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ABSTRACT

Two closed basin systems in the westernn Unired Siates (Great
Salt Luke, Usah, und Walker Lake, Nevada) are used to empha-
size the importance of pore fluids in evaporitic basing, Porefluils
in these systems behave primarily us mass transport media. As a
result of diffusive flux, pore fluids may acr as mejor seitrees or
sinks for dissolved constiruents and form u bridge berween yur-
face brine bodies and subsurface diagenetic enviranments. In ad-
dition, pore fluid composition is much more sensilive to mineral
reactions than is the sedintent mineralogy: in this respect they
provide an fmportant tool in studying modern sysivms,

Differing hydrologic conditions in the twe basins in the post gre
reflected in the pove fluid profiles ar Greer Sult Lake ard Walker
Lake., Deeper portions of each basin are underlain by salts. Dis-

solved constituents {Na ™, 5‘()5 ~ at Grear Sait Lake; Nat. KV,
Ci™. 505, CO% at Walker Lake] derived from these saits ore
trunsported roward the fukes rhrough the pore fluids. In those
portians of the fakes not underfain by sufiy and for dissofved
species not present in the salts the pare fluids act ax a major sink.

Pare fluids are adso useful in pinpoiniing diagenetic revctions.
At Walker Lake precipiiation and disselution of calcium car-
bonates and the uptake of M T in the sediment are evideni from
ihe pore fluids. At Grear Sait Lake reactions involving gypsum,
mirabilite, halite awd Mg-siticares are inrerpreted using the pore
fluids. These reuctiony are communicated to the lakes by difju-
sfon through the pore fluids.

INTRODUCTION

The evolution of closed basin brines has been described
in terms of two phases. The first phase is coneerned with
the acqaisition of solutes through interaction of rainwater
with bedrock and/or soils. Solute acquisition has been dis-
cussed by Jones { 1966) and Garrels and Mackenzie (1967),
Additionally, significant sofute influxes from pore fluids
and hydrothermal systems have been identified in (he
Walker Lake and Great Salt Lake systems (Spencer 1977,
1982},

The second phase of closed hasin brine evolution is con-
cerned with evaporative concentration and subsequent
precipitation of salts from the evaporating brine body. The
general nature of salt precipitation has been discussed by
Jones £1966) and Garrels and Mackenzie (1967). Detailed
predictions of brine evolution paths for closed basin sys-
tems have been presented by Hardle and Eugster (1970}
and Fugster and Hardie {1978). This sccond phase evap-
oritic concentration model has also been carried and ap-
plied to the sea water system {Harvie et al.; 1980, 1982),

A third phase of closed basin brine evolution, or evap-
aritic basin evolution, has heen emploved by Benson
and Spencer (1983) and Spencer (1977, 1982), This third
phase includes diagenetic reactions and their velation to

open brine body compositions and the consideration of
pore fluids #s important sources and sinks for major
elements. Mass flux through the pore fluids acts as a
bridge between surface brine bodies and the shallow dia-
genctic cnvironment.

The Walker Lake and Great Salt Lake brines, when
compared to the inflow compositions, contain a deficit of
K+, Mg?™ and $O3" relative to CI~. These ions (K™,
Mg2* and SO:Z7) are for the most part conserved in solu-
tion in the two brine bodies at present, although Na®t—
SO salks have precipitated from both systems in the
past. Even allowing for the precipitation of these salts, a
SO~ deficit remains, Removal of €=, Mg?t and SOi™
from solution does oceur within the pore fluids,

Esxamination of the removal mechanisms for Mg®* and
5037 is hoped to yield some insight into what Braitsch
{1971) described as “MgSQ,-deficient” marine evaporites
and the formation of “aitered sea water.” One explanation
for such deposits appears to He in the alternative thal they
Furmmed from sources deficient in Mg50,: e.g., they are
non-marine (Hardie, 1978)). Braitsch {(1971) discusses
several mechanisms which might lead to “MgS0,-defl-
cient” brines, including dolomitization, selfate reduction
and clay mineral formalion. By considering diagenetic re-
actions and their effect on evaporating brine bodies, the
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extent of brine evolution as a resuft of such syndepositional
processes may be evaluated more carefully.

Basin Hydvrology

The Great Salt Lake and Walker Lake occupy positions
in lower portions of the Bonneville and Lahontan Basins,
respeciively. Large fluctuations in lake elevation have oc-
curred within the tast 30,000 years. During the tast 100
years numerous workers have examined both basing in an
attempt o reconstruct the Late Pleistocene and Holocene
history of each basin. The models presented here, in terms
of lake elevation through time (Figure 1), are from Benson
(1978} and Spencer (1982) for Walker and Great Sait
Lakes.

