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Geochemical Evolution of Closed Basin Water
in the Western Great Basin

ABSTRACT
The composition of saline waters in inland basins is lavgely the result of weatheving proc-
esses accompanied by simple evaporative concenivation and selective mineral [solid) precipitation
In the absence of older chemogenic deposils in the drainage basin lo provide solutes by simple
solution, waler compositions are velated primarily lo three major tvpes of inorganic reactions:

(1} silicate hydralysis, (2 upiake of CO, from the almosphere and/or of sulfale from oxidation af
sulfides, and (3) precipitaiion of alkaline earth compounds.

Silicate hydvolysis veactions are iyp-
ically combined with aqueous CQ, uptake schematically as follows:
primayry silicate + HyO + COy =
clay + Catt 4+ NaT + HCO;™ + Si0,

With increasing sclution concentration, calcium (s precipitated fivst as calcite and then, with ris-
ing salinity and sulfaie content, as gypsum. Howewer, if silicale hydrolysis proceeds more vap-
idly than CQy uptake, either because of highly veactive phases ov the limited access of pround
watey to atmospheric or soil COy, the pH of the solution rises. This pH yise is accompanied by
decreased calcife solubilily, and further concentration provides morve complete precipitation of
caicium as CaCOa.

These processes ultimately leed o sodium carbonale ov (with extensive min-
evalization in the aveq) sulfocarbonate waters.

The rate of silicate hydrolysis is dependent on the
origingl silica-bearing phase and the gvain size.

Glasses oy fine-grained silicates formed at high
tempevatures are much move soluble in water than ave quariz or clay minevals, and they ave move

reactive than coarse-grained silicates; indeed, the sitica contend of many alkaline walers is ap-
parently related to the solubility of cyvistobalite ov silica gel. Thus walers contgining the highest
carbonate or sulfocarbonate concentrations are found in basins wheve the major drainage areas

are undevigin by volcanics, fine-grained intrusives, or sedimentary materials devived from such

vocks. Secondary wodification of lacustrine saline waler composition is brought about by CQ4
release and sulfate reduction accompanying ovganic decay.

The occurrence and interaction of all the aforementioned processes are well illustrated by
data from several inleymaontane areas of the western Great Basin,

INTRODUCTION

The development of saline waters in interior basins is essentially a simple function of sol-
ute supply and subsequent concentration by evaporation. The geochemical evolution of closed basin
waters can thus be described in terms of solution, trangport, and mineral precipitation reactions
arranged in a sequence controlled by the basin hydrology. Primary solute composition is set for
the maost part by the reaction of naturgl waters with the basic lithologies underlying each drainage
bagin. Secondary modifications are closely tied to hydrologic setting and process.
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Because of the nermal heavy dorninance of sodium among the carions of continental saline
waters {Truesdell, Jones, and Van Denburgh, 1963}, classification or trends in compositional evo-
lution are most succinctdy deseribed in terms of the major anions. The Great Basin waters have
bheen subdivided on the basis of the most characteristic anion in the saline lake or playas of the
meajor intermontane drainages. Thus, chloride is by far the most dominant dissolved spacics in
the Bonneville Basin, whereas relatively high carbonate concentrations distinguish saline waters of
the Lahontan and adjacent territories. Sulfate is characteristc of some of the smaller individual
basins. as in parts of the Mojave Desert and areas immediately north. Qutside the Great Basin,

sulfate is the predominant anion in the saline lakes of the glaciated regions of North Dakota and
Washington State.

OBSERVED TRENDS

Hutchinson (1957, p. 565) has utilized a triangular plot of anions in waters from the Lahontan
Basin and adjacent areas to illustrate a general compositional trend from inflow ta lake or plava
waters, as shown in Fig. 1. He has suggested that the nature of such a trend may be distinctive
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Figure 1.  Anionic compositions of nver and lakes in the Lahontan Basin and
in closed basins to the pomh and west. after Hurchineen {1957, p. 386). Data
are frorm Clarke (1924, pp. 15€-166), Al loceticas bat Sodz Lake are fue-
ther disousser! herein.

for particular regions, but that "the great variation in composition of the individual waters. ..
makes it impussible 1o follow. .. a process in the data.” Though Hurchinson was certainly correct
in detail when pointing to "the complexity of processes occurring even in the simplest cages.™ it
appears posaible to make some generalizations based on a few fundamental processes and basic
types of solute source.
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In the evaporation and concentration of sea water, the trend in anionic composition is se-
verely restricted by the high proportion of chloride and small quantity of carbonate species.
because of concentration processes that have already occurred. Precipitation of calcium sulfare
enriches the brine in chloride until saturation with halite is achieved and a marked reversal to-
ward higher proportions of sulfste takes place. However, for the first tenfold increase in total
salinity, the anionic proportions change leéss than 10 per cent. In contrast. plots of the major
anion distribution in both inflow and lake or playa waters from the major closed basins in the west-
ern Great Basin reveal the large-scale changes and distinctive trends which accompany an entire
course of concentration. There is significant overlap in the anion composition of initial inflow.,
but definite differences may characterize the waters of inteérmediate areas as well as the end prod-
ucts of interior drainage. These differences are illustrated not only for basins where one specie
{carbonate, sulfate, or chloride) is heavily predominant, but they can also be distinctive for wa~
ters of intermediate anionic type. :

