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Dissolution of salt deposits by brine density flow
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ABSTRACT

oo AdDgnerane, Neww Mesieo 87131

The arigin of collapse structures and breccias that vertically penetrate
or accur within impermeable evaporites has never really been understood.
Ihe density ol the brine that develops as salt deposits are dissolved can
generate continuous gravitational brine movement. If the source of the
dissolving water s artesian. or continuous, a flow cvcle is developed in
which the salt itselt supplies the density gradient that becomes the vehicle
of its own dissolution. The Delaware Basin in western Texas and south-
castern New Mexico provides a particularly good example of fiow brine
density flow can produce dissolution chambers that collapse to form
brececias. The potential for dissolution by Drine {flow is an inherent
property of partly exhumed evaporites and may constitute a risk factor
in the storage of radioactive waste in evaporite deposits.

INTRODUCTION

Breceias of several different 1vpes and
geometries have long been recognized in
evaporite basins that have been exhumed
at somie stage in their history. For ex-
ample, leached residues containing angular
blocks are known to accumulate at the
upper surface of salt as itas gradually
fowered by dissolving ground waters, More
distinctive cotlapse breceias (hig. 1y are also
COmmMOon in many evapories, and the strue-
ture and character of these breccias have
been correctly attributed to dissolution
within the evaporites and collapse of over-
Iving competent units (1 andes, 1959).
However, a mechanism to explain the
connnonplace occurrence ol dissolution
deep within fargely impenimeable evaporites
has, until now, been unrecognized. he
path of mosement of dissolving waters
that produce these features is poorty under-
stoad. A process ol brine density Hlow is
suggested 1o account for many of these
deep-seated collapse features.

Recent studies in the Delaware Basin
of western Texas and southeastern New
Mexico, in connection with the develop-
ment of a possible repository for radio-
active waste, have identificd hydrologic
svstems that appear to be responsible for
the development of a variety ot brecciated
and collapsed dissolution features. These

refationships between aquifers and dissolu-
tion effects have led to the formulation of
the concept of brine density flow. The ap-
plication of the brine density flow model
to the dissolution of evaporites carries
implications for the history and distribu-
tion of evaporites as well as for the use of
evaporite deposits for the storage of radio-
active waste.

BRINE DENSITY FLOW

The two requirements for establishing
a brine density flow c¢ycle are (1) a pres-
surized or artesian source of relatively
fresh water and (2) a permeable fracture
system or zone between the water source
{aquifery and salt mass that is normally
isolated from ground water. Gravity flow
of brine occurs when fresh water comtacts
the salt body and becomes more dense by
dissohution of salt, The differential density
between the brine and the fresh water
causes movement of brine downward
along separate and distinct pathways but
in the same fracture svstem or permeable
zone as the rising fresh water. The de-
scending brine ultimately flows through
the aquifer to a point of natural discharge
and, because the system is under artesian
pressure, the brine flow is continuously
replaced by fresher water. Sustained flow
results in the enlargement of dissolution

Figure . Collapse breccia from 130-m
depth in breceia ehimney located in Culberson
County. Texas (sce Fig. 1),

chainbers or an advancing romt of disso-
Tution. Subsequent collapse of competent
beds causes brecciation.

A model, simulating brine flow, was
constructed in which a source (aquifer)
was connected to an overlying chamber
containing salt by a capillary tube 0.54 m
long and 0.0015 m in diameter (Fig. 2).
Water moving only through the capillary
and driven only by brine density difference
removed salt from the overlying chamber
at a rate of about 1 g/min. A simple capil-
lary results in a puisating flow, with pulses
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Figure 20 T abaratory apparatus used o
abserve hrine density How, Communication
between aquiter and chamber is cither by
capitbary and “leak tibers™ ¢ A) i which brine
moves down capilliary and fresh water moves
upsard aroumd tibers, or by simulated “trac-
ture™ (B)in which brine descends and fresh
water ascends in dilferent parts of same
fracture,

on the arder of minutes, as {resh water
and brine alternate in returning the system
to pressure equihbrium alter periods ol
How. € ontinuous flow occurs when a
Hleak svstem’” s added so that
the more viscous brine moves downward
through the capillary tube, which is the
more open part of the system, and fresher
water moves upward between plastic fibers
placed around the capillary (Lig. 2A).
Pulsating brine fTow also oceurs in arti-
made of closely sand-