Greal 3alt Lake has heen a perennial body of water for
the fast 32,000 years, Prior to that time an ephemeral lake-
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Figure 1. Elevation vs, Time. Lake elevation of Great Sait Lake
{iop} and Walker Lake (bottom} after Spencer (1982) and Benson
(1978). Lake elevation i inversely proportional to salinity in each
basin.
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playa systens existed in the basin, The lake rose and fresh-
ened in a series of steps and overflowed into the Snake
River drainage briefly about 13,000 vears ago. The lake
elevation dropped sharply and has remained nearly con-
stant since that time. The major contribitors to Great 5alt
Lake inflow and dissolved species are direct precipitation,
dilute Na*Ca?* —HCO; river waters and Na~—{1"-
rich hyvdrothermal spring waters (Spencer, 1982).

Walker Lake is believed to have desiccated between
9,050 and 6,400 vears B.P. and to have risen 1o levels at or
above that of the present Jzke {Benson, 1978), The major
sourree of inflow and dissolved species to the Walker Lake
system is the Walker River, which is a Na ™ —Ca? ¥ —HCO,
waler.

With the exception of the brief overflow at Great Salt
Lake, both systems have remained hydrologically closed
during the periods of interest for thelr evolation. kn closed
systems the effect of short term (hundreds of years) dilute
inflow is insignificant to the total mass of salt in the sys-
tern. Lake volume or elevation are therefore inversely pro-
portional to the concentration of conservative dissolved
species. In the longer term (thousands of years) ditute in-
How increases the mass of salt in the system, Assuming an
accurate inventory can bhe made of sources and sinks
through a given period, mass balances for varicus species
may be made. Salt budgets presented by Spencer (1977)
for Walker Lake over the last 8,000 years and Spencer
(19821 for Great Salt Lake over the {ast 32,000 vears bal-
ance extremely well,

Pore Fluids as Mass Transport Media

The first guestion to address is what do the pore flnds

vepresent? The compasition of pore fuids extracted from
cores at both Walker Lake and Grear Sait Lake do not re-
flect the original lake water composition at the time of
deposition (Figure 2}, This is ttustrated well in the pore
fluid chioride profiles of cores GSLC and GSLF from
Great Salt Lake. The chloride profiles are shown on Figure
3 as a function of depth and stratigraphy. Core GSLC
penetrates all five stratigraphic units deseribed by Spencer
{1982}, while core GSLF is entirely within the upper saline
stage. The estimared chloride concentration of the lake
waters inversely proporiional to lake elevation as a func-
tion of time and stratigraphy { Spencer, 1982). The data for
core GSLF indicate chloride near that expected in the lake
at the time of depaosition; the data for core GSLC vary sig-
nificantly, especially in stratigraphic unit I}, Estimated
luke chioride during unit I deposition is about 300
mg kg pore fluids in unit 111 sediments contain about
110 g/ke.

The remarkable similarity of the chlordde profiles from
cores GSLC and GSLF with depth, without regard to stra-
tigraphy. indicates the profiles to be the result of relatively
recent phenomena. The pore {luid profiles may be modeled
asing fickian diffusion equations and the pore fluids ap-
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Fipure 2. Core Location. Location of cores collected at Great Sak Lake (left) and Walker Lake (right)

pear for the most part to behave as diffusive media, The
diffusion model is based on the selection of appropriate
boundary conditions and mathematical solutions of one-
dimensional diffusion vquations.

The mathematical sofutions used in the diffusion
maodels below are based on the random motion of particles
¢Crank, 1979, p. 1} and are modeled in terms of concentra-
tions. Fo simplify, I have not considered the charge bal-
ance constraints which must apply during mass transport
but have modeled only individual ions,

The tirst problem is to assign a set of boundary condi-
tions which will be used as a basis for the mathematical
solution. Consider the Cl - profile for core GSLF (Figure 43,
in this case a bed of haiite is present below the sediment-
water interface. This bed acts as a buffer to the CI™ con-
centration ar the bed; hofding it near halite saturation (130
g/kg). Halite appears to have beett present at the site since
1933 (Spencer, 1982). A boundary condition at depth
equal 1o zero (bottom of the halite bed} from time equal Lo
O to 47 years (1933-1979) of 150 g/kg is therefore used.

The second boundary condition necessary is that of €17
concentration with depth at time zero (1933). Prior to 1933
the lake elevation fhuctuated; however, the avetage com-
position appears to be near 120 g/kg €17 (the 1930 lake

composition) during the 1850 to 1933 historic period. A
curve s fitted through the data points below 2.5 metres
and the 1930 lake composition; this yiekds a Hnear profile,
used to satisfy the initial boondary condition,

Using these two boundaries, the present profile is fit, us-
ing a solution for diffusion in a semi-infinitc medium with
afixed concentration at depth cqual to zero given by Crank
(1975, p. 21) as

or AC = AC,eric 4

C,, = Cgerfc D

WND#
where

Cy, = (] atd=10
Cy = 130gikgatd = Ofromt = Gtot = 47 yrs
C., = initial CI™ asf{d)
C, = 120 — MR2dart =0
¢ = depth {cm)
t = time {sec)
D#* = apparent diffusion coefficient (cm?/sec).

