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ABSTRACT 

Several hundred lakes occupy the semi-arid glaciated terrain of the Cariboo 
Plateau in Interior British Columbia. Two small ( <1 km2

), shallow, closed-basin lakes 
with Na-C03-S04-Cl brines, Goodenough Lake and Last Chance Lake (15-350 gL-1 TDS, 
pH 9. 7-10. 7), have been studied in detail. Sedimentological examinations of the lakes 
aimed to i) investigate the distribution and nature of the modem sediments, emphasizing 
depositional processes and brine evolution; ii) explain the origin of the extensive recent 
dolomite; and iii) identify the effects of freezing on the sediments and to seek criteria to 
allow the recognition of cold saline lakes in the geological record. 

Goodenough Lake is a hypersaline perennial lake and Last Chance Lake is 
ephemeral, desiccating to a saline pan in autumn. The lakes are fed primarily by 
groundwater, and modem sedimentation in the basins is predominantly autochthonous, 
comprising carbonates, sodium-carbonate evaporites and organic-rich muds, with a minor 
detrital component. Last Chance Lake is characterized by several hundred brine pools ( <3 
m deep; <25 m wide) within carbonate muds, and the pool morphology appears to be a 
function of basin depth and proximity to groundwater seepages. The saline lakes are 
extremely temperature-sensitive and freeze over in winter, which has important 
consequences for brine chemistry, mineral formation and sedimentary processes. 

The lakes show a mineralogical zonation of carbonates from marginal sites of 
dilute inflow towards the hypersaline basins, due to evaporative concentration. Recent 
non-stoichiometric, euhedral dolomite rhombs (0.5-4 J.Lm) and anhedral aggregates ( 1-10 
J.lm) are found extensively across the catchment area, including seepage zones, mixed 
carbonate-siliciclastic mudflat deposits, lake muds and microbial mats, and are .commonly 
intermixed with sodium-carbonate salts. Influential factors in dolomite formation are 
probably the mixing of 'dilute' inflow waters with mudflat pore waters, and degassing of 
C02 from microbial mats. Most dolomite is thought to have a primary origin, but some 
may be replacive of Mg-calcite, magnesite and hydromagnesite. Other minerals, such as 
smectite and sepiolite, possibly formed from the etching of detrital silicates by alkaline 
pore fluids, releasing silica and other ions into the brine. 

It is likely that many lacustrine environments have experienced low temperatures 
in the past, and the mudflat environment provides the most easily recognizable evidence 
of freezing. Many features previously thought to have only originated from desiccation 
may also be generated by ice. Such features include diapiric mud structures, surface 
veinlets, ice and salt mounds, and interstitial ice textures. Criteria have been established 
to help to identify mudflat modifications by ephemeral ice in the sedimentological record. 
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1. INTRODUCTION 

1.1 Saline depositional environments 

Continental, saline environments represent one of the least understood depositional 

regimes in sedimentary geology, even though they have been studied extensively (Eugster 

and Hardie, 1978; Hardie et al., 1978; Last, 1989a and b). Saline lakes are found on all 

continents and occur in a variety of depositional settings that range from high altitude, 

deep basins to shallow, glacial depressions (Greer, 1977; Eugster, 1980; Williams, 1981; 

Smoot and Lowenstein, 1991 ). 

Until recently, the saline, alkaline lakes of Interior British Columbia had been 

generally overlooked, although they probably have the greatest environmental diversity 

of any small region in the world (Hammer, 1986). There is a vast difference in chemical 

composition and concentration, sedimentology and biota between adjacent lakes, with 

climate playing a major role in their distinctive character (Topping and Scudder, 1977). 

The saline lakes are extremely temperature-sensitive and freeze over in winter, which has 

important consequences for sedimentary processes and mineral formation (Renaut, 1993). 

