
clase predominates over microcline and plagioclase,
all of which show no evidence of alteration. The
feldspars are the same grain size as the quartz and
are generally highly rounded and polished; some of
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the grains are broken along cleavage planes. The
ratio of feldspar to quartz is the same as inclusions
in the phosphate grains as it is in the associated
terrigenous sediments.

The clay component of the phosphate macro-
grains is minor, constituting only a small percentage
of the total insoluble residue. The clay mineralogy
of the associated sediments is unique; it is domi-
nantly attapulgite and montmorillinite which alters

to kaolinite during weathering.

Lastly, heavy minerals are present as inclusions
within the phosphate grains but constitute only a
very minor component. The phosphorite sediments
as a whole average between 0.33 and 0.03 percent
heavy minerals in the total sediment and are char-
acterized by unweathered garnet and epidote (Pirkel
et al,, 1965).

Alteration of the crypto- and micrograined com-
ponents

This category includes all of the phosphate which
has been replaced or altered subsequent to its deposi-
tion. Since the chemistry and mineralogy of both
the primary and secondary material are not fully
known, the alteration varieties are simplistically
differentiated by petrographic description. Two
main categories of alteration have been recognized.
The first category is the chemical reaction between
two or more primary constituents, primarily phos-
phate and carbonate, soon aftér deposition. The
second category is the subaerial supergene weather-
ing of the primary mineral grains by secondarily in-
troduced materials and ground water and takes place
after the emergence of the sediments. It is essential
to recognize both of these common processes prior
to the interpretation of the origin and the geologic
history of the phosphorites.

Carbonate replacement: The first category is
readily recognized when phosphate replaces carbon-
ate, particularly rhombic dolomite and calcite or
aragonite sheil material. In the first case, the phos-
phate occurs as prominent rhombic pseudomorphs
after dolomite (Fig. 25). The rhombs range from
about 3 to 30 microns in length and are composed
of light gray cryptograined carbonate fluorapatite.
Replacement of the dolomite rhombs appears to be a
progressive process beginning on the rhomb faces
with pits that coalesce into an irregular front of
phosphate which advances toward the grain centers.
‘All stages of replacement have been observed in the
Florida samples. Bacteria-like rods and aggregates
occasionally coat the surfaces of the rhombic phos-
phate pseudomorphs, as they occasionally do on
dolomite rhombs, producing slightly irregular and
poorly defined rhombs.

Within the small percentage of phosphate macro-

grains containing the pseudomorph variety of re-
placement, the abundance of dolomite rhombs, parti-
ally replaced dolomite rhombs, or rhombic phos-
phate pseudomorphs varies from minor disseminated
grains up to 100 percent of an individual macro-
grain. Within any sample of phosphate macro-
grains, the degree of replacement ranges widely be-
tween grains, but within any single macrograin it is
uniform. Therefore, the carbonate was probably
replaced before the macrograins within any sample
were finally brought together and deposited.

When the replaced carbonate was fine grained,
the replacement appears as poorly defined, closely
packed granular phosphate material which is several
microns in diameter. The granules are mostly
yellowish gray or pale yellowish orange in trans-
mitted hght and form whole macrograins or portions
of individual macrograins which grade into unre-
placed calcite or dolomite. Since the primary phos-
phate macrograins normally consist of uniform car-
bonate fluorapatite crystallites, in the range of
hundreds of angstrom units, and contain abundant
very fine micrograin structures, it is logical to con-
clude that this increase in grain size and destruction
of fine primary structures represents replacement
and recrystallization.

Phosphate does replace calcareous shell material,
but it is uncommon to rare in the Florida phos-
phorites. Replaced invertebrate shells are rare while
replaced microfossils such as ostracodes and fora-
minifera occur locally and in various stages of re-
placement. The phosphatized microfossils have
never been observed as a common component of the
phosphorite sediments. Tnternal and external molds
of both the invertebrates and microfossils are com-
mon to very abundant sediment components.

The marine conditions of carbonate replacement by
phosphate are poorly known. Ames (1959) found
that in the laboratory calcite was readily replaced by
phosphate when exposed to altkaline phosphate solu-
tions. He believes that this is the probable mode of
formation for large marine phosphorite deposits.
However, Ames used a chemical system which far
from approximates the natural marine system.

The bulk of the Florida phosphate shows no
direct evidence of replacement. In fact, the lack of
replaced carbonate shells in the phosphorite sedi-
ments argues against universal replacement, espe-
cially since many shells were probably composed of
unstable high-magnesium calcite and aragonite. The
rarity of replaced shells and the presence of unde-
formed fossil molds suggests that the primary phos-
phorite mud filled in and around the calcite and
aragonite shells, the mud was indurated, and the
shells leached from the sediment without any phos-
phate replacement.

BT
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Little doubt exists that some phosphate did re-
place carbonate in the marine environment during
the formation of the Florida phosphorites. This re-
placement can probably be explained by one of sev-
eral possible sequences of events: (1) the replace-
ment of a preexisting carbonate directly from sea
water, (2) the simultaneous formation and deposi-
tion of a phosphorite and carbonate sediment fol-
lowed by replacement, (3) the formation and deposi-
tion of a primary phosphorite sediment on a pre-
existing carbonate which was followed by replace-
ment at the contact, and/or (4) the inclusions of
transported clastic carbonate within the primary
phosphorite mud which was subsequently replaced.
Field relationships and petrographic evidence sug-

‘gest that the minor amount of replacement which

took place, and which is readily recognized, usually
took place as the third and fourth possibilities when
the two constituents occurred together after deposi-
tion, but before subaerial weathering. Phosphorite
and carbonate sediments do not appear to have
formed simultaneously within the same environment
in Florida. Carbonate was either formed in one
area and orthochemical phosphorite in another and/or
they formed alternately through time and were
mixed laterally and vertically (see Riggs, 1979).

Consequently, T believe that phosphate does re-
place carbonate in the marine environment. How-
ever, replacement does not appear to be the primary
mechanisim or the process of initial formation of the
butk of the Florida phosphorites as proposed by
many workers. Rather, replacement is a result of
phosphate deposition in association with carbonates,
occurs subsequently to its formation and prior to its
enmergence, and is not essential to the origin or the
process of phosphorite formation and deposition.

Phosphate alteration: The second category is
represented by the alteration of the phosphate result-
ing from subaerial supergene weathering some time
after the emergence of the phosphorite unit from the
marine environment. The alteration grades from the
early stages of slight supergene alteration to the lat-
ter stages of severe weathering and recrystallization
of the aluminum phosphate zone. .

In the perimeter areas of the Ocala Upland, where
the Noralyn Formation has been at least partially
weathered, concentric zoning of the macrograins is
common. This zonation begins on the edges or along

_ voids and fractures within the macrograins and oc-

curs as a series of wave fronts moving inward. The
alteration begins with a color change and is fol-
lowed by the alteration of the rods and aggregates to
a clear matrix. If weathering continues, the clear

matrix alters to a botryoidal granular texture. Oc-
casionally. iron oxide is concentrated in this granular
zone producing an area of dark reddish brown to dark

yellowish orange color with high relief. This whole
sequence may be partly or totally developed in any
single grain. The zoning is usually gradational over
several microns and commonly parallels the grain
boundaries. The zones commonly cross primary
structures or are superimposed upon other zones
producing a complexly zoned grain, and occasionally
they develop only on a single side of a grain. At this
point the mineralogy is probably still carbonate
fluorapatite. Continued supergene weathering alters
the calcium phosphate to calcium aluminum phos-
phate to aluminum phosphate. In addition to the
chemical alteration, the granular phosphate material
is recrystallized to fibrous micrograined crystals. The
latter is best developed in the severely weathered
aluminum phosphate zone at the top of the phos-
phorite section around the perimeter of the Ocala
Upland.