The profile at time equals 47 years is then fit (Figure 4} and
a sofution for D¥ obtained. In the cuse of core GSLF, D i
approximately 3.8 X 1075 em?/sec,
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Figure 3. 1™ vs. Depth, Great Salt Lake. The CI7 pore flaid
profiies for cores C and F are shown as a funetion of deprh helow
the sediment-water interface. The stratigraphy of the two cores is
also shown and may be compared to lake elevations on Figure 1.
Core F is entirely wilthin the upper saline anit (¥}, white core €
contatns alt five stratigraphic uaits including the fresh water in-
terval {11,

Mathematical solations for coves GSLC, GSLG, GSLH
and GSLI are ohtained in a similar manner, The initial
boundary conditions as a funetion of depth are estimated
from the 1930 fake compesition and the profile below
2.5 m in the same manner as thase for care F. The bound-
aty conditions at the sediment-waier interface have
changed with time at these locations. Using the lake
composition dama discussed by Spencer {1982}, 1t is esti-
mated that at location G, halite precipitated in 1933 and
hottom walers remained at 150 g/kg Ci ungi 1969, From
1669 to 1975 the estimated U1~ concentration s 120 g/kg,
and from 1973 to 1979 115 g ke. The diffasion snlution is
therefore

AC == erfe &y — Herfex; — Serfex,

where
d
pAL
for x it = 475
%y t == 11 yrs
X3 t = 4vrs
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Figure 4. 1 Diffusion Profile. The CI ™ pore fluid profite for
core F at Great Salt Lake it using the diffesion model in the text
isolid curvel. Dashed cueve is the estimated 1933 profife.

The fit of this curve (using D* from core GSLF) for the
data peints from core GSLG is shown in Figure 5.

The curves for cores GS1L.C, GSLH and GLSI are also
constructed vsing the boundary conditions estimated
from the past lake composition af these locations. There
are 150 g/kg €1 7 from 1933 1o 1956, 115 g/kg from 1956 to
1960, 135 g/kg from 1960 to 1964, 120 g kg from 1964 10
1975 and 115 g/kg from 1975 {0 1979, The cquation used is

AC =
Ierfox; — 3Serfex, + Werfex; — 15 erfexy
- 5er’fc Xg.

For x, o= 47 s
X3 = 24yrs
X3 t = 19 yrs
X4 t = 13ys
Xsg t = dyrs .

The curves ont Figure 5 for the most part fit the data quite
well.

The apparent diffusion coefficient caleulated for the
Ci™ profiles of 3.8 X 10~%cm?/sec may be compared with
published values measured for Ci™ tracer diffusion.
Robinson and Stokes {1970} cite a value of 1,42 X 105
cm?/sec for the diffusion coefficient of {17 ix 2 3 molar
Na(l solution. This is a reasonabie approximation of the
Great Salt Lake system over historic times, Because in a
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Figure 5. Ci " Diffaston Profiles. The CF pore fluld profiles for cores C, G, H
ared | at Great Salt Lake ard calculated profiles from the diffusion mode! in the
text {solid curves). Dashed curves are the initial { 1933) estimared profiles; below 2 m

the cata follow the initial curves.

porous medium the apparent diffusion coefficient will dif-
fer from that in a pure solution by the hydraulic condue-
tivity (K) of the media

D = KD*

using the values of D and D¥ above, K is caleulated to be
.26, which appears o be a reasonable valae for a porous
sand-mmnd mivture (see Lerman and Weiler {1970] es-
timated K range 0.1-0.5). The Cl~ pore fluid profiles
therefore arc consistent with a diffusion model, the major
controls on which are 1} the €17 concentration of the fake
waters over long periods at the site which is manifested in
the profile below ~ 2 m and is not terribly sensitive to short
term fluctuations; 2) the C1™ concentration of the lake
mass at the site over shotter periods, which in this system is
largely controlled by the presence or absence of halite.
Fluctuations occurring ever a petiod of about 50 years are
recorded wiithin the upper 2 m.

The pore fluids ar Walker Lake also hehave as mass
transport media (Benson and Spencer, in press). Diffu-
sion into the sediment occurs in shalow areas of the lake,
as in the Ci~ profile for WLB, Figure 6, as a result of the
increase in concentration of the lake waters due to cleva-
tion decreasc {Figure 1). Tr deeper portions of the lake a
negative concentration gradient is present as in WLG, Fig-
ure 0. This is interpreted as due to the disselution of salts
or mobilization of brines produced during the 1ast desicea-
tion of Walker Lake (Spencer, 1977, Benson, 1978; Ben-
son and Spencer, 1983}

Pore Fluids as 2 Diagenetic Bridge

Through mass transport the pore fluids form a bridge
berween the lake brines and the diagenetic environment,

The flux of components is a function of the concentration
gradient as shown by the simple one-dimensional diffu-
sion equation

« 9C;
'Ii""' _Di "éx_
where
I = flux of species
D¥ = effective diffusion coefficient (DK}
= concentration of species
x = distance.

