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ABSTRACT

Waldsea Lake is a smalt (5 km'), shallow (14.5 m maximum
depth) saline Iake near Humboldt, Saskatchewan. It has been
meiomictic at least since 1971. Despite its salinity (ZS g
f-r mixolimnion, 68 g 1- I monimolimnion) it is the locus of
a regional park. Sediment cores and dredge samples were ob-
tained in order to study its geochemical/sedimentological
regime and developmental history.

The post-Hypsithermal basinal sediment record consists of
five major stratigraphic units. Each represents major
changes in lake 1eve1, water chemistry, and trophic state.
Unit t is a black silty mud with plant fibre mats and crys-
tats of mirabilite. Unit 2 is a grey to green gypsum-rich
silt containing calcite-coated twigs and a1gal fibres. Unit
3 is a black sapropel with abundant aragonite laminae.
Overlying this are: unit 4 (similar to Unit 2)'and Unit 5
(similar to Unit 3). Units 3 and 5 represent relatively
deep water phases of the lake. In contrast, Units 2 and 4
v¡ere deposited during shallow phases. Gypsum and dolomite
Iaminae were Iikely produced under schizohaline conditions
by the periodic influx of relatively dilute Ca-rich waters.
Unit 1 represents deposition in a hypersaline lake with very
Iow water levels and saline mudflats.

The meromixis of Waldsea Lake is primarily ectogenic in
nature. Drainage diversions and alteration of the peripher-
al vegetation funnel runoff into the Iake. Increased sur-
face runoff and groundwater input has doubled the lake's
volume in the l-ast two decades. An initial high salinity
and rapid increase in volume with only a small increase in
surface area created a relatively stable meromixis. Since
1971 the leve1 of the chemocline has dropped 4 ffi, suggesting
that meromixis is not permanent, and that Waldsea Lake will
eventually revert to its previous dimictic state.
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"If we knew all the laws of Nature, wê should need
only one fact, or the description of one actual phenomenon'
to lnfer all the particular results at that point. Now vte

know only a few lãws, and our result is vitiated, not' 9f
course, -by any confusion or irregularity in Nature, but by
our ignorañce of essential elements in calculation. Our no-
tions of }aw and harmony are commonly confined to Lhose in-
stances which we detect; but the harmony which results from
a far greater number of seemingly conflicting, bu! really
concuriing, Iaws, which we have not detected, is stiII more
wonderful. "

Walden
Henry David Thoreau

I

r"

Photograph of Waldsea Lake sediment (unit 1),
30-45 cm from sediment-water interface. Top
Scale bar is 10 cm.

approx imate Iy
is to the ]eft.
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Chapter I

NATURE AND SCOPE OF STUDY

1.1 INTRODUCTTON

In an attempt to understand the physical and chemicar

conditions prevailing in waldsea Lake, several important

factors must be delineated. These include:
1. basin and landscape genesis and evolution,
2. climate and hydrology of the region, and

3. anthropogenic infruence on the physicar and chemical

regimes of the lake.

The objectives of this thesis are threefold:
1. to describe the aforementioned factors and their in-

terrelat ionships,

2. to discuss the relationship of the Lake's physical

and chemical regime to the material which is sedi-
mented or produced by the system, and

3. to delineate a physical and chemical moder of the

lake over the time interval represented in the sedi-
ment sampled.
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I.2 PREVTOUS STUDIES OF WÀLDSEA LAKE

Nearry all of the previous studies of waldsea Lake

and its basin have been strictly biorogicarry oriented.
These studies have provided a good chemical and morphologi-

cal data base which can be used in more detaited sedimento-

logical investigations. An annotated bibriography is pre-

sented in Àppendix A.

1.3 GENERAL SETTING

Waldsea Lake is one of thousands of small (<10 km, )

lakes on the northern Great prains. sarinities r in these

lakes range from fresh (<to parts per mitrion) to hypersa-

line (400 parts per thousand, Hammer, 1983). waldsea Lake

is located approximatery 110 km east of saskatoon and 5 km

northeast of Humboldt, Saskatchewan (figure I).
Precipitation in the region varies greatly both spa-

tíarly and from year to year, but is reported to average ls
cm per year (Transport canada, 1963:1983). Evaporation is
estimated for the region to be from z Eo 3 times precipita-
tion (cxc/ilto, 1978). with evaporative loss and conseguent

water deficit, any closed body of water with groundwater in-
put and overland flow increases in salinity with time.

Eugster and Hardie (1978) suggested three conditions
which must occur for saline lakes to be formed. These are:

Salinity is(tAs), rather
meant to indicate total dissolved solids
than its oceanographic definition.
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- outflow must be restricted,
- evaporation must exceed inflow, and

- infrow must be sufficienL to sustain a standing body of
water.

The wide variation of salinities in the saskatchewan rakes

can be ascribed primarily to the degree to which each lake
is restricted. Lakes which either have an outlet via sur-
face flow or are influent wirr not be abre to buiLd great

salinities.
Because waldsea Lake has no outrets and maintains a

permanent body of water, it can be identified as a terminal
lake. waldsea Lake is recharged by three main mechanisms.

These arei direct precipitation on the lake's surface, "ru-
noff", and groundwater input by diffuse effrux. Runoff in-
crudes both surface runoff and snow blown into the lake or
onto its surface during the winter. These three mechanisms

maintain !,Iardsea Lake's water Jeve1 , and, over the past

twenty years, have provided for an increase in lake level of
over 4 m (¡'igure 2). Most of this increase can be attribut-
ed to:

- increases in infiltration due to farming practices re-
sulting in an increase in water table elevation,

- clearing of peripheral vegetation (predominanLly cot-
tonwood and shrubs), resulting in increased runoff,
cabin-building and development of picnic areas, result-
ing in a decrease in trees and evapotranspiration, and

4



- excavation of drainage ditches to make rarge ephemeral

sroughs (both inside and outside of the naturar drain-
age basin ) arable f or f arming earl_ier in the spring.

The drainage diversions have resulted in a 402 increase in
Waldsea Lake's drainage basin area (rigure 3).

The increase in rake lever which has resurted from

the combined effects of these disruptions has, in turn,
greatly affected the ecosystem within and around the lake
(swanson, 1978 ) . Tones Q976) reported on the ef f ects of
the inundation of the trees and shrubs arong the shoreline.
salt-water encroachment is evident on the trees within ap-

proximatery 10 m of the water's edge. Håmmer et ar. (1979)

postulated that the increase in lake level probabry vras the

original cause of the inception of recent rneromixis within
the lake.

5
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Chapter I I

METHODOLOGY

2.I FIELD METHODS

2.I.1 Water Samples

Water samples r.¡ere obtained using a I.4-1 acrylic

modified Kemmerer water sampler and lrere stored in tightly

sealed Nalgene bottles for later analysis of major ions.

Major cations were measured by Paul Beaudoin (University of

Manitoba) using standard atomic absorption methods. Chlo-

ride determinations were done by titration with silver ni-

trate using potassium chromate as the indicator according to

the methods of the American PubIic Health Àssociation

(1971).

2.1.2 Carbonate Saturometry

Samples taken for carbonate saturometry were kept as

close to in-situ temperature as possible; saturometry v¡as

run within four hours of sample collection. During saturo-

metry, the samples v¡ere stirred with a magnetic stirrer and

maintained at field temperatures in an ice bath. A Corning

Portable pH meter wíth combination glass pH/reference elec-

trode $¡as used in a configuration similar to Brunskill
(1969); the vessel was open to the atmosphere. Reagent

I



grade calcite, natural aragonite (Sinai), and natural stoi-

chiometric dolomite (gavaria) were used as the solid phases

in various trials.

2.1.3 Coring

Cores of Lhe bas inal 2 sediment in t{aldsea Lake were

obtained with a modified Livingstone corer according to the

methods described in Last (1980). Summer coring was done

from a boat; winter cores were acquired using the ice as a

stable platform. Core locations are shown in Figure 4. Af-

ter extrusion in the field, the cores were briefly described

and tightly wrapped in polyethylene and stored in plastic

trays made by cutting 4 inch diameter ABS pipe longitudinal-
ly and approximately into 1 m sections. Winter cores vrere

allowed to freeze for ease in field storage and manipula-

tion. These cores h'ere described according to Munsell col-
our, sediment type, texture, identifiable mineralogy, and

obvious organic types. Summer cores presented storage prob-

lems and consequently were not described in great detai] be-

cause of changes in colour due to oxidation.

In the context of this thesis, the term'basinal'wilI re-
fer to sediment which occurs within the lake and has not
been deposited by normal clastic shorline sedimentary pro-
cesses.

9
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2.1,4 Surface Sediments

surface sediments were collected using both a 15 cm

Petersen dredge and a 22.5 cm Eckman dredge. Eckman dredge

samples v¡ere frozen in a portable freezer unit for later

analyses. For some of these samples, oD site subsampling

was done, and these subsamples were stored in plastic con-

tainers and frozen for later analysis. Petersen dredge sam-

ples were described on site and discarded. ShaIIow near-

shore and shoreline sediments v¡ere collected and placed in

plastic containers for Iater analysis.

2.2 LABORATORY METHODS

2.2.1 Methods and Handling

9[ater content was determined on Seven fresh cores by

weight loss at 100"C. The resulting dried samples v¡ere Ia-

belled and stored in plastic vials for later analyses. Loss

on ignition to 500'C (lOr) and loss on conbustion to 1000"C

(I,OC) were used to evaluate changes in total organic materi-

al and total carbonate respectively (oean, I974).

2.2.I.I X-ray Methods

Major mineralogy of one core (13) and part of another

(5) lvas run by X-ray diffraction. The samples were ground

to pass a 230 mesh sieve and placed in aluminum sample hold-

ers supplied by Phílips. A Philips PW1710 series with Cu kc

radiation and a graphite crystal monochromator on a comput-

11



er-controlled goniometer v¡as used. Table 1 gives the ma-

chine sett ings.

Results from the digital output (cps, d, 20) were ta-

bulated, and a series of short WATFIV programs were used to

calculate percentage compositions of major mineral phases

according to Chung's (1974a,b) adíabatic principle of matrix

flushing systems (Àppendix B). Quartz was used as the in-

ternal standard.

Selected samples showing diversity in the composition

and crystallinity of the carbonate phases were rerun at

slower speeds. Cafculations of rough cell dimensions and

magnesium contents were made from the traces according to

the methods of Goldsmith and Graf (1958).

2,2.I.2 Radiochronology

Two sets of organic-rich samples were analyzed by

Beta AnaIytical, rnc. (Miami, Ftorida) for radiocarbon dat-

ing. Because of technical difficulties with the first set,

the lake sediment was resampled during February 1983.

Procedures used by Beta Labs include acidification

for removal of carbonates, rinsing, drying, and combusting

the samples. The process is completed by benzene synthesis

and tiquid scintillatíon counting. Stable isotope ratios

v¡ere not calculated. The reference standard was NBS Oxalic

Acid Carbon-14 Standard. Ages were calculated using a

half-life of 5568 years.

l2



TÀBLE T

X-ray Dif fractometer settings

Machine--PhiIips PWI710 series X-ray generator with

computer-controlled goniometer

0.1 mm collimation slit

Automatic divergence slit

Radiation--Cu ka

Monochromator--Curved graphite crystal

40 Kv

40 mA

Scan speeds

Fast--0.1' 2O sec-r

Intermediate--0.01' 2O sec - I

Slow--0.001' 2O sec - 1

Fast scans were used for
Intermediate scans were
analysis. Slow scans
study.

rapid ident i f icat ion of
used for major mineral

were used for detaí1ed

materials.
component
carbonate
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Chapter I I I

WALDSEA LAKE AND ITS BASTN

3.1 LANDSCAPE AND GROUNÐWÀTER

3.1.1 Bedrock Geologv

The uppermost bedrock in the Waldsea Lake area is the

Lea Park Formation of the Upper Colorado Group of late Cre-

taceous age. Christiansen (1967) and Meneley (1964) contend

that the preglacial bedrock surface was dissected by numer-

ous channels forming a badlands topography. Though much of

the detail of this topography may have been destroyed by

glac iat ion (t"teneley, 1964 ) , ma jor trunk valleys and uplands

would have remained basically intact. This smoothed though

irregular topography would have a profound effect on the

flow of ice over the region during glaciation and could have

controlled the distribution of the glaciaIIy deposited sedi-

ment. The sediments from later glacial- advances would also

be controlled by both the distribution of the bedrock fea-

tures and also the previous glacial sediments.

The deeper bedrock consists of Paleozoic carbonate-

evaporite seguences. This maLerial is completely covered by

the Cretaceous and Pleistocene deposits in the Melfort map

area (rigure 5).

14
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3.I.2 Glac iaI Geology

Meneley (1964) described four major units in the Qua-

ternary deposits of the region. Unit A, the oldest of Lhe

units, is composed of stratified drifL. It is interpreted

as being "deposited at least in part in an ice marginal po-

sition" (t'teneley, 1964), and ranges f rom 127 to 278 metres

thick in the Hatfield Valley (rigure 5) and from 12 to 52

metres thick in other locations. Its deposition vras pro-

foundly controlled by the preglacial topography. The stra-

tified drift of unit A which fiIIs the Hatfield Valley and

its tributaries is a major aquifer system, equivalent to the

'rEmpress Group" of Christiansen (1979).

unit B consists of undifferentiated ti11 and strati-

fied drift and is found throughout the MeLfort map area

(zga, Figure 5). According to Meneley (1964), it may repre-

sent several glacial advances and retreats; the specific

tiII members are not distinguishable on the basis of sedi-

ment type, and some may be present in some areas and not in

others.

The Naisberry TilI is found above unit B. This titl

unit also contains the Cl-emens Boulder Pavement Member in

the eastern part of the Mel-f ort map area, which can be a ma-

jor obstacle to groundwater exploration. Several major

drumlins and drumlinoid ridges in the western part of the

map area are composed of the uppermost tilI unil, the Rey-

naud Ti 11 . Meneley ( 1964 ) reports approximately equaÌ

amounts (10% each) of calcite and dolomite in these ti11s.

16



Except for clay minerals, Do other mineralogy has been

reported on the tiIls.
There are many oxidized zones within the tills of

Unit B and the Naisberry and Reynaud tills, but because of

the complexity of the glacial stratigraphy, the specific ad'

vances have not been delineated. Meneley (1964) assumes

that the oxidized zones represent subaerial weathering.

Five glacial advances have been postulated by Meneley (1964)

on the basis of tills and structures found within the MeI-

fort area.

Christiansen's (1979 ) glacial stratigraphy of the

Saskatoon area is quite similar, although no specific corre-

lation of the Sutherland and Saskatoon Group tiIIs to those

found in the Melfort area has been made.

3.1.3 Surf ic ia1 Geology

The surficial deposits in the region are composed of

ti11s, stratified drift, and glacio-Iacustrine materials.

Meneley (1964) described the final deglaciation of the area;

five major lakes were formed. These are Lakes Naicam,

Qui11, Elstow, wakaw, and Fulda (rigure 6). The surficial

material of the Waldsea Lake drainage basin can be attribut-

ed to sediments deposited in the short-lived ice-marginal

Lake Fulda. This lake drained south through $folverine Chan-

nel until retreat of the ice afforded a lower, more easterly

path through the Wakaw Channel along the ice front to the

l7



north. Waldsea Lake's drainage basin soil is quite stony,

possibly indicating that some of Lake Fulda's sediment has

been eroded or that only a thin blanket of lacustrine ma-

terial was deposited. In either case, agronomic practices

have made surficial identification of this deposit diffi-
cult.
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3.1.4 Soí1

The predominant soil type in the region is black

chernozemic (Clayton et af., 1977). It is dominantly well

drained. The soils may supply dissolved carbonates and

salts which are transported into the lake. Minor associa-

tions of grey luvisolic (grey wooded) soil also occur within

the region.

Because no mineralogical analyses of soils from the

region have been reported, and the soils were not sampled

for this study, it is assumed that the soils have approxi-

mately the same carbonate content aS their parent material,

the underlying titl (10% calcite, 10% dolomite).

3.1.5 Groundwater Systems

Though litt]e is actually known about the groundwater

systems within the Waldsea Lake basin and their interplay

with the surface waters, some relationships can be deduced.

Possible groundwater sources to Waldsea Lake include:

1. Bedrock sources such as:

a) Paleozoic carbonate-evaporite sequences. These

waters are generally considered to be connate, and

highly saline with a dominance of NaCI (Meneley,

1967 ) .

b) Cretaceous fine-grained clastic sequence (Chris-

tiansen et â1., 1971). This material is predomi-

nantly "marine" shales and silts, and contains sa-
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line groundwater; the upper surface is considered

to be the base of groundwater exploration in the

region (Mene1ey, 1967) .

2, ShaIIow sources, such as: Plei stocene deposits,

which are the most probable sources of groundwater

inflow to Waldsea Lake. These deposits can be divid-

ed into ¡

a) The Empress Group, "dirty" sands (Ctrristíansen et

al., 1971). These deposits may be either pregla-

cial or proglacial, and possibly represent filling

of preglacial drainage systems with meltwater-

borne sediment. Of these major aquifer systems,

three, namely, the Hatf ield Va11ey, Tyner VaIì-ey,

and Domremy VaIley aquifers, are present in the

Melfort Area (rigure 5), and are capable of pro-

ducing 3.785 x l-04 m3 per day by pumping. Though

there is no direct evidence that this groundwater

influences the surface waters, artesian flow from

wells drilled into these aquifers indicates thaL

its water is under pressure.

b) The glacial ti}ls. These units are thought to be

relatively impermeable.

c ) Surficial and intertill outwash units. These

units are permeable si1ts, sands, and gravels.

Though both the bedrock and the glacial sediments

could contribute groundwater to the lake systems in the re-

2T



gion, most of this component will be derived from the gla-

cial material. In either case, groundwater survey results

from the region (Meneley, 1967) conclude that the shallow

groundwater is generally of low salinity (less than 3 parts

per thousand) and of Na-SOo dominance.

3.1.6 Lake Level and I sostatic Rebound

Waldsea Lake has had a long history of lake level

changes. During the draining of glacial Lake Fulda, ât

least one stable level was established long enough to form

"beach ridges", or cut a notch approximately I to 9 m above

the present-day lake level. A sirnilar ridge occurs near

Deadmoose Lake, above the elevation of the barrier between

the two lakes. Though these two ridges are not connected

and do not presently occur at the same elevation, they prob-

ably were formed contemporaneously and reoriented by isos-

tatic rebound. Meneley (fg0¿) presented an isobase map for

the Melfort area showing differential isostatic rebound

based on relative changes in elevation of beach ridges from

some of the large glacial takes in the region (rigure 7).