In the trilinear plots utilized herein to illustrate major anion composition, total dissolved
solids content generally increases in the direction of the chloride apex for each individual drain-
age basin, but this certainly is not always the case. The locadon of the major drainage unirts of
the western Great Bagin to be discussed is given In Fig. 3. Previously unpublished analytical data
from the area are given in Table 1. Methods of analysis were generally those given by Rainwater
and Thatcher (1960}, Reference to anzlyses available in other publications is given in the expla-
nation of the figure where the data is utilfized. It must be borne in mind that the diversity of
sources and of methods employed even by the same laboratories or lnvestigators over the course
of time has produced results of variable quality. The very generalized trilinear method of pres-
entation utilized herein serves to minimize the influence of guch analytical inconsistencies.

Chloride type.

The Great Salt Lake may be taken as the hest example of an interior basin of the chioride
type. Hahl and Langford (1964) have compiled estimates of dissolved solids contributions by sur-
ficial inflow to the lake for the water years 1960 and 61 and have calculated the percentage con-
tributed by each major source o the total dissolved constituenis. Taken in conjunction with the
few special analyses presented for the area by Whitehead and Feth (1961}, the trend in anionic
composition for the bulk of the inflow { > 76 per cent) is directly from the dilute carbonate waters
of the Weber River and east shore mountain streams, through the chiorocarbonate Bear River
composition, to the very low carbonate, 5-10 per cent sulfate, waters of the lake itself (Fig. 2).
The end point of this trend in solution composition is represented by the pure chloride interstitial
brines of the Bonneville Desert. The Jordan River and, to a lesger extent., the artificial drains
and canals which discharge to the lake have 4 notably higher sulfate content than other Great Salt
Lake inflow as a consequence of human influences. Thus, consideration of the anionic proportions
in "average inflow” would offset the general trend roward that presented by Hutchinson for the
major drainages of the western Great Bagin; there is congiderable justification, however. for re-
garding this offset as artificial. In either case, the course and final result of compositional
change is distinctive when compared two that for other Great Basin areas.

Carhonate type.

Though many writers have taken waters of the Lahontan Basin as typical of the carbonate
type, the most extrermne exampie of the type actually lies in the Alkali Valley of central Oregon,
which is some distance north of the farthest extension of pluvial Lake Labontan {Fig. 3). Here, in
a piaya of approximately 5 square miles total area, numerous circular depressions known as pot-
holes {Allison and Mason, 1947) contain carbonate brines which vary considerably in total dis-
solved solids concentration, but much less in apionic proportiens. The potholes are apparently
fed by artesian waters evaporating at a rate roughly equivalent to discharge. The anionic compo-
sition of dilute water from a nearby well, which is probably representative of inflow to the pot-
holes themselves (Fig. 4). Waters from this area afford the minimurm change in anion composition
with increased concentration.
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Drainages included in Hutchinson's plot of
anionic composition in the Lahontan adjacent
basins (Fig. 3) that show some similarity in
hydrochemical evolution are of mixed type, but
for most of the basins compositional trends are
separate and distinct. South of the Alkali Valley
in Oregon, for example, the Abert-Summer
L.ake area contains "end-point” waters best clas-
sified as chlorocarbonate in type. These two
bodies of water. both remnants of pluvial Lake
Chewaucan, present a digtinct contrast in the
chemical nature of inflow and lake water
{Van Denburgh. 1964). In total dissoclved solids
concentration and anionic proportions, Summer
Lake and its principal inflow, the Ana Springs,
are bracketed by the Chewaucan River and Abert
Lake (Fig. 4). Some spring inflow suggests
slight sulfate enrichment prior to reaching the
lakes, but the anion trend for waters of the two
adjacent basing is toward increased chloride
with nearly constant sulfate content,

The effects of addition of sulfate to basin
waters by hot spring svstems are zhown in the
Surprise Valley and Honey lLake Basins of north-
cast California. Both drainage arcas contain
playa lakes occupying the downthrown parts of
fault biock basing. The principal inflow is from
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mountain streams, which are nearly pure bicarbonate in anionic composition. Typical are the
waters of the Susan River, and of Eagle Lake, which looses water to Honey Lake by scepage out-
flow. The result of addition of hot spring inflow varies from the nearly equivalent anionic propor-
tions of sulfate and carbonate in the interstitial brines from the eastern side of the Honey Lake
plava. to compositions only slightly higher in sulfate than Abert Lake (Fig. 5). Compared with
any of the individual basins herein consideved, this trend is the closest to Hutchinson's "average,”
represented by the arrow in his diagram (Fig. 1) for the western Great Basin.