The remeovat of species from solution causes an increase in
the concentration gradient (3C;/0x) accelerating the flux
of that species. PHagenetic reactions invelving carbonates,
clays and more saline minesals have been pinpointed in the
Great Salt Lake and Walker Lake systers (Spencer, 1977,
1982); these reactions are suimmarized helow,

Carhonates, Pssolution of calcium carbonate hydrate
{(monvhydrocalcite) occurs in the upper few metres of
Walker Lake sediments. The dissolution is seen in terms of
local maximia in the pore fluid Ca’t concentration due to
the relatively low {10 my/kyg) background. The alkalinity
is not affected: the dissolution is masked by the high {2900
mg/kg as HCOy) background. The Cal’ released is
refatively insignificant in solution bt is exchanged for
MNa~ on clays within the sediments. Reactions imvolving
carbonates have not been identified in the Great Sait Lake
sediments.

Clays, Two tvpes of clay-solution interactions vceur
within the fake sediments. Cation exchange reactions af-
fact Na™, Cat, K™ and Mg?™, while alteration of clay
structures and/or authigenic clay {ormadon involves
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Figure 6. Watker Lake Pore Fluid C1™ . 'Fhe €t~ gradientin cores C, D, Fand G indicates transport
of CF towand Walker Lake, while in core B i is away from the lake. Saline pore fluids or bured salts
beneath the central portion of the lake (below cores C, D, F and G, Figure 2} are a source of C17,

$057, HCO5 N2~ and K ¥ to the lake.

Mg? . Exchange reactions may have & significant effect
on brine compaosition. Dilute inflow waters tend 1o have
tefatively high Ca?'/Na™ in solution, and therefore
refatively high Ca?~ on exchanpe sites {Figure 7). As a
result of carbonate precipitation in the fakes, Ca?*/Na*
in solution is low; Na ™ is therefore exchanged for Ca?* on
the clays. A large detrital clay influx may significantly in-
crease Ca?™ in the system; at Walker Lake about 10% of
the Ca’" in the system appears to have been derived in this
manner. Removal of K+ by fixation occurs both in the
lake and sediment. Increased layer charge leads to higher
exchange capacity followed by K7 fixation and lower ex-
change capacity (Figure 8),

Removal of Mg®* from solution through afteration of
dewrital clays or formation of new material is important in
Both systems. This is especially seen in the pore fluid Mg?”
profiles from Walker Lake (Figure 9), whers Mg?* rc-
moval from solution is nearly quantitative. Removal of
Mg?* from solution appears to be a function of increased
salinity in both systems. Although the detrital clays from
the two svstems differ from one another, original detritat
clays appear similar for each system as a function of stra-
tigraphic position, as seen in the proportions of Fe/Al
{Figures 10 and 11}. The Mg/ Al content of the clays varies
stratigraphically (Figures 10 and 11). At Great Sait Lake a
targe increase in the proportion of Mg in the clay fraction is
observed in the saline perennial lake sediments (units 1, i1,

111}, relative to river, fresh water (unit I11), or playa (unit
V] clays. Increased Mg is alse found in Watker Lake clays
reated to the present low stand and a similar low stand
ahouat 2,000 years B.P. {(Figures 1 and 10). The major re-
moval uppears to occur in the upper few centimetres of
sediment but may continue in the upper few metres.

Saline Minerals. At Great Salt Lake gypsum, mirahifite
and halite are present in some intervals within the sedi-
ment, Core F contains gypsum, mirabilite and halite in the
sakt in the upper 25 cm and mirabilite at the bottom of the
core (Figures J and 12). At location G three intervals
containing gypsum were cored (Figure 13).

"Fhe effect of the salts at the top of core F on both the Ci~
{halite} and SOj~ (mirabitite) pore fluid profiles are
shown in Figures 3 and 12, The lack of halite in Lhe salts at
the base-of core F and presence of mivabilite are also seen
in the contrasting CI~ and SO3 ™ profiles on Figures 3 and
12. The presence of saline minerals results in hiph local
coneentrations of the components of the sailts in solution
and transport of these compenents away from the source
through the pore fluids.

The SO§™, Ca’™ ion activity product {Ca?t.S0%~.
H,07) and location of gypsum i Great Salt Lake core G
are shown on Figure 13, The SO3" profile is the resuk of
diffusion with the upper boundary condition fluctuating.
The pove fluids near the sediment-water interface ave un-
dersaturared with respect to gypsum, while the lower iwo
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Figure 7. Exchangeable Nyt and Ca’*; Walker Lake Clays.
Exchangeable Na ¥ and Ca™ un Walker River and Walker Lake
clavs; eiver clays are high in Ca®™ and low in Na 1 inthe Jake and
sediment Na ™ an the clays tends to increass as Na ¥ increases in
the pore fluids {saniple:s at 0.4 und 4.5 m arg exceptions). The
retatively high Ca®' on cxchange sites between 1.0 and 2.0
metres may be the result of calcium carbonate dissolution in the
interval, or original high exchangeable Ca?" during higher lake
stands.