Because of Waldsea's orientation with respect to the isobas-

ês, a differential uplift of approximately 1.5 m has been

experienced between the north and the south ends in the last

12,000 years (0.4 m over the Ìast 4000 years). This means

that 4000 years ago, t,he north end of the lake was 0.4 m

lower relative to the south end than it is today.
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This map shows the calculated absolute elevation differences
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end of desraåiãiiãn--(ãñ;óximãteiy 12,000 years B. P')'
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uplift.
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3,2 LACUSTRTNE STRÀTIFICATION SYSTEMS

3 .2.I I ntroduct ion

Most north temperate lakes exhibÍt some form of ther-
mal and/or chemical stratification during the course of a

normal year. Hutchinson and Loffler (1956), Wetzel (1975),

and Cole (1979) review the various types of stratification.
Thermal stratification is much more common than is

chemical stratification. Typically three zones can be dif-
ferentiated in a thermally stratified lake on the basis of

density. These are the epilimnion, thermocline (or thermol-

imnion), and the hypolimnion (rigure 8).

Chemically stratified Iakes also exhibit three zones¡

the mixolimnion, chemocline (or chemolimnion), and monimol-

imnion (rigure 8). The various types of chemical stratifi-
cation are discussed in a later section. Under special con-

ditions, thermal stratification or even secondary chemical

stratification can also develop wíthin the mixolimnion.

Thermal stratification of Waldsea Lake's mixolimnion occurs

annually, and development of a secondary chemocline has been

docurnented by Hammer (1978b) .

Chemical stratification does not always occur due to

salinity. Accumulation of Fe 2 *, H,S, oE CO, '- by biogenic

sedimentation can cause stratification (pickman , I974) or

increase stabitity of a pre-existing stratification (as in
Längsee, Frey, 1955) .
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3.2.2 Meromixis

Meromixis was first described by Findenegg (1935).

Meromictic Iakes can be classified on the basis of the pro-

cesses by which they were formed. These types of meromixis

include:

1. Ectogenic meromixis-- this is a meromixis which is

formed when enough freshwater is introduced into a

saline lake (or salt water into a freshwater lake) by

overland flow such that stratification is maintained

despite wind mixing over several years.

2. Biogenic meromixis-- this type occurs when salts or

other chemical compounds accumulate in the lower por-

tions of a lake due to biological activÍty.

3. Crenogenic meromixis occurs when saline-water springs

beneath a freshwater lake (or freshwater springs be-

neath a saline lake) discharge sufficient quantitíes

of water to sustain stratification.

4. Cryogenic meromixis is caused by the elimination of

salts from the surface volume of a lake as it

freezeS. Because the ice crystal Structure cannot

accommodate fore i gn ions dur ing c rystall izat ion

(Spyker, 1981, 1982a,bi Canf ield et â1. , 1983 ) some

of the brine may form fluid inclusions in the ice.

The lake water freezes from the surface down, and the

thickening of the ice wiIl selectively remove nearly

pure water from the solution, Ieaving a more saline
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solution beneath it, which, if supersaturated by

cooling, will precipitate salts (as described in

nearby Lit,tle Manitou Lake, Hammer, 1978b). Grossman

(1968) suggested this mechanism of salt precipitation

for the buildup of mirabilite (hydrous sodium sul-

f at.e ) in meromict ic Iakes to f orm thick sequences of

salts in the Great PIains. Cryogenesis is an impor-

tant annual event. This process can induce a secon-

dary chemocline during melting (Hammer, 1978b), which

probably increases the stability of stratification.

5. Morphometric meromixis was suggested by Northcote and

Halsey (1969) and supposedly is based sole]y on the

peculiar nature of the morphometry of the lake.

Waldsea Lake was first identified as being meromictic

in 1971 (Hammer et â1., 1975i Heseltine, 1976; Tones, 1976¡

Lawrence, 1978; Hammer et âI., 1978). Lawrence (1978) de-

scribed the contribution of the ChJorobacteriacea of the

bacterial plate to the primary production of the Iake.

These green sulfur bacteria are responsible for much of the

organic sediment delivered to the bottom.

Waldsea's meromíxis is most probably ectogenic in na-

ture, but may have been dependent in part on a process simi-

lar to crenogenesis for its initiation. Though crenogenesis

impties saline springs or seeps beneath the lake, it is more

probable that dissolution of intrasedimentary salts (mira-

bilite) by groundwater and addition of brine to the lake

27



through di f fuse

of strat i f icat ion

groundwater efflux increases the stability
and maintains meromixis.

3 .2 .3 Stabi 1i tv of Strat i f icat ion

Idso (1973) proposed a method to calculate stability

of stratification (an estímate of the amount of work needed

to mix the lake to uniform density). The stability was cal-

culated for Waldsea Lake using published information as weIl

as observations made during the present study (tabte 2).

Results are reported in g cm/cm' in the convention of Idso

(1973). A graphical method (CoIe, 1979) was used to verify

the calculations for I97I (rigure 9). À WATFIV program to

run the calculations is found in Appendix C. No pattern is

evident in the changes in the stability.
Figure 10 shows the changes in volume of the mixolim-

nion and monimolimnion over the period of meromictic record

( rgzr-1983 ) .
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TABLE 2

Stabi I i ty of stnat i f ìcat ion for years vrì th data

Y EAR

197 1

197 4

1 975

I 976

I gao

198 1

198 2

DEPTH

12.2

13 .8

'I 3.6

14.O

13.8

'I 3.9

14.3

TOTAL
VOLUME

17.5

24.2

24.9

24.4

25.5

25.4

25.4

MIX
VOLUME

1.5

20.o

20-8

20.7

21 .6

22.O

22.O

MON
VOLUME

6.5

4.2

4.1

4.',|

âo

âo

3.8

MEAN
DENS I TY

1.132

1.O37

1.046

1.O27

1.o45

1.O27

1 .O27

Zrho, S
g cm/cmz
2766

237 1

4601

923

437 4

902

848

DEPTH
CHEMOC L 1 NE

4.O

5.O

6.O

7.O

7.5

a.5

a.7

cm
996

758

664

852

6'64

452

852

MIX Mixol imnion

MON Monimoi imnion

Mean density is measuned ìn g cm-r '

Znho is thê depth of the lake's centen of gravity

S is the stabilÍty of stratificatìon.

Alì volumes are 10" m3.

Data ìs taken fnom La\,rnence (tSTS), Heseltine (1976), Tones (1976)' and

Hammer et al . ( 1978), as wel 1 as field observations'
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3 .2 .4 Morphol-ogv

Various morphometric parameters of Waldsea Lake $¡ere

measured in accordance with the methods of Cole (1979) and

Häkanson (fggf) using the bat.hymetric map produced by Swan-

son (1978f Figure 11). A list of the measured parameters

and their values can be found in Table 3. Two of these pa-

rameters and their changes with relative Iake leveI warrant

further discussion because they may indicate changes in the

character of the lake during development.

Figure 12 shows graphically the changes in interval

slope. The slope in the shallower part of the lake is in-

lerpreted to be the equilibrium lake bottom slope for the

deep Iake.

Relative depth is the ratio of the measure of rnaximum

depth and the surface area of the lake in comparison to an

inverted right circular cone. It is useful as an indicator

of how efficiently energy may be transferred throughout the

water by heat and wind. Lakes which have small relative

depths (Iarge surface areas with respect to their maximum

depths) will be capable of more efficient distribution of

heat by wind mixing than would lakes with large relative

depths. waldsea Lake's current relative depth is about

0.63%, which is small-er than any other previously reported

relative depth of meromictic lakes (table 4). This conse-

quently implies a low stability of stratification, though

Waldsea's current stability (about 4000 g cm/cm') is rela-
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tively large in comparison with some other meromictic lakes

(such as those reported in BrunskiII et âI., 1968). Calcu-

lated values of stability of stratification are reported in

section 3.2.3.
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TABLE 3

Morphometric parameters for Waldsea Lake in 1981

Surface area. .

Maximum depth . .

Mean depth. .

Shorelinelength., ..

Shoreline development . .

Total volume. .

Volume development.

Drainage basin area

Drainage basin area/lake area

Relative depth. . .

Maximum effective fetch

Z volume in mixolimnion

eo volume i n mon imol imn i on

Total "SaItt'.
% total salt in mixolimnion . .

Z total sal-t in monimoliomnion.

4 .64 km'

. 14.5 m

. 8.1 m

. . 10.17 km

1.30

37.69X10 6 m3

1.70

..47km2
10.0

. 0.63%

. 2.2 km

. 88.06

. . 11.94

, 6.93X10I kg

. 80.08

r o ol. lJ. JL
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TABLE 4

Relative depths for various ectogenic and crenogenic
meromictic lakes

(modified from CoIe, 1978)

Big Soda, Nevada . .

Blue,Washington .,..

Deadmoose, Saskatchewan

FidIer, Tasmania

Hot, Washington

Long, ÀIaska . .

Lower Goose, Alaska

Morrison, Tasmania . . . .

Nitnat, British Columbia

Ogac, Baffin Island .

Pingo, Alaska

PowelI, eritish Columbia

Sakinaw, British Columbia

Soap, Grant Co., Washington. .

Soap, Okanagan Co., Washington

Sulfide Pool, Tâsmania

Tessiarsuk, Labrador

Vee, Alaska

Wannacut, l^tashington . .

Waldsea, Saskatchewan

West Basin, Australia.

,!.!72
. 2.90

. 1.37

. 5.90

. 2.70

. 2.00

. 3.76

. 2.30

. 3.36

. 4.40

. 5.50

. 3.60

. 4.38

. I.16

. t.29

. 7.10

. 2.05

. 0.70

. 2.77

. 0.63

.9.162
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3.3 WATER CHEMISTRY

3.3.1 Comparison with other saline Iakes in the region

Last and Schweyen (1983) discussed the variability in

the saline and hypersaline lakes of the northern Great

Plains both in terms of character and brine chemistry. Ham-

mer (1978b) presents chemical data from sixty of these

lakes. Tables 5 and 6 and Figure 13 are included for com-

parison with the numerous published chemica] resulls availa-

ble in the literature.
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TÀBLE 5

concentrations of some ma jor ions (mmor,/1) of waldsea Lake
water

SAMPLE

June 12, 1982
9-Mi x

9-Mon

11-Mi x

11-Mon

12-Mix

12-Mon

June 13, 1982
14-Mix

14-Mon

15'Mi x

February 10,
8 3w2 -Mi x

I 3W2-Mon

Na Mg Ca

]-2.82

12 .02

8.48

11.20

9. 08

11.92

8.70

13.45

5.22

9. 08

12 ,38

bove th
efow th

K CI

178.04

29r .69

r52,7 4

198 3
189.48

3I2.7 4

147 .75

225.2r

r24 .62

159.83

234.2t

28t.39

299.04

t77 .78

260.99

173.26

258.04

214.08

228.17

r43.75

203.04

141.71

213.08

5.97

7.05

3.38

4.90

3.56

5.0r

3 .46

6.05

2.90

3.77

5.82

7 .54

'7 F.a"

10.11

7.11

4.89

8.14

4.03

Numbers indicate core locations at which the water samples
vJere taken

'Mix' indicates sample
'Mon' indicates sample

not analyzed

fr
fr

ec
ec

1ma
lmb

om
om

hemoc I i ne
hemoc I i ne
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TABLE 6

Reported chemicaì results of other studies used for
satunation indices calculations

SAMP L E Eh Na Mg

(v)
La\^rrence, 1974

pH K

August 4, 1972
Mixol imnion -.Ol
Monimol imnion -.20

I
a

I
7

60
85

60
85

95 .70
347 .98

52.63
351.46

17A.34
339 . 2a

156.59

139 . 19

260.11

244 .02

69. 12
246.46

44.45
253 . 03

't09. 10

106.97

197-90

192.96

2.60
6-99

o. 54
2.20

I .98

14.97

10.63

10.90

4.09
14.32

ct

46.26
233 - 55

I 33 .98
243.94

I 15 .65

r06.62

1A6 .44

176.O1

SO
4

132.20

133.2s

249 .85

239 .44

TA*

4.2
13 .93

J.O

18.85

286.O

243.O

Fe

o. 006

o. oo5

o. oo2

o.oof

si0
2

o. oo5
o.50

o. o30

o. o15

o. 138

o. 130

88
316

95
75

77
239

49
4A

57
31

May 8, 1973
Mixol imnion
Monimol imnion

Heseltine, 1976
August 19, 1971

Surface
June 12, 1973

Sunface
Juìy 2l, 1976

Bacteriaì pìate
Febnuany 3,

Bacteniaì Plate

10
20

25.06
13 .30

7 .93

6.52

12.10

11.38

62 .46
312.31

166
3't2

Apriì I3" 1974
Mixoì imnion -.01
Monimol imnion -.20

I .60
7 .45

137.83
24A.92

67
71

7
14

64
42

2
4

2
2

o
o

10

10

1977
-,34

8.5

a.2

8.O

8.O

+ Titration Alkal inity, neported in mi1 I iequìvalents per ì itre
indicates analyses not publ ished.

Note: al I ions are neponted in mi l I imoles pen I itre
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3.3.2 Waldsea lrlater Chemi st ry

Saturation indices, activities and molalities of com-

plexes and ions were calculated using the computer program

WATSPEC (Wigtey , 1977). Table 7 gives values of calculated

saturation indices (1og(tep/nsp))3 for selected minerals for

various Waldsea Lake water samples quoted in the Iiterature.

Table I gives the log(Ksp) values used by WATSPEC for the

calculat i ons . Several art i f ic ial "data " ( "Hypothet ical

Overturn") are also included in Table 7 in an attempt to de-

termine whether rnineral saturation indices would increase if

the Jake were mixed. These values v¡ere generated by calcu-

Iating the Èotal ion concentrations which would exist under

holomictic conditions. They are based on concentrations of

the ions and volumes of the strata.

Vertical profiles of the saturation indices (nigure

14) show that seasonal fluctuations occur; according to

these calculated values, some chemical reactions could occur

below the chemocline but not above. Gypsum's saturation in-

dex, for example, fluctuates near 0 (saturation), and disso-

lution might occur above the chemocline, though precipita-

tion may be able to take place both at the surface of the

lake and below the chemocline.

of the ion
the mineral

This is
to the
Lion.

the log of the ratio
solubility product of

activity product
species in ques-
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Other minerals for which WÀTSPEC calculates satura-

tion indices are not included in this discussion because

they are extremely soluble and perenniaÌÌy undersaturated

(mirabilite, bloedíte, epsomite, and halite).
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TABLE 7

Calculated saturation indices fon various minerals

IBE ?

(g/cm')
pE pH femp Dens I log( IAP,/Ksp)*

Mi rab- Gypsum Thenan-
ilite dite

Hal ite Dolo- Quartz
mi te

Samp I e

Lawrence ( 1978)
August 4, 1972

Mìxol imnion
Monimol imnion

May 8,'l 973
Mixol ìmnion
Monimoì imnion

April 13,1
Mixoì ìmnion
Monimol imnion

4.39
1.17

o. 390
o.853

( c)

. o20

.200
-45.33 0.9912
-1A.37 0.9817

aH2O3

o.9926
o. 9818

Cal -
cite

Anago-
ni te

2
1

12 -2.43
-o. 81

-4.09
-2.A6

o4
13

1 .81
'l .20

5.56
4 .40ro. o

2.O
60
88

6039
17 85

60
85

8
7

I
7

8.46 8.O
8.45 8.40
8.45 4.40

5

2.O

-o
-o56

66
93
27

-J
-3
-J

-l
-2
-t

68
86

-4
-2

-6
-2

75
07

62
2a

1 .'t7
o.67

4 .47
3 .85

-4
-3

-4
-5

4.
1.

974
4.
1.

'I .O20 0.316
1.200 0.847

1.O20 0.608
I . 200 0.852

-52.33
- 17 .04

-30. 33
- 19 .47

1 .47
1.O3

-1.51
-o-58

o.9868
o.98 17

-o
-o

o2
81

51
a4

-3
-o

-4
-o

t5
89

76
99

5 .75
4.14

1

o

14

-4.92
-3.13

Heseltìne (1976)
August 19,1971

Sunface 4.24
June 12, 1973

Surface 4.23
Februany 3, 1977

Bacter ì a I
Plate -1.42

rJuìy 21,1976
Bacteniaì
Plate 2.95

398
177

5.35
5.34
5.34

10. o
20.

8.50 15.O

8.20 15.O

2.06
1.35

2.65

2.59

8.OO 4.OO 1.150 0.698 -24.24 c}.9873 1.96 -1.31 0.O8 -3.26 1.61 -3.42 4-94 0.50

8.OO 4.O 1.150 0.730 -21-65 0.9844 1.94 -1.'17 0.o7 -3.13 1.60 -3.33 4-92 0-54

't . o20 0.534

1 .O20 0. s29

056 0.498
056 0.439
056 0.6s4

-35 . 03 0.989 1

-37.47 0.9902
-26.62 0.9859

-34 . 03

-34. a3

o - 9879

o.9882

-2 .21

-2.3'l

-o. 14

o.07

-3, s9

-3 .69

2.37

2.3'l

-3 .69

-3.77

6 .33

6. OO

-1.OO

-1.60

1.36

Hypothetical
Oventurn
August 4, 1972
May I, 1973
Âpni l 13,1974

2
1

1

o4
46
92

91
19
55

-o.52
-1.16
-o. 52

1.72
I .14
1 .60

-3.74
-3.97
-3 .44

5 .42
4 -79
5 .43

I Ionic stnength.
? Ion Balance Enron.
3 Act ivi ty of waten.
+ Satunat ion Indices (tog(IAPlKsp))

indicates that chemical data were not avai lable for calcuìation of this parameten
The above parameters were calculated by the computer pnogram
WATSPEC (wigtey, 1977) using data given in Tabìe 6.
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Log Ksp values used

TABLE 8

in saturation indices calculations by
WÀTSPEC

(From Truesdell and Jones, I974)

log(nsp) souRcnMINERÀL

Dolomite

CaIc i te

Gypsum

Aragon i te

Hal i te

Thenardi te

Mirabilite

Ouartz

Pyr i te

-17.000

-8.370

-4.848

-8.305

1.582

-0.179

-1.114

-4.006

-18.479

Berner, 1967

do

Robie and Waldbaum, 1968

do

do

do

do

do

do
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3.3.3 Carbonate Stability
Carbonate saturometry curves are shown in Figure 15.

The water samples $¡ere collected under ice cover in February

1982. In a1I casesr âD increase in pH indicated undersatu-

rated conditions with respect to the carbonate phase used

(calcite or aragonite). This is in conflict with the re-

sults of WATSPEC calcuLations of saturation indices of win-

ter 1977 samples, which showed supersaturation with respect

to both calcite and aragonite (rable 7). Several possible

explanations for this discrepancy can be suggested. These

include:

1. The chemicaL system of Waldsea Lake may not be ade-

quately modeled by the 1og(ttsp) values and the ex-

tended form of the Ðebye-Huckel equation which

I^IATSPEC uses for its calculations. This could be re-

lated to the relatively high salinity (ZS-10 parts

per thousand total dissolved solids) and abundance of

sulfaÈe and other ions which are available for com-

plex i ng .

2. The reported anaì-yses may have been incorrect.
3. Waldsea Lake's water chemistry may have changed since

the reported results (I977).

4. The carbonate saturometry results may be incorrect.
Because no chemical analyses v¡ere run on the samples which

were used for saturometry, it is difficult to determine

which of the previously mentioned reasons caused this dis-
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crepancy. Further sampling and complete analyses would be

able to clear up whether or not WATSPEC can be used to ade-

quately model saturation conditions in the lake. Laboratory

simulations and experimental procedure on the dissolution or

precipitation of the specific mineral phases under control-
led conditions would also be useful in this regard.