A significant proportion of sulfate characterizes the only other drainage of the western
Great Basin which rivals the Lahontan in area -~ the Owens River system. Hutchinson congidered
only the changes in composition from Owens River to Owens Lake; bur as has been discussed by
Gale (1915) and Smith (1962), the pluvial Owens River drainage overflowed Owens Lake and carried
southward to China Lake, Searles Lake, and at highest stages, onward to the Panarnint Basin and
probably Death Valley; the Searles Lake Basin with its abundant lacustring salt deposits (Smith
and Haines, 1964) no doubt represented the end point of the Owens River system through most of
pluvial times. Thig relation is further seen in the anion plots for analyses of Owens Lake and the
Searles brines (Fig. 6). Older analyses of Qwens Lake {Clarke. 1924, p. 162), tzken at a time
when an extensive body of saline water still covered the basin, plot intermediately between anal-
ysis of Owens Lake as it is today, a very shallow body of saturated brine resulting from continued
evaporation following nearly complete diversion of the Qwens River into the southern California
water-supply system. plots very close to recent analyses of the interstitial Searles Lake brines.
The closest modern equivalents to the waters of the former Owens Lake are those of Mono Lake.
Mono Lake occupies the basin of a larger pluvial ancestor and is fed primarily by Sierra Nevada
runoff, which is very similar In composition to tributary streams of the Oweng River. Mona Lake

and representative surface inflow compositions (Fig. &) show an anionic trend which is relatively
constant in proportions of sulfate.
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D.E. White {personal communication. 1965) has suggested that the Owens River analysis
may be higher in sulfate than the general trend becausc of the influence of hot springs in its up-
stream drainage, which can account for 80 per cent of the boron carried by the Owens River sys-
tem. During the Pleistocene, when much of the salr load was actually carried into Owens Lake,
the Owens River probably received a greater proportion of its flow from surface waters gimilar

to present Mono Lake inflow. An analysis of the Owens River of Pleistocene time might well plot
near a straight line between Mono Lake and its principal inflow.

The most variable and complete range in antonic proportions among the closed basin waters
considered by Hutchinson occurs within the central part of the Lahontan area (Fig. 7). although
the significance of recent analyses is reduced by complications arising frorm oxlengive irrigation.
Recent analyses of Pyramid Lake and interstitial waters from the sediments of presently dry
Winnemucca lLake contain distinctly lower proportions of chloride than the older analvses of Clarke
(1924, p. 160). More recent analyses also make apparent a considerable range in the composition
of the Truckee River at successive downstream sites. Modern waters from the Hummboldr and
Carson Sink arcas apparently contain higher quantitics of sulfate than previously indicared in
Clarke's data. The combined data show that the central Lahontan Basin drainage today exhibits

anionic trends not far from the average suggested by the arrow in Hutchingon's diagram for the
western Great Bagin (Fig, 1J.

Sulfate type.

Closed drainage systems of the westemn Great Basin north of the Mojave region that can be
congidered of the sulfate type are Rhodes Marsh of western Nevada and the Saline Valley of eastern
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ber & from Mumboidt 2udt, mumber 4 from Pyramis Lake, azd aqumber b from
Winnemucea Lake sl from Clarke {1824, pp. 159-161).  Adalyses of Walker
Laks, Pyramid Leks {number 2), plus the Truekesz River at Wadswonh (qun-
ber 3} and Nizon {number 5). Nevada. from Whitchead and Feth (1951),

Other aralyses of Pymamid Laxe (number 1) and the Truckee Hiver (Lake Tahoe
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California. Both these basins contain extensive salt-encrusted playas fed primarily by ground
waters. Spring waters collected around the Saline Valley (Lombardi, 1963, Table 3; Hardie.
1965) exhibit a wide range in anionic composition, including high proportions of carbonate, but the
bulk of such waters is characterized by high concentrations of sulfate (Fig. 8). Samples of inflow

S0,
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»  inflaw

s ployn weters

s RHDDES MARSH

T
0%

Fipure 8 Major anion composition of watess feom: the Sazline Velley, California,
with a few points presenting infiow in he fmmeadiate arez of the Rhodes
Marsh playe, Nevada, Data for aflow o the Szline Valley from Lombardi
{1963, Table 3). Bata for Saline Valley brines, selected to give a repzesent «
ative ranpe of anjonic composition, fom aralyse: agembled {1vB4. Table 31),

waters ¢ollected in the immediate area of the Rhodes Marsh plava illustrate anionic compositions
intermediate between the Saline Valley inflow springs and interstitial brines of the Saline Valley
playa. The overall anionic trend accompanying concentration increase from the average Saline
Valley spring composition through the Rhodes Marsh solutions to Saline Valley interstitial brines
shows the most marked decrcase in proportions of sulfate only after the sulfate-chloride edge is
approached. Further enrichment in chioride takes place in brines which are nearly carbonate
free.

