Experimental and Theoretical Study of Salt-Dome Evolution

ABSTRACT

As a part of a program of experimental and the-
ovetical research in the field of tectonics at the
Institute of Geology, University of Uppsela, the
coolution of sali-dome structures has been studied.
The chief experimental study has been performed
by means of more or less realistically scaled models
run in a large-capacily centrifuge m which the cen.
trifugal force imitates the force of gravity. A large
numhber of realistically Ipoking dome-type struc-
tures have thus been produced m layered models in
which rather stiff materials simulate roch strala.
Coherent flow as well as cataclustic processes occur
during the runs thus giving the models a natural
appearance.

Application of scale-model theory permits one
to calculale the time of evolution of natural-sized
domes on basis of the small centrifuged models.

Complementary to the experimenial work fluid-
dynamic theory hes been applied to the domal
process, Theory and expenimenis show in general
consistent results.

Salt tectonics, particularily the evolution of salt
domes, should be studicd with deep interest by all
earth scientists concerned with the tectonic devel-
apment of the earth’s crust and mantle. The rela-
tively high mobility of saline deposits makes the
tectonic evolution of salt-bearing complexes serve
as a striking mode} for the behavior of the less
mobile but yet often strongly defermed silicate
rocks. A knowledge of deformation structures in
saline deposits makes it easier for hard-rock geolo-
gists to accept the condition that the comphicated
structural pattern encountered in gneisses and
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crystalline schists, for example, also has developed
by flowage in the crystalline state. Without the ex-
perience gained from the study of salt domes, our
view on the common granitic and gneissic domes
and anticlinal cores would probably have heen that
such bodies were emplaced in the liquid state, It
would have appeared cspecially unacceptable to
many {it sull does to some!)} that huoyant forces
generated by but small density differences were ve-
sponsible for the rise of the crystalline masses. It is
now well established both experimentally (e.g. Net-
tleton, 1943; Parker and McDowall, 18535; and
many others) and theoretically {Arrhenius, 1913;
Danes, 1964; Biot et al., 19635; Ramberg, 1967,
1968) that the primary reason for the rise of salt
domes is the buoyant force of z light layer of salt
overlain by more dense sediments. There is, how-
ever, room for considerable improvement baoth of
the theory and the experimental technique.

THEORETICAL APPROACH

To treat dome evolution theoretically the com-
plexity of natural structures must be reduced quite
drastically without, however, losing the essential
features, namely that the original structures were
stratified with horizontal layering and that the den-
sities were inverted. If we furthermore assume that
the sali and the overburden behave as viscous
media, albeit with very high viscosity, [luid-
dynamic theory yields cansiderable information on
the evolution of the domal struciures.

As the mathematics of the theory, which is quite
involved, is presented in detail in other papers
(Danes, op. cit.; Biot ¢ ol., op. cit.; Ramberg, op.
cit. and paper in press) let it here suffice to
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emphasize the essential conclusions. The theory
shows that the salt layer {or any other buoyant
layer) tends to develop sinusoidal waves with a ran-
domly distributed wavelength while the amplitude
still is very small. The wavy periurbations grow
with different rates, and it appears that, in any
given system, perturhations with a certain wave-
length grow faster than both longer and shorter
waves. As the rate of rigse is proportional to the
amplitude {as long as the waves are gentle) the per-
turbations which show maximum rate of growth
soon dominate completely the development of the
structure. Hence the wavelength of the dominant
wave determines the spacing beiween the domes or
ridges which rise spontaneously from a layer of
salt.

The ratio beitween the wavelength of the domi-
nant perturbation and the thickness of the salt
layer depends upon several dimensionless param-
eters of the systems, viz. (1) the viscosity ratio be-
tween overburden and salt, u, fu,, (2) the viscosity
ratio between salt and substratum, g, /iy, {3) the
ratio between the thicknesses of the overburden
and of the salt laver, A, f;, (4} the ratio of the
thicknesses of the salt and of its subsiratum,
hafhy, (B) the ratio between the density of the
overburden and the density difference between the
overburden and the salt, p, f{o, 02}, and finally
{6) the ratio beiween the density contrasts be-
tween the overburden and the salt and between the
salt and the substratum, (p,-p2)/{p2-21 ).