ÐeBoer (1977a) proposed a stability diagram for the

carbonates upon which is plotted (Cat-) 0.,. (Mg'.) 0.,.(CO,,-¡

versus (Mg'. ) /(Ca'. ) ratio. Figure 16 shows val.ues f rom

Waldsea Lake brines plotted on this diagram. Their posi-

tions indicate that aII phases of calcium and magnesium car-

bonates (and solid solutions) are "stable" (a phase is sta-

ble above its given line). In reality, this means those

phases will not dissolve; no implications of precipitation

are inferred.
In terms of Eh and pH, aragonite crystals or other

precipitates formed at the surface of the ]ake and settled
through the chemocline will be exposed to dramatic changes

in chemical conditions. Figure I7 shows paths plotted from

Lawrence (1978) on an Eh-pH diagram. Values for the carbo-

nate fields are taken from Garrels and Christ (1975).

Thal aragonite is precipitated periodically is undis-

putable; its absence in the sediment provenance area and its
presence in the sediment both in fine-graíned disseminated

form and as distinct, nearly pure laminae up to I mm in

thickness is unequivocal evidence. A single lamina I mm
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thick and covering half the lake bottom area would consti-

tute 50,000 kg of aragonite ( 382,000 moles ) . Depending on

the carbonate concentrations encountered during sedimenta-

tion, the aragonite crystals (approximate size 5X5X20 pm)

may become partially or totally dissolved. The finer the

crystals are, the slower their descent, and subsequently the

greater the chance of dissolution. Figure 23 shows arago-

nite needles which may have been etched during their de-

scent. Ðegens and Stoffer (1976) describe this process on

calcite crystals in the Dead Sea. Further dissolution may

occur after the precipitate is deposited.

Though it would seem thaÈ there is overwhelming evi-

dence that the water column is perenniatly supersaturated

with respect to the calcium-magnesium carbonate phases, a

word of caution is in order. All of the evidence which in-

dicates that Waldsea Lake is supersaturated is based upon

water samples which were collected before 1977. Carbonate

saturometry samples were collected and analyzed during win-

ter 1982. The Iake couLd have become undersaturated during

the period between the samplings. During this period the

lake Level rose less than 1 ffi, but the volume of the lake

increased by approximately 2X106 m3. Though this increase

would only have a major impact on conditions above the che-

mocline because of the dimictic annual circulation (Swanson,

1981), the initial low pH values and high salinity beneath

the chemocline (figure 17) could be responsible for undersa-
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turation. In light of this situation, it does not seem un-

reasonable that l.laldsea Lake's water column has become un-

dersaturated with respect to most carbonate phases since

].977 .

3.3.4 PreIim lnarv Salt Budqet Calculations

In a preliminary attempt at salt budget calculations,

several hypotheses have been generated.

1. Waldsea Lake's fotal salt has noÈ been acquired dur-

ing the time interval represented in lhe cores.

2. Waldsea Lake's total solute load has been accumulated

since deglaciation of the region (in the last 9500

years ) .

3. Waldsea Lake's annual salt flux is dominated by in-

flux of salts related to groundwater.

Several major assumptions have been made to attempt

to test these hypotheses. These include:

1. Evaporation exceeds precipitation by a factor of 2.

2. Groundwater influx contains 1.5 g f- 1 TDS (based on

Meneley, 1967).

3. Though no annual water budget has been calculated, it

is assumed that total annual water influx is 9X106

m3.

Simp1e calculation of the amount of annual- flux gives

3Xl-06 m3 water of 4.5 g 1- I salinity. This water would con-

tain approximately 30,000 kg of salt, ot 0.004% of the total
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salt currently in the lake. By assuming a uniform annuaL

input over the Iast 9500 years, this accounts for 4.28X107

kg, or about 6.32 of the total salt in the lake. Therefore,

salt influx must be higher than those assumed, or must have

been much higher during the period before deposition of the

cored sediments to account for this discrepancy. Longer

cores and more detailed analyses and calculations are re-

qui red for ref inement .

The presence of mirabilite (Na,SOo'10 HrO) in some of

the sediment (see Chapter 4) suggests hypersaline conditions

in the lake basin during its deposition.

The total salt currently in the lake (based on aver-

age salinities and volumes of mixolimnion and monimolimnion)

is 6.93 x 108 kg. If the average density of the "salt"
which would be precipitated by complete evaporation of the

lake is 2.0, the volume of that salt would be approximately

4 x 100 fr', which would fill the lake basin roughly 2 m.

Table 9 shows these hypothetical changes in salinity. It is

also interesting to note that by hypothetically "evaporat-

ing" the lake to approximately I/2 its current volume

(roughly 4 m), the resulting density would be the same as

the current density of the monimolimnion.

Therefore, hypersaline conditions as indicated by

sedimentary features will IikeIy indicate Iake levels lower

than those today.
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TABLE 9

Hypothetical salinities of Waldsea Lake

La ke
depth

(m)

.3
14
13
I2
11
10

9
I
7
6
5
4
3
2
I
0

St ratum
volume
(m')

Cumulat ive
volume
(m')

thousand )

"Hypothet ical
salinity"

(parts per

14 24,
20,
I7,
L4,
11,

o

6,
4,
3,
2,
1,

2
5
0
0
5
I
I
9
3
I
I
4

40
30
40
40
00
40
80
80
90
30
80
5

,000
,000
,000
,000
,000
,000
,000
,000
,000
,000
,000
,000
,000
,500
,500
,000

28.10
34.10
40 ,69
49.38
60.29
75.85

r00.77
139.21
204.51
325.49
587.53

1540.64
3648.89
5437 .57
6449.2I
6932.90

3,910,
3 ,290 ,
3,000,
2,540,
2,360,
2,260,
1,900,
L,590,
r ,260 ,

000
000
000
000
000
000
000
000
000
000
000
000
500
000

7500

950,
730,
260,

62,
20,

19
11
10
10

0
0
7
7
0

The values of the "hypothetical saliníty" is based
the calculation of the total dissolved solids in the I
and would be the approximate salinity of the lake under
lomictic conditions if the Iake's depth was as indicate
the column on the left. This does not include annual
flux, âs no time change is taken into account.

on
e,
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d
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Chapter IV

THE SEDIMENTS OF WALÐSEÀ LÀKE

4.1 GENERAL DESCRIPTTON OF SEDTMENT COMPONENTS

The sediments are composed of a diverse suite of ma-

terials, including organic and both clastic and nonclastic
inorganíc components. Tabre 10 summarizes these components

and their Iikely provenances. Because the main focus of

this research is the inorganic components, the organic sedi-
ments will only be described briefly.
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TYPE

I NORGANT C
SILICATES

CARBONATES

SULFATES

SULFIÐES

SULFUR

ORGANI C
Part iculate

Low-Mg Calcite
( I imestone )
Dolomi te

Sul f ur

Organic Matter
Insect remains
Plant fragments

Aragon i te
High-Mg Calcite
Protodolomi te 2

Magnes i te ,

Gy
Mi

psum
rabi l- i te 

'?

Insect remains
Plant fragments
Algal fragments
Spores
Pol Ien
Diatoms
Fung i
Ost racods
Artemia oogonia

Pigments'

but has not been

been identified

ÀUTHI GENI C

QuarLzz

Aragon i te 
'?

High-Mg Calcite 2

DoIomi te
Protodolomíte
Magnes i te 2

G

TÀBLE 10

Components of Waldsea Lake sediments

ÀLLOGENI C ENDOGENT C

Quartz
Fe ldspa r s
CIay
Ga rne t
Amph i boles

Y
LM

psum
rabi 1 i te

Spores
PoI I en

Dissolved Organic MaLter
Pigments 1

Pyr i te

Pigment
der ivat ivesr

spec i f ical-
but not pre-

Soluble organic compounds'

t denotes material is suspected
ly identifíed in the sedimenLs.2 denotes materials which have
cisely interpreted.
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4.2 MODERN SEDIMENTS

The modern sediments (uppermost z cm) of wardsea Lake

can best be divided into three "facies", oF zones, otr the

basis of physical, chemical, and biotogical parameters.

These parameters include:

1. texture,
2. organic content,

3. colour,

4. presence or absence of biological remains.

The shoreline facies consists of sand, silt and

coarse-grained material rich in low-Mg calcite, dolomite,
quartz, and other silicates. Though reducing conditions are

found within millimetres of the sediment-water interface,
sticks and roots are the onry obvious macroscopic organic
material that is preserved. The nature and distribution of

this material is very simirar to that which would rikely be

found around freshwater lakes of simirar morphometry and

orientation. sly (1978 ) gives an excellent description of
processes and products associated with shoreline sedimenta-

tion in lakes.

The second facies is distinct from the first in that
it is fine-grained, organic rich sediment and is found in
deeper water. This facies is dominated by deposition from

the mixorimnion, and grades laterarly upsrope inLo the off-
shore sediment of the shoreline facies. The sediment is
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dominantly anoxico and is black (2.syR2.s/o) to dark brown

(10YR4/1). water content ranges from 66 to 77eoi organic
content averages 272. This "mixolimnion facies" arso is
distinct in that it supports submerged macrophytes, benthic
argal mats, and is capabre of supporting both macrobenthos

and aufwuchs. small insect remains, algal firaments and

other prant fragments are ubiquitous in the sediment of this
facies. The studies of swanson (1979), Tones (r976) , and

Hesertine (r976) are based on quantification of these biolo-
gical occurrences.

The third facies is found beneath the chemocline;
conditions are highly anoxic, and do not supporÈ macrobent-

hos, aufwuchs, a1gal mats, or macrophytes. organic remains

are few, and are likely detrital.5 The sediment found in
this "monimolimnion facies" is brack (2.5y2. s/o) and highry
reduced, and has similar texture, water content, and organic
content as in the mixorimnion facies. The monimolimnion fa-
cies grades raterarly into the mixorimnion facies upslope.

Because of the similarity of the mixolimnion facies
and the monimolimnion facies sediments and their lateral
gradation, their extent is difficult to map. The dec^rease

a The
H2S.

sediment is considered anoxic due to the presence of

Detri!"1 organic remains, in this sense, are any organicmateriaLs which were not formed in situ (aufwuchsl iñtau-
la, benthic microbiar mats I macroptlvtes, etc. i, uút iather
have been sedimented either from -outside of túe lake, oEproduced endogenically (within the water corumn), and de-posited somewhere other than where they grew.
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in chemocrine elevation reporLed in chapter 3 decreases the

area of the l-ake bottom in which the monimolimnion facíes is
deposited. The modern sediment will record this change, but

on an extremely small scale. The main distinction between

these two facies will be paleolimnological; further studies
are needed to delineate their boundaries both Laterally and

vertically in the sedimenÈ.

4.3 OLÐER SEDTMENTS

The basinar sediments of waLdsea Lake can be dívided
into stratigraphic units on the basis of several sediment

characteristics (figure 18). These characteristics include
water content, colour, sediment texture, mineralogy, endo-

genic' sediment component, and abundance and generaJ. type of
biological remains. Table 1l gives relative abundances and

val-ues of these specific parameters for each stratigraphic
unít. The sediment parameters which have been quantified
for core 13 are shown in Figures 19 and zo and Àppendices D

and E. À porlen diagram (rigure z]-) for one of the longer
cores (83w6) proved useful in interpreting changes in pa-

leoc1 imat ic condi t ions.

Though quantification of these various parameter vras

not done on all of Èhe cores which were corlected, gross

similarities in sediment character (colour, carbonate con-

The term endogenic is used to indicate materialsganic and inoiganic ) which $Iere f ormed within
column and were sedimented.

(both or-
the water
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TABLE 1 1

Panameters used in stratigraphic interpnetation

COMPONENT STRAT I GRAPHI C

UNTT

q2

TOLACK

AA

H
M

L
GREY-GREEN
TO BUFF
F

R

J

H
H
L
BLACK
BROV'N
F

4

H
M

M

BUFF TO
GREY -GRE EN
c

o

H
H
H
BLACK TO
BROWN
F

SAND

CARBONATES ( LOC)
ORGANICS (LOI )
WATER CONTENT
COLOUR

LAMINATION CHARACTER C

ÂRÂGON I TE
LAMINAE R

DOLOMI T E _

C EMENT ED
LAMINAE NO

GYPSUM
LAMINAE O

ORGANIC FIBRE
MATS A

MINERAL COMPONENTS*
QUARTZ ND
DOLOMITE ND
CALCITE MI
MAGNE S I AN

CALCITE ND
ARAGONITE ND
PYRITE ND
GYPSUM ND 'PROTODOLOMITE ND
MIRABILITE M

ORGANIC REMAINS
PLANT

VASCULAR
HYDROPHYTES A

ALGAL FIBRES A
TERR ESTR I AL
SEEDS R

ANIMAL
OSTRACODS A
COPEPOD NAUPLI I A
ARTEMIA OOGONIA A

TNSECTS O

M

M

L
B

M

ND
M

GREY

B

NO

NO

o

o

L
L
L

L
H
NO
L
L
NO

o

A

A

M

M

M

M

M

L
M

M

NO

NO

NO

NO

L
L
L

L
H
L
L
L
NO

o

A

o

M

M

M

M

M

L
M

M

NO

A
A

o
R

R

R

R

o

R

A

o
o
R

o
o

o

o
R

R

R

R

A

o

A
o
A
R

NO

NO

NO

H
M

M

NO
NO
NO
NO
NO
NO

NO
NO

NO

R

NO
NO
R
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* on the basis of x-ray diffraction.t on the basis of dilute HCl acid effervescence
' on the basis of visual observation
L low concentration
M medium concentration
H high concentration
R rare
O occasional
A abundant
C coarse (Iaminations generally greater than 2 mm in thickness)
F fine (laminations generally 1 mm or less in thickness)
B cross-bedded in core
NÐ not determined
NO not observed
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STRAT IGRAPH IC

UNIT

MOIS TURE CONTE NT ORGAN IC

lo"/" 30

CAR BO N ATE

4OIo 60 I o
o

2

5 40

6

80

4 loo

t2

IJ
t40

cm
2

Figure 19: Moisture, organic, and carbonate content of Core
13
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tent by acidification during description, general lamination

character, and macroscopic and microscopic organic and min-

erarogic features) made possible the identification and de-

lineation of the lateral extent of the sedimentary units
with the use of the other cores.

The upper 4 metres of lacustrine firl in the wardsea

Lake basin consists mainry of organic-rich, werl-laminated

silty clay and clayey siIt. Moisture content decreases from

about 80% in the youngest sediment to 3sz at the base of the

cores. organic matter content ranges from 5 to 4sz but does

not exhibit any specific trend with depth. organic fibre
mats occur within the rower 2 metres of section. sediment

corours are generally dark grey (2.5y2.s/r) to dark greenish

grey (5v2.5/l) with abundanr righter laminae (10yR4/1 )

throughout.

4 . 3 .1 General Strat iqraohy

The basinar wardsea Lake sediments can be divided into five
major stratigraphic units. Each unit likety represents a

major change in Èhe water Ieve], chemistry, and trophic
state of the lake. The lowermost unit (unit r) is a black

silty mud with plant fibre mats and mirabilite crystals.
Overlying Unit I is Unit 2, which is a grey to green gypsum-

rich silt containing calcite coated twigs and algal fibres.
unit 3 is a dark brown to brack saproper with abundant ara-
gonite laminae. overrying this are unit 4 (similar to unit
2) and Unit 5 (similar to Unit 3).
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4.3.2 Unit I
Description:

Unit 1, the oldest unit recovered, is a btack silty
mud with numerous unidentified prant fibre remains and

sparse buL recognizabre Artemia spp. oogonia. The plant fi-
bres occur both as individuar fibres and as interwoven mats,

some of which contain obvious pigments. within this sedi-
ment are mirabilite crystals (rigure zg) which are commonly

transparent and mud-free and show syntaxial overgrowths and

gas-phase fluid inclusions.

I nterpreta t i on :

vugs the size of the mirabilite crystals are also
found in parts of unit 1. These likery represent mirabilite
crystals which have been removed by dissolution and trans-
ported by diffusion into the lake water. The mirabirite
crystals may not be originar primary sediment, but rather
may possibly represent intrasedimentary displacive growth by

."freezeout" precipitation during the cooler months. In ei-
ther case, the presence of mirabilite indicates hypersaline
conditions within the rake basin at the time of deposition,
and probably much lower lake leveIs.

4.3.3 Units ! and !
Description:

Units 2 and 4 are quite

each varies greatly in texture
similar to each

and composition

other, but

on a small
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scai-e. Both rounded, silt-sized crastic gypsum laminae and

rensoid gypsun prates and rosettes occur within several mil-
rimetres of each other in the section (rigure 27). The car-
bonates within these units show even more ecrectic textures
and structures (figure 22'). These range from finely crys-
talline buff (10YR5r/1) dolomite cemented laminae to calcite-
coated prant fragments and fine algal filaments. rn addi-
tion, these units commonly contain intraclasts of carbonate

materiar. The very fine-grained aragonite laminae whích are

characÈeristic of Units 3 and 5 are rare.

The predominant minerals in Units 2 and 4 are disse-
minated aragonite, gypsum, dolomite and guartz. Some of the

dolomite is actuarly a cation-disordered form of the minerar

termed protodolomite.

Interpretation:
The rounded gypsum silt is interpreted as being pri-

mary gypsum undergoing dissolution, whereas the lensoid gyp-

sum is a product of very early diagenesis. The variety of
gypsum ocurrences is described in Section 4,4.2.

Carbonate intraclasts vrere probably partially consol-
idated before being ripped up by storm-derived currents or

waves and redeposited. Protodoromite may be a penecontempo-

raneous alteration product of pre-existing calcium carbonate
(see section 4.4). Arthough the genesis of this dolomite in
waldsea Lake has not yet been futly resolved, both formative
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Textures and structures of carbonate occurrences
in Units 2 and 4
These photographs show carbonate coated plant
stems I a pelleted zone, and an unidentified
carbonate structure. Tn each case, the scale
bar is 5 mm.

Figure 22:
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modes (endogenic and authigenic? ) imply elevated Mg:Ca rat-
ios and possibly schizohaline' conditions.

Unit 2 may be, in part, time-correlative with Unit l,
as Unit 1 occurs only in the southern part of the lake, and

both units appear to be overlain by Unit 3. The paleomor-

phometry interpreted from this (figure 32) is complicated by

isostatic rebound (see Section 3.1.6).

4.3.4 Units 3 and 5

Description:

units 3 and 5 consist of dark brown to black, silty,
aragonite-rich sapropele to silty sapropelic mud with irreg-
uIarIy spaced, very fine-grained aragoniLe Iaminae (rigure

23). The colour of these laminae range from white

Authigenic materials (specifically inorganic) are those
which are "formed or generated in place; specificaIly said
of rock constituents and minerals that have not been
transported or that crystallized locaIly at the spot where
they are now found, and of minerals that came into exis-
tence at the same time âs, or subsequently to, the forma-
tíon of the rock of which they consitute a part. The
term, âs used, often refers to a mineral . formed af-
ter deposition of the original sediment." (gates and Jack-
son, 1980). The term is used in this context even though
the sedimenÈs have not been lithified.