The microscopic zoning in the phosphate macro-
grains has a great effect on the color of the allo-
chemical phosphorites in hand specimen. The pres-
ence of alteration zones, their degree of development,
and their thickness increases the lightness values of
the grains. When the early stages of the alteration
zones are superimposed upon the primary grain
colors, a multitude of color variants are produced,
However, as weathering proceeds to the stage of
mineralogical alteration of the phosphate grains, all
of the coloring matter is lost. This results in very
uniform grain colors of very high lightness values,
ultimately becoming white as the alteration reaches

" the pure aluminum phosphate stage.

In the perimeter belt around the Ocala Upland,
the phosphate becomes increasingly altered upward
in the section into the aluminum phosphate zone,
above which the phosphate is totally leached. The
phosphate is increasingly altered into the major
drainage basins. The degree of phosphate altera-
tion is extremely variable, ranging from 0 to 100
percent, depending upon the relationship to regional
structures, the position within the stratigraphic sec-
tion, the associated lithologies, and the postdeposi-
tional history. Random counts of phosphate macro-
grains from the Noralyn mine plant concentrates in
Central Florida show that ahbout 12 percent of the
macrograins contain minor alteration and only about
1 percent of the macrograins are entirely altered.’
However, the aluminum phosphate zone is generally
stripped off as overburden during the mining opera-
tions.

The Secondary Modification of Phosphorites
Lithochemical phosphorite sedinientation

Lithochemical phosphorite grains (lithochems)
are fragments that have been eroded from older
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phosphorite rocks or sediments either off an emergent
land area or submarine outcrops, transported, and
redeposited in younger sediments. In the perimeter
zone around the Ocala Upland (Fig. 1), the litho-
chems are restricted to the Bone Valléey Formation
of Pliocene age. The phosphorite gravels and sands
were derived from the subjacent Noralyn Formation
by fluvial erosion. The eroded sediments were
abraded and modified by the streams and were de-
posited in the upslope areas as complex fluvial sands
and gravels. Down the depositional slope the streams
passed into clayey sand estuarine and coastal en-
vironments with a prolific invertebrate fauna, The
phosphorite sands and gravels were significantly
diluted as they were deposited within this system.

Lithochems are mostly reworked allochemical and
orthochemical phosphorite sediments. Therefore,
petrographically, the lithochems have the same inter-
nal features as the allochemical and orthochemical
phosphate grains except where they have been modi-
fied by erosion and weathering during their subse-
quent transport and depositional history.

Four general criteria have been established for the
identification and differentiation of lithochemical
phosphorite from other phosphorite in Florida. The
first and main criteria is its stratigraphic association
in combination with the associated lithologies and
sedimentary structures. Often these sediments oc-
cur in complex facies of fluvial and deltaic channel
systems. The sediment units are extremely varied,
abruptly discontinuous with abundant cut and fill
structures and bars with highly cross-bedded sands

and gravels. Second, there is an extremely abundant .

and complex composite of marine, estuarine, and
terrestrial vertebrate and invertebrate fossils in
varied degrees of disarticulation, fragmentation, and
abrasion. The older set of marine vertebrate and
invertebrate fossils are highly disarticulated, broken,
abraded, hored, and stained. These are mixed with
a fairly fresh looking assemblage of terrestrial verte-
brate material, completely or partially articulated, in
the fluvial and deltaic channel deposits. The estua-
rine and coastal deposits contain both assemblages
plus a very rich and well-preserved population of
calcite invertebrate material; such material was
limited in the primary phosphorite beds. Third, a
black stain penetrates portions of the lithochemical
grains and masks but does not alter any of the pri-
mary constituents. The black stain also coats oc-
casional hone fragments; quartz pebbles, chert nodu-
les, and rock fragments. However, not all lithochems
are stained black; in fact, in some areas the primary
marine phosphorites have a black coloration which
completely permeates the grains. Thus, the presence
or ahsence of black grains is not conclusive evidence.
Fourth, there is a common bimodal population of

quartz with a distinctive mode in the coarse sand and
fine pebble fraction. In the perimeter area around
the Ocala Upland, discoid-shaped quartz pebbles up
to 2 to 5 cm in diameter are a common association
with the lithochemical phosphorite.

Metachemical phosphorite alteration

The fourth major category of phosphorite is meta-
chemical phosphorite (Fig. 2). This constitutes the
orthochemical, allochemical, and lithochemical grains
which have been altered by supergene weathering.
The primary sedimentary phosphate minerals, along
with the associated clays, etc., in many of the world’s
phosphate deposits are readily altered by subsequent
weathering processes. Such modifications are super-
imposed upon and cross the primary stratigraphy
and sedimentary structures, eventually destroying
them. Any geologic evaluation of such a modified
section, whether it be for reasons of economics or
genesis, must first recognize and then unravel the
secondary processes and components from the pri-
mary. 1 consider this an essential facet of any con-
sideration and classification of the Florida phos-
phorites and, consequently, include a brief summary
in this paper. 1 believe that much of the disagree-
ment and confusion that exists between workers in
the Central Florida district is due to the difficulties
in “seeing through” the often severely weathered
and modified sediments. This is a critical step in
relating the weathered portion of the system around
the Ocala Upland to the downdip unweathered strati-
graphic equivalents. ,

The detailed mineralogical changes due to super-
gene weathering have been studied in considerable
detail in the Central Florida phosphate district by
numerous workers, the most noteworthy being Alt-
schuler and Young (1960), Altschuler et al. (1952,
1956, 1958, 1963, and 1964), and Owens et al.
(1960). In Central Florida, the unaltered calcium
phosphate occurs as a carbonate fluorapatite which
grades upward to calcium-aluminium phosphate, oc-
curring as crandallite and millisite. These change
upward to the pure aluminum phosphate, wavellite.
Some of the petrographic changes of the phosphate
minerals were discussed in a previous section. The
clay minerals have a similar gradational sequence.
The clay minerals at the base consist of a montmoril-
lonite-attapulgite assemblage which grades upwardto
a montmorillonite assemblage overlain by a mont-
morillonite-kaolinite assemblage and finally to a kao-
linite assemblage. These same general alteration
sequences are applicable to most of the inner perime-
ter zone around the Ocala Upland where the updip
portion of the phosphorites has been exposed and
subjected to subaerial weathering.

In the Central Florida phosphate district, min-
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eralogical alteration due to weathering migrates
downward as a series of “alteration fronts” dividing
the section into zones and producing the textural se-
quence described below. These zones can best be
described by examining a section progressively
upward from an unaltered base (zone 1). This
approximates what happens to a sediment section
during weathering.