intetvals containing gypsum approach saturation. The
Ca?* profile conlains maxima at the upper and lower gyp-
sum intervals, indicating a source of Ca?™ to solution, and
a minimum at the middle gypsum interval, indicating pos-
sible Ca®* removal from solution. The gypsum in the up-
per and lower intervals appears to be dissolving, supplyving
Ca®* for gypsum precipitation in the middle interval,
Szling minerals were not found at Walker Lake. How-
ever, the pore fluid profiles from the mid lake cores indi-
cate a possible buried source of salts. The C1-, SO3™,
HCO+, Na*t and K~ diffusing toward the lake may be
present due to saline pore fluids stored during the desicea-
tion of Walker Lake, to saks formed al the time, or both.

Pore Fluids as Sources and Sinks

As a resalt of diffusion, large quantities of dissolved
species which are congerved in solution are fransported
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Figure 8. Cation Exchunge Capacity; Walker Lake Clays. The
cation excliange capacity of Walker Luke clays increases steadily
in the upper 3 merres. Below this the exchanpe capacity de-
creases, apparently due o fixation of Kt resulting from in-
creased charge imbalance in the structoral clay sives.

into and from both lake water bodies. Dissolved species
which react to form less soluble salis or clay minerals are
removed from solution in either the lake body or pore
fhsids. Pore fluids are not effective sources and sinks for
these species. More conservative species, however, are lost
to or supplied from the pore fluids, which are significant
sources, and/or sinks, The direction of transport appears
to be a function of the hydrologic changes within the
basins.

During stages of pronounced evaporative concentra-
tion, dissolved species diffuse into the pore fluids. At
Great Salt Lake significant quantities of Cl ~, SOZ™, Na t,
K* and Mg'™ arc present in the pore fluids (Table 1).
These species have diffused into the pore fluids during the
Holocene as a result of the fow stand and high concentra-
tion of the lake.

During stages of freshening or lake level rise, these
species present in high concentrations in the pore Fuids
fiux toward the lakes. The modern Walker Lake system
exemplifies this, The estimated €17 mput to the lake
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Figure 10.  Clay Chemistry; Walker Lake. The composition of Walker
Lake clays in tertns of Fe/Al and Mg /Al are shown as 2 function of
depth. The constant Fe/Al ratio is taken as an indication of a refatively
constant detrital source. The sharp increase in Mg in the upper metre of
sediment ks due o Mg? T removal from the pore fluids {Figure 9y into the
clays during the present low stand. The increased Mg in the clays at
ahout 3 metres is interpreted to be the result of similar wemoval during
the low stand ahout 2,000 years B.P. (Figare 1).
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Flgure 11,  Clay Chemistry: Great Salt Lake. As in the case of Walker Lake clays, the Great Sailt Lake
clays appesr to have had a sismilar detrital iput on the basis of the Fe/ Al content. Magnesivm is enhanced
in the clays deposited under saline lake conditions (I, H and 1V, see Figure 1). The frech water sediments
{111} are similar to the river clays, as are the plava clays (V)

watets from the pore fluids is nearly twice that of the sur-
face water input (Table 1),

Major Disselved Species

The behavior of individual major dissolved species in
both the Great Salt Lake and Walker Lake systems is sam-
marized below. Emphasis is placed on pore firid contribu.
tions. The salt budgets presented in Table 1 differ for the
two svstems. For Great Salt Lake the total sinks in the sys-
tem {lake hrines -+ pore fluids 4 solids} are compared
with the net aqueous input over the last 32,000 years. For
Walker Lake the masses accumulated within the lake
and/or pore fluids arc compared with the estimated net
agueous input for the last 8,000 years, solid sinks have not
been estimated directly,

Chloride, Within the Great Salt Lake system C17 may
be enhanced or depleted in various brines. Fluctuations of
the lake volume have caused halite precipitation and dis-
soiiftion to oceur during the historic period, but for the
most part C17 is conserved in solution,

The pore fluid C1™ coneentrations are a result of mass
transporr, The upper bonndarics are controlled by condi-
tions within the lake and are especially affected by the

presence ot absence of halite and/or stratified brines. In
the absence of buried halite beds, the major removal of
C1™ from the lake is diffusion into the pore fluids, which
accounts for about 50% of the Cl™ in the system.

Conditions similar to those at Great Salf Lake today ex-
isted al Walker Lake from 5,000 to 10,000 years ago. The
relatively higher lake stands during the fast 2,000 years
have resulted in mobilization of €1~ stored in salts or pore
fluids toward the lake. It is estimared that about 65% of
the Ct ~ input to Walker Lake was supplied by epward dif-
fusion through the pore fiuids, and that about 2% of the
total C1~ has been lost by downward diffasion.