"Said of an environment characterized by extreme variation
from hypersaline Lo brackish or fresh conditions" (Bates
and Jackson, 1980 ) .

The word "sapropel" is used to describe the organic rich
sediments of Units 3 and 5. The actual definition of sa-
propel is "an unconsolidated, jelly-Iike ooze or sludge
composed of plant remains, most often algae, macerating
and putrefying in an anaerobic environment on the shallow
bottoms of lakes and seas" (Bates and Jackson, 1980). The
organic component of these units is probably predominantly
bacterial in its source. The term sapropelic is defined
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(7.5YR8/8)

red ( 5R5,/6 )

5ome showing a distincL

I nterpretat i on :

This latter colour is attributed to organic pigments,

such as carotenoids and chlorophyIls, sedimented with or im-

mediately before or after the aragonite precipitation.

to buff (10YR5,/1) wittr

colourat i on .

4.4 ENDOGENIC MINERAL PHASES

4.4.1 The Carbonates

There are six main carbonate phases in

Lake sediments which are identifiable by X-ray

These include:

1. Aragonite

the Waldsea

diffraction.

2. High-Mg Calcite

3. Low-Mg Calcite

4. Dolomite

5. Protodolomi te

dered).

6. Magnesite

Dolomite which

low-magnesium calcite
have been ident i f ied

1964). Therefore the

in the lake sediments

(non-stoichiometric and poorly or-

is stoichiometric and ordered, and

are the only carbonate phases which

in the tills of the region (Meneley,

occurrence of other carbonate minerals

indicates that they are endogenic or

as "pertaining to or derived from sapropel; indicating a
high sulfate or reducing environmenL".
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authigenic.

4.4.1.1 Àragonite

Occurrence:

Aragonite is the most abundant carbonate mineral in

waldsea Lake sediments (up to 60eo of the sediment mass). It
occurs as fine-grained (ZO x 5 x 5 pm) crystals both disse-

minated and concentrated in laminae up to 1.5 mm in thick-
ness (rigure 23; Frontispiece).

I nterpretat ion I

These laminae are abundant in the upper

the products of mass

events ( "whitings" ).
other lakes (both fresh

These events

and saline),
than arago-but the precipitates are

nite.
usually calc ite rather

metre of sed-

nucleation andiments, and are likeIy
inorganic precipitation
are known to occur in

clum

I

Spontaneous nucleation and precipitation of the cal-

carbonate may take place because of:

. supersaturation of a specific mineral phase due to

biological CO' uptake and consequent increase in pH

(ltelts and Hsu, 1978),

. supersaturation caused by increase in pH or concen-

tration due to evaporation or dílution (Krumgalz,

t977),,

. supersaturation due to temperature change (BrunskiII,

1969) ,

2

3

73



4. supersaturation due to mixing of two water bodies

with differing chemistries (Raup, 1982).

In Waldsea Lake, âDy one of these mechanisms could be re-

sponsible for whiting events, but none have ever been docu-

mented in process.

Several mechanisms have been suggested by which ara-

gonite may form preferentially rather than calcite by inor-
gan ic prec ipi tat i on . These i nc Iude :

f. inhibition of calcite nucleation and,/or precipitation

by the presence of organic acids or cations (such as

Sr2* or Mg'*) which are preferrentially adsorbed to

crystal surfaces (Bathurst, I979; Jackson and Bis-

choff, f971);

2. availability of seed crystals (deBoer, L977b);

3. Mg'* and the Mg/Ca ratio (t*luIler et â1. , L972; FoIk

and Land , 1975; Muller , J.97I¡ Katz , 1973; Berner,

1975; deBoer, 1977a,b).

MüIler et a1. (tglZ) suggested an empirical relation-

ship between Mg:Ca ratios of a solution and mol% Mg within

the primary carbonate minerals precipitated from that solu-

rion (rable t2).
Waldsea Lake water currently varies in molar Mg:Ca

ratio from about 10 to 25 (rable 5), making aragonite the

most likely carbonate phase to be precipitated.

Several mechanisms may be suggested to explain the

presence of the disseminated aragonite. These are:

74



Scanning Electron Micrograph
crystals from Waldsea Lake
Scale bar represents 20 pm.
shows dissolution features.

".*

of aragonite

Upper photograph

Figure 23t
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TABLE T2

Primary mineral-s vs. Mg:Ca ratios

(efter MüIIer et â1. , 1972)

Mg /ca Primarv Precipitate Sed imen t s

<2

2-t2

>12+

Calc i te

Mg CaIcite,

Aragon i te

Àragon i te

Calc i te

Dolomi te ,

Mg Calcite

Àragon i te
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1 Continuous supersaturation of the water column with

respect to aragonite and consequent 'rain' of small

crystals.
Bioturbation on an extremely fine scaIe, which could

mix minor amounts of aragonite from the distinct Ia-

minae withouL destroying the fine structures,

Mixing of sediment rích in aragonite on the upper

slopes of the lake bottom by wave action, and remobi-

lizing and dispersing the sediment by turbidity cur-

rent s .

term field studies would be reguired to substantiate

of these processes would be most likely.

2

3

Long

whi ch

4 .4 .1 .2 Calc i te

Occur rence :

Low-Mg calcite makes up about 82

Meneley (1964) reported that the tiIIs
from 5 to 15% calcite.

of the sediment.

of the area range

I nterpretat i on :

Previous work (ne1ts and Hsü, 1978; FoIk and Land,

I975) indicates that the magnesium content of calcium carbo-

nates will be related to the magnesium content of the solu-

tion from which they are precipitated. Therefore, the low-

Mg calcite content which ís found in the lake sediment is
probably alI allogenic. 'o

AIlogenic in this sense is "formed or generated else-l0
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4.4.I.3 Magnesian CaIciLe

Occurrence:

Magnesian calcite (Higtr-ug calcite) contains more

than 7 mol% MgCO, in solid solution with calcium carbonate

(relts and Hsü, 1978; Goldsmith et âf., 1955). It is found

in greatest abundance in Waldsea Lake below the upper metre

of sediment and disseminated in very minor amounts above

this.

I nte rpreta t i on :

As discussed above, the presence of elevated levels

of Mg in calcite implies that the Mg:Ca ratio during its
formation (either by endogenic precipitation or authigene-

sis) was less than about l-2. Because the magnesian calcite
does not occur in distinct laminae, it is interpreted to be

primarily authigenic (possibly from the recrystallization of

aragonite ) .

4 .4 .I .4 Protodolomi te

Occurrrence:

Protodolomite, or nonstoichiometric

ite occurs throughout the sediment, though

the uppermost metre are minor. Its X-ray

disordered dolom-

concentrations in

diffraction peaks

where, usually at a distant place; specifically said of
rock constituents and minerals thaL were deríved from
pre-existing rocks and transported to their present depo-
sitional site, oF that came into existence before the
rock of which they now constitute a part and at some
place other than where now found" (gates and Jackson,
1gg0 ) .
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are short and stubby (figure 24). The average of six proto-

dolomites from Waldsea Lake sediments is 34.8 mol% MgCO,

(øø.2 mol% CaCO, , range 32.0-38.5 mol% M9CO, ) .

I nterpretat ion :

Graf and Goldsmith (1958), and Goldsmith et a1.(1955)

describe the various occurrences and properties of both nat-

ural and synthetic protodolomite. MüIler et al. (I972) de-

fines protodolomite as a dísordered carbonate mineral with

compositions ranging f rom Cao.,Mgo.,CO, to Cao.o rMgo.s rCO,.

A possible explanation of this extreme non-stoichiom-

etry may lie in the experimentation of MüIler and Fischbeck

(1973). They synthesized an amorphous Ca-Mg-carbonate gel

of approximate dolomite stoichiometry by freeze-drying car-

bonate-bicarbonate solutions. They also suggested that sub-

sequent wetting and drying of this material might allow it
to crystallize. This mechanism may have been (or stiIl may

be) at work in the saline lakes during annual freezing cy-

cles (egan, 1984; Last, 1984).
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4 .4 .l- . 5 Dolomi te

Occurrence !

The amount of dolomite in Waldsea Lake sediments

ranges from 20 to 35%. IL occurs as both finely disseminat-

ed and cemented horizons.

I nterpretat ion :

Christiansen Qglg) found a mean value of 103 dolom-

ite and 4Z calcite in the tills of the Saskatoon area; Mene-

ley (ß0q ) f ound sl ightly higher values of both dolornite and

calcite in the tills of the Melfort Region.

Despite the Iikely detrital origin of rnost of the do-

lomite in the sediment, the.occurrence of horizons cemented

by stoichiometric ordered dolomite is unequivocal evidence

of its very early authigenesis or primary precipitation.

The dolomite in these horizons consists of poorly-formed

equant crystals or clusters of fine crystals (rigure 25).

The early diagenetic dolomite-cemented laminae occur in Unit

2 G igure 26).

Alderman (1965) and vonderBorch (1976) found stoi-

chiometric dolomite in the modern sediment of the Coorong

(Australia ) , along with protodolomite, aragonite, magnesite,

and hydromagnesite. They attributed the occurrence of the

different mineral species to the difference in Mg:Ca ratio

and pH of the environments. Stoichiometric, ordered dolom-

ite occurred at higher values of pH and Mg:Ca ratío. Such a

mechanism Iikely occurs in the Waldsea sediments as wel1.
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Figure 25r Dolomite
Iami nae
Ac icula r
Scale bar

Waldsea Lake cemented

have not been identi f ied.

crystals in
c rystal s
i s 5¡¿m.
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L ST o f Symbols

Sond

Orgonic- rich blqck silty mud with
orogonite I ominqe

Gypsum ond corbonote rnud

Block silty mud

Orgonic f ibre mots

Dolomile- cemented lominoe

Mirobilife cryslo ls

Vug s

CITID

Figure 26: Composite stratigraphic column for waldsea Lake



LITHOLOGIC
COLUMN

BULK
MUNSE L L
COLOUR

CARBONA T E

MUNSELL
COLOUR

COMPOS I TE
DESCRIPTION

Unl t !: Blåck to brown sl I ty
organlc-rlch clay to
sapnopel. Quartz sand and
slìt gna.|ns abundant.
Occaslonal ostracods
(Cyprldlneae Z); general ly
concentrated ln lamlnae.
Aragonlte ìamlnae are abundant
( some !rl th plnk or orange
p{gments); thln sand ìamlnae
found lnterspersed. Numerous
onganlc flbres of varlou6
types.
Sglg: Quartz, feldsPars. ånd
carbonate clasts Predomlnate,
but some maf lc mlneral s and
rock fragments ane Present.
Pebbly in Pant (canbonate
pebb ì es shor., reduct i on
stalning). Most cìasts are
coanse sand. some frostlng is
ev I dent . Grades upwand .

Unlt !: Brown to green sflty
ðtay and clayey slìt. Few
aragonite ìamlnae, but overaì I

lamlnated. Ostracods (as

DEPTH

1

0

2.5Y2.5/o
TO

5Y2.5/2

2.5YR3/2
TO

sY3/ 1

2.55Y3/O
TO

5Y2.5/ I

2.5Y2.5/O
TO

7 . 5YR5,/ I

7 .5YR7 / 4
TO

2.sY4/2

7.5Y5/2
lo

7 .5YR7 / 4

5Y5/ 1

above ) .
mats
gypsum sllt lamlnae
of rounded crystals,
mm dlameten.

in ìaminae. Flbre
( Rupp i a-Potamqge'qen? )

composed
o. 2s-o. 5

ô¿
Unlt 3: Black to brown stltY
õFgãnTc-r tch cl aY wl th
aragoni te I ami nae as above -

Ranges fnom 7 to 28 vislble
aragonl te ìamlnae, each
approxlmately O.5-1.O mm

thtck.

Unlt 2: Dark green to dank
S.ãV silty carbonate- and
gypsum-rlch claY. l-amlnae of
gypsum (both as above and as
lensoldal crystals O.5-2.O mm

dlameter, some as rosettes or
t\.rins) abundant. Aìgal f ibres
in mats (Rhizoclonium ?l
carbonate lntrac¡asts in some
zones, and dol oml te-cemented
lamlnae occur. Ostracods
occur in lamlnae. Some thin
zones appear granuìarì; some
carbonate I am I nae are
peì ì eted.

Unit 1: Black silty claY,
coansely ìaminated. Gypsum
silt, gypsum lensoldal
crystals occur in ìamfnatlons.
Artemia oogonia are
concentnated in some ìaminae;
ostnacods are also
concentrated, predom i nant ì y
unden the abundant organlc
f ibre mats. Clear r¡lrabil ite
crystals fn the mlddle of the
un I t : At the base of the
sect I on, vugs the s .l ze ol'
these crystals occur
(approxlmateìy 2 cm X 2 cm X f
cm).

J

Uni

ni t 3
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4 .4 .l .6 Magnes i te

Occurrence and Interpretation:

Magnesite occurs in small amounts

sediments, but has not yet been quantified.

not known.

in Waldsea Lake

Its origin is

4.4.2 The Sulfates

Two sulfate minerals have been identified in Waldsea

Lake sediments: gypsum and rnirabilite. Both occur macro-

scopically; gypsum also occurs microscopically.

4 .4 .2,1 Gypsum

Occurrence:

Last and Schweyen (1983) describe the occurrence of

gypsum in the sediments (rable 13). Three main types of

gypsum crystals are found.

Interpretation:
Crystal habit and size is thought to be dependent

upon specific physical and chemical conditions.

4.4,2.2 Lensoidal Gypsum

Cody Q979) , Barcellona and Atwood (1978 ,1979) , and

Edinger (1973) aiscuss the interactions of gypsum crystal

growth mechanisms and available organic components to form

Iensoidal gypsum crystals. They found that certain organic

compounds (specifically organic acids) were preferentially
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TABLE 13

Gypsum occurrences in Waldsea Lake sediments

(from Last and Schweyen, 1983)

BEDDED GYPSUM

Pure or mixed

Beds 0.5-4 mm

Composed of

a. Platy

with carbonates, guartz

thick

or lensoid crystals

b. Equant crystals
c. Rounded grains

0.005-1 mm

diameter

0.01-0.06 mm

0.05-0.5 mm

] NTRASEÐI MENTARY

Mac roscopic ;

Mic roscopic ,

isolated euhedral crystals up Lo 0.5 mm

di ssemi nated.

85



adsorbed onto some of the crystal faces, effectively inhib-

iting crystal growth in that specific direction. These gyp-

sum crystals occur as diagenetic products rather than as

primary precipitates.

Waldsea Lake sediments are organic rich; the intimate

association of organic material with the gypsum lenses in

some of the sediment is very similar to those described by

Krumbein et al. Qgll ) and Arakel (1980). Shallow water

evaporitic conditions are conducive to algaI or microbial

mat growth. The crystals formed under these conditions tend

to be lensoidal because of the inhibition of growth in the

C-axis direction caused by organic compounds adsorbed on

specific crystallographic planes (Cody, l-979¡ Barcelona and

At.wood , l-978,1979¡ Edinger , 1973).

Though a few laminae of lensoidal gypsum crystals

have been found in the sediments, most of the crystals are

disseminated, suggesting diagenetic Arowth. The pore water

of the sediments is likely near saturation with respect to

gypsum, âs shown by growth of 2 to 3 mm lensoidal gypsum

crystals on the outside of the cores after a month or so of

slow drying. Diagenetic crystal growth may also have occur-

red during lower water phases of the lake.

4.4.2.3 Eguant Crystals

Equant crystals are rare, and may indicate growth at

the sediment-water interface or precipitation at the air-wa-
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ter interface and sinking as shown by Teller et aI. (1982)

in Lake Tyrrell, Australia.

4.4.2.

three

1.

4 Rounded Grains

Rounded gypsum grains are probably produced by one of

processes:

Abrasion. Abraded gypsum crystals have been de-

scribed in Australian dry lakes (reller et 41., 1982¡

Bowler, 1981) and also have been identified in shal-

Iow hypersaline lakes of the northern Great PIains

( Loc khart , 198 3; Last , pers. comm. ) . Two processes

are thought to be associated with abrasion--wind and

water reworking. Concentrations of abraded lensoid

gypsum crystals 1 to 4 mm in diameter have been found

at Patience Lake (approximately 50 km wesÈ) washed

into shoreline sediments approximately 25 cm above

current water 1eve1s.

2. Bioloqical action. TeIler et al. (1982) describe the

destruction of primary gypsum crystals sedimented in

Lake Tyrrell, Australia, by Desulfovibrio desulfuri-

Ç,ê_0S., â sulfate-reducing bacterium. This process did

not Likely occur on a large scale throughout deposi-

tion of Waldsea Lake sediment because much gypsum is
preserved. This would indicate that either condi-

tions were not suitable for Desulfovibrio or that the

species is not present.
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3. Dissolution. Berner (1980) aescribes two types of

morphologies of surfaces undergoing dissolution based

on the kinetics of the processes involved. The

f i rst , transport-cont rolled di ssolut ion , generaÌ1y

rounds the grains involved as the dissolution is not

confined to molecular dislocations. The second is

surface-reaction controlled dissolution; it generally

creates angular, crystallographical-J.y-controlled sur-

faces by etching. Berner (I980) also lists gypsum as

a substance which wiIl dissolve via transport-con-

trolled dissolution.
In view of the remnant morphology and grain size

(rigure 27), the pitted, rounded gypsum found in the sedi-

ments of Waldsea Lake r,¡as probably precipitated at or near

the sediment-¡+ater interface and v¡as Iater partially dis-
solved by undersaturated waters, either within the sediment

or under schizohaline conditions at the surface. Some of

the material may also have been reworked and abraded by ei-
ther water (by swash) or wind (during low water levels).

4.4.2.5 Mirabilite

Occurrence:

The other sulfate mineral identified in the sediment

cores is mirabilite (Na,SOo.10 H,O). It occurs in the low-

ermost sediment and has been identified in only three of the

cores. The crystals of mirabilite are relatively large (Z
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Figure 27 ¡ Gypsum crystal
sediment s

morphologies in Waldsea Lake

Upper photograph shows lensoidal crystals and
rosettes; lower photograph shows rounded gypsum
silt. Scale bars are each 2 mm.
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cm x 2 cm X 1 cm) and generally have rounded outer surfaces

(rigure 28). À11 of the crystals are clear; some have very

minor mud inclusions, green algal filaments and,/or spherical

gas bubble inclusions. They generally occur in direct asso-

ciation with organic fibre mats.

Interpretation:
The occurrence of mirabilite

cates hypersaline conditions during

in unit 1 probably indi-
their formation.
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Figure 28t Mirabilite crystals from waldsea Lake
Scale is in mm.
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4.5 SULFIDES

4.5.1 Pvrite

Occurrence:

Pyrite is the only sulfide mineral that has been po-

sitively identified in the sediment by X-ray diffraction
methods. It is absent from the upper metre of sediment, and

present in smalL amounts (<5%) below that. It has not been

identified in the soils or til]s of the drainage basin.

I nterpretat i on :

The occurrence of pyrite indicates that:
1. there vras a source of iron and sulfur available,

2. reducing conditions were prevalent, and

3. burial conditions have allowed it to be preserved.