Zone 7.  Complete leaching and translocation of
all the clay constituents produces a
clean quartz sand.

Continued leaching and translocation of
the clay matrix produces a predomi-
nately clean quartz sand which contains
isolated remnants of the vesicular rock,
The boundaries between the quartz
sand and remnants of the vesicular rock
are gradational.

Progressive leaching of the tightly
bound clay-sized constituents of the
matrix, the kaolin and wavellite, pro-
duces a rubble composed of pebbles,
cobbles, and boulders of vesicular rock.
The soft sand- and pebble-sized cal-
cium-aluminum  phosphate  grains,
bound in a porous but hard matrix,
begin to leach away. This leaching
produces a vesicular rock; the size and
texture of the vesicules depends upon
the size and texture of the original
phosphate sand and gravel.

Zone 3. The sand-sized calcium phosphate
grains alter to calcium-aluminum phos-
phate, beginning with the finer grains.
This i1s the point at which the hard,
polished phosphate grains change their
texture to soft, dull-surfaced grains,
The clay-sized phosphate grains, inti-
mately intermixed with the kaolin clay
minerals, alter from calcium-aluminum
phosphate to aluminum phosphate
(wavellite). This stage of the altera-
tion produces an indurated matrix en-
closing the coarser grained constituents,
In the mining districts, the sediments
from this zone up are discarded as
overburden.

The clay-sized phosphate particles alter
to calcium-aluminum phosphate (cran-
.dallite and/or millisite), the attapulgite
is gone, and the montmorillonite alters
to kaolinite. .

In the unaltered zone the gravel, sand,
and clay phosphate are calcium phos-
phate (carbonate fluorapatite) and the
clay minerals are either montmorillon-
ite or montmorillonite-attapulgite.

Zone 6.

Zone 5.

Zone 4,

Zone 2.

Zone 1.

K. RIGGS

Izach of the seven major zones crosses the primary
stratigraphic units and grades one to another as
alteration migrates down the section as waves. How-
ever, in any single section, all seven zones may not
he developed. Frequently several zones form com-
mon fronts and coincide. The advance of the altera-
tion zone is commonly directly effected by the clay
content of the original sediments, This same se-
quence of alteration advances inward from fracture
zones, around sinks or collapse structures and, to a
much lesser degree, advances laterally along strati-
graphic units.

The primary stratigraphic units can commonly be
recognized (at least to formation and often to facies)
through zone 4. * Occasionally the primary units can
be recognized through zone 5 and rarely into zone 6.

Discussion

The importance of understanding the petrology of
the phosphate grains can best be appreciated when
considered in terms which are of direct economic
importance—phosphate grade or percent P;Os. In
this respect there are two levels’ of consideration:
the P.O; content of an individual phosphate grain
or a bulk sample of concentrated phosphate grains
(concentrate grade) and the P.QOs; content of the
total sediment or rock as it occurs within the strati-
graphic section (feed grade). The actual concen-
trate grade is directly dependent upon three variables.
First, the P.O; content of a specific macrograin is
dependent upon the type of macrograin (i.e., allo-
chemical intraclast, skeletal material, etc.). The
grade of any given sample or bed or deposit is then
dependent upon the relative proportions of these
grain types. Second, the grade of a specific phos-
phate macrograin is dependent upon -the proportion
of phosphate components to nonphosphate inclusions
within the grains. These inclusions of microscopic
garbage consist of quartz grains, dolomite rhombs,
siliceous fossil hash, iron-coated bacteria-like grains,
clay minerals, etc. Variations in the type and abun-
dance of these inclusions also determine the color
of a given grain and dictate the differences in gen-
eral chemical composition between any two phos-
phate grains, or the phosphorite in different strati-
graphic units or phosphate deposits. Third, the
P.,O; content of a specific grain or a deposit 1s deter-
mined by the subsequent geologic history; that is
whether it has been subjected to erosion, reworking,
and weathering (i.e., lithochemical or metachemical
phosphorite). In addition to.each of the three vari-
ables stated above, the percent P,O; content of the
total sediment or rock sample (feed grade) is de-
pendent upon the relative proportion of phosphate
grains to the nonphosphate grains (i.e., terrigenous
sand and clay and authigenic carbonate, etc.) in
the stratigraphic section or phosphate deposit.
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Thus, the phosphate petrology is tremendously im-
portant not only because it directly affects the eco-
nomics of any deposit but also hecause_ it supplies
the hasic information upon which the model for the
origin and deposition of the Florida phosphorites
has been built.  This sumary paper is based upon the
results of extensive descriptive stratigraphic, sedi-
mentologic, and petrographic studies on the phos-
phorite section throughout the state of Florida and
the southeast Atlantic Coastal Plain. The present
paper, along with comparative studies in other parts
of the world, represents the foundation for my sub-
sequent paper in this issue of Economic Geology.
The other paper is the synthesis of phosphorite sedi-
mentation, a working and evolving model which is
not without problems or questions, but does seem to
come closer to fitting the real world system of phos-
phorite sedimentation than existing models. Thus,
the subsequent paper represents the summary and
conclusions for the present paper.
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The transition from energy dehydration to coordination dehydration in strong elec- -"IR ‘
trolyte leads to the appearance of new physical and chemical properties in the solu- H R < Re
tions and to reactions which are impossible under normal conditions. This phenomenon - tion
is due to the fact that beyond the limit of complete hydration there is a change in .
the nature of the energy effects which are reflected in the thermodynamic values, for
example, in the integral heat of solution. In this case the endothermic term which - 1.
takes account of disturbances in the structure of water drops out completely and skayi
effects become apparent which are connected with the inevitable redistribution of ; 2.
molecules of H,0 among the electrolyte constituents favoring the more hydrophilic ion; ! Izob1
this leads to changes in the composition and structure of the complexes in the solu- : 3.
tion. : £ Nauk
Thus there is an appreciable bathochromic shift in the absorption peaks in the a 4.
absorption spectra of nickel and copper solutions containing an alkali or alkali earth teniy

metal chloride if the salt concentration reaches values at which coordination dehydra-
tion begins to occur ([1]. .

In these circumstances the d-electron activation energy decreases more in a copper
complex than in a nickel complex (AEg, - AEni > 0). Since AEg, - AEni = £(¢°cy - ¢ Nj)
(6°cyand ¢°yi are the standard potentials of copper and nickel in these systems), con-
ditions may be achieved as a result of artificially increasing the value u = AEgy -
AENi by increasing the chlorine ion concentrations and the temperature (> 100° C) in
which ¢yi will become more positive than ¢cy, because of changes in the standard po-
tentials of the interacting metals and in the activities of the ions in the solution.
Thus it becomes possible to implement these reactions [1,2]:

Cuj' Ni.ﬂé- — Ni-{-—Cu’*. (1)

For example, cementation of nickel by copper proceeds actively in a calcium chloride
medium at CaCl, molar concentrations of 0.9-1.35 M/kg in the 130-145° C range ([2]. The
thickness of the nickel coating on the copper 'does not exceed 0.5u. The process is
complete in 10-30 min, its duration depending mainly upon the activity of the copper
powder. The pH of the working solution must not be less than 3 because of the in-
creased speed of corrosion of the metal surface layer. At pH = 6 the solution begins
to grow cloudy because of precipitation of nickel hydroxide compounds. .