Sulfate. The behavior of SO} within the Great Salt
Lake system is more strongly influenced by solid phases
than that of €1, The precipitation of mirabilite and gyp-
sum has removed ahout 40% of the SO3™ from solution;
an additional 20 has been removed through reduction to
form sulfides. Of the SO2™ remaining in solution, about
37% is tn pore fluids and the remainder in the lake brines,
The inflow ratio of SO3 " to Ci™ at Great Sair Lake is 0.34,
while the ratio in the lake is 0.09,

At Walker Lake SOF™ has also been removed from sofu-
tion to a large extent. The ratic of SO to CI™ in the
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Figure 12. Pore Fluid SO5 7, Great Sait Lake, The SOi_ pro-
files of cores € and F from Great Salt Lake are shown as functions
of depth and stratigraphy. Core F contains salis at the top and
bottom of the core. The lower salt laver consists of mirabilite,
while the upper layer contains halite, mirabilite and gypsum, No
salts are present in core C.
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Walker Laks inflow is 2.6, while in the jake waters it is only
(0.9, A portion of the removal may be due to the precipita-
tion of sulfate salts, such as mirabilite and gypsum. which
formed during the mid Holocene low stand or desiceation
uf Walker Lake. The deepest pore fluids analyzed (4.5 m,
WLG) contain a SO37 to Cl™ ratio of 0.65; as pore finid
diffusion is 2 major contributor to the dissoived salts in
Walker Lake and diffusive flux is dependent on concentra-
tion gradicnt, kess 5077 is supplied to the lake. Reduction
of $0O3 " also occurs within the sediments, most noticeably
in the shallower portion of the lake where it is removed al-
most quantitatively from solution.

Carbonate Alkalinlty. Carbonate alkalinity accounts
for only & verv small portion of the anion content of both
Great Salt Lake brines and pore fluids. As a consequence
of the near equality of Ca®™ and HCO7 {(on an equivalence
basis) in the inflow waters, removal of HCO5 (or CO§ ™)
during the precipitation of calcite and aragonite in the
iake is nearly quantitative.

Carbonate precipitation alse ocewrs in the Walker Lake
of Ca2*; therefore, HCOT and COZ" remain in solution.
Like CI, the carbon species diffuse both toward the lake
(in the deeper portion) and away from the lake {in the shal-
lower portion} through the pore fluids. The inflow waters
contain of 75.8 HCO%‘“ to C1™, while the lake and deeper
pore Thuids contain ratios of 1.28 and .94, respectively.

Sodium. At Great Sait Lake Na™ is for the most part
conserved i sofuiion. About 15% of the totai Na™ to have
entered the system has been removed in solid phases
{~12% in halite and mirabilite, and ~ 3% exchanged on
clays). About haif the remaining Na™ is contained in pore

DEPTH (m)
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Figare 13. Gypsum. Iptervals of Great Sait Lake core G which contain gypsum
are stippled. The S04 . Ca?® and fon activity product (3Cal't) (aSDi_}
(2H50)° for (ke pote fluids (circles) and immediately overlying lake brines

{triangles) are also shown,
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TABLE 1
Sait Budgets
o 503° HCO, Na® K+ Ca?* Mgt
Great Nalr Lake
Lake 2.63 .25 0.005 1.53 0.4a7 0.008 0.13
Pore Fiaid i Q.15 .005 1.50 {1.08 {002 i
Salts 0.1 .80 0.53
Sediment (.40 22. .13 LA 1.4 0.64
Totaj Enput .90 2.36 12.36 4.54 (.30 3.32 (.87
Cherfiow Loss 1.12 .45 {3.24 0.74 4.08 3.10 0.19
Net laput 5.78 1.01 12.02 3.80 f1.2R 3.42 .68
Total Sinks 5.5 1.60 2301 3.49 1% 7.4l (L7
Walker Lake
Lake {.80 .73 102 1.1 4.04 0,604 0.05
Pore Fluuk 0.9% 0.79 1.5 1.26 0.4 0002 0,003
River loput 0.33 (.86 8.45 1.30 19 1.0& 0.35
Pore Fluid — Flux 0,02 ND KD 0.015 ND ND ND
Pove Fluid = Flax (.43 ND ND .20 ND NI ND
Net Inpit {395 NIX ND 515 ND ND ND

CGireat Sult Lake masscs in grams X 10713
Walker Luke masses in grams x §5 13

fluids, with the balance in the lake brines, The pore fluids
are therefore a sink for about 40% of the Na™ in the Great
Salt Lake system.

Al Walker Lake Na™ diffuses toward the lake in the
deeper portion and away from the lake in shallowsr por-
tions. Removal of Na* from solution as a result of clay ex-
change accounts for about 3% of the Na™ in the system,
The inflow ratio of Na™ o CI™ is about 4.0, while the lake
ratio is 1.37, and the deeper upward diffusing hrines have
a ratio of 1.20. The major removal of Na* from the system
is probably the resuit of precipitation of salts and diffusion
inilo the sediment during the mid Holocene low stand.