The Cariboo lakes are unusual in that a well-vegetated catchment thrives around 

the saline lake margins due to the seepage of fresh, shallow groundwater through glacial 

and glaciofluvial deposits. In addition, organic-rich, freshwater marshes commonly lie 
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close to saline lakes. From a geological perspective, this may explain the co-existence of 

two facies (evaporite and coal) which are commonly thought incompatible (Renaut and 

Long, 1989). Many lacustrine environments have been saline in the past and the Cariboo 

lakes provide an opportunity to study the processes which have contributed to the 

formation of ancient saline lake sediment sequences, such as the Eocene Green River 

Formation, Wyoming, U.S. (Eugster and Hardie, 1975; Surdarn and Wolfbauer, 1975; 

Hardie et al., 1978; Buchheim, 1994). Furthermore, the Cariboo lakes represent one of 

-20 known occurrences of Holocene dolomite formation in the lacustrine environment 

(Last, 1990). They provide a modem analogue for ancient saline lake systems, and 

contribute to a better understanding of the factors that control dolomite formation. 

1.2 Study aims and thesis structure 

To date, investigations of the Cariboo Plateau lakes have been largely general and 

descriptive (Reinecke, 1920; Goudge, 1926a and b; Topping and Scudder, 1977; Hudec 

and Sonnenfeld, 1980; Renaut and Long, 1989). The purpose of this study is to present 

a more detailed sedimentological examination of two neighbouring saline, alkaline lakes, 

one perennial (Goodenough Lake), the other an ephemeral saline pan (Last Chance Lake). 

The primary objectives of the study are: (i) to investigate the distribution and nature of 

the modern sediments, emphasizing depositional processes and brine evolution; (ii) to 

explain the origin of the recent dolomite; (iii) to identify the effects of freezing on the 

sediments and to seek criteria that may allow the recognition of cold saline lakes in the 

geological and paleolimnological records; and (iv) to compare the Cariboo lakes with 
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analogous ancient saline, alkaline lakes. 

In Chapter One methods of data collection and analytical techniques are outlined, 

previous studies are considered and the environmental setting of the study area is 

described. Chapter Two discusses the setting of the two lake basins in detail, and the 

results of hydrochemical and sedimentological investigations are presented in chapters 

Three and Four, respectively. The results are interpreted in Chapter Five and discussed 

with regard to sedimentary processes and diagenesis. Some implications of this work are 

discussed in Chapter Six and concluding remarks are provided in Chapter Seven. 

1.3 Methodology and techniques 

The study area was visited in May and September in 1992, and March and August 

in 1993, to observe the lakes under different seasonal conditions. Fluctuating lake levels 

and soft ground inhibit year-round access to some areas and climatic effects cause certain 

processes to occur only at specific times of the year. 

Sediments from 39 pit sections ( < 1.2 m deep) were sampled from the saline 

mudflat subenvironment (cf. Hardie et al., 1978). On most mudflats, transects of two to 

five pits were sampled, and more than 50 grab samples of sediment, soil and microbial 

mats were collected. An aluminum sediment sampling tube (1.8 em diameter, 25 em long) 

was used to collect material from below the base of the pits. In September 1992, short 

cores (3.2 em diameter, <1 m long) were retrieved from the centre of Goodenough Lake 

by boat and from the saline pan of Last Chance Lake (7 em diameter, <1 m long). In 
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March 1993, an ice auger (15.2 em diameter) was used to drill through the ice to collect 

the underlying sediment. 

Sediment samples were placed in self-sealing plastic bags, and interstitial and 

efflorescent salts were triple-bagged to minimize mineral phase changes between 

collection and laboratory analyses. The instability of many minerals (especially with 

respect to temperature) makes phase changes inevitable, even though some samples were 

stored in the original brine. Water samples from groundwater seepages, flooded pits and 

the lakes were measured for pH with a portable Fisher Electronic pH_ Tester, and 

temperatures were recorded at the time of sampling. Samples were then collected in 

polyethylene bottles and sealed in plastic bags to reduce vapour exchange. 

