
Table 2. Niningerite: Metal:sulfur ratios (atomic proportions), and formulas on the basis of 
one sulfur. 

Meteorite, Metal: sulfur Formula 

Abee, 1 0.991 (Feo 52Mg0 33Mno o0Cao o0CrO 03 Zno o4)S 

Saint Sauveur, 2 1.010 (Feo.47Mg0 40Mno 05Cao 05Cro 03) S 

Adhi-Kot, 3 0.973 (Feo 47Mg0 36Mno. OCaO 04Cro 03) S 

Indarch, 4 1.047 (Feo .3MgO 5,Mno 08Cao 02Cro.02)S 

St. Mark's, 5 0.993 (Feo 20Mg0 64Mno 15Cao 009Cr 0005)S 

Kota-Kota, 6 1.005 (Feo.09MgO.6Mno.14Cao 007Cro.002) S 

4 1 percent; accuracy, + 3 to 5 per- 
cent of the amount present, depending 
on the element and its concentration. 
Because of such high precision, we con- 
sidered it worthwhile for comparative 
purposes to report the data to three 
significant figures, even though the ac- 
curacy may not be better than i 5 per- 
cent. 

Table 1 lists averages and ranges in 
the composition of niningerite in each 
meteorite in order of decreasing iron 
content. Obviously, composition varies 
appreciably between meteorites-from 

(Feo.52MgO.33MnO.06CaO.06CrO.03Zno.004)S 
in Abee to (Fe0.,,Mg0.66Mn0.1.4Ca0.007- 
Cr0.002)S in Kota-Kota. The elements 
Ca and Cr follow Fe, increasing with 
increase in Fe, while Mn and Mg de- 
crease with increase in Fe. Sulfur con- 
tent also decreases with increasing Fe 
because FeS has less S than either MnS 
or MgS. Furthermore, appreciable dif- 
ferences in composition are sometimes 
observed between different grains of 
the mineral in one meteorite (Tables 
1 and 2), a situation that markedly con- 
trasts with the homogeneity of the in- 
dividual mineral grains. Variations in 
composition within any one grain 
usually do not exceed the degree of 
accuracy of the measurements. 

Regarding x-ray diffraction, attempts 
to separate niningerite in the pure state, 
using heavy media, failed because of 
the intimate association of the mineral 
with metallic nickel-iron and troilite 
(Fig. 2); magnetic separation failed for 
the same reason. Accordingly the min- 
eral was subjected to x-ray analysis in 
situ by use of the following procedure: 
The polished, niningerite-bearing, plas- 
tic-mounted samples of meteorite used 
for electron-microprobe analysis were 
clamped into the sample holder of a 
Philips-Norelco diffractometer in such 
a way that the polished surfaces of the 
meteorites intercepted the x-rays as 
would smears on glass slides. Finely 
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ground silicon, sprinkled on the sur- 
faces of the meteorites, served as the 
"internal" standard, and chart and 
scanning speeds were set, respectively, 
at 5 cm/min and 1/4 20/min. 

Within the 280 to 510 20 range, the 
two most intense reflections correspond- 
ing to niningerite were weakly devel- 
oped but distinguishable from peaks 
due to other minerals: their d-spacings 
(Abee niningerite), together with indices 
based on assumption of similarity in 
structure to alabandite, are 2.584 A (200) 
and 1.829 A (220) (11). Cell edges, 
calculated from these reflections, are 
listed in Table 1; because only the two 
peaks were available, the lattice param- 
eters are considered no more accurate 
than ? 0.02 A. The values do not vary 
within the assigned range of error of 
determination, and the average value 
(5.17 A) is just less than the cell edge 
of alabandite (5.22 A). Calculated den- 
sities show an appreciable range, how- 
ever, because, depending on the extent 
to which lighter magnesium and heavier 
iron cations have taken each other's 

place in the structure, the molecular 
weights of the six examples of nininger- 
ite vary considerably. 

The possible origin of this mineral 
and the complex mineral assemblage 
present in enstatite chondrfites are dis- 
cussed elsewhere (1). 
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Digital Model of Evaporite Sedimentation 

Abstract. A deterministic digital model to simulate evaporate sedimentation per- 
inits experimentation with depth of water, shape of salt basin, number, position, 
and strength of the inlets, and rate of evaporation. It provides a reasonable fit to 
salt thickness and distribution in the Upper Silurian Salina Formation of Michigan. 