Close to an average trend in anion composition for closed basin waters is provided by anal -
yses of inflow and playa waters from the Deep Springs Valley of eastern California (Fig. 9. In
this small intermontane basin, which lies just north of the Saline Valley and east of the Owens
River system, salt depositz occur in both a small playa and 2 nearby fault-trough pond. The area
combines an extensive range in lithology with all the natural processes at work elsewhere to give
a representative example of compositional evolution in waters of the entire westem Great Basin.

PROCESSES RESPONSIBLLE FOR THE TRENDS

The primary influence on the initial anion composition of any closed basin water is the gross
lithology of the materials with which the water has been in contact. This influence is exerted by
two basic mincral-water reactions, solution amd hydrolysis. Secondary anionic changes in closed
basin waters result principally from the interaction of cvaporative concentration with reactions
relared to organic processes ar mineral precipitation. Despite limitations, the trilinear plotting
of major anion compositions does reflect these processes, though suggestions made from the
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relationships shown must be verified by further evidence (Hem. 1959, p. 183). The primary re-
actions control the position of points representing basin inflow while secondary processes dictate
the anionic trend through the course of evaporative concentration. In general, concentration in-
crease s accompanied by an increase in chloride; and solid precipitation, by 2 decrease in the
appropriate anion. The direction of compositional trends may be similar, but distinct differences

in actual path for each of the major drainage areas are established and. to some degree at least,
are maintained by the lthologic environment.

Simple solution.

‘The most straightforward reaction providing solutes to closed basin waters is that of com-
plete solution of readily soluble, simple ionic mineral compounds. Whenever evaporites are pres-
ent in the drainage area, this process dominates the geochemical evolution of the basin waters.

As pointed out by Hutchinson (1957, p. 568}, drainage from pre-existing salt beds appears to ac-
coum for most nearly pure chloride waters. The purest chloride waters discussed heregin are the
interstitial brines of the Bonneville salt flars. Indeed, it has been postulated that bedded evapo-
rites, primarily halite, have contributed most of the salf load of the Bonneville Basin and the

Grear Salt Lake (Feth. 1959). Much of the salts in modern inflow to the lake, however, may be
simply recycled from cider Bonnevilie sediments.

Ancther obvious source of the solutes in water is the solution of calcite from limestones.
This process exerts a major control on the composition of inflow draining areas underlain by

Paleozoic marine strata, as in the immediate area of the Great Salt Leke or parts of the Deep
Springs and Saline Valleys.

The leaching of ions absorbed or trapped in interstitial fluids in clastic sediments is another
solution mechanism providing dissolved components in water. In this way, for exam}]le, chioride
incorporated in clayey strata by membrane filtration during compacton (White, 1965} might be
obtained. The chloride that makes up such a high proportion of the most concentrated brines of
the Saline Valley playa may have had such a source. The term leaching may also be used tw de-
scribe the removal by solutions of the products of oxidation of sedimentary sulfur compounds,
largely pyrite. In the western Great Basin it is difficult to differentiate sulfate of sedimentary
origin from that associated with areas of hydrothermal alteration without detailed study of each
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contributive drainage system (barring possible isotopic differences). Outside the Great Basin
sulfate becomes the major constituent of closed basin waters in the glaciated areas of Washington
State and the northern Great Plains.

Silicate hydrolysis.

The initial compositions, subsequent evelution, and the importance of carbonate in the major
drainages of the western Great Basin are chiefly related to the hydrolysis of primary silicates.
The gross effect of such reactions is dependent not only on the quantitative proportions of igneous
va. sedimentary material in contact with basin waters but also on the reladive gtability of the indi-
vidual silicate mineral species composing these rocks. In the weathering sequence of clay sized
minerals established by Jackson and others (1948) the relative stability of the primary silicates,
with the exception of feldspar, increases roughly with decreasing ratios of silica to alumina. This
reflects the higher solubility of silica over alumina in natural water, as well as considerations of
crystal structure, Preferential attack on mafic mineral phases with high Si/Al rato further in-
creases the quantity of silica leached by solutions penetrating primary igneous materials. Exam-
ination of the detritus in the recent lacustrine deposits of the western Great Basin indicates that
feldspars from a wide variety of sources are lefr intact, while the mafic components of igenous
rocks have been extensively altered or completely broken down. The original grain size is an ad-
ditional factor affecdng primary silicate stability; smaller grain size provides additional surface
area for solution attack on minerals. An optimum combination for silicate hydrolysis is in pyro-
clastic deposits. These materials combine metastable molecular structure with maximum gran-
ular surface area and, typically, relatively high 8i/Al ratios. The highest initial concentrations
of silica in natural water can usually be traced to association with such deposits.