1.3.1 Sediment analyses 

The mineralogy of more than 300 samples was determined using petrographic 

techniques and a Rigaku rotating-anode X-ray diffractometer (XRD), using cavity and 

smear mounts. Selected samples were further examined by scanning electron microscopy 

(SEM), using a JEOL JXA 8600 electron microprobe equipped with wavelength and 

energy-dispersive spectrometers, using a -1 micron focused beam at 15 kV. Samples were 

prepared with a 200 A carbon coat, followed by a 150-250 A gold coat. Microbial mat 

samples were stored in Formalin and prepared for SEM using the Critical Point Drying 

(CPD) method (Berlyn and Miksche, 1976). Total organic content (TOC) analysis was 

performed on 65 oven-dried samples (<100 mesh) and recorded as percentage weights. 

Organic carbon was determined by loss on ignition (LOI) at 550°C for two hours and 
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carbonate carbon was determined by leaching water-soluble salts with distilled water, 

followed by HCl digestion (Gross, 1971; Hakanson and Jansson, 1983; Foster et al., 

1986). 

Clay fraction analysis was performed on 18 sediment samples from across the 

catchment area. It is important to analyse the <2 J.Lm fraction of fine-grained and poorly

crystalline clays, which are unlikely to give recognisable diffraction patterns in a whole 

rock scan (Hardy and Tucker, 1988). Samples were coarsely crushed and the <60 mesh 

(250 J.Lm) fraction was acidified by HCI. The residue was centrifuged and washed in 

distilled water to remove the water-soluble salts, and disaggregated in an ultrasonic bath. 

The <2 J.Lm fraction was separated by centrifugation, and the clay slurry pippetted onto 

glass slides to form orientated samples for XRD analysis between 3° and 35° 2 E>. To 

distinguish smectites from chlorite, the samples were solvated in ethylene glycol and re

analysed using the same parameters to observe any basal spacing expansion (Moore and 

Reynolds, 1989). 

Semi-quantitative analysis of percentage dolomite was undertaken for 16 sediment 

samples from seepage zones, microbial mats, spring orifices, mudflats and lake areas, 

using X-ray diffraction of samples between 3° and 60° 2 E>. The percentage of dolomite 

in each sample was determined by XRD peak -height analysis using halite as an internal 

standard (Hardy and Tucker, 1988). The common technique used in modern carbonate 

analysis described by Gunatilaka and Till ( 1971) was found to be inappropriate for the 

analysis of sediments from the Cariboo lakes. The latter technique is based on samples 

containing two or three easily recognisable minerals, whereas the Cariboo lake sediments 
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are polymineralic with a wide diversity of detrital and authigenic minerals. Peaks of the 

halite internal standard dominated the reflection pattern, lowering the peak height of the 

dolomite, and the stoichiometric dolomite used in the calibration curve standards differed 

greatly from the non-stoichiometric dolomite in the lake sediments. To allow for these 

limitations, dolomite peaks within original sediment samples were ratioed to halite peaks 

within the dolomite samples specifically prepared for semi-quantitative analysis. 

Dolomite stoichiometry was estimated by observing peak symmetry, and 

calculating the amount of magnesium substitution (mole %) in the dolomite lattice by 

matching the (112) reflection peak position against a standard curve (Goldsmith and Graf, 

1958a; Scholle, 1978, Appendix A). The effect of Mi+ substitution for Ca2
+ is to decrease 

the lattice spacing. Ordering was estimated by observing the sharpness and relative 

intensities of the d021 , da15 and d101 superstructure reflections. The greater the ratio of the 

heights of the ordering peak 015 to the diffraction peak 110, the higher the degree of 

order (Hardy and Tucker, 1988). 