The reaction is highly selective: of all the impurities normally associated with
nickel, only the platinum group metals can be cemented out under these conditions. The
selectivity of the reaction is practically independent of the relationship between the
electrolyte constituents, which makes it possible to isolate pure nickel from heavily
concaminated solutions. The optimum concentration of nickel salt (in the form of
NiCl,+6H,0) in the electrolyte is 20-60 g/liter.

Reaction (1) may be used to produce pure nickel powder on the basis of the carbonyl
method.

The following reaction is of great interest in hydrometallurgy:

Co-Ni*+ — Ni-+Co?+, (2)

It procees to the end in the conditions under examination [3,4). Thus the complete re-
moval of nickel from cobalt solutions becomes possible, using a purely electrochemical
method, a difficult process under normal conditions. .

The following heterogeneous reaction has great potential in technology:

9Co(OH) g+ NgH — 2Co+N,+-4H,0. (3)

It proceeds with great speed at > 100° C (atmospheric pressure) and with a free hy-
droxyl ion concentration of 2-3 g-ion/liter [5]. Reaction (3) is remarkably selective.
Of cobalt impurities, only nickel, copper, and platinoids are reduced to metal; iron.
cadmium, zinc, manganese and p-metals do not pass into the elementary state under
these conditions. . R

Having regard to the large scale of hydrometallurgical production, the direct use ©¢
hydrazine compounds to produce cobalt is unprofitable (the relatively high cost of h¥”
drazine is largely due to the difficulties in its concentration and fractional distil’
lation). However, Raschig synthesis can be used for reaction (3):

NaCl-+2NHy—N,H + NaCl+H,0, 4)
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which yields a ready-to-use hydrazine-bearing solution on the basis of constituents
widely used in metallurgy.

Hydrazine is formed by mixing solutions of ammonia (conc.) with addition of commer-
cial gelatin and sodium hypochlorite (active chlorine concentration ~ 60 g/liter)
cooled to 0-10° C in the ratio of 2.5: 1 by volume. Under these conditions the maxi-
mum N:H. concentration (20-30 g/liter) is reached after holding the solution for one
or two days at 18-20° C with a gelatin content of ~ 0.030 g/liter.

Reactions (2) and (3) can be used to produce pure cobalt with preliminary separa—
tion of copper be cementation with cobalt powder.
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The Permeability of Whole and oM
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The permeability of whole and jointed B&uw granite was meastired at pres-
sures up to 2 kbars. Jointed samples were actually split cylinders joined by
surfaces with controlled surface rouglness. Samples with induced 1ension frac-
tres were also measured. The permeability” of the whole rack ranged from
about 107° 10 1077 durcies. The permeability of the jointed rock ranged
From about 8 x 107% darcies at low pressire down to that of the whole
rock at high pressures. Permeability was not a simple function of the differ-
ence benween external confining pressure (P.) and internal fluid pressire (Pg).
Changes in permeability were found to be proportional 1o (b dP; — adP,)
where bfa < 1 for the jointed rock and bja x | for whole rock. The order
of application of P, und Py was also important. Permeability hysteresis and
an ultimate decrease in permeability in both whole and jointed rock resulted
when imternal fluid pressure was eycled. This effect seems to diminish with
increasing confining pressure. At a particular P, the wvolume flow rate, q,
is proportional to (P, — P,)7" Increasing the surfuce roughness of the joints
decreased the value of n, which was smallest for the tension fracture and.
the whole rock. Within the uncertainty of joint aperture measurements, a
Sflat plate model of the joint seem inadequate.

INTRODUCTION reported on the permeability of Westerly granite as a
function of effective stress (commonly taken as the dif-
ference between the external confining pressure and in-
ternal fluid pressure). Zoback & Byerlee [2] investi-

gated the clfect of deviatorie stress on the permeability
of Westerly granite, and Summers er al. [3] described
permenbility changes in Westerly granite at tempera-
tures between 100 and 400°C. With one exception, [3].
all measurements were on whole, unjointed rock. The
permeability of jointed granite has been measured in
it by Pratt et al. [4] and in a large granite core by
Witherspoon er al. [3]. Both studics were restricted by
sample size (o stresses below 300 barst.

Brace [6] has concisely summarized the results from
the literature dealing with the permeability of geologic
materials. The following points are worth repeating:
(1) stress produces large changes in permeability, both
increases and decreases, in all porous material but
joints are extemely sensitive to stress changes relative
10 the surrounding whole rock: (2) the permeability of
jointed rock is several orders of magnitude greater than

: that of intact rock (at least over the stress range
’. Lamont-Doherty Gcologi?:\l Observatory of Columbia Univer-  yyeqsured): (3) the simple ellective stress law of confin-

. Palisades. NY 10964, LLSA. ) . .
cAlbso, at the Dupl of Geological Sciencés, Columbiu University. ng pressure ‘mmus pore pressure may be udcqumc for
Flbar = 10°N'm? = 0.1 MPa. _ unjointed granite, is not adequate {or sundstones and

part of a larger study designed to investigate the
fects ol joint roughness. geometry and filling on fluid
W at geologic pressures and temperatures. we report
reindtial results on Barre granite. Specifically. we
sured the permenbility of whole and jointed Barre
anite at room temperature and  pressures up 1o
“hars. Jointed samples were of two  kinds: split
hnders joined by Surfaces with controlled surface
oghness and cylinders with artificially induced ten-
1 fractures. Some of our results corraborate previous
awestigations, but we have also determined that the
sss history and joint surface roughness hive a large
wet on the hydraulic properties of rock and. as this
i~ rarely been specifically taken into account. is. we
el of major importance.

Data on the permeability of low porosity, crystalline
K are scarce. Westerly granite is the only rock that
4% been extensively investigated. Brace ¢ al [1]
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there are not yet enough data to even test it for jointed
rock.

SAMPLE PREPARATION

Whole samples

All cores, approximately 3.5 cm in diameter and 9 cm
in length were taken in the sume direction from a single
block of Barre granite. Their ends were surfiee ground
parallel to within 0.001 cm from side to side.

Split samples

Another block of Barre granite was siw-cut into
large prismatic sections with ground sides. Two see-
tions with parallel sides” were clamped together and
cores, also approximately 3.5cm in diameter. were
tiken centered on the joint between the sections. These
split, cylindrical sumples were then reclamped and saw-
cut to be approximately 9 cm in length. The ends were
ground parallel like the- whole samples. The split
samples were then unclamped and the interior, oppos-
ing surfaces were ground with number 120 grit. Some
samples were subsequently ground with number 600
grit und others further polished with Linde 0.3 g alu-
mina polishing compound. All surlaces were prepared.
stored and protected in pairs.

For our tension fracture samples, two grooves, ap-
proximately I mm in depth, were made 180 apart
down the length of several of the whole samples. They
were then placed between two V-shaped anvils and split
from groove o groove as in a Brazilian strength test

PROCEDURE

Experiments were conducted in a triaxial, servo-con-
trolled, hydraulic press cquipped with w 508 em bore
pressure vessel. Kerosene was used as the pressure
medium as well as the fluid pumped through the rock.
It is chemically inert with respect to the rock so we
are looking at mechanical effeets of pressure only, The
confining pressure system was independently controlled
and separate from the internal luid system.