Potassiwm. At Great Salt Lake 15% to 20% of the K.
has been removed from solution onto clays, The fixation of
K™ appears to ocenr on detrital clays with high exchange
capacities as they enter the lake. The K T remaining in so-
lution is present both in pore fluids (33%) and the lake
hrines.

The K1 remaining in solution in Walker Lake is only
about 50% of the estimated river lnput. Asis the case with
Na*®, €™, SOI™ and the carbon species, K™ diffuses to-
ward the lake i the deeper portion. it appears that greater
than haif of the K* entering the system in sokurion has
heen removed by reactions invalving clay minerals.

Calcium. in terms of the totai Ca’t budget, both lzke
and pore fluids are insignificant in Great Salt Lake and
Walker Lake. The Ca?~ is removed nearly quantitatively
as a result of carbonate mineral precipitation. Reactions
involving Cat™ do oceur in the sediments of both systems;
at Great Salt Lake local dissolution and precipitation of
gvpsum occur, while af Walker Lake dissolution of car-
banate and clay exchange occur focally.

Magnesium. The diffusion of Mg?™ imto Great Sak

Lake pore fluids is accelerated by the removal of Mg?™*
from solution inta the clay fraction of the solids. Less than
33% of the My” ™ estimated to have eniered the system re-
ains in solution. The major portion of the Mg*™ removal
appears to have cceurred during saline lake stages.

Removal of My ™ from solution at Walker Lake is even
more dramatic than at Great Sall Lake. Only about 13%
of the estimated river input of Mg?™ remains in solution.
The pore fluid Mg?* concentration is near the detectable
bmit as a result of removal from solution inio the clay
fraction,

SUMMARY

Consideration of three phases of the geochemical evolu-
tion of closed basins or evaporating brine bodies allows for
a better understanding of such systems. The first phase in
understanding modern systems is tu define the input to the
sysiem. Secondly, reactions occurring within the standing
water column peed to be consideted. The evolutionary
pathways of brines from these processes are remaoval of
Ca?*, during carhonate precipitation ( Figure 14), and in
highly saline systems removal of Na™® from salt precipita-
tion. Removal of HCO7Y, during carbanate precipilation,
may also be traced in the water column (Figure 13), along
with SO:~ and CI™ removal during saline stages. Com-
plete understanding of the evolutionary paths on Figures
14 and 15 for the Walker Lake and Great Salt Lake sys-
tems also requires consideration of pore fluid processes.

The pore {luids in evaporitic basins are a significant por-
tion of the svstem. Pore fluids may act as significant
sources and/or sinks for the components of more soluble
salts. Mass {ransport through diffusive flux is important
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Figure 14. Cation Moie Practious. The mole fraction of the major cations in the
Great Salt Lake inflow {sofid circle), lake brines (solid square) and pore Puids (sofid
triangle) ate shown zlong with the Walker Lake inflow (open circle}, lake {open
square) and pore [luids from coves E and G {open triangles). Within the lakes Ca?™ is
removed during carbonate precipitation, driving the compesitions away from the
Ca™ corner. Removal of Mg? t uccurs within the pore [luids of both systems,

as a mechanism {o create sources o sinks, and also serves
as a bridge to communicate diagenetic reactions in the
sediment (0 the evaporating surface waters. Reactions
which occur within the upper few metres of sediment affect
the composition of the surface waters; as a resulf, these
should be considered as part of the syndepositional pro-
cesses. Reactions which occur within the pore fluids are
significant in terms of aliering the subscquent precipita-
tion paths of evaporating brines,

Components, such as Ci™., which are conserved in solu-
tion may be removed in large quantities from evaporating
brine bodies through diffuston during cycles of ncreased
concentration. This tends to deplete the components of
more soluble salts from & brine body relative to the less
conservative species. During periods of freshening, these
more conservative species diffuse toward the evaporating
brine body. In contrast, dissolved spectes which react
within the evaporating water mass to form solids may be
removed aimosi eatirely from solution. ‘The role of pore
fluids is of little consequence for these species.

The diffusive fluxes of components, which are relatively
rarsactive in the evaporating brine bodies but react within
the sediment to form solid phases (most notably Mg?™,
K* and SO3 7). are enhanced as a resuli of increased con-
centration gradients. The removal of Mg?™, K* or SOE”

are independent of one another; the possibility exists for
accelerated depletion of one, two or ali three species. The
positions of the iaflow, take Lrines and pore fluids from
Walker and Great Salt Lakes, along with sea waier, are
showx on the mole fraction diagram in Figore 16, The vari-
ous izke and pore fiuid brines have moved in different di-
rections with respect to the inflow compositions or lake
brine source as described below:

1. Great Sal Lake brines are slightly enhanced in
Mgt and K+ with respect to $O3” relative to the
inflow, Although all three are removed o some ex-
tent diagenetically, the major SO~ removal re-
sulied from mirabilite precipitation from the lake
brines during early Holocene low stands.