Oxygen and carbon isotope analyses of 4 dolomite samples taken from microbial 

mat, mudflat sediment and lake sediment were compared with oxygen and hydrogen 

isotopes from waters across the catchment, to try to determine the controlling 

hydrochemical factors on dolomite formation. The samples were washed and centrifuged 

10 times to remove the water-soluble salts and then X-rayed to identify the remaining 

minerals. Complete reliable separation of the dolomite from detrital minerals was 

unachievable due to its extremely fine-grained nature. The samples were digested in 

phosphoric acid in a vacuum at 50°C and the carbon dioxide was extracted after 24 hours. 
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1.3.2 Water analyses 

68 water samples were collected over the entire study period. Waters from some 

subenvironments were sampled more than once, at different times of the year. All samples 

were filtered through a 0.45 J.Lm cellulose-acetate membrane prior to analysis to remove 

solid matter. 

A Perkin-Elmer 2380 Atomic Absorption Spectrophotometer (AAS) was used to 

determine potassium (K). The samples were aspirated in an air-acetylene mixture and 

measured to± 2% accuracy. All other cations (Na, Ca, Mg, P, B, and Si) wer~ determined 

using a Perkin-Elmer SCIEX Elan 5000 Inductively Coupled Plasma-Mass Spectrometer 

(ICP-MS). Samples were blank drift and matrix corrected to± 10% using a multi-element 

spike (B. Morgan, personal communication, 1993). 

Alkalinity (HC03 + C03) was determined by titrating undiluted samples with 0.1 

N HCl to pH 8.1 and 4.5 endpoints and then calculating the stoichiometric relationship 

between bicarbonate and carbonate (ASTM, 1980). The initial laboratory pH of each 

sample was noted and compared with field pH measurements to allow consideration of 

compositional changes (e.g., C02 degassing) after collection. Sulphate was determined 

using a Waters 712 WISP Ion Chromatograph, and Orion ion specific electrodes were 

used to determine all other anions (Cl- model no. 94-17B; Br- model no. 94-35). 

Total dissolved solids (TDS) were determined by the evaporation of filtered 

samples at >105°C and weighing the salt residues to± 0.1 mg (cf Topping and Scudder, 

1977). 

All water analyses included standard solutions and 15% of the samples were cross-
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checked with alternate techniques to ensure accuracy. For concentrated samples (3 to 

>300 g L-1
), a cation-anion balance within ±10% was acceptable, to allow for high ionic 

stray; for dilute samples ( <3 g L-1
), a ±5% balance was required. Analyses falling outside 

these limits were discarded. The theoretical state of saturation of the waters with respect 

to various mineral phases was calculated using the PCW A TEQ hydrochemical modelling · 

program (Ballet al., 1987; Rollins, 1988). 

1.4 Previous studies 

The Cariboo Plateau region was investigated initially in the early 1900's for its 

industrial resource potential (Thomson, 1919; Milburn, 1922; Davis, 1923). Goodenough 

and Last Chance lakes were first reported by Hoffman (1901) and Dawson (1902), and 

later described by Reinecke (1920), Goudge (1926a and b) and Cummings ( 1940). 

Between 1897 and 1949, several lakes, including Last Chance Lake, were exploited for 

soda ash (Cummings, 1940). In the 1970's and 1980's the area was rediscovered as an 

important region of saline lake systems following increased interest in ancient lake 

systems, such as those found in the western United States and the East African Rift 

Valley (Eugster, 1970; Eugster and Hardie, 1975; Neal, 1975; Surdam and Wolfbauer, 

1975; Hardie et al., 1978). 

Unlike many modem saline basins, the setting of the Cariboo lakes is ideal for 

detailed investigations: the lakes are easily accessible but relatively undisturbed; most are 

-1 km2 in area, which allows the entire system to be studied; and many processes can be 

observed on a short-term, seasonal (or diurnal) basis. Goudg~ (1926a and b) and 
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Cummings ( 1940) had provided the most detailed reconnaissance of sediments, brines and 

salts until a series of papers by Renaut (1990, 1994; Renaut and Long, 1987, 1989), who 

described the sedimentological framework of the saline lakes, and demonstrated the 

relationship between early carbonate precipitation and the diverse brine evolution of the 

region. The limnology and ecology of the lakes have also been documented by Scudder 

(1969), Hammer (1986), Hammer and Forr6 (1992) and Cumming and Smol (1993). 