Evaporite rocks, salts of the more 
soluble ions in seawater, are deposited 
when seawater becomes concentrated 
by excess evaporation in marginal ba- 
sins having restricted circulation with 
the open sea. The simple conceptual 
model of an evaporate basin (Fig. 1) 
has a bar or reef near the mouth of 
its single inlet which restricts circula- 
tion with the sea. 

As the oceanic water flows from the 
inlet into the basin it tends to form 

a thin layer of brine that spreads over 
the surface of the basinal brine, and, 
as it does, the salt concentration in 
the surface layer gradually increases 
because of the continued evaporation 
of the water. When the solubility prod- 
ucts of the salts in the surface layer 
are exceeded, the salts precipitate and 
settle to the bottom of the basin. The 
order of precipitation of the salts fol- 
lows the order of least solubility. Nor- 
mally the carbonates separate first, 
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______________________________________ OPEN SEA 

.25 1.20 1.15 1.10 0 

Halite Anhydrite Carbonate 

Pig. 1. A simplified model of an evaporate basin, having a single inlet connecting the 
basin with the open ocean. 

followed by the sulfates and chlorides 
and the more complex double salts. 
In nature there is considerable over- 
lap in their ranges of precipitation. 
The flow olf water in the basin (Fig. 
1) diverges from the inlet essentially 
perpendicular to the lines of equal 
salinity in the surface brine. The dis- 
tribution of salts deposited in such a 
model will parallel the isosalinity lines, 
being arcuate and concave toward the 
inlet (1). 

The circulation in such a basin can 
be determined by solving the differen- 

tial equations of motion of a fluid, 
subject to appropriate boundary con- 
ditions at the margins of the basin. 
The motivation of the basin circulation 
is the influx of normal ocean brine, 
drawn into the basin as replenishment 
for water lost by evaporation. For sim- 
plicity in determining the circulation 
we have assumed: (i) steady, horizon- 
tal, irrotational flow, (ii) inviscid in- 
compressible fluid, (iii) changes in 
brine density do not modify the circula- 
tion significantly, (iv) constant rate of 
evaporation, which acts as a distributed 
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surface sink, and (v) a basin of uni- 
form depth. With these assumptions, 
the flow can be described by the equa- 
tions: 

-div (pv):=pE/h (1) 

p = constant (2) 

v = -grad 4 (3) 

where v is the brine velocity vector, 
p the density, E the rate of evapora- 
tion, h the depth of the basin, and (1 
a velocity potential function. By sub- 
stitution in Eq. 1 we obtain: 

div grad T = E/h (4) 

a Poisson equation for the velocity po- 
tential. 

The specification of the flux normal 
to the boundary of the entire basin 
renders the system determinate. At a 
shoreline the flux is zero; at an inlet 
or outlet it takes on positive or nega- 
tive values respectively. The numerical 
solution for the velocity potential was 
achieved by the Gauss-Seidel point 
iterative method on a high-speed digi- 
tal computer (2). Computed flow vec- 
tors for the simple model of Fig. 1 are 
shown in Fig. 2a. 

The transport, progressive concentra- 
tion, and eventual precipitation of a 
chemical component dissolved in the 
fluid can be obtained by solving 

-div (-agrad C +Cv) = aC/at (5) 

where C is the concentration field meas- 
ured in mass of dissolved component 
per unit volume of brine, v is the 
velocity field determined from v = 
-grad 1, 8 a diffusion constant, and t is 
time. The diffusive transport is included 
for completeness, but in other than 
static systems, its magnitude is ordinar- 
ily negligible. The initial condition for 
the concentration fieIld is the concen- 
tration of normal ocean brine. 