2. The composition of Greatr Sajt Lake pore fluids
shows a skight enhancerent in Mg?* and K *. This
is due in part to removal of SOF™ as mirabilite but
also to SO3 7 reduction. Relative 1o the infiow, the
lake compaosition has been “dragged” in the direc-
tion of the pore fluids due to the communicative dif-
fusive flux,

3. The composition of Walker Lake waters is the resul{
of mixing of npward diffusing SO~ -rich pore fluids
with the dilute inflow, plus removal of Mg?™ and K~
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Figure 15.  Anjon Mole Fractions. The muole [raction of the major anions in the Great

Salt Lake inflow {solid civcle). lake brines (solid square} and pore fluids (solid irtangle)
are shown along with the Walker Lake inflow {npen circle). lake brines (open square)
and pore fluids from cores E and G {open triangles). Precipitation of carhanates within
cach heke pushes the compositions away from the HCO3 comer. Precipitation of
mirabifite and SOF reduciion lead 1o €1 7 entichment in Great Sait Lake brines and
pore fluids. Walker Lake brines receive much of their €17 from upward diffusion
through pore fluids: the resulting lake brines are formed through mixing of maicrial

teansported through the pore fluids with dilute inflow which has precipitated carbonaze

minearals.

on clays, and reduction of $OF7. The result is seen

primarily as an increase of SO 7.
4. The upward diffusing pore fluids at Walker Lake
were probably derived from compositions similar to
the present inflow. The upward diffusing pore fluids
are highly enriched in SO} and slightly enriched in
K" relative to Mg?®; the Mg*" has been almost
completely removed from solution.
Shallow areas of Walker Lake are underlain by more
dilute pore fluids, Fhese pore fluids are almost totally
devoid of SO as & result of reduction to $¢7 . Ex-
tensive removal of Mg?™ from solulion into the clay
fraction of the solids also accurs. Although K™ re-
moval from solution oceurs, it is lesser than that of
SO~ or Mg?™, resulting in strong enhancement of
K™ in the pore fiuids,

L

Removal of SO57, Mg?t and K+ from solution cecurs
in the pore fluids of both Great Sak and Walker Lakes. In
the ahsence of sats containing SOZ~ . Mg2™ or K™ the
major removal mechanisms are 503 reduction, Mg2* in-
corporation in authigenic or detrital clays and K * fixation

by detrital clavs. The three processes ovcur to differing ex-
tents in the pore fluids of the two lakes.

Reduction of SO3 is most pronounced in the fresher
portion of the Walker Lake pore Buids, where SOZ7 is al-
most entirely removed from sofution. The upward diffus-
ing $O3 in more concentrated brines is removed to a
lesser extent relative to the mass in solution. The Great
Salt Lake system appears to follow the same trend; SO
reduction occurs within the saline pore fluids, but the pro-
portion of SO removed from sclution is refatively small.
The mass of solid sulfides within the sediments at Great
Salt Lake is greater within or just below the fresher water
intervals. W appesars that both the amount of sultide
formed and the proportion of SO removed are inversely
proportiotal Lo the concentration of the brines. Reducetion
of SO~ is therefore expected to exert a dominant control
in relatively early stages of evaporative concentration and
a lesser control as conventration increases.

Removal of Mgt from solution occurs primarily as a
result of detrital clay alteration or authigenic clay forma-
tion. The mass of Mg found in the clay fraction of sedi-
neenis at both Great Sali Lake and Walker Lake increases
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Figure 16. Mg—S0,— K, Equivalence Diagran. Within both systems Mg?? and KT
ate conserved in solution in the lake brines, 5077 has been precipitated at Great Sait
Lake, all three participate in diagenetic reactions involving the pore fluids. The Great
Sait Lake inflow (solid circfe), lake brines (solid square) and pore fluids {solid utangle)
are shown ajong with the Walker Lake inflow {open circle), lake brines {open square)
and pore fluids from cores E and G {open miangles), sem water (stax) is shown for

reterence,

in the sediments deposiied during more saline stages. The
mass of Mg©t removed, therefore, appeats to be propar-
tional to the concentration of the brines. Removal of Mg*+
from Waiker Lake pore fluids is nearly quantitative, while
at Great Salt Lake the Mgt conteni of the brines, al-
though depleted, remzins significant. ‘There appears to be
an inverse correlation of the proportion of Mg?™ removed
from solution and brine concentration.

Fixation of K ¥ on detrital clays or diagenetically altered
clays occurs in both systems. The removal of KT from
solution is relatively minor and thercfore the brines are
somewhat enhanced in K* relative to Mg?*+ and SO, It
therefore appears that syndepositional processes acting
within the upper few meires of sediment may result n
“MpSQ,-deficient” brines enriched in K*. Pore fluids
may serve as 4 bridge to aker the compaosition of standing
brine bodies as & result of the diagenetic reactions. In
order to identify this type of brine alteration, masses of Mg
{as clavs) and S (as subfides) are expected to be found in
close proximity (o other deposits of evaporated brine
bodies.
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