Physicochemical characteristics were reported by Topping and Scudder (1977) to aid their 

investigation of floral and faunal patterns. Hudec and Sonnenfeld ( 1980) briefly 

commented on the heliothermal properties of some sulphate brines in the region. 

The Cariboo saline lakes differ from those in most other regions described in the 

literature in that they are small and occupy large paleomeltwater channels (Renaut, 1990). 

This environment contrasts considerably the classic models of the saline lake basins 

proposed by Eugster and Hardie (1975), which were based on the playa-lake complex of 

the Wilkins Peak Member, Green River Formation, Wyoming, U.S. and rift basins, like 

Lake Magadi. Their playa model envisages a high mountain range, sheltering the large 

playa-lake complex from orographic precipitation. Alluvial fan complexes and perennial 

tributaries supply the basin margins with siliciclastics, while cyclical carbonates and 

evaporites are deposited in the central region under intense evaporative conditions (Figure 

1a) (Hardie et al., 1978; Smoot, 1978; Fleet et al., 1988; Rosen, 1991). 

The Cariboo lakes show many similarities to basins of the Canadian Prairies by 

their postglacial setting in low relief terrain and their relationship with shallow 

groundwaters (Figure 1 b) (Last and Schweyen, 1983; Last, 1984, 1989a and b, 1993a and 
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Figure 1a. The classic playa-lake complex model based on depositional 
subenvironments of the Wilkins Peak Member, Green River Formation, 
Wyoming (after Eugster and Hardie, 1975). 
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Figure 1 b. Saline lake basin model based on the Cariboo Plateau lakes of 
Interior British Columbia (after Renaut and Long, 1989). 
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b; Teller and Last, 1990). Unlike their counterparts of the western United States, they are 

not relics of large, Pleistocene pluvial lakes, and they have not undergone the tectonic 

activity experienced by the East African Rift lake system. 

1.5 The regional setting of the Cariboo Plateau 

1.5.1 Geographic location 

The semi-arid Fraser Plateau (1,050-1,250 m O.D.) is approximately 900 km long, 

and has a maximum width of 376 km wide. The plateau spans the intermontane region 

between the Coast Mountains and the Columbia-Rocky Mountains (Figures 2 and 4a). The· 

Cariboo Plateau forms part of the Fraser Plateau between Quesnel in the north and 

Clinton to the south (Holland, 1964). Hundreds of lakes dominate this region and saline 

lakes are most abundant in the area between Clinton and 70 Mile House (Figure 2). A 

variety of lake basins is present, ranging from freshwater (<2 g L-1
), marshy depressions 

to perennial and ephemeral hypersaline lakes (>350 g L-1
), carbonate and siliciclastic 

playas, and saline pans (Renaut, 1990). Most of the lakes are small, shallow, closed 

depressions ( -1 km2 area; <1 m deep), many with catchments little greater than the basin 

areas (Renaut and Long, 1989). Although the chemical composition of lake waters across 

the plateau is extremely variable, two brine types dominate at higher salinities: highly 

alkaline, Na-C03-(S04)-Cl brines, depleted in Ca2+ and Mg2+, and more neutral, Mg-Na

S04 brines, depleted in HC03- and CO/- (Renaut, 1990). 
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Figure 2. Location and geological setting of the southern Carl boo Plateau lakes. 
Only the larger lakes are shown (after Campbell and Tipper, 1971; Renaut, 1990). 

1.5.2 Cenozoic geology and geomorphology 

The main features of the present landscape emerged during the late Cenozoic 

(Figure 3). Flat-lying Neogene basaltic flows of the Chilcotin Group (fine-textured and 

closely jointed) lie beneath the surficial sediments of the Interior Plateau (McKee, 1972; 

Ryder, 1978; Mathews, 1989). The nearest exposure of Tertiary lava is a weathered 

outcrop of autobrecciated, well-jointed basalt at Chasm, -15 km from the study area. 