All whole samples were covered with a thin copper
jacket. Steel end -caps -with center holes and radial
grooves were aflixed to the whole sumples. To- permit
flurd access to the entire end surface of the sample,
a thin layer of grit from a pulverized grinding wheel
was placed between the sample and cach end cap. A

steel piston was aflixed to one side of this assembly-

and the pressurce vessel closure to the other. Fluid could
be admitted or withdrawn through central ports in the
piston and top closure. .

Strain gauges were cemented to the copper jacket
in-an array which permitted strain to be measured at
a number of points along the length of the sample.

Split cylinder assemblies were made in the same way
except the layer of gnt was omitted and the samples
wdre jucketed with polyolethane.

To measure joint aperture changes. a four-armed

cantifever device was used (Fig. 1). 1t consisted of four
thin. rectangular beryllium-copper beams connected in
a radially symmetric pattern to- an aluminum ring
which was slipped over the sample. A certain amount
ol tension kept pads at the end ol each arm lirmly
pressed agamst the sample. Each arm had an electric
resistance strain gauge on it. It was arranged on the
sumple so that two of the arms measured the sum of
joint closure and rock compression, and the other two
measured rock comprcssion only. The output of one
pair was subtrateed clectrically from the output'of the
other pair so that the result was proportional to the
Joint closure. The dilatometer was catibrated against
a micrometer. The eflect of pressure on the dilatometer
wis also measured and taken into account.

Both confining pressure and internal fluid pressure
were measured outside the pressure vessel in two ways.
For recording, we used the output from two high pres-
sure BLH, Inc. pressure transducers. In addition, we
visually monitored confining pressure with a Heise
gauge and internal fluid pressure with two Heise gauges
connected within- the system above and below the
sample column. A differential pressure transducer cap-
able of detecting differences of 0.1 bars under ambient
pressures as high as 3 kbars was also connected
between the top and bottom of the sample column.
Schematically, our pore pressure system is similar to
that shown in [2].

Permeability measurements were made with a pro-
cedure which closely follows that of Brace er al: [1).
A simitur procedure has been used by Zoback & Byer-
lee [2]. Briefly, a pressure step (about 5~10 bars) much
smaller than the ambient pore pressure was introduced
to cither the top or bottom of the sample column
assembly and the decay in the pressure head was moni-
tored with the differential pressure transducer. The
pulse decays in time according to the equation

P= Py 0
with

kAW, + V)
TN

where k is: the permeability, A4 is the cross section
through which fluid flows, fi is the isothermal compres-
sibility of the. fluid, s is the dynamic viscosity, L is

the sample length and V, and V, are the volumes of

pore uid reservoirs at the top and bottom of the
sample, respectively. For oursystem, V; =20cm’,
Vy = 15cm®, L = 9cm, A = 9.6 cm? for the whole rock
sumples. Isothermal compressibility and dynamic .visco-
sity of kerosene us a function of pressure can be found
in [7] and [8], respectively. Once « 1s evaluated from
the pulse decay curve, equation (2) can be used to cal-
culate the permeubility for the whole rock.

This method assumes that Darcy’s law holds. That
is i

kA dP
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Fig. 1. Sample column assembly showing four-armed dilatometer around sample. A sccond dilatometer can be seen it
the base of the column,

where ¢ is the volume flow rate. Tt also assumes that
a linear pressure gradient exists along the léngth of
the sample.

The same procedure was used for all split cylinder
samples. This allows a direct comparison between
whole rock and rock with a joint. but will not give

an absolute value of permeability for the joint itself

because the assumptions made in deriving (2) do not
necessarily apply to joiﬁls.

Joints are often approximated as a parallel plate
opening, for which [5,9.10] the volume Now rate per
plate width is

d* dpP

= —— . — 4
120 dL i

where- d is the plate opening. Comparing (3) and (4),
a single joint permeability TOuy be defined as g

“One can modily (2) by taking A, the cross section

exposed to the fluid. to be simply the joint opéning
d times the cylinder diameter (3.5 cm). Permeability
calculated in this lashion for the joint alone can be
comparcd 10 permeability calculated using (3) il the
absolute value of d is known. Differences in the two
calculations will be, in a sense, a measure of the devi-
ation of the actual joint from the ffat plate model. Im-
plicit in this modification 1s an assumption. that essen-
tially all flow occurs through the joint. This may not
be the case for rock with higher porosities. than that
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Fig. 2. Schematic representation of changes in P, and P, [or two different experimental procedures. See text for explanation.

considered -here. or where whole rock permeability is
of the sume order ol magnitude as joint permeability.

The cumulative uncertainty in the constants in equa-
tion (2) is less than 259, Uncertainty in & may be as
high as 10%4. Absolute values of the whole rock and
jointed rock permeability as-reported may thus be con-
sidered accurate to within 35%,. 1t is not known how
great the permeability anisotropy is. Absolute valucs
of the permeability of the joint alone ure not as accu-
rate. uncertainty in the joint aperture being the main
reason.

Measurements made with the dilatometer do not give
an absolute value for the joint aperture, but rather a
change in aperture. To get an absolute value, the joint

must be closed down 1o the point where no further

changes in aperture are discernable, and that point
taken as o = 0. We did not reach such a point in any
of our experiments. From the asymptotic approach to
complete ¢losure we can, with some uncertainty, get
absolute values of das a function of P, — P;. At low
pressures the estimated uncertainty in the aperture may
be as high as 2009 but it decreases rapidly with pres-
sure. so that above 500 bars the estimated uncertainty
in the permecability of the joint may be considered us
+25%,. The absolute values are .not as important as
are the relative changes in permeability which we
report.

It became apparent after scuml experiments that the

order in which confining pressure (P) and internal fluid.

pressure (P;) were changed from measurement 1o
measurement was important. Figure 2 shows schemuati-
cally how P, and P, were changed. Our initial pro-
cedure was as in Fig. 2a. A certain amount of confining
pressure was applied. then a lesser amount of internal
fluid pressure was introduced. Some time for equili-
bration was allowed, then measurements began at point

i. “Subscquent measurements were made  following

further changes in P, and allowance for equilibrium.:

Then P, was raiscd again, more measurements were
made, then the procedure was repeated. As near as we

* | microdurcy = 10™'* em?,

of P - Py

R -R

can tell from the literature, this is exactly or very close
10 the same procedure used by most investigators.

Il we tried to repeat a sct of measurements or if
we had a leak and had to begin again we found a
certain amount of non-repeatability.” This was more
apparent with jointed samples. Because pressure cycling 58
is known to cause-irreversible damage in whole rock
[11] and cumulative irrecoverable closure of joints (Flg
7 in [4]\ we -decided to chdng,c our procedure o test .
for hystercesis effects, as in Fig. 2b.