Though the source of iron has not been suggested, re-

ducing conditions are currently found in nearly all of the

basinat sediments. It is likely that the pyrite is very

early diagenetic in nature (TeIler et â1., 1982).

4.5.2 Sulfur

Occurrence I

X-ray

bic su1 f ur

amounts.

diffraction analysis indicates that

is found in some of the sediment

orthorhom-

in smaIl
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Interpretation:

Chlorobium has been described as being able to depos-

it sulfur intracellularly (Lawrence, 1978; Pfennig, L977).

It is 1ikeIy that much bacterial organic matter Ís sedimenL-

ed upon death, and the sulfur granules are sedimented as

weII.

4.5.3 Organic Sediments

The organic rnaterial is derived from within the lake

and from outside sources. Fragments and pollen of agricul-
tural plants, wild grasses and flowers may be washed or

blown into the lake.

The nature and amount of organic sediment vary dra-

matically throughout the cores. Most of the younger sedi-

ment contains only extremely fine-grained organic matter,

possibly of bacterial and alga1 origin. The organic content

of this sediment ranges from about 15 to 35%.

The sediment also contains abundant dispersed plant

fragments (see core descriptions in Appendix D). Some of

these plant fragment fibre mats are shown in Figure 29.

These mats are similar in nature to those found forming

along the shoreline of Ðana Salt Lake, approximately 30 km

southwest of Waldsea Lake (figure 29), and Iikely indicate

similar chemical and biological conditions.
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F i gure

Scal-e on

29¿ organic fibre mats from wardsea Lake sediments
and Ðana Salt Lake shoreline.

upper photo is Smm.
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4.6 RADTOCARBON DATES AND SEDIMENTÀTTON RATES

Four radiocarbon dates of the organic fibre-rich sed-

iments were used to estimate ages of the sediment units as

well as inLerval sedimentation rates. Table 14 gives the

estimates for the ages. Figure 30 shows the interval sedi-

mentation rates (between radiocarbon samples) and sediment

deposition versus time. Sedimentation rates lrere calculated

on the basis of a four metre continuous core (i.e. assuming

no overlap of core segments). These rates are expressed in

terms of thickness of wet sediment deposited per year.

The changes in sedimentation rates most probably re-

flect changes in the relative predominance of the processes

which transport or create the sediment. The total amount of

sedimented material for any given year is related by the

equat i on :

s =$ +s +s +s -s
total wind water prec ip organic loss

where:

S is the total amount of sediment deposited,
Èotal

S is the amount of sediment blown into the lake,
wind

S is the amount of sediment washed in,
water

S is the amount of endogenic inorganic material,
prec ip

S is the total amount of organic sediment,
organic

S is the total amount of sediment lost by erosion.
Joss
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TABLE 14

Radiocarbon Àges of Waldsea Lake sediment

SampIe Àge
(vsp)

1230+50

2340+7 0

2920+7 0

3970+90

Depth
(cm)

80-90

I 90-1 99

283.5-290

375-390

Stratigraphic
unit

5

4

2

I

I
2

3

4

from Core 83WBSamples taken
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SEDIMENT DEPOSITIOI.I VS. TNúE

Figure 30: Sedimentation rate in Waldsea Lake sediments
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The calculation of sedimentation rates based soJ-ely

on the thickness of sediment between dated samples in a core

may lead to the misinterpretation of the actual processes

and conditions which produce the sediment record. Tn rela-
tively small lakes, sedimentation rates vary from place to
place within the Lake due to the process of "sediment fo-

cussing" (r,ikens and Davis, 1975; Davis and Ford, 1982).

This process produces thicker sediment (and consequently

greater interpreLed sedimentation rates) in the deeper por-

tions of the basin relative to rates calculated for more pe-

ripheral areas. This ef f ect is shor.¡n in Waldsea Lake's Unit

3, where ä thickness of 10 cm in the peripheral areas of the

lake is in contrast to twice that in the deepest portion of

the basin.

Other problems may result from too rigorous an appli-
cation of inÈerval sedimentation rates. In Waldsea Lake

sediments, for example, the sedimentation rates appear Lo be

relatively high between 4000 years ago and 3000 B.P. and

then l-ower untí1 the present. This does not necessarily re-

Iate to the actual change in the amount of sediment being

transported to the lake and deposited. CompacLion of the

sediments after deposition has decreased water contents from

an average of 702 (observed in the surface sediments) to
less than 402 (at 3 to 4 metres depth in the sediment in

Unit 1)t this compaction should be taken into account in

rate calculations. Along with this, lake levels and area

98



have changed with time. Consequently, if the same sediment

load is delivered to the lake each year, that amount of sed-

iment must be "spread out" when the lake level is high and

the bottom surface area is large. When the lake vras small

(for example, 252 of íts current area), sedimentation rates

could appear to be 4 times that of today with the same

amount of annual sediment.

Other factors may also influence sedimentation rates.

An increase in the frequency of inorganic precipitation

could increase overall sedimentation rates, though actual

allogenic input may have decreased during that time. The

upper metre of sediment contains 10 lo 15å millimetre-thick
aragonite laminae; this, plus the disseminated aragonite can

make up 45% or more of the total dry sediment mass (pigure

20) .

Wind is also an important contributor of sediment to

Waldsea Lake. Much of the lake sediment could be transport-

ed by wind. Schweyen and Last (1983) reported dust storms

in the Waldsea Lake basin which would contribute silt- and

clay-sized sediment to the lake. This process would be ac-

tive all year long. The lake is covered with ice during

most of the winter, but stilL receives a large amount of

bl-own-in sediment (rigure 31) .

Other chemical sediments cannot be easily included in

the sedimentatíon rate. Soluble salts, such as mirabilite,
which had to have been precipitated when the lake was at
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lower revels, have been dissolved and added to the Lake dur-
ing its "freshening". This may have at one time produced a

"negative" sedimentation rate by actually decreasing the

thickness of sediments.

4.7 STRATIGRAPHIC INTERPRETÀTION

Units 1 and 2 were probably deposited contemporane-

ously as separate facies of a small hypersarine lake with
broad mudflats between about 4000 and 2800 yBp. unit 1 sed-

iment, a reduced, non-laminated sirty mud has numerous fibre
mats, which, for the most part, are similar in nature (and

probably in origin ) to t,hose f ound in other small hypersa-

line lakes in the area today, and, âs such, is named the

"mirabilite facies". Mirabitite crystals which are associ-
ated with this sediment arso indicate hypersarine condi-
tions. As conternporaneous facies, uniLs I and 2 became in-
tercarated as minor fluctuations in lake leveJ occurred. A

maximum of I m of sediment has been recovered from unit 1 by

Livingstone coring, but this unit may be considerably thick-
er.

Unit 2, on the other hand, has been measured Èo be 2

m thick; this measurement may be anomalous due to overrap in
core sections. unit 2 overlies unit 1 in several cores, but

whether unit 1 is compretery covered by unit z or this is
just a function of the intercalatÍon is not clear.
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The deposition of the gypsum-carbonate sediments of

Units 2 and 4 (in the "mudflat facies") probably occurred on

broad hypersaline mudflats (figure 32). Evidence for this
interpretation includes the relatively extensive evaporitic
and carbonate features. Intermittent inundation and evapo-

ration along with freezing and runoff (perhaps on an annual

basis) provided schizohaline conditions under which precipi-
tation and diagenesis of the carbonate and sulfate minerals

could occur. This very early diagenesis includes cementa-

tion of some carbonate laminae by dolomite, and also some

gypsum dissolution and/or precipitation. Further diagenesis
(partial dissolution of mineral phases, oxidation of organic

phases with reduction of inorganic chemical species, bacter-
ial reduction of sulfate, etc.) is also recorded in the sed-

iment.

The deep water units, 3 and 5, vrere probably deposit-
ed under conditions similar to that of today's lake. These

units are notable in the abundance of the irregularly-spaced
aragonite laminae (see Frontispiece). These laminae have

been interpreted to represent acyclic inorganic precipita-
tion by chemical supersaturation of the lakewater. This su-

persaturation could occur by a variety of means (see Section

4.4) including evaporaÈion, dilution, biotogical uptake of

COr, heating of the water column, freeze concentration, or

overturn of a chemically or thermally stratified water col-
umn.
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4,7 .I Paleohydroloqic I nLerpretat Íon

The paleohydrologic history of Waldsea Lake has been

interpreted using the mineralogical, biological, and chemi-

ca1 parameters which have been measured on the specific

cores previously discussed, and the gross sediment character

of the cores which were not analyzed in detail. This model

of the variation in lake level in time is also based on aer-

ial extent and distribution of the stratigraphic units as

indicated by coring. Figure 33 shows this gualitative

curve.

The low lake l-evel at the bottom of the curve i s

meant to indicate conditions which were hypersaline and ca-

pable of producing mirabilite, âs found in many small hyper-

saline lakes in the region today. Since the oldest sediment

which has been dated is only 4000 years old, a substantial
portion of the post-GIaciaI Iake sediment is not available

for interpretation. It is assumed that, during the time be-

tween deglaciation and 4000 years before present, Waldsea

Lake acquired much of its total solute content. This as-

sumptíon is accompanied by another: that since then, Waldsea

Lake's annual salt influx is minor.

The curve is drawn to indicate an increased lake lev-

eI around 3300 YBPI I to about 3100 YBP; this interpretation
is based upon the occurrence and age of Unit 3. This unit
is interpreted as having been deposited under relatively

ll Years before present.
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deep (and possibly intermittent temporary meromictic )

conditions because of its similarity to the sediment depos-

ited in unit 5. The mineralogical and textural similarities

of Units 2 and 4 is invoked to draw the curve back to the

"Low" water levels to represent the time during which Unit 4

þ¡as deposited. The curve returns to the "Hígh" leveL phase

from about 2400 YBP to the present, because the lake is rel-

atively deep at present, and the sediment deposited during

this time is very similar in most respects to that which is

being deposited today.

Waldsea Lake's paleohydrology can be compared graphi-

caIIy with t.hat of Devil's Lake, North Dakota (Callender,

1968). Both lakes have a similar history of lake leve1

changes over the last 4000 years (rigure 33), though more

minor fluctuations during the last 1000 years have been in-

terpreted for Devil's Lake. This is probably a function of

minor climatic changes and their influence on the hydrology

of the region.
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4.8 HISTORY AND PALEOCLTMATOLOGY

On the basis of the radiocarbon dates and palynology,

the lowermost sediment recovered from t^taldsea Lake v¡as de-

posited at the end of the "Hypsithermal" (AItithermal, or

thermal maximum). This time is the sub-Boreal episode of

wendland and Bryson (1974). The uppermost part of unit 2 is

near the boundary of the sub-Boreal and sub-Àtlantic epi-

sodes, ât about 2920 YBP. The change in depositional style
(from a chemical sediment-dominated to a detrital-dominated

system) probably reflects changes in temperature, evapora-

tion conditions, and groundwater Level.

In terms of trophic state, pre-sub-Atlantic t{aldsea

Lake was too hypersaline to support much biota, or at }east

not a diversified biota, âs few biological remains have been

preserved. During this time, the basin $¡as probably floored

by solid satts of sodium and magnesium sulfates (mirabilite,

thenardite, bloedite, and epsomite) and possibly chlorides
(¡laC1 ) , which were later di ssolved and added to the lake

brine. Most of the organic mats deposited in this sediment

are allogenic in origin, Iikely being derived from plants

surrounding the Iake, âs indicated by a relatively Iarge

proportion of plant fragments which were derived from grass-

es (r. Stevens, pers. comm.). The deposition of unit 2 was

probably occurring at the same tirne as Unit 1, with the lake

area expanding and contracting in response to minor climatic
variations. Carbonate and sulfate chemical sedimentation
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occurred as brine r+ithin the shallow Iake evaporated and

cooled annually. Rounded gypsum silt laminae in Units I and

2 l-ikely represent rapid supersaturation of the brine with

respect to gypsum by cooling, evaporation, or brine mixing.

Unit 3 represents a deepening of the Iake, possibly

at the end of the sub-Atlantic episode (approximately 2500

YBP.). A "co1der, moister phase", based on the increase in

Pinus and Picea pollen (Kroker, pers. comm.i Figure 2I), al-
lowed a substantial increase in Iake leveI and attendant de-

crease in salinity. The presence of aragonite in laminae

indicate a high Mg-Ca ratio (probably over 12tI, MüIIer,

1972), and the possibility of chemical stratification of the

brine system. It is IikeIy that this sediment $¡as formed

under similar conditions as those of the more recent sedi-

ments (discussed later).
The lake brine v¡as probably nearly saturated with re-

spect to the minerals in the "salt", and freshwater influx
would easily create density stratification. Periods of mix-

ing could form araqonite laminations by the process of brine

mixing described by Raup (1982) or by evaporation. In ei-
ther-case, preservation of the laminated sediment was accom-

plished by an initial high salinity, and reducing condi-

tions. These conditions decrease biological diversity and

effectively eliminate bioturbators from the system. À simi-

Iar situation has been described in the BIack Sea (Degens

and Stoffers, 1975). VirtuaIIy a1l of the aragonite seen in
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SEM photos of Waldsea Lake sediments show dissolution fea-

tures, which are likely due to intrasedimentary dissolution

after deposition. This relatively cool period warmed (nrok-

êr, pers. comm.), and the lake became shallower and more sa-

line through increased evaporation.

Unit 4 (2300 to 1200 years B.P.) deposition has been

ínterpreted on the basis of the similariLy of the sediment

to have been deposited under similar conditions to unit 2.

Since no present-day analogues have been found in Saskatche-

!üan, a detailed definition of the chemical and physical con-

ditions of the lake at that time is not possible. Paleolim-

notogical investigation of the biological remains may offer

more informat ion. Once again, chemical sedimentat ion of

sparingly-soluble mineral compounds increased, and very ear-

Iy diagenesis was accelerated. Protodolomite may have been

formed by the recrystallization of aragonit.e under excess

magnesium conditions, or possibly by the "freeze-dry" method

proposed by MuIler and Fischbeck (1973). Dolomite cementa-

tion could occur on the sediment surface or below, under

schizohaline conditions caused by intermittent flooding and

evaporat i on .

Unit 5 sedimentation began about 1200 YBP, near the

end of the sub-Àtlantic. Cooling and a decrease in evapora-

tion coupled with an elevating groundwater table caused an

increase in lake leveI, and a return to the sedimentation

pattern of Unit 3. Salinity decreased as lake levels rose
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due to freshening of the brine by mixing of fresher influx.
Sedimentation rates also apparrently decreased, but this may

be due to the change in lake area with increases in lake

Ieve}, rather than real increases in sediment load. This

pattern of sedimentation has continued with little change

since then.
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Chapter V

SUMMÀRY ANÐ CONCLUSTONS

1. Waldsea Lake's basin occurs on a glaciaJ- lake p1ain.

The material available to wash into the lake contains

carbonates (calcite and dolomite) and other clastic
minerals (gua rEz , f eì-dspars, and clays ) .

2. The soil contains salts which can be washed into the

Iake.

3. The groundwater is generally of low salinity, and may

be a major source of salts for the lake.

4. Waldsea is chemically stratified and meromictic at

present. The merornixis is primarily ectogenic in its
origin, but cryogenesis and diffusion of salts from

the sediment may be important processes in maintain-

ing stratification and increasing its stability.
5. The chemocline is decreasing in elevation, but sta-

bility calculations do not indicate any systematic

decrease or increase.

6. Chemically, Irlaldsea Lake water is a Mg-Na-SOo-Cl

brine.

7. Precipitation of aragonite occurs on an irregular ba-

sis. Aragonite is the precipitated carbonate phase

because of the high Mg:Ca ratio, pH, salinity, and

alkalinity.
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8.

9.

10.

11.

12.

13.

14.

Itr

16.

!7.

The inorganic sediment is of three origins--

a ) Allogenic

b) Endogenic

c ) Authigenic (diagenetic ) .

AragoniLe occurs in the sediment as both disseminaled

grains and laminae.

Low-Mg calcite occurs only as detrital (allogenic)

material.

High-Mg calcite probably occurs as an authigenic

phase replacing aragonite.

Protodolomite may occur as a primary precipitate, or

as a diagenetic phase replacing aragonite.

Dolomite (stoichiometric and ordered) occurs as clas-

tic material and also as a very early diagenetic

product cementing silty laminae.

Gypsum is the major sulfate mineral in Waldsea Lake

sediments. Several morphologies of crystals may ín-

dicate changes in conditions of formation or preser-

vation.

Mi rabi l it.e occurs in the lowermost sediments and in-

dicates hypersaline conditions during deposition.

Native sulfur is found as a disseminated mineral in

the sediment.

The sediment recovered from l{aldsea Lake has a maxi-

mum radiocarbon age of about 4000 years.

TT2



18. Sedimentation rates calculated on the basis of 14C

radiochronology vary from 0.5 to 1.5 mm/yr. There is

a general decrease over the last 3000 years.

19. Sediment character varies due to changes in physical,

chemical, and biological conditions within the lake.

These changes in sediment character can be used to

interpret the history and climatology of the lake ba-

s1n.
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ChaPter VI

SUGGESTIONS FOR FURTHER STUDIES

Waldsea Lake and its sediments could provide a wealth

of information which would be useful in understanding both

its present physical,/chemical and biological and sedimento-

logical regimes. Despite Èhe abundance of previous studies

(see Appendix A), many more will be needed in order to ade-

quately understand the lake and its changes ín time. Sever-

aI .suggestions for further studies are hereby put forth:

1. Ðetailed chemical studies of the Iake water, ground-

water, and runoff would be useful in establishing

both water and salinity budgets.

2, Measurements and calculation of heat and energy budg-

ets would shed Iight on the stratification stability.

3. Suggested paleolimnological studies include:

a) Diatom stratigraphy,

b) Pigment and pigment derivative stratigraphy,

c) Stratigraphy of botanical remains, and

d) Stratigraphy of zoological remains.

4. Recovery of core samples which represent the entire
post-Glacial record to define the early developmental

history of the lake and its watershed could also in-

clude studies as previously suggested.
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5.

6.

7.

8.

a

10.

Detailed chemical and mineralogical analyses would be

useful in delineating both changes in chemical condi-

tions during deposition, and also changes incurred

during diagenesis.

Stable isotope analyses (carbon, sulfur, and oxygen)

would be helpfuÌ in the interpretation of changes in

temperature, salinity, and other conditions, which

are recorded in the sediment.

Pore water studies would provide information useful

in characterizing diagenetic changes in the sediment.

Detailed trace metal analyses (both "whole rock" and

specific mineral

and organic fractions) would prove useful in evalu-

ating recent anthropogenic influences on the Iake

system.

Comparison studies of the previously suggested stud-

ies and similar studies on nearby Deadmoose Lake (ttre

only other reported meromictic lake in Saskatchewan)

would provide an excellent opportunity to evafuate

the chemical-/bio1ogical,/sedimentological responses of

two lakes of different morphometries and chemistries

only 3 km apart which probably have undergone simil-ar

developmental histories.