The most common impetus behind the hydrolysis of primary silicates is the reactions of car-
bon dioxide with water to form carbonic acid. The resulting reactions provide bicarbonate ions in
proportion to the release of metallic cations and the solution of silica. 5Silicate hydrolysis reac-
tions are typically combined with aqueous CQ4 uptake schematically as follows:

primary silicate + Hy0 + CO4 = clay + cation + HCO4q™ + 5i04
Alkali feldspar is most frequently cited as the primary silicate and kaolinite as the clay product in
weathering reactions {e.g., Garrels, 1965), but for the more common igneous rocks of the western
Great Basin:

INa, 6658 .331\11,33&2 -6608 + 4H20 + 4002 =

andesine
. ++ + -
2A12514O 10 (OH)Z + {a + Na + 4HCG?,
montmorillonite
Thig reaction yields no silica. but abundant amounts of 5i0y can be obrained by mafic mineral al-
teration, such agl:
2NaCalMg, FelAl(SiOg)y + 6HO + 10 CO,y =
augite
Al,8i,045 (OH), + 2Ca™F 4+ 2Nat + 2(Fe, Mg™H + 10 HCO4™ + 4810,
montmorillonite ‘
Legser amounts of silica may be expected from silicic intrusive rocks which bear mafic phases
with low Si/Al ratios than from extrusives.

The carbon dioxide for the hydrolysis reactions is derived primarily within soils which sup-

port a PCDZ significantly above that of the atmosphere because of biotic activity. Some carbhon

dioxide may be drived from other sources, as indicated by the high CO; content of waters of deep
circulation from some fault zones or thermal areas. After steam, carbon dioxide is the next mest
abundant component of volcanic emanations (White and Waring, 1963). However, the brines of

1o both equations, rhe formula for meontmeotitlonite has been fdealized to thar of pyrophyllite for ease in balaneing  In acrual fack, divalear
cations are in pare rezained by the clay, thus fursher snhancing the proparions of alkaties & the solution.
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the western United States with the highest carbonate content apparently result from the in siw
evaporative concentration of alkaline waters which derive their carbonate content from silicate hy~
drolysis at the normal temperatures of weathering. The "potholes™ of the Alkali Valley in Oregon
are fed by seepage which appears to be made alkaline by reaction with lacustrine deposits of re-
worked pyroclostics. Similarly, the carbonate brines of the fault trough pond in Deep Springs Val-
iey result from the concenrration of dilute, but highly alkaline, scepage inflow. This mechanism
apperently operates at points in the Abert, Mono, and Searles Lake Basins algo. In any case, gili-
cate hydrolysis in the subsurface has proceeded more rapidly than CO, uptake by weathering solu-
tions. This may be because of highly reactive phases (pyroclastic deposits) or restricted contact
with the atmosphere or both. Under such circumstances. the participarion of €O, in silicate hy-
drolysis reactious such as presented earlier is restricted and OH substitutes for HCO;  as a re-
action product. Hydroxyl thus released to a normal calcium bicarbonate water by rapid silicate
hydrolysis is newrralized by increased calcire precipitation as follows!:

ca’t 4+ HCOy "+ OH™ = CaCO3 § + Hy0

This process effectively removes all but traces of the alkaline earths from solution. The amount
of silica in solution increases with rising pH, and in the "potholes” and fault trough pond, at lesst
silica values are above saturation with respect to amorphous silica. With additional concentration
the trend of increasing pH and carbonate content continues umil the solution becomes saturated

with a sodium carbonate phase, as suggested by Garrels {1965). The nature of this phase is re-
lated to how high oxganic matter has maintained the Prp

o e s ot , In the system {Milton and Eugster. 1939;

It should be emphasized that the processes outlined above can be expected to dominate in any
area where the drainage is underlain principally by silicic igneous rocks or alluvial deposits de-
rived from such material. Higher dissolved solids content of inflow preceding the onset of evap-
orative concentration can be expected in areas of pyroclastics or glassy lavas than in normal plu-
tonic terrain, but the prevailing solution compositions are similar in either case.