The effect of each of these six dimensionless
parameters which characterize the dynamics of the
complex is generally as follaws (We assume that
the parameter noted in each of the points below
varies while the five others are kept constant.}: The
wavelength/thickness ratio for the dominant fast-
growing perturbation increases when; (1) 4, /i, ine
creases, {2)pq/ue increases, (3) 1y fhs, increases
{up to a certain limit), (4} Aa /i increases {also up
to a certain Hmit), {8} o f{p,-p1} decreases, and
finally (6) (e, -2 )/{p2-05 } increases.

In the special case in which the overburden is
thicker than the dominant wavelength and the salt
stratum rests on a rigid substratum, the only pa-
rameter  that contrels the wavelength-thickness
ratin, and hence the spacing between the domes {in
this idealized theory), is the parameter u, fu, . The
density contrast also in this case, of course, con-
trols the rate of nise but not the spacing between
the ascending bulges. Figure 1 shows the funcidon
t/yq = f{AjR} at selecied viscosity ratios between
salt and overburden. The rate of growth of amph-
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Figure b Rate of relative amplitude growth, slyg, a5 a function o
wavelengihfthickness rutio of buoyant Liyer below overburden o
infinite thickness. {45 is viscosity matio between overburden and
“galt™ layer, L

tude is » and y is aplitude while A is wavelength
and h the thickness of the salt layer. ¢ is defined.
equation {1) below. The ratio v/y, which we haveg
called the rate of relative amplitude growth, is
important quantity in the perturbation theory o
domal evolution, _
In a more general model the salt rests upon
mobile substratum and the overburden is thinns
than the dominant wavelength such that the defo
mation of the buoyant salt layer penetrates up:
the free surface as it were, and throws into 2 wa:
paltern as indicated on Figure 2. The wavelength
of the dominant perturhation is now dependi
upon all the parameters g, fuaz, Mafis, hijh
haths, piflpi-p2) and (g;-p2 Waaes) C‘f_. i
svstem. As numerical examples we show in Table:1
how variations in g, fus, ka/us and ky [k, effec
the dominant wavelength. In all cases shown the
ratio py /{ps-p2) = 10,and (p, 02 )f(2-pa) = -1
The data are based on a mathematical model pre:
gented in Ramberg {1968).

EXPERIMENTAL STUDY

Theorctical study alone cannot fully explain the
details of domal evolution in complicated naturgl
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Overbyrden

Figure 2 Salt sumatum resting on moble substratum amd rising
through overburden of Emited thickness (See Table 1),

F

systems with irregular geometry and nonlinear
rheological properties of the rocks. An expen-
mental approach is needed by means of which the
mechanism of evolution can be studied in greal
detail. Though experimentation has bheen per-
formed probably more extensively in salt tectonics
than in any other field of structural geology, the
technique employed has not permitted study of

Table 1. Dominant Wavelength in
Relation to Viscosities and
Thicknesses of Triple Layer Models.

oy flpy-0a) = 10, {ev-pafaa-py) = -1, hafhy = 1.

Hilttg paftes hyfhy E%E;E
100 108 i 6.98
140 0.0t 1 5.1
1 100 1 4,83
1 0.0 i 3.48
il G0 3.5 8.49
108 0.01 05 7.65
1 108 0.5 6.15
1 0. 0.5 4.62
100 100 0.1 12.31
0 0.0% G.1 12.31
1 180 0.1 1.50