From tests on solid samples we determined that a 4§
minimum P, — P, value of 50 bars was required 1o in- 5 ]
hibit surface flow bclwcen the jacket and the sample. _;
Thus a confining pressure in excess of 50 bars must S?,
always be applied first. We started as in Fig. la but )
at point It we raised P, and P; simultaneously, maintain- -
ing a constant dilference of 200 bars plus or minus the g
small P, pulses needed to make a measurement. At " hg
a particular value of confining pressure we lowered the 4
internal fluid pressure, then raised it back to the point
where P, — P, was again 200 bars, making mcasurc-
ments dlong the way Bolh PN dnd P, were r.usud

¢

Y.

was l’\.p\,.HLd as shown in Fig. 2b.

OBSERVATIONS

Figures 3. 4. and 5 give the permeability as a function 3
for jointed samples with surfaces prepared :
with 0.3 g atumina polish, number 600 grit and number ;%
120 grit. respectively. Measurements were made follow- :
ing the procedure of Fig. 2u. Isobars connect points
where the confining pressure was the same but internal gt
fuid pressure changed. Permeability was calculated ‘?l
without .any assumptions about the real or effective t
cross-sectional area for fluid flow. That is, in equation *
{2), A was taken to be the cntire sample end surface
of 9.6cm?. Note that the permeability for the whole .,
rock with joint ranges from tens of microdarcics* at
low pressure for the 120 grit surface to less than one
microdarcy at high pressures. '
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The following details should be noted. At a particular
value of P. — P, the higher the P, value the lower
the permeability. This is particularly striking for the
120 grit surface and becomes less marked as the surface
becomes smoother. The rate of change of permeability
with changing P, — P, is greatest at low pressure and
decreases almost to zero at high pressure. The rougher
the joint surface, the slower the decline of permeability
with increasing P, — P, )

The data in Fig. 6, which are for a tension fracture,
were collected following the procedure of Fig. 2b. The
hysteresis is quite apparent for this rough joint surface.
Atany particular confining pressure, lowering the inter-
nal fluid pressurc (raising P, — P,) resulted in a de-
creasc in permeability which was not entirely recovered
when the internal Auid pressure was raised to its initial
value. Note that the hysteresis decreases as the conlin-
ing pressure is increased. Part of this- decrease is un-

600 grit

{microdarcies)

PERMEABILITY

w
(2]
T

750 1000 1250

{bars)

Fig. 4. Permeability at various pressures of jointed Barre granite with
joint surfaces ground with number 600 grit.

1
750 1000 12560 -

P, — P, (bars}

Fig. 3. Permeability at warious pressures of jointed Barre granite with joint surfaces prepared with 0.3 p alumina polish.

doubtedly due to cycling alone. At 2 kbars of confining
pressure there was almost no hysteresis and the per-
meability was almost constant above the 500 bar value
of P, — P,.

The permeability of the whole rock as a function
of P. — P, is shown in Fig. 7. Note that the per-
meability is on the order of a microdarcy or less at
high pressures. Measurements were made following the
procedure of Fig. 2a in most cases. The results of 3

. hysteresis tests following the procedure of Fig. 2b arce
also given. The open symbols represent initial permea-
bilities before pore pressuré was dropped. The closed
_symbol dircctly beneath cach open symbol represents
the’ permeability after pore pressure was raised to its
mnitial value. As in the tension fracture, the difference

" between the two seems (o decrease with increasing con-
fining pressurc. .

From equation (3) we note that the volume flow rate
~q is proportional to kA, which may be calculated using
(2) once x is mcasured. A direct comparison between
the whole rock and each jointed rock sample can be

875}

. 120 git

(microdarcies)

PEMEABILITY

750 000" 250 1500
R -~ R {(bars)

Fig. 5. Permeability at various pressures of jointed Barre granite with
joint surfaces ground with number 120 grit.
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Fig. 6. Permeability at various pressures of Barre granite with a ten-
sion fracture, measured using the procedure of Fig, 2b,

made using kA rather than A, This eliminates any ques-

tions about what value one should take for A for the
jointed sample. Because of the stress history effect. com-
parisons should be limited to measurements at the
same P.or Pp.o We it kA to an equation of the form

kA = [haJo ([P, — P;3°1) {6)

By plottinglog [kA] vslog [P, — P, ] we find n. Figure 8
Li‘vc\' an example for the jointed rock samples at

= 0690 bars. Table | lists the values of n at various
[)TLS&[H’\.S for all available data. Two things become im-
mediately apparent. First, as ‘confining pressure is
raised, all samples show a decreasing dependency on
P, ~ P;. Also. as mentioned previously, the rougher
the surface the smaller the pressure effect ar all pres-

stres. It should also be noticed that since the n values

for the jointed rock samples are greater than for the
whole rock, the curves will interseet at some P, — P,

value, That is. at some.pressure there will be no appar- -
ent difference in the flow rate between a rock with a

joint-and an unjointed rock. For the sample with the
smoothest joint surface this projected pressure is
between 2 and 3 kbars. For the roughest joint surface

itis between 10 and 15 kbars. Obviously. such a projec-.

tion ignores the effects of temperature und other
natural variables.
As mentioned previously. using the dilatometer to

measure the joint aperture at the same time that per-

mcability 1s being measured offers the opportunity 1o
evaluate the flat plate model of a joint. If one assumes
that the joint aperture alone is the cffective cross ‘sec-
tional arca to which fluid is exposed. then in equation
{2). A cquals 3.5¢m times the joint opening (d). We
found. for example, that the joint with surfaces pre-
parcd with 120 grit could be- squeczed down about
36 ym. From the change of aperture with pressure we
estimated the maximum joint closure possible 1o be
about 40 ym. Using this value for d at zero pressure,

R. L. Kranz, A. D. Frankel, T. Engelder and C. H. Scholz »

"
we caleulated the permeability of the joint alone,
Fig..9 we compare this with the flat plate model (cqua
tion 5). Data collected are given in Table 2. Unculamg,
in d is-about 1 um. »#

Ditta points | through 6 in Table 2 indicate how
rapidly the Jomt closes down as confining pressure §°
raised. Data points 7 through 13 show that with lﬂ
introduction of internal fluid pressurc the joint recoy
most, but not all, of the aperture closure produced
an equivalent value of P, — P, (compare data poin\s'
S and 8, Tor-exampie). Permeability mcmurumcnts were
made starting at the conditions of data point 14. Con-'mf
fining pressure was raised and, after data point 21, m-
ternal fluid pressure was raised until ncar the vuluc
of P.. After data point 26, P, was lowered and a chond s
cyclu begun. )

It is apparent from Fig. 9 that, within the uncertmmy
of the aperture measurements, a flat plate does not ades®’
quately model this joint. The flat plate model predlcuﬂ
permeabilitics- and orders ol magnitude higher than,d
determined. The model also does not consider the strcss

" history. The joint apparently suffers enough damage®:

during the f{irst cycle of measurements. (data points l;h
through 26 in Table 2) that it no longer responds in”

the predicted way. During the second cycle (after dana¥
point 27 in Table 2), permeability is significantly on\ui
than during the first cycle, even though the measurcd%
apertures are about the same. Once the joint has been

squeezed down, the two sides tend to remain clost‘"
together until the internal fluid pressure is raised o't