The numerical solution of Eq. 5 
yields a sequence of "snapshots" of the 
concentration field at successively later 
times after the onset of evaporation 
(Fig. 2, b-d). The time scale of the 
process is dominated by the rate of 
evaporation; which can be estimated 
from present day evaporate basins. 
When the brine becomes sufficiently 
concentrated, precipitation will occur. 
Precipitation is calculated by remov- 
ing from the brine any dissolved mass 
which enters a zone which has already 
reached a prescribed "saturation" con- 
centration. The excess mass so re- 
moved is converted to an equivalent 
thickness of precipitate per unit area 
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Fig. 3. Stratigraphic model and results of computations. (a) Cayugan paleogeography, showing reef banks ringing the basin, with 
prominent replenishment currents and one small outlet also indicated. (b) Computed velocity vectors from nurnercial model 
of (a). (c) Concentration pattern after 1500 years in model with velocity distribution shown in (b). Zone of saturation and P 
deposition are west of basin center. 

of the basin floor, and demobilized at 
that point on the floor as an evapo- 
rite deposit. In these initial experi- 
ments we considered only a single 
component system, a simplified normal 
ocean brine consisting of 27 g of dis- 
solved NaCl per liter of solution. Pre- 
cipitation in this system will occur at 
concentrations greater than 311 g of 
NaCl per liter of brine. 

The flexibility of this method of de- 
terministic modeling is sufficient to per- 
mit experimentation with the depth and 
shape of the basin, the number, the 
position and size of inlets from the open 
ocean, and the rate of evaporation. An 
experiment consists of designating 
these factors, computing the resulting 
circulation in the basin, and monitor- 
ing the brine concentration at a net- 
work of points as evaporation contin- 

ues with time. Saturation and deposi- 
tion eventually occur, and the loca- 
tion, thickness, and time of deposition 
can be observed. 

The simplified model of evaporate 
rock deposition can be tested for its 
validity against ancient evaporate de- 
posits. The Upper Silurian Salina For- 
mation of the Michigan Basin is one 
of the better known evaporate deposits 
(3). Extensive stratigraphic studies 
have suggested that during the Late 
Silurian period the Michigan Basin 
was ringed by a widespread platform 
reef bank which draped over the shoul- 
ders of the bordering Findlay-Algon- 
quin and Kankakee structural arches 
and the Canadian Shield (Fig. 3a). 
Two principal inlets fed oceanic brine 
into the central evaporate basin from 
the northeast and south, whereas some 

basinal brine seems to have flowed 
through the Chatham Sag across the 
Findlay-Algonquin Arch into the Ohio 
portion of the Appalachian Basin on 
the southeast. Other less prominent in- 
lets or passes through the reef plat- 
form may have existed, but they are 
individually too small to affect the na- 
ture and distribution of the evaporate 
deposits on the scale studied. 

The thickness and distribution of 
halite deposited in the Michigan Basin 
during the Late Silurian period (Fig. 
4c) will be used as a test of the nu-- 
merical model. The velocity vector 
field for the two major inlets and one 
minor outlet modeled after the Salina 
salt basin (Fig. 3b) produced a precipi- 
tation pattern (Fig. 3c) too far west 
of that observed in the Salina salt de- 
position. No amount of modification 
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of the relative flow volumes through 
the two inlets and one outlet could 
move the major salt deposition to the 
central part of the basin. 

A much more successful model in- 
corporated radial influx around the en- 
tire periphery of the basin in addition 
to the two inlet and one outlet flow. 
This is analogous to a "leaky" peri- 
pheral reef bank through which there 
are several water passages. The struc- 
ture is similar to that of many atolls. 
The resulting salt concentration pattern 
(Fig. 4a) and salt thickness distribu- 
tion (Fig. 4b) more realistically simu- 
late the Salina salt deposition. 

In addition, the rates of concentra- 
tion and precipitation of salt com- 
pare favorably with those adduced for 
natural deposits (4). The first precipita- 
tion occurs in the simulation- model 
about 1000 years after evaporation be- 
comes dominant. A steady state in the 
brine concentration pattern and rate 
of salt precipitation occurs at about 
2000 years. Approximately 12,000 
years are needed to build up the 750 m 
of salt in the center of the basin. The 
critical factor that determines rate of 
concentration and precipitation is the 
net rate of evaporation, which for our 
experiments was chosen at 50 cm per 
year. In comparison with evaporate 
basins today, the rate is conservative. 