1 0.01 0.1 1.56
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much of the detail which characterizes salt-dome
structures (Nettleton, 1948 et al., 1947; Parker et
al., 1656). The limitation relates 1o the scale-model
theory pertaining to gravity-driven dynamic proc-
esses. As has been known since the time of Galileo
and emphasized especially relalive to geotectonic
processes by Hubbert (1957), in order for lubora-
tory models of manageable size to simulate realistic
geotectonic processes driven by gravity, the model
materialts must be fluids such as ordinary lquids
and mechanically as weak as loose powder. It is
very difficulr to study complicated three-
dimensional structures in such materials. The strue-
rwres will sag and deform under their own weight
prematurely while the models are being con-
sttucted, not to speak of the distwrbances which
will accur during the inspection of the results, a
procedure which often requires sectioning of the
three-dimensional models. In view of the diffi-
cultics of this nature, it is surprising that mcthods
which increase the body force, for example, by
employing centrifugal force have not been utilized
until quite recently in experimental tecronics. Such
mcthods permit one to utilize mechanically
stronger model matenals without violating the laws
of dynumic similarity. It is thus possible to use
plastic and viscoelastic solids rather than Lquids to
simulate the rocks in the models. The choice of
available materials increases greatly such that
maodel materials with the proper combination of
rheoclogical properties und density are more readily
obtained. The construction of the models can be
done at ease, eliminating disturbing premature sag-
ging prior to exposing the models to the increased
body force. Study of the resulting structures can
likewise be performed without the danger of dam-
age by sagging after the runs are finished. In short,
it is possible to make the dynamic models more
guantitative and more realistic.

To increase the body force the writer and his
co-workers are employing centrifuges, the largest of
which takes models weighing up to 10 kg and
measuring 20 ¢m in diameter. The maximum cen-
tripetal acceleration is 4,000 times the acceleration
due to gravity. Materials strong ennugh for easy
handling and construction of the models can be
used without violating the scale-model Laws be-
cause of the augmented body-force field.

As the laboraiory equipment and the model
material have becn described clsewhere (e.g. Ram-
berg {1967), let it suffice here to reproduce a
sketch of the instrument (Fig. 8) and to list the
properties of the mode] materials.
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Figmre 3, Cross section through the new centrifuge in the tectonic
laboratory in Uppsala. §: madel placed in the rotvor, 2: rotor, 3:
cooling tubes, 4: murors, b: stroboscope lamp, 6: trigger for strobo-
scope, 7: camera, B: taxemeter, 91 motar, 10: flexible support.
Dimensions given in millimeters.

The importance of the increased acceleration is
best seen when the theory of dome evolution men-
tioned above is adjusted to a body-force ficld
whose acceleration coefficient is different from
that of the earth's gravitational field. The rate of
ampiitude growth of the perturbations in a given
layered model in the earth’s gravitational field is
controlled by relationships of the following type,

, (oo ooy M G

{1 oy _ PO Y —
57 K ey = kay
a (i+)

where £ 1s a constant characterizing the system,
PiPlivt) 15 the density contlrast between two se-
lected layers 1 and (i*1), k(4 the thickness and
B(i+ 1y the viscosity of layers é'+1). The accelera-
rion due to gravity is g. If the same model is ex-
posed to the centrifugal force in a centrifuge the
rate of amplitude growth is governed by the same
equation with the important exception however,
that g is now repluced by the centripetal accelera-
tion, 2 (though with oppaosite sign).

‘Thus since @ is up to 4,000 g in our present
set-up it follows that the rate of growth of the
domes in the centrifuged model is 4,000 times
faster than in the non-centrifuged model. Or, what
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is more impertant, it means that model materiais
which are up to 4,000 times stronger or show a
viscosity 4,000 times higher can be employed with.
out increasing the experimental times relative to
identical non-centrifuged models. Figurcs 4, 5, and
6 show some non-centrifuged madels consisting of
materials Huid enough to evolve withont the use of

Figure 4. Laver of ol rising through overburden of syrup shown in
three stages. The boundary between the two media was originally
straight and horizontal Spacing between dames (the wavelength) s
alwavs the same in repeated experiments with swne substances. See
theoretical discussion and Figure 1. Length of contaimer 35 cm.
Nonrcentrifuged model

a centrifugal force. Figures 7 to 23 all show centri-
fuged models containing malerials too stitf or too
strong to permit domal evolution without utiliza-
uon of the centrifuge.

EXAMPLES OF SCALE-MODEL
CALCULATION OF RATE OF
RISE OF DOME

The somewhat unconirollable rheological char-
acteristics of the painter’s putty and the modeling
clay used as overburden in dome models are not a
very good basis for quantitative scale-mode] ealcu-
lations. Nevertheless, we provide an example of
how the rate of rise of a natural domal structure
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Table 2.
Model Materials Used.