.a substantial percentage of the external confining pres &7

sure, after which the aperture opens rapidly (compare:«
data points 7-13 und 21-26). The phenomenon of the #'
joint being wedged open by high internal fluid pressure 5 |

requires more clarification and is under current investic
gation. z
i
3 ) i‘. |
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Fig. 7. Permeability of. whole, unjoinied Barre granite al various

pressures. Open symbols and closed symbols directly- bencath them

are beginning und end points of cyelic experiments foHowing the
procedure of Fig. 2b.
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DISCUSSION

 Effective stress
Permcability & is a function of many variables, the
" most important of which are evidently confining pres-
" sure, internal fluid pressure. temperature, and in the
* case of joints, surface roughness. Unfortunately, k docs
not appear to be simply proportional to P, — Pj.
When one of these pressures-is held constant and the
other is changed two things become apparent. First,
the relative effects on the change of permeability ure
not always equal for equal changes in P, and P, and
¢ second, the order in which the two pressures are varied
" also has an effect on the permeability. That is, k is
" stress history-dependent.
Suppose & to be a function only of £ and P,. Then
we may write

ok : n
dk = [3( P P,)JF, d(Fe = Fy) “’{am ~P) Jp, diFe=Fy)

ok T ok
—— | dP. —| ———| dP,
e, ()

—adP, + bdP,. {7)

I}

From this we see that the coefficients a and b give
the relative effects of confining and internal fuid pres-
sure changes. They are the slopes of equal P, and equal
P lines on a permeability vs P, — P,graph. When P,
and P, arc changed by equal amounts, the value of
b — a is proportional to the change in k. For example,
if both P, and P, arc increased by &, then
dk = (b — a)d. 1f dk is positive (permeability increascs)

The Permeability of Whole and Jointed Barre Granite . ' 231

then & is greater than a and internal fluid pressure is
evidently of greatér importance than confining pressure.
This, as we have shown, is decidedly not the case for

- Jointed Barre granite. Permeability was less at higher

confining pressures when compared at the same
P.— P, value (cg bfu <1). Zoback [12] found
2.2 < bja < 4 [or several unjointed sandstenc. That is,
P, had a greater cffect than P,. Brace er al. [17 implied
that a simple eflective stress law of (P, — Py) held for
Westerly granite. This is equivalent to having hfa = |,
For whole Barre granite bja is also close 1o one but
we hesitate o try and assign o value because it is
apparent that Ba is stress history dependent. In addi-
tion, for joints hfa is apparently also a lunction of sur-
face roughness and the ambicent pressure.

Taking all of this into account, we conclude that

“there s no simple effective stress daw for the per-

meability of jointed rock. We have purposely avoided
using the term ‘eflective stress’ for this reason and
because no cflective stress law has vet to be developed
which accounts for stress history dependence.

Surface roughness

The more highly polished o surface is the smaller
the mean asperity height. In this sense. grinding has

the same offect as normal pressure. For any particular

initial statisticut roughness, the greater the pressure, the
greater the real arca of contact with the opposing sur-
face. Similarly, at any particular normal pressure; we
would expect more real area of contact the less rough
or more highly ground the two opposing surfaces are.

Asperitics in contact affect permeability in two direct
wadys. They change the path-length or tortuosity of flow
path and they inhibit joint closure. Joint permeability
defined by cquation.(5) docs not tuke this into account.
The effect of surface roughness can casily be seen by
comparing Figs 3, 4, and 5. The highly palished surface
(Fig. 3) most closely resembles a flat plate. Asperities
are small so the joint closes rapidly at low pressurcs
until enough ol these asperitics make contact with the

Tanse: 1. Depenoence o kA oN P - P

“dp|T? )
1y Jr =ka = [kddol[P. - P17

P, (burs) Joint surface kAY n+0.2
350 120 grit 123 1.6
355 600 grit 1.2 1.9
n 0.3 ut polish 1.2 24
697 120 grit 7 1.3
690 600 grit 09 1.7
690 0.3 it polish 09 2.1

1382 120 grit 33 1.2
1380 600 grit 0.5 1.5
1381 0.3 u polish 0.7 21
2082 7 120 grit 11 0.8
2070 600 grit 0.4 1.5?
1000 tension fracture 60 1.3
1248 tension fracture 25 1.1
1496 tension fraclure 10 1.0
1750 tension fracture ? 7

170-175 whole rock 1 0.9

1000 whole rock - 0.65 0.8

* <10 em®; [kd), = kA at P, — P, = 100 bars.
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JOINT PERMEABILITY
120.GRIT SURFACE -
(]
103} —10
=
8 a
o o
< o
[=] -—
a o
2 o
-
102} T 1
28
3
10 1t 1 ! Ly 1 I
0] 2 4 6 8 10 12 14 16 18 20 ’
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Fig. 9. Permeability of the joint alone as a function of joint aperture. K is the theoretical value assuming a flat plate
’ maodel. Data points taken from Table 2.

-opposing surface to increase the flow tortuosity and

TABLE 2. JOINT APERTURE AND PERMEABILITY CHANGES FOR SAMAY
WITH 120 GRIT SURFACH

decrease the closure rate. Conmrast this with Fig. 5

where the asperities are larger and tend 10 prop the

K K=dy
joint open, thereby diminishing the rate of permeability P P, d (microdarcies)
decline as pressure is raised. Figure 4 shows inter- Data P thars) ) - Ol (x 109
mediate behavior. : 0 0 40

Twai [13] has investigated the effects of contact arca ; 28 g :2
and aspernty gcomci‘ry on permeability. He found that 3 10 0 1
at low pressure (2.6 bars) the real area of contact of 3 75 0 9
a granite was less than 0.1% of the apparent total arca 2 ;88 ?) Z '
-‘u.nd'incrcascd 1o 10-20%, at 200 bars. He found a rela- 7 300 55 45
tion of the form 8 00 150 5.5
9 300 205 1
k ¢ 10 300 255 9.5
B (8) i 300 265 10,5
ko 0 yA/A A+ 2 300 275 1S
) 13 300 285 13.5 ‘
C . 14 300 203 7 ~300 408
where y and ¢ arc empirical constants, &, is the zero 15 500 W05 6 <275 300
pressure permeability, A, is the real arca of contact 16 700 205 6 ~ 260 300
1 NP () 205 2
and A is the apparent joint surfuce arca. :Z :%’3 ;82 2 ;ﬁ :%
Though we have no data for the relationship between 19 1300 305 6 o ’
P.~ P, and” 4,/A. Iwai [13] cluims that the contact 20 1400 100 6 159 K]
. . . T . . h 5 N 37
arca increases lincarly with normal load. This is consis- ;', ::‘138 128 gz ]32 :?,
tent with the results of Bowden & Tabor [14] whio 2 1400 600 7 210 08
show that. neglecting time cffects, 24 L1400 850 7.5 239 468
25 1400 1100 8.5 455 602
. ‘ 26 1400 1350 13.5 ~ 750 1518
A, = N/h o) 27 1400 200 75
’ 28 1700 230 7.5 N 463
. . )] 'S 2 2
where N is the average normal load on an asperity ;3 3;&; ;:g ;(5) ;? ”:(5’3
and h is the indemiation hardness for the asperity 3 435 20 4 19 m
material. 3 2735 230 4 2 13}
. - .- . . 2
Consider the model of a part of a joint skeiched :i fl‘,"; ;gg z 33 ;(3)3
in Fig. 0. Confining pressure acts on the entire joint 35 1425 430 7 88 108
surfuce arca A, Equitibrium demands that 36 1435 985 8 103 533
37 1455 1275 10 135 833
38 1453 1395 13 1400

PoA =N+ Pp(a—4) (10)
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Fig. 10. An idealized joint section with an asperity subjected to exter-
nal. P, and internal. Py, pressures.