Laboratory-oriented studies of lakewater-mineraL ín-

teractions and changes due to evaporation wiIl be

able to clarify problems encountered while comparing

calculated saturation indices and saturometry.
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Lake.

Àppendix À

ANNOTATED BIBLTOGRAPHY OF PREVIOUS STUDTES

following is an annotated bibliography

and unpublished materíal pertaining to

of the

I^laldsea

Hammer, U. T., R. C. Haynes, J. M. Heseltine and S. M. Swan-

son, I975. The SaIine lakes of Saskatchewan. Verh. Inter-

nat. Verein Limnol. volume 19, pages 589-598.

This article was presented as an interim report on

the research being done on saline lakes at the University of

Saskatchewan.

Hammer, U. T., 1978a. The saline lakes of Saskatchewan: I.

Background and rationale for safine Iake research, Int. Rev.

ges. Hydrobiol. v. 63, pages 173-177.

Though this is not specifically a reference on WaId-

sea Lake, it is the first article in a series on saline

lakes research which gives the uninitiated reader a back-

ground on the hydrographic, chemical and biological setting

in the saline lakes of Saskatchewan.

Hammer, U. T., R. C, Haynes, J. R. Lawrence and M. C. Swift,

\978. The saline Iakes of Saskatchewan: II. Locale, hydrog-

raphy and other physical aspects. Int. Rev. ges. Hydrobiol.

vol-ume 63, pages 179-203.
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This article discusses the physical and hydrological

setting of the Saskatchewan saline }akes. Waldsea Lake is

one of sixty lakes which are included in the study, and one

of eleven which are presented in detail. the morphometry

and physical setting is discussed and related to other

Iakes.

Hammer, U. T., 1978b. The saline Iakes of Saskatchewan! III.

Chemical characterization. Int. Rev. 9es. Hydrobiol. volume

63, pages l-79-203.

The chemistry of sixty saline lakes in Saskatchewan

is compared and contrasted. Some trace constituent analyses

for Waldsea Lake are also reported.

Hammer, U. T., J. Shamess, and R. C. Haynes, 1983. The dis-

tribuLion and abundance of algae in saline lakes of Saskat-

chewan, Canada. Hydrobiologia, volume 105, pages I-26.

This arLicle is an excellent review and documentation

of algae in the Saskatchewan saline lakes, including Waldsea

Lake. Spec ies I i sts are given.

Haynes, R. C. and U. T. Hammer, 1978. The saline lakes of

Saskatchev¡an: IV. Primary production of phytoplankton in

selected saline ecosystems. Int. Rev. 9es. Hydrobiol. vol-

ume 63, pages 337-351.

Primary production figures are given for some of the

lakes presented in the previous articles in the series.

Waldsea Lake is one of the lakes which is discussed.
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Heseltine, J. M., I976. A study of environmental influence

on the distribution of submerged vascular hydrophytes in

three Saskatchevran saline Iakes ( including l,laldsea Lake) ,

with emphasis on substrate factors., M.Sc. thesis, Depart-

ment of Biology, University of Saskatchewan, 75 pages.

Heseltine relates surficial 'sediment type' to the

distribution of the aquatic plant Iife found in three lakes.

The 'sediment types' include sand, siIt, and clay, as well

as mixtures of the lhree.

Last, W. M., and Schweyen, T. H., 1983. Sedimentology and

geochemistry of saline lakes of the Great PIains, Hydrobiol-

ogia, volume .105, pages 245-263.

A general overview of the sedimentology and geochem-

istry of some of the saline lakes found strewn hither and

yon across the Great Plains. Waldsea Lake sediment photo-

graphs are presented, as well as other data on Waldsea Lake.

Lawrence, J. R., 1978. Factors influencing the contribution

of Chlorobacteriaceae to primary production in a saline mer-

omictic Iake., M.Sc. thesis, Department of Biology, Univer-

sity of Saskatche$¡an, 103 Pages.

Lawrence studies the changes in primary production of

green sulfur bacteria Iiving in the chemocline of Waldsea

Lake relative to environmental factors, including tempera-

ture, oxygen and hydrogen sulfide concentrations, PH, Eh,

and tight transmittance of the overlying waters.
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Lawrence, J. R., R. C. Haynes and U. T.

Contribution of photosynthetic green sulfur

tal primary production in a meromictic lake.

Verein. Limno]. volume 20, pages 201-207,

This is a concise presentation of the

by Lawrence and his colleagues during the

M.Sc. work.

Hammer, 1978.

bacteria to to-

Verh. Internat.

data collected

course of his

Parker, R. D., 1980. The ecology and primary production of

l imnet ic phytoplankton , \4¡i th emphas i s on the chromat iaceae

in a saline meromictic Iake. M.Sc. Thesis, Department of Bi-

ology, University of Saskatchev¡an, I34 pages.

Though Èhis thesis is actually on Deadmoose Lake (ttre

only other reported meromictic saline lake in Saskatcheh¡an,

located approximately 2 km northeast of Waldsea Lake), it
provides an interesting comparison of the two stratified

systems. Physical parameters of Deadmoose Lake are meas-

ured, and primary production estimates are given.

Parker, R. D., J. R. Lawrence, and U. T. Hammer, 1983. A

comparison of phototropic bacteria in two adjacent saline

meromictic lakes. Hydrobiologia, volume 105, pages 53-62.

Waldsea and Deadmoose Lakes are compared physically,

chemically, and bioIogically. Some possible explanations

are given as to why the chemoclines of the two lakes support

two different populations of phototrophic bacteria.
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Schweyen, T. H., and Last, W.

paleohydrology of Waldsea Lake,

of the Second Biennial Plains

M. D. Scott, (ed. ) .

Most of the material in

this thesis.

M. , 1983. Sedimentology and

Saskatcher.ran. Proceedings

Aquatic Research Conference,

this article is presented in

Swanson, S. M., 1978. Ecology and production of macrobenthos

of watdsea Lake, Saskatchewan, with emphasis on Cricotopus

ornatus (oiptera:Chironomidae) . Ph.D. thesis, Department of

Biology, UDiversi ty of SaskatcheÌ{an , 238 pages.

This thesis discusses the biomass of the chironomids

of Waldsea Lake and gives an indication of the amount of bi-

oturbation on a fine scale which is occurring because of

them. She al-so presents the bathymetric map upon which the

morphometric measurements for this thesis are based.

Swanson, S. M., and U. T. Hammer, 1983. Production of Cri-

cotopus ornatus (l,teigen ) (oiptera: Chi ronomidae ) in Waldsea

Lake, Saskatchewan. Hydrobiologia, volume 105, pages

155-164.

Production figures are given for these chironomids in

Waldsea Lake.

Tones, P. I., 1-976. Factors influencing selected Iittoral

fauna in saline lakes in Saskatchewan, Ph.D. thesis, Depart-

ment of Biology, University of Saskatchewan, 185 pages.
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Six fauna are discussed in four different saline

lakes of which Waldsea Lake is one. She discusses the pro-

cesses by which these insects and crustaceans regulate the

salinity within their bodies in contrast to the salinity of

their environment.

Tones, P. I., 1978. Osmoregulation in Trichocorixa Vertical-

is interiores Sailer (Hemiptera:corixidae), an inhabitant of

Saskatchewan saline lakes, Canadian Journal of Zoology, vol-

ume 53, pages 1207-1212.

This is the published results of part of Tones' Ph.D.

research. Onty the information about the corixid (an in-

sect) is presented.

Tones, P. r., 1983. Megalocypris inqens Delorme

in Saskatchewan saline lakes: osmoregulation and

Hydrobiologia, volume 105, pages 133:136.

Data collected during Tones' Ph.D. studies

tracod MegalocvpE:Ls are discussed.

(ostracoda)

abundance,

on the os-
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Appendix B

CHUNG' S AÐTABATIC PRINCIPLE OF MATRIX-FLUSHTNG
SYSTEMS

The following WATFIV program calculates percentages

of mineral phases in a mixture by using Chung's (tglEø) adi-

abatic principle of matrix-flushing systems. The calcula-

tions are rather simple, but the results will be valid only

for materials in the sample that have the same degree of

crystallinity. The well-crystalline materials (quartz, ara-

gonite, dolomit,e, pyrite, and low-Mg calcite) vrere chosen

because of their abundance. Bassanite $ras measured because

the samples had been heated to 1050, and some of the gypsum

had been dehydrated. Reference intensities were calculated

by measuring peak intensities of prepared samples of 50%

mineral - 50% guartz and dividing (quartz htas used as the

internal standard because of its ubiquity). The resulting
ratios were used to calculate relative percentages of these

specific mineral phases in the sample.

FLUSH, the first program, does the basic mineral cal-
culations. FLUSH2 calculates the minerals and prepares the

data for plotting as in Figure 19. FLUSH3 calculates ratios

of mineral specific mineral pairs.
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\-
c
c

c

c
c
c
c

c

JOB þJATFIV FLUSH,NOEXT
CHARACTER IDENT*2O, IEND*4
DATA I END/ ' 9999' /

PROGRAM: FLUSH BY T . SCHWEYEN 1 983

THIS PROGRAM CALCULATES THE RELATIVE PERCENTAGES OF SEVEN MINERALS
IN A LAKE SAMPLE SEDIMENT. CALCULATIONS ARE BASED ON FRANK CHUNG'S
( 1974) ADIABATIC PRINClPLE OF X-RAY DIFFRACTION MATRIX FLUSHING
SYSTEM. REFERENCE TNTENSTTIES ARE CALCULATED FROM THE RELATIONSHIF
OF AN UNAMBIGUOUS PEAK OF THE MINERAL IN QUESTION AND THE HIGHEST
PEAK OF QUARTZ. THE REFERENCE INTENSITY, T1/1.A, IS USED TO CALCU
LATE THE CONCENTRATION OF THE MINERAL BASED ON THE INTENSITIES OF

ALL OF THE MATERIALS IN THE SAMPLE. THUS RESULTS ARE RELATIVE ONLY
TO THE OTHER MINERALS ALSO CALCULATED T'JITH THE ADIABATIC PRINCIPLE

PRINT, ' IDENTIFICÄTION QUARTZ
1 E DOLOMITE ARAGONITE BASSÂNITE
DO 1OO I=l, 1OOO
READ ( 5,2 ) IDENT, QZ, ARAG, DOL, CALC, GYP, BAS, PYR

FORMÀT(A19,7F5.O)
IF (IDENT.EQ.IEND)GO TO 11O

REFERENCE INTENSITTES FOR EÂCH MINERAL BASED ON QUARTZ
QA=.17
QC= .69
QD=. 28
QG=. 14
QB= .3s
QP= .32

INlTIALIZE CONCENTRATIONS TO O PERCENT
XQZ=O.
XGYP=O.
XARAG=O.
XDOL=O.
XCALC=O.
XBAS=O.
XPYR=O.

CHECK FOR INTENSITIES OF O, AND SKTP CALCULATION OF CONCENTRATION
IF SO.

GYPSUM
PYRITE

CALClT
TOTAL'

2

20

30

40

50

c

c
c

IF (QZ.EO.
xaz=1./(1.

1 )+ ( PYRi/OP )

o)co ro 20
+ ( ( 1 . / Az)* ( ( aRAG,/QA ) + ( calc/Oc ) + ( DoL/aD )+ ( GYP,/QG ) + ( BAS,/OB

)))
o)Go ro 30
. + ( ( Oc,/cyp ) * ( ç7+ ( ARAG/QA ) + ( cALc / Oc) + (DoL /OD )+ ( BAS,/OB ) + (

IF(GYP.
XGYP= 1 .

1 PYR/QP )
IF(ARAG
XARAG=.1
IF(CALC
XCALc= 1

.o)co ro 40
1 . + ( ( OA/ARAG ) * ( Qz+ ( cYP,/Qc )+ ( calc/Qc )+ ( D0L/OD ) + ( BAS/OB )
.o)co To 50
1 . + ( ( Oc,/cALc ) x ( ez+ ( Gyp/ec ) + ( ARAG/OA ) + ( DoLlOD )+ ( BÀS/OB )

rF(DoL.EO.O)Go ro 60
xorjl=t ./(1.+((QD,/DOL)*(OZ+(cYPlQG)+(ARAG,/QA)+(CÂLC/OC)+(BAS,/OB)+(

lPYR/OP))))
rF(BAS.EQ.O. )Go ro 70

EQ.
/(1
)))
.EQ
./(
.E8
./(

1(PYR/OP))))

1(PYR/OP))))
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c

c

70

80

90

100
110

ENTRY

XBAS=1 ./(1.+((OB,/BAS¡x1ç7+(GYP,/çç)+(ARAG,/QA)+(CALC,iOC)+(DOLIOD)+(
lPYR/OP))))
IF(PYR.EQ.O. )GO TO 80
XpyR= I . / ( 1 . + (( Op/pyR ¡ x 

1 q7+ (cyp/ec)+ ( ARAG/QA )+( cALc/Oc )+ ( DoL/OD )+ (
lBAS/OB) ) ) )

RUN TOTAL AS A MATHEMATICAL CHECK
XTOT=XQZ+XDOL+XARAG+XCALC+XGYP+XBAS+XPYR

CONVERT TO PERCENTAGES.
XQZ=XQZ* 1OO.
XGYP=XGYP* 1OO.
XARAG=XARAG* 1 OO .

XCALC=XCALC* 1OO.
XDOL=XDOL* 1OO -

XTOT=XTOT* 1OO.
XBAS=XBAS* lOO.
XPYR=XPYR* 1OO.
XGYP=XGYP+XBAS
WRITE ( 6, 90) IDENT, XQZ, XGYP, XCALC, XDOL, XARAG, XPYR, XTOT
FORMAT( 3X, A20, 6X, F6 . 2,7X,F 6. 2,7X, =6.2,7X, F6 - 2,7X,F6 -2,7X,F6. 2' 6X' F

16.2,6X,F6.2)
CONT ] NUE
CONT I NUE
STOP
END
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c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c

JOB WATFIV FLUSH,NOEXT
CHARACTER IDENT*20, IEND*4
DATA rEND/',9999',/

PROGRAM: FLUSH2 BY T. SCHWEYEN 1 983

THIS PROGRAM CALCULATES THE RELATIVE PERCENTAGES OF SEVEN MINERALS
IN A LAKE SAMPLE SEDIMENT. CALCULÀTIONS ARE BASED ON FRANK CHUNG'S
(1974) ADTABATIC PRINCIPLE OF X-RÀY DIFFRACTION MATRIX FLUSHING
SYSTEM. REFERENCE INTENSITIES ARE CALCULATED FROM THE RELATIONSHIP
OF AN UNAMBIGUOUS PEAK OF THE MINERAL IN QUESTION AND THE HIGHEST
PEAK OF QUARTZ. THE REFERENCE INTENSITY, T1/7A, IS USED TO CALCU
LATE THE CONCENTRATION OF THE MINERAL BASED ON THE INTENSITIES OF

ALL OF THE MATERIALS IN THE SAMPLE. THUS RESULTS ARE RELATIVE ONLY

IO THE OTHER MINERÂLS ALSO CALCULATED I¡/ITH THE ADIABÂTIC PRINCIPLE
SUMMATION RESULTS ARE THEN RECALCULATED FOR PLOTTING ON 1OO PER

CENT DIAGRAMS.

PRINT, ' IDENTIFICATION QUARTZ GYPSUM CALCÍT
1 E DOLOMITE ARAGONITE BASSANTTE PYRITE ÌOTAL'
Do lOO I=1, IOOO
READ ( 5, 2 ) IDENT, QZ, ARAG, DOL, CALC, G'IP , BAS , PYR

2 FORMAT(A19,7F5.O)
rF (TDENT.E0.IEND)GO TO 11O

REFERENCE INTENSITIES FOR EACH MINERAL BASED ON QUARTZ
QA=. 17
Qc= .69
QD-- .28
QG=. 14
QB= .35
QP= . s2

INITIALIZE CONCENTRATIONS TO O PERCENT
XQZ=o.
XGYP=O.
XÁRAG=O.
XDoL=O.
XcALC=O.
XBAS=O,
XPYR=O.

CHECK FOR INTENSITTES OF O, AND SKIP CALCULATION OF CONCENTRATION
IF SO.
rF (oz.EQ.o)Go r0 20
xez= I . / ( 1 . + ( ( i . / az)* ( ( ARAG/QA ) + ( cAlc/ac )+ ( ooL,/QD )+ ( GYP/QG ) + ( BAS/OB

1)+(PYR/QP))))
20 IF(GYP.EQ.O)GO TO 30

XGyp= 1 . / (1 .+( (Oc,/cyp)*(Qz+(ARAG,/OA)+(CALC,/OC)+(DOL,/OD)+(BAS/OB)+(
lPYR/AP))))

30 IF(ARAG.EQ.O)GO TO 40
XARAG= 1 . / ( 1 -+ ( ( OA/ARAG ¡ x 

1 q7+ ( eyP/QG ) + ( CALC,/çç )+ ( DOL/AD ) + ( SAS,/AB )
40 rF (CALC. EQ.O)Go TO 50

Xcalc= 1 . / ( 1 .+ ( ( ec,/cALc ¡ * 1 ç2+ ( cyp/ec )+ ( ÂRAG/Q¡ ) + ( D0L/QD )+ ( BAS,/OE )
so ÌF(DoL.EO.O)GO TO 60

c

c

1(PYR/OP))))

1(PYR/OP))))
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c

60

70

80

90

100
110

ENTRY

xDoL= l . / ( I . + ( ( Oo/oot- ¡ * 1 q7+ ( GYP,/OG ) + ( ARAc/aA )+ ( ç¡¡67Qc ) + ( BAS/OB ) + (
lPYR/OP))))
rF(BAS.EQ.O. )cO rO 70
XBAS= 1 . / ( 1 . + ( ( OB/BAS ) * ( Oz+ ( cyp/Oc ) + ( ARAG,/OA )+ ( cALc/Oc ) + ( DoL/OD )+ (

lPYR/OP))))
rF(PYR.EQ.O. )GO TO 80
XpyR= t . / ( 1 . + (( On/nvn ¡ " (ez+ ( cyplec )+ ( ARAG/QA )+ ( cALc/Oc )+ ( DoL/eD )+ (

lBAS/OB))))
RUN TOTAL AS A MATHEMATICAL CHECK

XTOT=XQZ+XDOL+XARAG+XCALC+XGYP+XBAS+XPYR
CONVERT TO PERCENTAGES.

XQZ=XQZ* lOO.
XGYP=XGYP*1OO.
XARAG=XARAGx 1OO.
XCALC=XCALC * 1OO.
XDOL=XDOLx 1OO.
XTOT=XT0T* 1OO.
XBAS=XBAS* 1OO.
XPYR=XPYR* 1OO.