Tygpe of material Density, Viscusity,

gfom? paises
Modeling tlay 1.6-1.7 5-107 - 8-10%
Paintar's putly 180-218  >10°
Silicone putty,

pure 1.12 2168

Silicone putty-
magnetite or
tungspar powdar

THX LIRS 1.2-21 5105 - 2-10°
Coliogheny-gthyl

phthalate

mixtures ~1 10% - 108

Figure 6. Anticline of silicone putry rising from oziginally flat and
straight layer trough overburden of syrup. Note arientation of anti-
dine in relation to shape of container. Nonceatrifuged model

Figure 7. Antichine rising along imregular edge of layer of silicone
putty overlain by syrup. Nonreenirifuged model.

Figure 5, Layer of oil {bluck) vising through lquid owerburden
{aqueous solution); shown in four smpes. Note anticlines parallel to
odge of container, und domes tormed an anticlines in stage four
{bottom Ffigure). Non-centrifuged modsl,

may he estimated from an experimental dynamic

model. Model 8216 {Fig. 24} is very suitable,
Significani. geometric dimensions and physical

properties of the model are listed in Tahle 3, which

Figure 8. Cross section through centrifuged model of silicone dome
having penetrated overburden of painier's puity. Note marginal
sinky and spreading of *hat’ on free surface,

also gives the dimensions of a similar natural dome
of salt and rcasonable physical properties of the
constituent rocks, Model ratios of the vanious prop-
ertics are also given.

We wish to find the time needed for the evolu-
tion of a natural salr dome dynamically similar to
the model. To find the rate of rise of the natural
dome, it is necessary to know the time required for
evolutian of the modcl dome and the centripetal
acceleration to which the model was subjected.

i
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Now, since the cenirifuge needs some time o at-
tain a given angular »elnuty, the model was not
subjected to a constant acceleration throughout
the run, which lasted 26 min 25 sec. As a mattey of
fact, it took 3 min 45 sec to raise the velocity to
the 2,200 rpm {= 1,520 g) at which the model was
vun for 18 min 15 sec. The velocity was then in-
creased rapidly to 2,800 rpm (= 2,500 g} and

Figure 9. Flow pattern in centzifuged sificone dome in painter’s
putty. Marker consisted oniginally of bars of silicone with contrasted
color having rectangular cToss seciions and oriented normoal to the
dome profile shown.

Table 3. Example of Scale-Model Caleutation of Time of Rise of Salt Dome.

Experirmental and Theoretical Study

maintained al this level for 4 min 35 sec, until the
run was stopped,

Because of the low average acceleration during
the relatively short period of time before the 2,200

rpm level was reached, we do not introduce a large-

error by disregarding, for the sake of convenience
the first 3 min 45 sec in our calenlations (After all,
lack of exact knowledge of the physical properties

Figuse 30. Deformeed layered overburden of muiticolored painter”
putty adjucent to silicone dome formed from originally straight
layers. Note boudinage of originally continuous and straight sheet of
maodelling ciay embedded in the bhuoyant sficone layer. C‘.cnmfugeﬁ
model.

Quanuty Model 5216 Matura] salt dome Model ratios
Thu:kness of buoyant la:.'er 5mm 500 m L = 0%
Total thickness of overburden 20 mm 2000 m il = 10-%
Thickness of each competent fayer 1 mm 100 m fo= 1%
Thickness of incompetent layer directly above source 5mm 500 m fo= 1078
Thickness of each incompetent laver 2 mm 200 m L= 10
Diameter of dome Variable {Fig. 78) Variabie
Density of huoyant matecial 1-48 giem® 222 giem? pr = 067
Density of competent overburden 1-72 g/lem? 2-55 glem® pr = 667
Density of incompetent averburden 1-8C g/iem? 270 glem? oy = 067
Viscosity of buoyant layer 5.10% poises 10 poises pe = 5,107
Viscosity of incompetent overburden 108107 poises 2. 1002 10" poises pe = 5,10
Viscosity of compelent overburden 3.10° poises 6.10* poises g = 5,101
Body force per unit mass, first period 1520 g canfsect ! # cm/sect a. = 1520
Body force per ynit mass, second period 2560 g cmfsec? 1 g cmjsect ay, = 2500
Stress, first period Variable Yariable o= plral = 10-2.307°
Stress, second period Variabie Variable oy = p,l.a; = 1'68.10*
Time, first period 1095 sec r ;,’ = w0, 35 HH
Time, second pericd 375 sec r = o txd
Total time of rise 1370 sec i