Silicate hydrolysis proceeds by the same sort of reaction, but even more readily, where
oxidation and hydzation of sulfides gives sulfuric acid. In areas of extensive mineralization. this
process becomes a major factor in determining water composition. Of the basins considered
here, the most extengive mineralization in proportion o the total drainage area is within the Sa-
line Valley area, where the famous Cerro Gordo district straddles the southwest drainage divide,
and ore deposits occur to the north amd east also, It is apparent that mineralized areas contribute
much to the drainage around Rhodes Marsh, and, to a lesser degree, the Deep Springs Valley and
Owens River system as well. Cohen {1962) has demonstrated the effects of hydrothermal alier-

ation zones on waters of the Truckee Mecadows area, and similar conditions locally influence the
Carson system.

Silicate hydrolysis processes, whether including either CO; as carbonic acid or hydrolyzed
sulfides as sulfuric acid, can also be looked upon as a form of low remperature hydrothermal
alteration. or "hydrogen metasomatism,” as discussed by Hemley and Jones {1964}, involving
primarily the substitution of H™ in silicate phases unstable in the weathering environment.

“‘Hydrologic effects.

The disposition of solutes derived from simple soluton or hydrolysis reactions is controlied
in large part by hydrologic factors. Of inftial importance in any drainage basin is the total and
seasonal distribution of rainfall, -ag reflected in the relative amounts of infiltration versus runoff.

Highey infiltration rate and deeper circulation favor more complete reaction of sparingly soluble
materials, and enhance the role of hydrolysis reactions,

This factor may account in part for
compositional differences even within individual spring systems of the Deep Springs and Saline
Valleys (Figs. 8 and 9J.

The nature and quantity of solutes in spring waters of closed basing often reflect flow par-
terns which are physically obscure, but these hydrologic routes in large measure dictate the ma-
jor lthologic influence on compositional trends. A ghift in source area with seasonal change in
storm patierns may also affect water compositions significanily. Such influences are illustrated
at the Buckhorn Springs of the Deep Springs Valley where marked compositional changes refiect
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variaton in the amounts contributed from areas underlain by igneous as compared to sedimentary
rocks {Jones, 1965).

Secondary cffects.

Secondary modifications of the anion distribution originally established by primary solution
and hydrolysis may not be related solely to evaporative concentration. The most ohvious example
is the mixing of inflow waters of different composition. This generally is a simple quanritative
addition, as illustrated by the Chewaucan River "estuary,” where the inflow passes through a
straight line transition from the anion composition of the river to that of the lake. Similarly, the
composition of some interstitial brines in the Honey
Lake Basin appears o be a 1:1 anionic mixture of

stream and hat spring waters. and two composi- LOUATIGN-—  CORSAL 5PANG
tionally distinct spring orifices which supply inflow I R m
to Deep Springs Lake provide a compositional inter- - = —

mediate by simple surface mixing proportional o

b
|
discharge (Fig. 10). |

!

e

A most important secondary mechanism for o
modification of closed bazin water compositions is
the addition of COy to the system by organic respi-
ration and decay. In the Deep Springs Valley,
Barmes (1965, p. 100) has suggested that respiration
may account for Prg 2 levels in Birch Creek well in

excess of those in the atmosphere. though more re-
cently Slack (personal communication, 1965 has
attriburted these levels largely to decay processes.
Similarly. significantly higher alkali carbonate
content at vne orifice of the Corral Springs than at
another in the Deep Springs Valley can be attributed
1o evapotranspiration, respiration. and decay by

&c

b

I

EOUIMALENTS FER MILLION {epm)

marsh vegetation flourishing around a spring outlet SRR M
of very low discharge. The effecis of combined oloidl o e =i
. . N - 2 800 0o 1503 2000 2560 3200
biotic activity and evaporative procegsges on water
compositions in the 1mmed1at‘c area of low discharge -GTAL DISSOLIED SOLIBS (sorl
springs is also shown by the increased rotal dissolved
solids {from 257 10 447 ppm) and alkali concentration , o . S
(from 22 t0 37 ppm! in waters from spring orifice as Figuze 1, Kesation o wajor lon concentration to
¥ Pp p & tota] dissolved solids for Conal Springs waters
compared to those at the marsh edge in the central inflow to Deep Spriags Lake. The wates of the
Bog Mound spr ing of the Deep Springs Lake area canal reprasent & simple mixvire, proporticmal
(JOHE',S, 1965, to discharge, of waters frone Corval Speing: Num-

- . . ber: ¥ and 2 (from Joues, 3D8E. p. 3BL
I'he largest contribution of CO, to closed

basin waters from organic activity is probably the
regult of anaerobic decay at lake bottoms or inter-
atitially in lacustrine sediments. This is indicated by the higher COj content of interstitial brines

obtained from Abert Lake bottom sediments as compared to the immediately overlying lake waters.