Limestones, cherts, argillites, greenstones and basic lavas of the Cache Creek terrane 

comprise the Permian-Jurassic Marble Range (2,240 m O.D.) to the west and the Quesnel-

Shuswap Highlands (2,750 m O.D.) to the east of the plateau (Figure 4b) (Campbell and 

Tipper, 1971; Cordey et al., 1987). 
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Figure 3. Geological timescale and events related to the geomorphological development 
of Interior British Columbia (after Ryder, 1978). 
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Figure 4. Physical characteristics of the Cariboo Plateau region: relief (A); geology (B); 
soils (C); annual precipitation (D) (after Farley, 1979). 
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Late glacial and postglacial volcanic activity along western crustal plate boundaries 

has distributed tephra deposits throughout British Columbia (Mathewes and Westgate, 

1980; Clague, 1981; Reasoner and Healy, 1986). Seven tephras have been distinguished: 

Glacier Peak (11,250-12,750 yrs BP); Edgecumbe (9000-11,000 yrs BP); Mazama (6640 

± 250 yrs BP - multiple layers found in U.S.); St. Helens (8 discrete sets of which J, Y, 

P, B, W and T are postglacial; 12,000±150 yrs BP); Bridge River (2 eruptions at 2350 

± 50 yrs BP and 1860 ± 70 to 2070 ± 80 yrs BP); Edziza (1340 ± 130 yrs BP), and 

White River (2 eruptions between 1800 and 1200 yrs BP) (Clague, 1981) .. Each tephra 

horizon can be differentiated on the basis of unique mineralogical and geochemical 

signatures. There is geological evidence of four glacial events in British Columbia, the 

most recent being the Fraser Glaciation (corresponding to the late-Wisconsin Substage of 

central and eastern parts of North America), which began as a build-up of ice in the Coast 

Mountains 25,000 years ago and reached a maximum size at -15,000 years ago, 

extending as far south as Washington State, U.S. (47°N latitude) (Clague, 1981; Fulton, 

1984; Ryder, 1978). As the ice rapidly retreated, the Tertiary erosion surface of the 

plateau was mantled by a thin (0-5 m) layer of lodgement till and/or glaciofluvial sands 

and gravels, but the area was probably ice-free by 10-11,000 years ago (Fulton and Smith, 

1978; Ryder, 1978). The Kamloops Lake Drift unit comprises the stratified and non

stratified glacial deposits of the plateau. This unit overlies the Bessette Sediments of the 

Olympia Interglaciation and underlies post-glacial deposits of the present erosion surface 

(Fulton and Smith, 1978). The unit consists of upper and lower units of stratified silt, 

sand and gravel, separated by a middle unit of till. The till is predominantly calcareous, 
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derived from base-rich volcanics or limestones, and is the surficial unit over much of 

Interior British Columbia. 

Deglaciation was a combination of frontal retreat, down wasting and ice-stagnation, 

resulting in an undulating landscape characterised by hummocky moraine, drumlins, fluted 

tills, eskers, kames, meltwater channels and enclosed depressions aligned in the general · 

south-easterly direction of ice flow (Tipper, 1971). Locally, saline lakes are bounded by 

features of glacial deposition and on a larger scale, many lakes may lie within 

paleomeltwater channels that trend north-west to south-east, which was the main direction 

of ice movement. 

1.5.3 Soils 

East of the Marble Range, the land is dominated by Grey Luvisolic soils (Ministry 

of Lands, Parks and Housing, 1983). These soils occur on the moderately fine-textured 

calcareous, alkaline glacial till of the plateau (Figure 4c ). Typically, the surface horizon 

is thin and contains poorly decomposed organic matter; from 10-25 em a mineral horizon 

consists of greyish-brown siliciclastic silt and fine sand; and from 15-30 em the soil has 

a fine-textured, blocky, angular structure where clay accumulation restricts water 

percolation (Valentine et al., 1978). Carbonates are leached from the original parent 

material but leaching is not so intense that the carbonates are removed through the 

groundwater, and accumulations commonly occur <1 m below the surface. 