WO-winy

ficial **fractures'”
wiched plates of Plexiglas (0.1 x 0.6

7 0.0 my (IFig. 18). When the distance
separating the plates is increased to about
0.001 m, continuous brine Now develops
as the brine moves downward and fresh
water moves upward in the “‘fracture’”

in separate and distinet pathways,

Brine flow in the models beging suddenly
as the ancreasing density of the brine devel-
oping in the chamber attempts 1o equalize
the pressure in the artesian system. Flow
of brine in the simulated tracture begins
as spatula-shaped “tendrils'™ and is main-
tained s a narrow column of rapidly de-
scending brine (about 5 ¢cm/s) surrounded
by stagnant or slowly upward-moving
fresher water, I'low of brine, however, is
entirely within the ficld of laminar flow
at the geometries to be expected in frac-
ture systems. ‘The fact that continuous

two-way flow did not develop in the Plexi-
glas model until the plates were separated
by 0.001 m does not mean that brine flow
cannot develop in tighter natural fracture
svstemis. Two-way ltow develops readily
in separated capillaries, and a concentra-
tion dilference of brine of less than 2 g/1
was sufficient to initiate and maintain
continuous brine flow. Natural systems
can be expected to contain a complex net-
work of lractures to provide separate path-
wavs for ascending and descending fluids.

The rate or vigor of brine flow varies
directly with concentration (Fig. 3). Dif-
lerential Mow between the aquifer and the
chamber, with concentration differences
of S0 g/, is about 20% slower at high
concentrations than at low concentrations,
presumably due to difference in viscosity.
The amount of salt actualty removed from
the chamber varies exponentially with dif-
ference in concentration between the
aqguifer and chamber (Fig. 3). This effect
is caused by the exchange of fluids be-
tween the two sources and shows that the
rate of removal of salt from a chamber
decreases significantly with increasing
brine concentration in the aquifer. The
potential lor the development of brine
flow after fresh water has contacted a salt
body is principally a function of density
differential and the permeability of the
fracture system

DISSOLUTION IN THE DELAWARE
BASIN

The Delaware Basin provides a par-
ticularly good example of dissolution by
means of brine flow, because the ongoing
nature of the process makes it possible to
observe the apparent relationship between
existing aquifers and a variety of dissolu-
tion and collapse features. Also, the basin
has a rather simple structure and hydro-
logic flow system.

Most of the basin is now part of a
single block that was uplifted and tilted
eastward, mainly in late Cenozoic time
(King, 1948) to about 19 m/km. The an-
hydrite and halite beds of the Castile For-
mation are underlain by the shelf and
basin aquifers of the Delaware Mountain
Group (IFig. 4). The more permeable
Capitan (reef) aquifer encircles the Castile
evaporite and is overlain by the halite
and anhydrite of the Salado Formation,
the Rustler Formation, and younger non-
evaporites that extend beyond the limits
of the basin. Both of the aquifers are
exposed to recharge in the uplifted western
and southern parts of the basin. The po-
tentiometric surface for fresh water in

both aquifers is slightly above the ground
level. The environmental head for brine
would not rise to the surface but could be
expected to rise from the basin and Capi-
tan aquifers into the soluble evaporites.
Both aquifers ultimately are drained by
the San Andres Limestone (Hiss, 1975).
Water flow in the reef aquifer parallels
the reef but passes into the San Andres
Limestone at the northeast corner of the
basin. Water flow in the basin (Delaware)
aquifers is generally down regional dip
(Hiss, 1975).