ADD FOR 1OO PERCENT DIAGRAM
XARAG=XARAG+XQZ
XCALC =XCA LC+XARAG
XDOL=XDOL+XCALC
XGYP =XGYP+XDOL+XBAS
XPY R = XPYR+XGYP
hIR I TE ( 6, 90) IDENT, XQZ, XGYP, XCALC, XDOL, XARAG 

" 
XBAS, XPYR, XTOT

FORMAT ( 3X , A2O,6X , F6 . 2,7X,F6 .2,7X ,F6 .2 ,7X ,F6 .2 ,7X ,F6 .2 ,7X,F6 .2,6X,F
16 . 2,6X ,F6 .2,6X, F6.2 )

CONT I NUE
CONT I NUE
STOP
END

c
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LIOB WATFIV FLUSH,NOEXT
CHARACTER IDENT*20, IENDX4
DATA rEND/',9999',/

PR0GRAM: FLUSH3 BY T . SCH\¡,EYEN 1983

THIS PROGRAM CALCULATES THE RELATIVE PERCENTAGES OF SEVEN MINERALS
IN A LAKE SÄMPLE SEDIMENT. CALCULA]IONS ARE BASED ON FRANK CHUNG'S
(1s74) ADIABATIC PRINcIPLE oF X-RAY DIFFRAcTIoN MATRIX FLUSHING
SYSTEM. REFERENCE INTENSITIES ARE CALCULÂTED FROM THE RELATIONSHIP
OF AN UNAMBIGUOUS PEAK OF THE MINERAL IN QUESTION AND THE HIGHEST
PEAK OF QUARTZ. THE REFERENCE INTENSITY, I1/TA' IS USED TO CALCU

LATE THE CONCENTRATION OF THE MINERAL BASED ON THE INTENSITIES OF

ALL OF THE MATERIALS IN THE SAMPLE. THUS RESULTS ARE RELATIVE ONLY

TO THE OTHER MINERALS ALSO CALCULATED V'ITH THE ADIÄBATIC PRINCIPLE
RESULTS OF FLUSH3 ARE RATIOS OF SPECIFIC MINERAL PAIRS.

PRTNT, ' IDENTIFICATION XQA XQD XDC

1 XAD XAG XAC XQG XAE

DO 1OO I=1, IOOO
READ ( 5, 2 ) TDENT, 8Z 

" 
ARAG, DOL, CALC, GYP' BAS' PYR

2 FORMAT(A19,7F5.O)
IF (IDENT.EQ.IEND)GO TO 11O

REFERENCE INTENSITIES FOR EACH MINERAL BASED ON QUARTZ

QA=. 17
Qc= .69
QD= .28
QG=. l4
QB=.35
QP= .32

INITTALIZE CONCENTRATIONS TO O PERCENT
XQZ=O.
XGYP=O.
XARAG=O.
XDOL=O.
XCALC=O.
XBAS=O.
XPYR=O.

CHECK FOR INTENSTTIES OF O, ÂND SKIP CALCULATION OF CONCENTRATION
IF SO.
IF (QZ.EQ.O
XQZ=l./(1.+

1 )+(PYR/OP) )

c

c

20

30

40

50

)co((t
))

TO 20
/Az\* ( ( aRAG,/eÂ )+ ( cALc,/Qc )+ ( D0L,/AD )+ ( GYP/OG )+ ( BAS/OB

rF(cYP.EO.O)GO TO 30
ieip= r . / i t . * (( OG/cYP ) * ( QZ+ ( ARAG,/OA ) + ( cALc/Oc ) + ( DoL/QD )+ ( BAS/OB ) + (

lPYR/OP))))
rF(ÂRAG.EQ.O)GO ro 40
xaÈae=1./(1.+((OA,/ARAG)*(ql+(cYP,/ç6)+(cAlc,/ac)+(93¡7OD)+(BAS,/QB)
rF(CALC.EQ.O)GO TO 50
xcÀlc= 1 . / ( I .+ ( ( ec,/cAlc ) * ( OZ+ ( cyplQc ) + ( ÄRAG,/AA ) + ( ¡6¡7no )+ ( aAS/aB )
IF(DOL.EO.O)GO TO 60
ioòr-=i ./(t.i<(oD/DoL)*(q¿+(cYP,/QG)+(ARAc/QA)+(cALc/oc)+(BAS,/QB)+(
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lPYR/OP))))
60 rF(EAS.EQ.O.)GO TO 70

XBAS= I . / ( 1 . + (( QB/BAS ) * ( QZ* ( GYP,/q6 ) + ( ARAG/QA )+ 1 ça¡a7Qc ) + ( DoL/oD )+ (
lPYR/OP))))

70 IF(PYR.EQ.O.)co rO 8O
xpyR=1./(1.+((op/pvn¡x1ç7+(eyp,/oc)+(ARAG,/QA)+(CALC/iOC)+(DOL/QD)+(

lBAS/AB))))
C RUN TOTAL A5 A MATHEMATICAL CHECK
80 XTOT=XQZ+XD0L+XARAG+XCALC+XGYP+XBAS+XPYR

C CONVERT TO PERCENTAGES.
XQZ=XQZx 1OO.
XGYP= ( XGYP+XBAS ) * 1OO.
XARAG=XARAG* lOO -

XCALC=XCÂLC* 1OO.
XDOL=XDOL*1OO.
XTOT=XTOT* 1OO.
XPYR=XPYR* 1OO.

C CALCULATE RATIOS OF PERCENTAGES
XQA=XQZlXARAG
XQD=XOZlXDOL
XDC=XDoL/XCALC
XAD=XARAG/XDOL
XAG=XARAG/XGYP
XAC=XARAG/XCALC
XQG=XQZlXGYP
XAE= (XARAG+XGYP+XPYR )/ ( XDOL+XCALC+XQZ )
UIRITE (6, 90) IDENT, XQA, XQD, XDC, XAD, XAG, XAC, XQG, XAE

90 FORMÂT(3X,420,6X,F6.2,7X,F6.2,7X,F6.2,7X,F6,2,7X,F6.2,7X,F6.2,6X,F
16. 2,6X,F6 -2,6X, F6.2)

1OO CONTINUE
1 1O CONTTNUE

STOP
END

ENTRY
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Appendix C

TÐSO'S METHOD OF CALCULÀTTON OF STABTLITY OF
STRÀTT FT CAT] ON

Idso (fgZg) proposed a method of calculating the sta-

bility of stratification (ttre amount of work hypotheticatly
needed to mix a lake to uniform temperature and density).
The following WÀTFIV program, modified from a prototype

written by Doug BeIl (University of Manitoba), does the cal-
culations and prints out various parameters in tabular form.
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JOB WATFIV SCHWEY,NOEXT C PROGRAM TO CATCULÀTE STABILITY
OF STRÀTIFTCATION

REAL
z ( 50 ) , Az ( 59 ) , RHoz ( 50 ) , RHoBÀR, zRHo , zMAx, s , vsrRÀT ( 50 ) , voL ,

+vToT( 50 ) ,ATOT( 50 ) ,GRAD, INCR
REÀD , (z(t) ,A,z (r ) , RHoz ( t ) , t =1,50 )
AT END DO

I=I-1
ZMAX=Z ( T )

END AT END C CÀLCULATTON OF VOLTME OF STRATUM
VOL=0
DELTÀZ=z(2) -z(l)
N=I
WHILE(N.GE.1)DO

VSTRAT ( N ) =Dnr,tÀz*Az ( N )
VOL=VOL+VSTRAT ( N )
VTOT(N)=VOr,
N=N-1

END WHILE C CALCULATTON OF % TOTAL ÀREA
J=1
wHT LE (.r . rn . I )DO

Aror(r)=ez(t)/tz(t)
J=J+1

END WHILE C CALCULATION OF MEAN DENSÏTY;RHOBAR
RHOBAR=0
K=I-1
J=1
wHILE(.r.le.K)DO

RHOBAR=RHOBAR+ ( (T/VOT,) *RHOZ (¿ ) *AZ ( J ) *DELTAZ )
J=J+1

END hIHItE C CALCULATTON OF CENTER OF GRAVTTY, ZRHO
J=1
vtHI LE (,: . r,t. I )DO
IF(RHOZ(¡) .Ig.RHOBAR .AND. RHOBAR.LE.RHOZ (¡+T) )THEN OO

GRAD= (nHOZ ( ;+t ) -RHOZ (.1 ) ) /100
rNCR= ( RHOnan-RHOZ ( ; ) ) /CneO
zRHO=Z (¡) +rHCR

END ÏF
J=J+1

END WHTLE C CALCULATION OF STABILITY OF STRATIFICATTON
S=0
J=1
WHI LE (.: . T,N . I )DO

s=s+ ( (t/nz ( 1 ) * ( nHoz ( ¡) -nHosAR) *Az (¡ ) * ( z(J) - zRHo) ) *r00 )
J=J+1

END WHILE
PR]NT lOO
K=1
WHI LE (K. T,E . I )DO

PRINT 200,2 (K),AZ (K),VrOr(r)
K=K+1

END VIHILE
PRINT 3OO
PRINT 400, RHOBAR, ZRHO, S
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100 FoRMAT('1"15X,'DEprH(CM) 
" 

10X,'AREA
STRATUM(se.cM)' ,10x,+,2 TOTÀL AREA' ,10X, IVOLUME SU¡I(CUB]C CU)' /)
200 r'oRtqar( ",T!7,F10.0,T42,F,r}.4,T72,F.10.4)
300 FoRMAT('-' ,32X,', MEAN DENSITY' ,10X,'CENTER

GRAVITY' , L0X,
+'STABILTTY, , /)

400 roRuat( " ,T38 ,F6.4,T60, F7 .2,T74,Fl0.4 )

STOP
END ENTRY

OF

OF
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250. ,
350. ,
450. ,
550. ,
650. ,
750. ,
850.,
950. ,
1050.
1150 .
1250.
1350.
1450.

,448
.348
.988
.678
.348
,048
.287
.6E7
9. 0E
1. 0E
5.08
2.08

.025

.025

.025

.025

.025

.025
r69
I25
.169
.169
.159
.169

2
2
I
I
1
I
7
2

,
ì
ì
,
,

8r1
8rl
8r1
8r1
8r1
8,1
,1.
,f.
6r1
6,1
5r1
5r1

0. ,1.169

'Sample data set for stability calculations, I974'

l_ 41



DEprH(cl'r) AREA oF srRATnM(se.c¡¿) voru¡¿e suu(cuBrc cu)

250.
350.
450.
550.
650.
750.
850.
9s0.

1050.
1150.
1250.
r350.
1450.

0,2440E09
0.2340809
0.1980809
0.1670809
0.1340809
0.1040809
0,7200808
0,2600808
0.9000807
0.1000807
0.5000E06
0.2000E06
0.0000800

0.1190812
0 . 94 57811
0.7117811
0.5137E11
0.3467811
0 . 21 27EIr
0.1087811
0.3670810
0.1070810
0.1700E09
0.7000808
0.2000808
0.0000800

MEAN DENSITY CENTER OF GRÀVTTY STABTLTTY

r.0372 758.47 2371,6660

Sample output of stability calculations
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Appendix D

CORE DESCRTPTTONS

The following core descriptions were chosen for pres-

entation because they are representative of the widest range

of sediment types found in Waldsea Lake. The descriptions

contain numerous abbreviations; these are formulated in ac-

cordance with the Colorado Schoo] of Mines (Low, l95l) stan-

dard usage.
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CORE SITE W1Â

Genenaì Notes:

Cones defonmed by extrusion due to pantial fneezjng

Laminae stretched and folded.

Uppen 25 cm (?) finely lamìnated, carbonate laminaê pink to gney

Nondistinct throughout uppen netne.

Second canbonate iaminae selies @ 153-l58; grey at base, 179-J82 cm

fin

Col lected: February 82

Recovery: O-1 78cm; 1-2 82cm
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CORE SITE U/18

Date col ìected t{INTER 82

Recoveny: l-2 53cm.

Genenal Notes:

Core site to neplace VJIA cores def ormed by extrus jon ( 10 m r.rest of W1A)

Second canbonate laminated series @ 145 cm; onganic fjbne zone @

140- 144cn.

Veny thin sand @ 142.5 cm.

DEPTH

100- 1 12.4

110-112-4

DESCRIPTION

Cone distunbed by extnusion due to pantial freezing.

Black 5YR2.5/ I clay, sl ightìy si I ty, moderately firm.

Two carbonate laminae @ 102.5, 104.5--fOYR8/1, SYR9/2.

D i ssem i nated canbonate thnoughout .

Gney-green 5Y3/1i gypsum-silty clay, with indistinct contacts

Gypsum siìt ìaminae and carbonate-poor throughout.

112.4-114.2 Black 1OYR2.5/1, slightly silty in pant.

Fine fibres fnom 110 on, \^,jth some ostracod shells interspersed

114.2-124.7 clay, 5Y3,/2,5YR2.5/1, with some organic fibnes; canbonate

in pant, incneasing downwand.

124.7-13A Clayey silt to silty c1ay,7.5YR4/O; massive to subtly

laminated in parts (Gypsum siìt lamina @ 135, 7.5YR6,/O); stnongly to

moderately carbonate-nìch. Cìayey fine sand in part, 133-134, 136-137

145



't38-141

'141-143.7

143.7-149

149- 152.5

fin

Organic Zone, Radiocarbon sampìe 141-143'l; Quartz sand on bedding

plane @ 141; gypsum silt lamina @ 138.7.

Clay, black, siìty in part, lOYR2.5/l; carbonate-rich.

Canbonate Senìses, about 16 carbonate laminae;

pink, 5YR7/3, othens, 1OYR8/2 to lOYR8/1; canbonate-rìch betì,reen some

ìarninae, some associated "dark-l ight" canbonate transitions.

Clay, 1OYR2.5/1. silty in part; subtìy laminated,

carbonate-rich ovenal l

Organic fibnes--fine, not stnaight, "root-l ike".
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coRE w2 Date collected Febnuary 1982

General Notes

Cone O-1 destroyed by extrusion

'l-2 general ly good recovery, 89cm; several fibne-rich zones;

good carbonate laminae fnom 133-141, orange lam @147; generaì ly firmly

gelatinous to moderately firm and subtìy laminated.

2-3m 93.5 cm necoveny; 5 zones of minabilite crystals, 239,249'266'279,

282 c.m; generally finely and subtly laminated; several widely-spaced

gypsum si ì t laminae. Cores pantial ly oxidized before descnìption.

Many onganic mats.

DEPTH DESCRIPÏION

jOO-jO6.6 1OYR2.5/1 black clay, modenately fibrous throughout; very

sì ightly silty, incneasing downward; no carbonate; grading to 5Y3/2,

and then 7.ãYR 2.5/2.

106.6-l'fO.8 clay, 1oYR2.5/1, 5Y2.5/1,5Y2.5/2 :Þlack, very dank grey-black

silty, much ongainc fibnes; Sl ightly canb, subty laminated.

1 10.8- 1 12 .8

5Y2 .5/ 1;

Clay, 1OYR2.5/1, to silt, subtly laminated, gnading to

veny sI ightly carb

112.4- 114.7 Clay, 5Y2.5/1; s i Ity, sl ightly carb, subtly laminated

114.7-11a.5 clay, 7.5YR2.5/o bìack, silty, sl ightly carb

grading to sì tty clay, 7 -5YR4/O thnough 5Y4/1: sl ightìy canb.
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118.5-121 Silt, 7 -5YR4/O gradìng to silty clay 7.5YR3/O r,/ith f ibres

Sl jghtly to moderateìy carb-

121-122 cney, 7.5yR4/O clay, silt, onganjc fibres abundant; Sì ightly carb

122-125.5 7.5YR3/O grey sitt and clay, finely taminated

Rounded gypsum silt laminae @ 123.6,125.6,,t24.A,125.3: 7-SYR6/O:

Sl ightly carb, fine textured.

125-5-127 A,/4, becoming darken 7.5YR3/O, "Gnanular texture"; veny silty,
predominantìy clay. Rounded Gypsum sjlt lamina @ 125.9, some organic

fibnes.

127-13O Si Ity clay, A/A, pnedominantly 7.5yR3/O and lOyR2 .S/1 and

2.5Y2.5/2 clay; very siIty, canbonate in pant. Rounded gypsum silt lamina @

128.1

130- 133. 1 A/4, becoming 1OYR2.5,/l; "gnanuìar", siIty, sìightly carb

133.f-141.5 Clay, 5Y2.5/1 and 1OYR2.5/1; sljghtty sitty, with carb

laminae, pnedominantly 2.5Ye/2' rpink', taminae 1OR6/9, 7.5yRA/4,

5Y7/2. Fibrous zone @ 137.3-137.5. Canb rìch between laminae.

141.5-147.3 Cìay, sl ightly silty,
subtly ìaminated, misc. fibres.

147.3-153.O Clay, slightty sitty
ovenaì 1; sy3/ 1,5y2.5/1,1OyR2.s/1; "pink"
gypsum si I t lamina @ 150.5, 2.5ya/O.

sì ightly carbonate in panat; black 1OyR2.5/j

in part, sl jght¡y to modenateìy carb

carbonate laminae @ 147 .5, 7 .5YR5/4i

Clay, Slightly silty, slightìy canb, subtly laminated153-161.3
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1OYR3/2,5Y2.5/'1 , black, dank grey. iluch plant f ibres "blades".

Incneasing organic content downward, base predomjnantly onganics.

161,3-163.5 clay, bIack, slightly sììty, sublty laminated loYR2.5/1,

2.5Y2.5/O. Some organics, "root hains".

163.5-17O clay, st jghtly si lty to nonsi ìty; st ightly carbonate to noncarb;

gnadìng (Subtle taminations) fnom 2.225YR2.5/O ro 5Y3/ 1 '

17O-172.2 Clay and si 1t, intenlamìnated , 2.25Y3/O,5Y3/'l .

Gypsum silt Iaminae @ 171.2,171.4,172.1.

172.2-174 Clay, veny si ltr', sl ightly canb' "Granular" texture,

Artemia oogonia.

174-176.7 Clay, subtle laminatìons, much organic fibnes/blades-

Slightly silty, slightly carb. 1OYR2-5/1, IOYR3/1.

176.7-189.O Clay, si ìty, lsightty carb, 2.5Y3/O; veny subtle laminae in

pant. Rounded gypsum silt lamina @ 1A2-7-1A2-9. Mottted 1OYRs,/1- and

Gù185.O,185.3,185.6, 1OYR4/1. Becoming mone finely laminated and more

visible from l85 on; abundant plant fragments below 186.7.

2-3 m

200-206 . s

Modenately abundant

do\^rn\./ard -

Bl ack c1 ay, 1OYR2.5/ 1 ,

5-211.5 C1aY,2.5Y2.5/O, moderatety sììty, gypsum silt laminae,

contonted by extrusion; sl ightly to moderately canb.
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sl ight'ì y to moderately si lty, gelatinous

sl ightty canb, incneasìng
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21't .5-216

carb,

ó Clay, 1OYR2.5/l moderatelly si lty to veny sì1ty; st ightty

Clay, silty , black 1OYR2-5/1,7.5YR2.5/O, laminated

fibres. Gypsum silt throughout.

finm; subtly laminated. Much fine fibrous organic matenial

216-A-222.5 CÌay,7.5YR2.5/O,7.5yR3,/O; laminated, very silty, I mm

lensoid gypsLrm crystal layens and dispensed; texture.

222.5-229.5 Clay, "cnanular" texture, 1OYR2-5/2, very sj lty; few organic

f jbres, moderateìy ca1c.