Substituting for N from (9) we get

A, P.-P
e S (11)
A h - Pf
To determine whether P, or P, has a.greater effect on
A, we compare

a4, 1
Al OP |p, h— Py
and
1fo4,] _ P —h
AlaP s, [h=P]?

We sec that

84, S 0A,
OP e, aP, |

whenever P+ P, < 2h.

This condition is certainly met’ for all of our experi-
ments so we conclude that the confining pressure will
have a greater effect on the real arca of contact than

the internal fluid pressure. This simple model is there-

forec compatible with our experimental results. It is
clear from Table 1. however, that changes in joint sur-
facc topography with normal stress -arec much more
complicated than we have supposed. We have initiated
a program 1o measure these changes in order to better
understand the physics of joint deformation.

Whole rock ' .

The absolute values of permeability for Barre granite
ar¢c about a factor of 3 higher than those reporied by
Brace ¢r al. [1] for Westerly granite over the pressure
range measured here. The average grain size ol Barre
granite is about a factor of 2 greater than that for Wes-
terly granite. In addition. Barre granite has a strong
fubric because of a preferred crack orientation [15].
Our whole rock cores were oriented so that flow was
forced along the rift-grain planc. These two factors
probably account for the differences in permeability.

Swress history
Unrecovered permeability changes for jointed crys-

talline rock have been observed in the labora-
tory [5.13.17] and joint closure hystcresis has been

obscrved [4] in the ficld. These were a result of cycling

233

the external normal stress. Since overburden pressures
generally remain constant while internal fluid pressures
change in natyral rock systems, our 'method of demon-
strating permeability hysteresis by cychng the internal

‘pressure is preferable.

Witherspoon et al. [S] observed that flow rates
showed a considerable difference between injection and
withdrawal of fluid. but that the -difference decreased
with increasing normal stress. No significant per-
meability losses were observed by Zoback [12] when
pore pressure was raised, then lowered in sandstone.
We observed permeability hysterésis in jointed samples
and whole rock when the internal luid pressure was
first lowered. then raised to its initial value (Figs 6 and
7). This hysteresis also scemed to décrease with increas-
ing confining pressure.

Since hysteresis occurs in joint closure with a con-

siderable non-recoverable part, some asperities must he

deforming plastically or else are crushed when P,
increased. Either plastic deformation or asperity crush-
ing will increase the contact arca and thus decrease
the amount of surface arca available for P, to work
against. in addition to increasing the flow tortuosity.
Thus lowering the P, value apparently permits non-
recoverable surface damage. The permceability can be
reccovered ounly if the joint or crack aperture is in-
creased.

Permeability hysteresis within whole rock is prob-
ably a result of irrecoverable damage done to bridging
material between grains and crack walls. Sprunt &
Brace [11] have shown that pressure produces such
damage in granite. Feves & Simmons [18] have shown
that pressure cycling decreases the crack porosity sub-
stantially. If pore pressure is decreased and cracks close
down, raising the pore pressure to its initial value may
not be sufficient to wedge the cracks open again. If
the tést is performed in reverse by first raising the pore
pressure, the cracks will stay open and no damage is
expected. Zoback's results [12] are not incompatible
with ours in this respect.

Onc of the observations which we cannot so casily
expluin is found in Fig. 6. After completing a cycle
of lowering and raising P, both were raised simul-
tancously (as in Fig. 2b). This had the apparently incon-
gruous’ result of raising the permeability slightly, .
though it was still lower than the beginning of the pre-
vious cycle. We suggest that this may have been a result
of not letting sufficient time clapse for P, within the
joint to come into equilibrium with the reservoir pres-
sure. Thus P, — P, may have been less within the joint

“than we meusured outside of the sample column,

Alternatively. it may be that when a joint is subjected
to internal pressures not previously experienced, even
when the P, — P, value is constant, the contact arca
between asperities decreases.

CONCLUSIONS

Because the permeability of jointed rock is greater
than unjointed. low porosity rock. fluid flow will be
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confined essentially to joints and fractures in the rock.
Large differences in permeability persist at least up to
2 kbars of pressure though the decrease in permeability
with pressure is greater for joints than for whole rock.
In addition, since joint surface roughness has an effect
on the decline of permeability with' pressure. some
joints will probably be effective fluid conductors at even
higher pressures. Eventually, however, a pressure is
reached where jointed and unjointed rock become in-
distinguishable.

Changes in external (overburden) dlld internal ((luid)
pressures. have significant effects on  the hydraulic
propertics of unjointed and jointed rock. It appears
that these effects are similar but of different magnitude
in whole as compared with jointed rock. Jointed rock
is much more sensitive to pressure than whole rock.
In a porous rock. flow is through interconnectéd pores
and cracks. The mean cross sectional area along the
flow path is much smaller than for a joint. In addition,
the flow path length is much greater in whole rock.
These two differences alone can account.for the magni-
tude difference in pz.rmt.ablhty, but not for the fact that
the permeability decreases more rapidly with pressure
for jointed than for unjointed rock. Rather, it is appar-
ently because the compressibility of jointed rock is
much greater than for whole rock [4.6.19]. That is, the
joint aperture closes more readily under pressure than
cracks within the whole rock. .

We find that external confining pressures produce
greater changes than internal fluid pressures {or jointed
rock. In whole Barre granite, the relative changes are
about equal. This may not be true of other rock types.
One should be cautious when applying the term ¢ffec-
tive stress 10 jointed media. At least for ‘the hydraulic
propertics of jointed rock it is nor simply the difference
between external confining and internal fluid pressures.

For flow through joints, a flat platc model of the
joint seems inadequate and the stress history must be
considered. Deviations from the flat model may

occur under high stress or for very rough surfaces.

The stress history of both whole and jointed rock
affects its hydraulic character. Increasing the mean nor-
mal stress to values.higher than previously-experienced
will certainly lower the permeability. That is. raising
the confining pressurc or lowering the internal fluid
pressure will result in lower permeabilities even when
the original conditions are restored. This fact has
obvious implications-for oil field production and geo-
thermal energy extraction schemes. If the internal fluid
pumping pressures: are allowed to drop, some sub-
sequent decrease in hydraulic efficiency will ensue.

Finally, as there seems to be a substantial difference
in the response of low porosity rock like granite and
high porosity rock like sandstone to changes in fluid
pressure, more work needs to be done to clarify the
reasons for this difference. More jointed sandstoncs,

granites, and other rock types need to be tested. Joint
surface topography changes nced to be cxamined also,
and as mentioned, we have begun such an investigation.
In siru experiments, perhaps in mines; are also needed
1o help characterize further the differences in hydrauvlic
response to changes in external and internal pressure.
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