Two genetically different types of brec-
ciation have been recognized within the
evaporite body in the Delaware Basin
(Anderson and others, 1978): (1) dissolu-
tion breccia consisting of partly dissolved
and broken anhydrite l?minae enclosed in
an anhydrite matrix, and (2) collapse
breccia consisting of angular interlocking
fragments of Jaminated% anhydrite, lime-
stone, and other rock types with little
matrix. Collapse breccias develop directly
above dissolution breccias after salt re-
moval and chamber formauon The brec-
ciated masses \or bodies| occur both as
blanket type (mterformanonal) beds or
as chimneyvs apd pipes (trans-formational
breccias) similar to those observed in
other evaporit}e basins (i_andes, 1959).

Trans-formational Breccias

Mining operations at the Mississippi
Chemical Company mine under Hill C
(Vine, 1960; Flg 4 here) have revealed
lhe central core of a breccna chimney or

“*pipe.”’ The downward\deﬂecuon of
marker beds adjacent to the pipe at the
360-m level indicates that the collapse
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Figure 3. Relation of brine flow to concen-
tration and concentration difference. Solid line
is amount of brine removed from chamber per
unit time with different initial concentrations
and with aquifer concentration = (): abscissa is
initial concentration of brine in chamber.
Dotted line is amount of brine removed from
chamber per unit time with initial chamber con-
centration of 200 g/l and ditferent aquifer
concentrations. Abscissa is difference between
concentration of brine in chamber and concen-
tration of brine in aquifer.’
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chamber originates in the lower part of
the Salado Formation where it rests above
the underiving inner-reet margin ol the
Capitan aquiter (Fig. 4). Fracturing of
anhydrite beds Iving between the salt and
the aguiler accompanied tlesuring that
took place during structural adjustments
along the inner margin ol the reel. This
fracturing has atlowed the undersaturated
waters i the upper part of the reetl aquiler
to contact the overlying salt beds (Hiss,
1975, . T18). Subsequent brine flow and
chamber collapse is most likely responsible
tor the breccia chimney beneath THIEC
Fhe relationship between the reel
aguifer and dissolution is best ilustrated
by a chain of Lrge dissotution depressions
(Fig. 4 that occur along the tesured
inner-reed margin along the cast side of
the basin (Malley and Huttington, 1953).
The huse ot dissolution in these Teatures
rests on the anhydrite beds capping the
rect, as indicated by the absence ot Salado
salt in these structures. The area where
there has been a loss of salt in the Castile

and Satado Formabons adjacent 1o the reet

overlies an area }\hcr'c‘\\;llcr of low chlo-
rinity U to S g/h occurs in the upper part
of the reel aquifer (Hiss, 1975). In the
northwestern part of the basin, the fresher
water in the uhpc;r part ol the aquifer is
separated by arélatively sharp interface
from water ot higher chlorinity (> 28 g/I)
in the Tower part ot the aquiter (Hiss,
1975). More mnfnlctc flushing of the reef
aquiler in the gastern, part ol the basin
may have resultediin d mdrg uniform
vertical density; distribition (W, L. Hiss,
1979, personal commun, ).

{he polcnlimnflric surface of the reef
aquifer s higher than the position of beds
containing halite; so the undersaturated
reef waters can be expected to contact
overtving and adjacent salt through per-
meable fractures: This configuration of
aquifer, dissolution effects, and brine is
essentially the same as found in the brine
density flow model, and it is reasonable
to conclude that brine flow tfrom areas
of dissolution above and adjacent to the
fractured reef margin has carried the brine
to the lower part of the aquiter where it
has accumulated (I“igt 4).

{.ocahized breccia chimneys or “*pipes’
also oceur in the exhumed western part
of the Delaware Basin, where they have
developed zlhoycﬁhc predissolved position
ol the lower halite unit (Halite 1) of the
Castile Formation. The underlying aquifer
ot the Delaware Mountain Group has low
permeabitity and a potentiometric surface
that can be expected to raise water in per-
meable fracrures to the level of halite beds.