We do not infer that the 750 m of 
salt in the Salina Formation was de- 
posited in 12,000 years; only that it 
could have been deposited in a very 
short period of time if the optimum 
conditions for salt precipitation per- 

sisted. The Salina rocks are not only 
salt, but a complex sequence of evap- 
orite and normal marine sediments 
which involved a longer and more com- 
plex history. 

The simplified deterministic model 
of evaporate rock deposition, based on 
steady, horizontal, irrotational flow of 
idealized seawater into the evaporate 
basin, can be made to approximate 
the observations of the salt distribu- 
tion pattern of a real geological situa- 
tion. The rapidity of deposition in- 
ferred from the model is substantiated 
by chemical and geological data. 

One lesson that might be drawn 
from this model and the associated ex- 
periments is that very simple geologi- 
cal processes combined in the proper 
manner can closely simulate nature. 
When sufficient knowledge exists con- 
cerning the processes and the geology, 
there is no need to invoke random, 
probabilistic processes. 

L. I. BRIGGS 
H. N. POLLACK 

Department of Geology and 
Mineralogy, University of 
Michigan, Ann Arbor 
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Trial Balloons in the Southern Hemisphere 

Abstract. Superpressure GHOST balloons are being launched from Christ- 
church, New Zealand, to determine their life, stability, and clustering characteris- 
tics at several altitudes. Three separate balloons have flown for more than 6 
months at 200 millibars, proving capability of the long life that had been hoped 
for at such middle altitudes and providing preliminary trajectory data for the 
Southern Hemisphere. Icing problems at lower altitudes have not yet been solved. 
We expect future flight durations of several years at higher altitudes. If success- 
ful, the new balloons will be useful platforms for experimenters concerned with 
study of large-scale and long-term effects in the stratosphere. 

An extensible helium- or hydrogen- 
filled balloon of rubber or neoprene, 
which ascends, expands, and bursts, is 
the vehicle normally used by meteor- 
ologists to obtain atmospheric data. The 
highest known altitude reached by a 
neoprene balloon is 47.5 km. 

The unextensible balloon, usually of 
rubberized fabric for manned ascents 
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and polyethylene film for carrying in- 
struments, is partially inflated on the 
ground. As it ascends, its gas content 
expands to fill the envelope, which 
must have a vent to release excess gas 
and so prevent rupture. Typical sport- 
ing balloons to carry people are 10 to 
20 m in diameter. Balloons for trans- 
porting instruments to high altitudes 
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Fig. 1. Permeability of polyester film to 
helium. 

range from 20 to 150 m in diameter. 
The highest known altitude reached by 
an unextensible balloon is 47 km; the 
heaviest gross load carried to date is 
7000 kg (Stratoscope 11). Ballast must 
be released from an unextensible bal- 
loon whenever the gas cools, if the 
balloon is to stay aloft; at least 5 per- 
cent of the weight of the system must 
be jettisoned to maintain altitude 
through sunset. Flights have lasted as 
long as 2 weeks, requiring hundreds of 
kilograms of ballast. 

A superpressure balloon is an unex- 
tensible balloon that is not vented. 
When the balloon's volume is filled and 
it continues to ascend, the free lift is 
converted to overpressure; if the bal- 
loon's skin is strong enough, it will not 
burst. If the modulus of elasticity of 
the balloon's skin is high enough, its 
volume will increase only slightly and 
it will float at an altitude of constant 
atmospheric density. Films of polyeth- 
ylene terephthalate (polyester) or cello- 
phane are materials strong enough and 
having a high-enough modulus to per- 
mit stable flight; by happy coincidence, 
both have excellent low-diffusion char- 
acteristics for helium. 

The percentage of gas lost per day 
through the skin of a spherical balloon 
may be expressed: 

Gas loss (%) = (300 *- .p)/(r * t) 

where r is the radius of the balloon in 
meters, 8 is the diffusion constant in 
(M3 microns)/ (M2 day mb), t is film 
thickness in microns, and p is pressure 
in millibars. The diffusion constant for 
helium as a function of temperature, 
for polyester film, is shown in Fig. 1; 
Table 1, based on such considerations, 
lists data on the theoretical life of bal- 
loons now being flown from Christ- 
church, New Zealand. 

All plastics have defects. A balloon 
having several square meters of surface 
area of plastic film will inevitably have 
some small holes. However, if a lami- 
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