o= g = 10955108 = 219, 10" sec
re= 1L = 215318 = 92, 10" sec
Total time of rise; 3-11.10% sec x {0F years ™~

:
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Figure 11, Cenerifuged model of siticone dome {black central hody)
having deformed a layered overburden censisiing of zhtemating
modelling clay and paintee’s putiy.
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Figure 12, Model of uplified heavy basement (black) below a Figure 15, Same mode] as shown in Figure 14, but viewed from
silicone deme having risen through painter’s-putty over- sbove after 5 surface layer hay been cut off to show the folding of ;
hurden during centrifugation. Noie alss hovding formed of a the strata. e

sheet of modeling clay embedded In the buoyant layer that
ascended as dame.

Figure 13. Silicone domes with two inlayers of modelling clay
having ascended from buovamt horizontal layer embedded in
painter’s putty, Note the “sucking” up of the hasement into the
trunk of the domes.

Figare 16, Domes ot stitching wax {coBophony-ethyl phthalate mix-
L ; ture) creating fracturcs when penetrating a surface sheet of con-
Figure 14, Centrifuged model showing intense folding gencmted in crete. _

surficial strata when being sucked down in the rim synclines adya-
<ent ta a rising darme.
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BTN R

Figure 17, Cross svcrion of folds and domes generuted during cen-

N N T R 8 T T

trifugation of stratificd madel with inverted demsity geratificaton Figure 1. Cross section of centrifuged model with three irregular
Density of the'sﬁicunc strata with conirasted color increased siep domes of siicone (ilatted) having ascended from a huoyant layer
wise upward prior to Ten. through overburden of interlavered p:sintcr's puity arud m,‘)(ig-_ﬂing

clay. The uppermost lightvolored strali consist of silicone and meod-
cBing clay,

PN R AT T

Figure 18. Model with overburden removed ta show buckling of
emhedded sheet of modelling clay 28 generaved while the huoyant
silicone stratum developed into a cenmtrgd dome. The dome is cut
horizontally close o its "“rooi.”

Figure 22, Same model as in Figure 21, but now shown from above,
Note fracture pattern shove the three clongate dames.

Figure 19, Samc model as shown in Figure 18 of the rocks would Introduce much larger error.).

shofwn in a hotizontal section cut clos¢ to the The meodel is therefore regarded as heing SubjCCtEd
5 ‘] . H - - - 4

sutlace of the overburden. Note buckling of to only two periods of acceleration, viz. 1095 sec

crabedded modelling clay sheet, -~ -
4t 1,620 g and 2735 sec at 2,500 g,

Because of the dissimilar accelerations the two
periods have different ratios of time, as given in
‘Table 3.

The period of 1095 sec in the model evolution
gives the following tme for development of the
natural structure:

= gty "= }Gﬁﬁsec-% q04E = 2.19-100%,

Figure 20. Cross section of silicone domes with strongly foldea
sheets of modelfing cliy.



Experimental and Theoretical Siuady

Figure 23. Horizontal secons at unlike depths through murdel of
silicene antictine and domes (dotted} rising through overburden of
painter’s puitly. Deepest section {just sbove the source lauver of the
domes) is u, T is free surface,

L

| 5215

Figure 24. Model deseribed in Table 2,

The second period of 275 sec in model evolution
corresponds to

=" ¢ = 276 sep- 1-10F7 = 09210 see
G0 mr 3

for the natural structure.
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Qur result is then that a nalural structure whose
dimensions and constituent rocks are as given in
Table % nceds about 105 years to cvolve to the
same stage as the model has evolved. This s quite a
reasonable tesult.
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