It is also recorded by nahcolite (NaHCOj) which occurs in traces in the bottomn muds of the closed
fault trough pond at Deep Springs and which is abundant in the parting muds of the Scarles saline
deposits; nahcolite has been shown (Milton and Eugster, 1959; Jones. 1962, 1965; Eugster and
Smith, in press) w require 2 high Pop , Environment for formation.

Anacrobic decay of organic materials in closed basin waters also gives rise to significant
loss of sulfate by bacterial reduction to H,S, particularly in open bodies of saline waters. The
effect of this process is clearly suggested in the trends of anionic composition at Abert. Sumimner,
Honey, Pvramid, and Owens Lakes. The tendency for inflow to increase in sulfate percentage
with increasing total digsolved-solids content apparently is abruptly halted upon entry into the
lakes proper. In the Abert-Summer and Honey Basing, the sharp shift {n trend is more apparent
than real because of the effects of diverse sources and large differences in amounts of inflow; but
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the contrast in trend paths between the Pyramid Lake or Mono Lake-Owens River Svstems. and
the relatively ephemeral Carson or Humboldt sink areas reflects the increased sulfate reduction
posgible within the permanent lacustrine regime. Further, the proportion of sulfate consistently
decreases northward in the permanent lacustrine features of the western Great Basin. This sit-
uation conforms well with Jermy's (1941} observation of increased orgamnic matter accumulation
with decrease in temperature in soils within belts of uniform moisture conditions and comparablc
vegetation. although changes in geologic setting suggest that the coincidence is most likely fortui~
tous.

Mineral precipitation.

The final major reactive process which modifies the anionic composgition of closed basin
waters Is precipitation of solids. As an ordinary fresh water increases in concentration, alkaline
earth carbonate is the first material depogited. The extent of calcium removal from solution and
the point of initial precipitadon in the drainage basin are relawed to the relative importance of
Hmestone solution vs. silicate hydrolysis in primary solute derivation, The combination of abun-~
dant calciie supply with the pH rise and CO; uptake accompanying hydrolysis results in the initi-
aricn of deposition within drainage lines. such as in the tributaries of the Deep Springs Valley.
Quantitatively, carbonate deposition reaches a maximum in the marginal areas of the saline lake
or playa. as indicated by the carbonate saturation levels in the springs adjacent to Deep Springs
Lake (Table 2}, The carbonate chemistry of these springs is suggestive of the favorable inorganic
conditions which have permitted the formation of the algal tufa mounds of the Searles (Scholl,
1960), Mono (Scholl and Taft, 1964), and Lahontan Basins.

Table 2. lon activity products (AP} of alkaline carth carbonate for inflow
from springs to Deep Springs Lake, August., 1961

Water a
temperas Caleite Calcite Dolornite® |
ture 1 =G -9 -17 i
Locality (°F) pH Keq x10 IAP x 10 IAP x 10 {_
----- e e [
Buckhorn Springs, 68 7.97 5.281 7.906 7.534 '
main channel
Corral Springs, 72 8.29 4.992 7.212 6.176
combined [low
Bog Mound Springs. 33 8.26 6. 447 13.50 14.38
central orifice
central marsh 68 | 7.65 6. 281 36. 64 93, 06

1 s
Keq= equilibrion constant,

. -17
2}{6:; for dolomite is probably abouwt 2 10~ (fhn 1553%

Compared to basins where solutes are apparently derived in similar amounts by limestone
solution and silicate hydrolysis, carbonate deposition is more restricted areally in basing where
one or the other process predominates. In the Abert-Summer {pluvial Leke Chewancan) Basin
where inflow is in almost exclusive contact with velcanics and there is a relative paucity of Ca
in the water, carbonate deposition is confined to the lake basin. In the Bonneville Basin, where
calcite saturation ig brought about more by rising salinity than excess alkalinity, carbonate
depogits are also confined to the lake or playa areas, but they are very abundant and in the
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immediate Great Salt Lake area form widespread volitic sands {Eardley, 1938). With the near
neutral pH and relatively low bicarbonate content of Great Salt Lake and brines from the Bonneville
Flats, significant amounts of calcium still remain inr sclution even after saturation with respect to
gypsum has been exceeded.

In contrast to the Bonnevilie Basin evaporating waters of the Lahontan Basin and adjacent
territories continue to deposit carbonate until the alkaline earths in solution are nearly exhausted.
Total alkaline-carth content is below detection by titrametric methods in brines from the Alkali
Valley, interstitial brines of the Abert Lake and Honey Lake areas, and in Owens l.ake, Deep
Springs, and Searles Lake brines. These basins all contain alkaline-earth carbonates in lacus-
trine muds, and at Deep Springs and Searles Lakes varved muds may contain in excess of 75 per
cent carbonate in alternating layers composed primarily of aragonite and dolomite {Jones, 1965;
Smith and Haines, 1964),