229 .5-233.5 Onganic rich, veny fibnous, A/A

233.5-240.5 Si1t, predorninantly gypsum, clayey in pant, 7.5R4/O

Lensoidal gypsum cnystal ( lmm) lamina@233.2, of 7.5YR7/O gney; noncarb-

Becoming finen downwand; dispensed .lensoid gypsum 1 mm cnystals;

onganic fìbnes throughout. Gypsum rosettes O 239, Mirabììite too.

240.5-246.5

Canb i n part. Abundant organic

246.5-250 Onganic FÍbre mat, seeds, algal filaments. Mirabil ìte @249

250-254 Cìay, black, 1OYR2.5/1; rich in oftanic fibnes. Nonsitty.

Grading to 5YR2.5/1, silty; gypsum silt lamina @ 253, sevenal diffenent

sizes. intnaclasts(?) at 252.5.

254-256 Organic fÍbre mat A/4. no seeds and more clay

256'-267 Clay, si lty, 7.5YR2.5,/O laminated with 7.5YR3,iO; cypsum silt
thnoughout, sevenaì gypsum laminae. Sl ightly to moderately carb.

Much f ibnes throughout . Mi rabi I i te @266.
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267-274 Clay 2.55Y2.5,/O silty. Gypsum silt laminae in pant.

Very carbonate nich throughout; "VUG" f^om 271.5-273 -5 with very fine

v/hite precipjtate in "dendritic pattern".

274-276 Organic fibres, clay rich in part.

276-2A0.5 Clay, sìlty, gypsum silt, 7.5YR2-5/O,5YR2.5/1; slightly to

moderately canb, numenous organic fibres.

2AO.5-2A8 Organjc matenial.

fin
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coRE t{3 Date collected February 1982

General Notes

49 cm necovened totaì (o-t); predominantly white, pale yel low canb

dank ol jve gney to dank bror^rn to black

to pantial fneezing and extnusion.

laminae innegularly spaced in

s i I ty cì ay; cone deformed due

1-2 m-- 1OO cm recovened; both ends distunbed, cone warped from extnusion

because of fneezing.

DEPTH DESCRIPTION

O-5 Bìack 1OYR2.5/1 clay" sl slty. some v fine ong fibres, some carb,

v irneg, bcm slty.

5-10 5Y2.5/1 clay, sl slty, carb; 6 canbonate lam, some doubìets,

canb ranges form 2.5Y8/4 to 2.5Y7/2 and back; lam @ 7 is 7.5Y7/4i

fnom 5-6,7

f i bres

1O-12-5 Clay, sì

si caFbonâte

12

slty 1OYR2.5/1; carbonate I an 2.5Y7/2 @ 1O.2; 2 @ '1O.8,10.9

ovenal ì -

5-16 Qz gnains, 2.5-.5mm, sbang,sbrd,cìr,om bdg

Cìay; carbonate lam, coupìets @ 2 mm spacing, 7

more carbonate I am 5Y7 / 1 .

pl n. Dk

5R6/4,

lJrn 1OYR2./1

all finely lam;

16-20 1OYR3/2 clay gndg to 1OYR2.5,/1; stnongly carb, v f

to 2.5Y2.5/O w/ abnt fibnes. carbonate lan 1OYR7/2. carb

ìams. 12-14 lams 1OYR6/2,5Y3/2,'lOYR6/2.

20-22 Clay,7.5YR2.5,/O, NOB, v fibnous
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I lam jncneasing in thicness

22-23.9

@23

claY 7.5YR2. s/O NOB;

4 on;sbanc sbrd grs.

grdg to thi nì y I am, 1OYR5,/3; f to v f gn sand

QZ.

23-g-2A.5 Ctay, 5Y2.5/1 w/ v f Iam (t8 sep lam/couples); carbonate rich

canbonate lam @ 25.5 has red base 5R4/6.

28.5-34.5 clay, 7.5Y2.5/O, NOB, occ f ibnes; grdg to clay 5Y2.5/1 w/

i ìght canbonate lams 1OYR6/3, thicken lams @ base.

34.5-41 Clay, 5Y2.5/| 1 occ I ight canbonate lam @ 36.5,37.5,2 @ 39.O;

bcm djsturbed @ base, faintly lam throughout. fibres incn near base.

41-49 nemainden distunbed due to extrusion, lams Vertical; gyp nean base?

fin

1OO-l1O Black 5Y2.5/1 clay, stty, frm; subtle ìams.

110-1'12.7 Gypsum, sand-sì1t, fgn, canbonate in pt;grdg to clay,5Y2-5/1'

5YR2.5/ 1; subtìe lam; sl slty in pt; org fibres.

112.7-114.7 Clay, canb, gypsum lensoids (1mm), org fibres; 5Y2.5/1.

cndg to clay, subtle lams A,/A but no gyp pìates.

114.7-121 .O, carbonate laminated cly, 5Y2 .5/ 1 to 7 .5YR8/4-5Y8/3 in

5Y2.5/ 1 and 1OYR2-:5/1 black slty clay w/ org fibres.

121-124.A C1aY,5Y2.5/1-1OYR2-5/1; sl s.l ty, f lam, sm org fibres; ncarb.

One canbonate .l am @ 124 , 5Y5/ 1 .
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124

126

127

127

136

139

8- 126 .4

abrupt "enosional "

4- 127 .3

by cor i ng?

3-127.4

4-136.3

fibres @ 132.5"133.

3-139-6

g"ey 5Y7/ I to 5Y6l1

6-143.5

v sl sìty, sl carb;

F larn slty clay, poos disturbed by coring;5Y7/1,5Y2.5/1

contact w/ 7.5YR2.5/1 glack clay, ong nich.

143.5-146.O

carbonate

146- 152 .2

gr^itty tx,

sequences;

152.2-153.3

153.3-155.5

Dk clay, Iìttle silt, 7.5YR2.5/O; one canbonate lam, disoniented

Gypsum si1t, carbonate in pt.

clay, 5Y3/1,5Y3/2 sl slty, carb.; Iamjnated. Much fine ong

8 and down. Incr slty.

clay, v slty, gney 1oYRs,/1 to 5Y4/ l; canbonate except in light

clay; gyp slt, no canb; core distunbed.

F lam clay, grdg from gneen to 5YR2.4/2 and IOYR2'5,/1 cìay,

much plant fibres, insect nemains.

Clay, sl slty 5Y3,/2 grdg to 5Y4/2 and 5Y7/1 gyp silt @ 144'8;

in pt.

Clay, 5Y2 .5/2 grdg to 5YR2 -5/1 v stty, canbonate in pt; "\'ronm";

pelìeted? in pt. Inreg carbonate lntclsts @ 150.5; repetìtive

bcm f ìam in pt.

Clay, fine tx, gyp sltYi 5Y4/ 1 gy, sì caìc, firm.

clay, gneen to 5Y3/2, "granuìar" tx. s.lty in pt;

subtly lam

155.5-160.2 C1ay, A/A, f ine tx. l¡rierd gneen to 5Y4/2,5Y4/1, sl slty, grdg

to "GFanulan" tx i 5y2.5/1 ìntclsts@ 157.O, .3 cmX1.5cm, coinciding w/

Canb lam (coanse granuìan); gyp 'ì ams @ 158.3,158.6; f lam overal I ' slty.
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16,0.2-162 f lam, clay, much ong fibres, sl slty, "Gnan" tx;

5y3/2-5yR2.5/2-5Y2.5/ 1 (2 cycres).

162-l66 A/4, but 5Y3/2-5Y2/2-5Y4/1-5Y4/2; uppen 2 cm "gnan" tx, lower

"fine"'v fibrous @ 164.5, numerous types.

166-167 
^/A, 

"gnan", carbonate (green) @ base, sl slty clay, canb thnoughout-

167 -167 .7 A/4, suubt I e I ams, gndg to 5Y2.5/ 1 -

167-7-170 Clay, st slty, 5Y4/1, ìam; gyp/carbonate silt lan 5Y7/ 1, ong fjbnes

thnoughout, fine txs.

17O-174 vilierd gneen claym, gnan tx, bcm 5Y3,/1, v/ SYp platelets @ 173.8-

174. Canb, silt throughout; org fìbres above gypsum.

174-17a.3 A/A; subtìe ìamsi 5Y3/2. Sl slty, fine tx; l ighter (5Y4/3)

@177, carbonate thnoughout, bcm v ong nich @ I78.

178.3-183 A/4, bcm 5Y4/1, rd gyp silt lam @ I79.2,18o,180.4. Sprs org

fibres throughout; subtle lalms (coanse); fine to fine gnan tx.

183-187.6 F lam clay, nslty-slslty; carbonate throughout; carb lam pink

5YR6/ 4 @ r83. 3, 185 - 5, 186.O; lam pred 5YR2.5/2, 5YR2. 5/ 1,5Y2.5/ 1, 1OYR2.5/ I

dk brn, gybnn, dk gneen; ong fibnes v sprs but even.

187.6-190 Bìk Clay, 'lOYR2,55/1,5Y2.5/1; nslty, vsl carb, f ine tx;

doubìe canbonate lams 5Y5/3, f gran tx @ 89.3, green to 5Y3/2 below to

190.

190-193 Clay, c ìam, green and gy 5Y4/2i slty in pt, some org
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193-195

195-198

gvp

fin

fibnes; mod carbonate overalì; gran tx

Cl ay, s1 ty, bnkbt k 5YR2 .25/ I , 1OYR2 5/ 1 , gran tx, carb.

gyp slt. Pink 5YR6/3

@ approx. .l97.8 cm.

Clay, A/^, gneens, gys 5Y4/2;

silt lam in distunbed pant of

carb,

cone,
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Àppendix E

MTNERALOGICAL, ORGANIC, MOISTURE,
PARAMETERS MEASURED ON CORE

AND OTHER
13.

The following table reports

various mineralogical, physical,

within the sediments of Core 13.

is given in Chapter 2 and Appendix B

the measured val-ues of

and chemical components

The methodology involved
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LOC
3.45
4.16
6. 03
4.07
3.52
3.68

12.40
4.27
4.06
3-40
3 .81
3.85
2.AA
2 .79
4.72
7 .O2
3 .84

14.50
r4.38
4.56
6.70
1.45

1 't .42
6-56
4.14
6.94

12. 11
16.08
25.60

19.70
20. 14
30.63
l9 .69
22.19
20-05
23. 03
l6 .61
14.43
18.11
19.70

55

6 .66
11.O1
I .45
7 .55

23.54
6.43
9.82
7 .O9
8. 39
4.64
9.82
9.23
9.88

16.38
7.77
7.16
7.66
9.99

13 .90
8.08
7 .64
8.49

18.65
18.80
19.10
t8.60
19.64
20.26
24.92
25 .47
30 .44
27 .10
24.50
27 .14

95
o3
59
o2
ðJ

oo

oo
53
40

2A
56
34
41
28
o

83
90
57
20
24
55
49

R LOI
27.93
25 .89
30.32
29.26
26.93
25.26
23.86
27 .54

WAT E

72.9
75.3
80. 1

79 .4
77 .6
76 .3
74.2
76.1
74.3
70 .4
70.7
75. 5
65 .6
67.3
70.5
72.6
68.5
71.O
65.6
74 .9
67 .O
66 .6
67 .6
67 .8
63.8
64 .4
66 .2
65.9
66. I
66 .5
66 .8
65.9
65.9
63. O
66.9
67.5
64 .5
67 .5
71 .A
73.4
70 .7
72.3
72.3
75.2
72.9
74.4
71 .3
64.O
63-6
70.4
75. 3
74.4
67.6

o. oo
o. oo
o. oo
o. oo
o. oo
o. oo
4.54
o. oo
o.oo
6.75
4.56
o. oo
o. oo
o. oo
o. oo
4.75
o. oo
5.54
3 .96
6 -71
5 -70
5.72
5.67
o. oo
6.12
5.12
o. oo
o. oo
o. oo
6.32
o. oo
o. oo
7 .O5
o. oo
4.74
o. oo
o. oo
o. oo
o. oo
o. oo
o. oo
o. oo
o.oo
6 .40
o. oo
5.85
o. oo
o. oo
o. oo
o. oo
o. oo
o. oo
o. oo

IDENT QUARTZ GYPSUM CALCITE DOLOMITE ARAGONIT PYRITE
29
62
32
71
o6
72
23
74
07

45
43
57
46
43
31
55
53
31

43-14
40.97
39 .66
24.24
4'l - 49
37.21

o
18
30
49

20. 53
19.OO
17.53
23.09
27 .62
2A .91
16 .46
19.02
29. OO
28 .89
19.78
24.17

16.OO

22
25
19
14
20
18
17
21
17
21

7 .40 7 .84
3.59 A.27
4 .63 6.89
4,05 8.94
5.30 a.o2
9.67 A. 31
7 .28 5. 38
3.A4 7 .57
3 .a7 9.97
1.31 8.79
2.60 6 . 09
5.58 10. 35
1 .37 4 .32
7 .O2 10. 89
1.96 7.O2
4 .92 8.45
3.69 9.54
6-16 5-38
2.29 5 . 69

1 I .99 10 .43
1 .26 6.78
'l .32 8.36
1.34 6.95
o.oo 10.4so.oo 9.38
1 .12 6.41
3.96 7.71
6.65 9.74
o.oo 7.60
o.70 7 .20
5 .74 9.63
5.93 8.11
o.oo 14.25
9.Ol 8.38
3 .94 I .80
o. oo 14 .44
2.24 9.O1
8.91 12.37
4 .50 3.73

10.11 tr.98
9.06 15.48
4 .91 tO.67
o.oo 10.'f 8
2.95 8 -04
o.oo 11.46
3.41 7 .24

11.94 9.51
8.95 6 . 05
9.20 9.06
5.45 12.56
9.29 14.77
5.34 A.44
2.97 I .48

18.93
25.51
13 .63
17.20

o-2
2-4
4-6
6-8
8- 10

10- 12
12- 14
14-16
l6- 18
1 8-20
20-22
22-24
24-26
26-2A
28-30
30-32
32-34
34-36
36-38
38-40
40- 42
42-44
44-46
46-4A
48-50
50-52
52-54
54- 56
56- 58
58-60
60-62
62-64
64-66
66-68
68-70
70-72
72-7 4
7 4-76
76-7A
78-80
80-82
a2-44
84-86
86-88
88-90
90-92
92-94
94-96
96-98
98- 100

loo- 102
102- 1o4
l04-'t06

21.39
1'r.o8
15.83
26.09
35..60
17.93

'to. 81
'16 - 46
20.31
20.61
23.71
16. t8
12.07
21 .19
17 .37
23.79
13.29

24.96
19.48
2t.65
25.42
21 .34
20. 91
23 .62
24 .37
19 .44

s6 .56
24 .91
15.51
23. 53
20. 38
25 .55
22 -O5
29.20
28.65
22.56
24 .46
33.41
19. 19
25. 10
30. 37
30. 14
49.23
39 .42
30.67
19 .46
21 .27
19 .67
15.56
12.37
'19. 10
41.43
32.92
26.11
19.43

18.55
20. 85
23. 19
13 .49
19.03
20.38
18 .93
26.23
25.OO
38.72
23 .45

18.66
49.O4
38. 50
69.25
32.OO
51 .49
46.OO
39.61
54 .27
62.AO
3t.t9
50. 92
39. 05
59.33
45.05
22.36
42.65
58.25
39.69
53 .46

20.o1
20 .42
39. 70
41 .43
40.93
44 .42
57 .43
41 .40

40
25
61
22
2A
44
46
19
49
97
76
37
95

21
14
2e
19
15
23
12
13
1a
17
21
13
21 55

58
79
57
39

o8
62
10
77

20.41
2t.35
l8-93

7 .43
13 .44

29 .40
23.04
29.67
2l .80
'r8.33
16.93
17.26
34 -04
24.61
19.60

25
22
l8
15
21
40
24
29 -71
1A.37 74
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IDENT
l06- 108
108- 1 10
I 10-'t 12
112-114
1 14- 1't6
116-118
.î 18- f 20
120- 122
122- 124
124-126
126- 124
128-130
130-132
132- 134
134-136
136-138
138-140
1 40- 't 42
142-'t44
144- 146
146- 148
148-150
150-152
152- 154
154-156
156-158
158-160
160- 162
162-163

30.82
l7 .88
28 .36
26.62
18.3t
33. 79
3l-41
31.05
27 .55

LOI
24.90
18. 16
10. 04
'I 2.36
20.93
24 .77
20.80
24.a4
30 .44
25.33
28.12
26.30
2A .49
21 .',t3
2l .38
35. 78
20.19
20.88
31 .85
30.70
31.72
33.99
27 .63
20. 12
13.39
33.57
21.44
12.59
13.96

LOC
7 .53
2.70
5. 07
5.25
4.63
4 .69
4 .44
4 .62
4. 10
6.53
6. 30
4.74
8.87

I1.48
7.35
5 .52
6.61
7 .99
6.69
4.39
5. 14
3.64
2. 19
5. 03
6.52
6.23
6-43
7.27
5.42

QUARTZ GYPSUM CALCITE DOLOMITE ARAGONIT PYRITE hIATER
24 .36
45 .65
29.72
2',t.o1
24.70
21 .27
35.21

4.A2
2.75
1 .71
o.oo

13.84
3. 16
2.89

11. t6
4 .43
3.50
7 -73
o. oo
7 .92

39.74
7 .79
3 .53

23.23
32.07

r t.o5
13.38
10.71

7 .95
8.35
8.32
8.19

10.30
13.42
7 .40
6.90

13.28
8 .68

11.94
4 .50

34.6r
32.76
24.08
23.92
25 .45
23.21
24 -06
43.44
31.05
26 .93
30.66
36.43
17.73
't9 . 69

o. oo
6.80
7.99

18.55
17.37
8 .43

'12.84
l3 .84
4 -OO

11.94
9.'t2

11 .72 33
7A 21

50
52
56
5l
59
27
o

23
41

'to
89
46
70
38
96
43
46
22
12
49
4A
73
5J
73

25
25
22
¿J

17
27
29
IJ

14
17
l9
12
¿o

7
I
8
ó
8
2

o
6
6
7
7
6

o. oo 73 .7
o.oo 68.6
o. oo 52 .5
o.oo 47.2
o. oo 59.9
4 . 16 68.7
o.oo 6t.6
o.oo 64_9
o.oo 69.5
4.39 64.3
3.99 66.4
o. oo 64 .7
o.oo 63.2
4.15 56.7
o. oo 62 .7
o.oo 73.4
o.oo 61 .2
o.oo 59. I
o.oo 71.1
o. oo 68.4
o.oo 70.3
o.oo 70.9
o.oo 66.6
o-oo 55.7
o.oo 44.1
o.oo 70. I
o. oo 59.6
o.oo 45.4
o.oo 49.o

67
36
44
89
2A
94
oo
56
98
23
18
36

24 .73
28.75
13.18
13.76
13 .27
18.08
15.95
34.28
38.17
29.42
23.09
16.34

48
12
¿ó
39
l1
ac
4A
70
27
99
55
39

24 .64
23.74
21 .92
42.35
35.08
I .61

23. 14
2A .49
14.44
15.88

40
a7
41
36.O1
o. oo't8.54

16.42
25. 14
22.47
32.26
27.46
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