FIG 1

BRECCIA

A

Figure 4. Diagrammatic
Hustration of Delaware
Basin and evaporites.
Undersaturated water from
upper part of Capitan reef
aguifer (1) moves lateralty
and vertically under arfe-
sian pressure through frac-
tures to contact salt in an
eastern dissolution wedge
(2) and beneath reef-
margin collapse structures
(3). Undersaturated water
from Delaware Mountain
Group basin aquifer (4)
moves upward under arte-
sian pressure through frac-
tures to contact salt be-
neath basin collapse strue-
tures (5). Brine trom
wedge (2) and from cham-
hers beneath collapse strue-
tures (3. 5) drains down-
ward into reef and basin
aquiters (1. 4) and is

A' remaoved through San
Andres Limestone (6).

WEST EAST  Other features in diagram
OLDER YOUNGER include salt beds of Castile

COLLAPSE GOLLAPSE Formation (7} and Salado
STRUCTURES STRUCTURES POTENTIOMETRIC FFormation (8) and a west-

FFaulting and fractures in anhydrite be-
tween the basin aquifer and the overlying
salt bed have given access to meteoric
waters and hydrocarbons that nurtured a
population of sulfate-reducing bacteria.
Bacterial activity resulted in the biogenic
replacement of anhydrite by calcite, in-
creasing permeability of fractures by about
10% (Kirkland and Evans, 1976). Waters
from the basin aquifer have moved up-
ward along fractures and along these per-
meable zones of biogenic calcite. Where
these waters have contacted overlying salt,
dissolution chambers apparently have
developed by brine density flow and have
collapsed to form breccias (Fig. 1) and
breccia chimneys (Fig. 4). The brecciated
anhydrite in many of these chimneys has
also been partly replaced by calcite from
comtinued bacterial activity following
collapse. Other vounger collapse structures
of similar spacing and scale occur in the
central and eastern part of the basin, sug-
gesting that localized dissolution and col-

ern dissolution wedge (9).
Unlabeled arrows indicate
path of water flow in
aquiters. (Modified from
Hiss. 19751 Matiey and
Hutfington, 1953).

300 M
IS KM

lapse above the basin aquifer may have
occurred or may be occurring there as
well {Fig. 4).

The chlorinity in the basin aquifer
increases gradually from less than 10 g/|
beyond the western edge of salt to about
150 g/1 along the eastern margin of the
basin (Hiss, 1975). Therefore, the potential
for development of brine density flow in
overlying fractures decreases eastward
across the basin and is shifting eastward
with exhumation and erosion of the tilted
basin. The salinity gradient in the basin
aquifer has been derived from the leaking
downward of brines into the aquifer and
is now balanced by slow leakage of brine
from the aquifer into the San Andres
Limestone (Hiss, 1975). The low permea-
bility of the basin aquifer suggests that
slow removal of brine from the aquifer
might be the limiting factor in the develop-
ment of overlving dissolution chambers.
The hvdrologic potential for dissolution
and brine removal by the basin aquifer
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can he caleuatated from available permea-

biliny datiy (1iss, 1975y and the method of
Lohman (1972, p. 10y,
stiows that the upper 30 m ot the basin

I his caleutation

aqguiter can transport NaCl from the basin
at the observed 150 go] concentration at

arate of Tdpamseday. This rate is suffi-
sadt derived from
108 m?

from the New ANexico part of the basin

aent 1o Gy awas the
100 dissolution chambers ol |

ina period ot abour 30,000 vr, suggesting
that remosal of brine by the aquiler is not
along-term lintatton in the formation