In heavily mineralized regions sulfate substitures in large measure for bicarbonate as the
regultant anjon in hydrolysis reactions. Coupled with a predominant solution of alkaline earth
from limestone, and Peg 2 values restricted to atmospheric levels, carbonate precipitation is

overshadowed by gypsum deposition. The "normal” precipitation sequence of calcite and gypsum
on evaporation of an "ordinary” {resh water should result. as pointed out by Hutchinson (1957,

p. 374J, in a water containing chlorkle as its main amion. Indeed, such is the case with the nearly
pure sodium chlaride brine in the playa pond of the Saline Valley, but only after congiderable pre-
cipitation of sodium sulfare (Hardie, 1965). The sodium chloride brines of the Columbus and 8il -
ver Peak playas of western Nevada may represent a similar residuum.

Because of the great digparity in solubility berween the alkaline earth carbonates or gypsum
and the aikali salts, changes in anion proportion of closed basin waters intermediate in concen-
tration can only be atiributed to hydrologic or organic effects. Langbein (1961, p. 14) has shown
that variation in tatal concentration of many closed lakes can be related to strictly hydrographic
variables including net evaporation. depth, total lake area. and areal variation with time. Such a
treatment implies measurable depths, lack of stratification, generally stable anionic proportions,
and a solute gain or loss that affects all consttuents alike and avoids fractional precipitation.
About the only suitable processes are marginal precipitation or insulation through sedimentation.
Accordingly, prelimipary data indicate significant incorporation of salts in interstitial solutions
of closed lake sediments in a number of areas. Although the above criteria appear to hold for
many examples treated by Langbein, the shift in anionic proportions brought about by alkali sulfate
precipitation at Deep Springs Lake has been demonstrated by jones {1965), and more subtle
changes in anicnic proportions gt Summer Lake resulting from selective aerosol movement have
been shown by Van Denburgh (Written communication, 1964).

Usually the last process to affect the composition of closed basin waters is the precipitation
of the alkali salines. In the Great Basin this process takes place both in open bodies of saline
watrer and interstitially in playa sediments. Quantitatively, the most significant saline deposit
presently forming is the halite which is precipitating in the northwest arm of the Greart Salt Lake.
Sodium carbonate {trona and/or natron) is deposited from the open waters of the Alkali Valley
"potholes” and playa pond. Further desiccation of Owens Lake will undoubtedly lead to further
growth of sulfocarbonate crusts composed primarily of trona and burkeite (ZNayS0,4° Nap,CO3l.
Sodium sulfate is the major precipitate of Deep Springs Lake at low stage, whereas trona is a
major constituent of crusts which form art low stage in the closed fault trough pond. Saline de-
posits from perennial open waters are characterized by crustal layering where more than one salt
phase has precipitated. 'The layering follows the sequence of precipitation éxpected according 1o
solubility, except where secondary reaction of the saline phase with solution has taken place
{Jones, 1965),

Within g "dry lake” or playa environment saline deposition takes place according to the
“evaporating dish" principle illustrated by Hunt {1960} for the Death Valley salt pan. In this proc-
ess, areal shrinkage of a shallow body of water by evaporation results in continuous precipitation
of salts in concentric zones from edge inward according to their relative solubilities; alkaline-
earth carbonates precipitate in the outermost areas, sulfates in the intermediate zones. and chlo-
rides at the center. Similar salt pan zoning invelving somewhat different phases has been re-
corded at Deep Springs Lake (Jones, 1961), and in the Saline Valley (Hardie, 1965).
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Availablc data are insufficient to illustrate well the effects of precipitaton of the alkali
saiines on trends in amionic composition. Distinct shifts in trend away from the sulfate apex in
the central Labontan Basins and the Saline Valley are correlative with the precipitation of sulfates,
burt the initiation of this process cannot be definitely pinpeinted in rost places. Thig fact is re-
lated to the inclusion within the trend seguence of anomalously dilute waters which have picked up
salts in proportions which reflect rclative position in the whole drainage system. In this way it

appears that trends in anionic compesition may be as meaningful in ephemeral as in perennial gys-
tems.

SUMMARY

In summary. the major drainage units of the Great Basin may be classified according to the
major anion in their most saline waters, and 2ach basin is characterized by a distinctive composi-
tional trend from dilute inflow to most concentrated brine. Each of the three major anions in
highly concentrared lake or playa waters points to distinctive association of lithology and weather-
ing procesg within the comtributive drainage areas. High percentages of chloride indicate sedimen-
tary rocks or marine origin and solution processes; carbonate reflects igneous lithologies and the
hvdrolysis of primary silicates; predominance of sulfate suggests ore mineralization and acid al-
teration. Secondary hydrologic, organic, and mineral precipitation processes can severely alter
but do not completely obliterate the initial lithovlogic control of water composition.
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