ol collapse struchres.,

Dissolution Wedges

Salt heds in the middle ot the evaporite
bods tiapper Cadile Formation, Tower
Salado Formation)y in the Delaware Basin
have been dissolved over large areas and
have Tett imerpal Tavers of dissolution and
collapse hreccias (Anderson and others,
1972, 19781 The relationship of dissolu-
tional undercutting of salt 1o basin hy-
drology can best be obsersed along the
castern nrargin ot the basin where the
evaporite body abuts and overlaps the reef
aguiler. An cdstern dissolution ““wedge”’
undercutting the evaporites has developed
along the inner-reef margin and progressed
out into the basin for distances of as much
as 1S km (lig: 4). The geometry of this
wedpe and the loss of sadt trom widhin the
evaporite body show that the probable
source of dissolving waters is the upper
part ot the reet aquifer, which is under
sutticient head to move undersaturated
water lateratly. Thus, a brine flow cycle
has been established in which the dissolv-
ing point ol the wedge is supplied farerally
with undersaturated water trom the reef,
and the brine produced by dissolution is
dramed down pradient into the lower part
of the reed aguiler (Fig. 4.

A targe western dissolution wedge is
also present in the cenral part of the
basin. It has apparenty migrated eastward
across the basin (I-ig. 4). This remarkable
feature has been produced by dissolving
salt at preferred horizons trom bencath
overlying salt beds. Direct evidence for
the wedge has been presented by Anderson
and others (1978), The hydrologic controls
for this western dissolution wedge are
difticult to establish. Presumably, dissolv-
ing waters arc supplied by surface drain-
age, and' the resulting brine has leaked
into the underlving aquifers. This wedge-
tike dissohution and lateral sapping of salt
can be expected o eventually advance
across most of the basin and leave beds
of blanket dissolution and collapse breccia
in its wake.

DISCUSSION

The brine density flow mode!l and the
examples of dissolution in the Delaware
Basin suggest that similar processes may
operate in other evaporite basins. The
dissolution features of the Last Mountain
L ake arca of Saskatchewan (DeMille and
others, 1964; Gorreil and Alderman, 1968),
for example, are closely analogous to the
over-reef dissolution and collapse in the
Delaware Basin. Solution mining of salt,
by nicans of artificial pressurized aquifer
svstems, which, in effect, is analogous to
natural dissolution, produces breccias and
collapse structures indistinguishable from
natural collapse features (Jaron, 1970).
Fxperience with solution mining also
shows that the pathways of water move-
ment at depth in evaporite beds may be
complex and that dissolution effects can
occur at considerable distances from the
arca ol recharge of dissoiving waters
(D. J. Dowhan, 1976, unpub. report for
Wyandotte Corp.).

We conclude that fracture systems
that provide communication between
pressurized and flowing fresh water
aquifers and salt bodies have the potential
for developing brine flow and a dissolu-
tion system. Localized dissolution cham-
bers, which subsequently collapse to form
trans-formational chimnevs and pipes,
can obtain a continuous flow of dissolving
waters {rom remote horizons. Lateral
dissolution and undermining of salt beds
(wedges) can develop as a result of nearly
horizontal brine flow and ultimately
develop interformational or blanket
brecctas over wide areas.

The collapse breccias of the Delaware
Basin (Anderson and others, 1978) and
the breccias produced by solution mining
(1. J. Dowhan, 1976, unpub. report for
Wyandotte Corp.) show that various rock
types above dissolved salt horizons may
also develop voids and cavities that col-
lapse to form breccias in stratigraphic
units above and not directly related to the
evaporites. In these instances, it may be
possible to use certain breccias as indirect
evidence of dissolution and to improve
information on the past distribution of
evaporites,

Most evaporite bodies are underlain
bv clastic or carbonate units that are likely
to develop inlo pressurized and flowing
aquifers upon exhumation. At burial
depths favorable for radioactive waste
repositories (500 to 1,000 m), many basins,
as in the Delaware Basin, will have been
partlv exhumed and therefore may have a
potential Tor developing deep-sealed dis-

solution features from brine density flow.
The near-random distribution of control-
ling fracture systems and the difficulty of
identifying them in the subsurface make
it hard to predict where the process will
occur. [t is suggested that estimates of the
potential for deep-seated dissolution by
means of brine flow should be added to
factors considered in risk assessment pro-
grams for the evaluation of waste reposi-
tories in evaporites.
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