Eutric Brunisols are also present on the Cariboo Plateau and indicate dry areas of 

low effective precipitation (Valentine and Dawson, 1978; Farley, 1.979). These soils have 
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a high base saturation, a pH above 5.5, and originate from parent materials of slightly 

alkaline fluvioglacial sands and gravels and shallow glacial till. Soils have relatively thin, 

poorly decomposed organic surface layers, with minimal translocation of material down

profile. 

The basaltic lavas contribute to the high base status of many soils. Solonetzic soils 

have a high proportion of exchangeable sodium and magnesium salts in the B horizon due 

to the evaporation of soil pore waters. When the soil becomes wet, the sodium causes the 

soil aggregates to break down into individual particles. The clods are unstable and there 

are no cracks through which the water can escape. The soil becomes impermeable and on 

drying, forms an extremely hard material in which columnar blocks may develop, 

especially when the freeze-thaw cycle enlarges cracks in winter (Valentine and Lavkulich, 

1978). The down-profile translocation of salts limits vegetation to the most salt tolerant 

species of trees and plants (Valentine and Dawson, 1978). 

1.5.4 Vegetation 

A mixture of closed and open forests, and open rangeland characterizes the 

vegetation of the Cariboo Plateau (Farley, 1979). The climate is amenable to species of 

the Interior Douglas-fir Zone, which is dominated by Douglas-fir (Pseudotsuga menziesii 

(Mirb.) Franco) and trembling aspen (Populus tremuloides Michaux), lodgepole pine 

(Pinus contorta Douglas) and ponderosa pine (Pinus ponderosa Douglas) (Young, 1985). 

Common understory plant species include kinnikinnick (Arctostaphylos spp.) and wild 

barley (Hordeum spp.), and organic meadows of bunchgrass (Agropyron spp.), sedges 
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(Carex spp.), sea-side arrow-grass (Triglochin maritima L.) and mosses (bryophytes) 

(Jones and Annas, 1978). 

1.5.5 The groundwater and drainage system 

The mid-Tertiary Period (-30 Ma) was an erosional interval during which the 

general outline of the present-day drainage pattern emerged. The groundwater system was 

later altered by intense glaciofluvial activity following the Fraser Glaciation (Clague, 

1981; Ryder, 1978). Much of the surface runoff now infiltrates to the shallow water table 

and eventually emerges through surficial till and glaciofluvial deposits as springs or 

groundwater seepages ( -1 m depth) that flow into hydrologically closed basins and 

marshes (Valentine and Dawson, 1978). Groundwater flowing through the till is Ca2
+ and 

HC03- rich but relatively fresh compared to lake waters. Towards the Marble Range, 

drainage becomes progressively more ordered but most streams draining the highlands 

bypass the plateau and flow south into the Bonaparte River. 

1.5.6 Climate 

Within the semi-arid to sub-humid intermontane valleys, the average annual 

precipitation is 300-400 mm yr-1
, although values exceed 1 ,000 mm yr-1 on the adjacent 

mountains (Figure 4d). Most rain falls between May and September, but 100-150 mm of 

moisture is precipitated as snow. Effective precipitation is influenced by temperature 

through evaporation rates (Renaut and Long, 1989). Cold, dry Arctic air masses from the 

north-east can cause the region to experience less than 90 frost-free days in some years 
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and snow and ice may cover the plateau for 4-6 months, commencing in November. Mean 

monthly temperatures range from -10°C to -6°C in January, and +15°C to +27°C in July, 

with an average of 1 ,800 hours of sunshine per year (Ministry of Lands, Parks and 

Housing, 1983; Schaefer, 1978). However, extreme diurnal and seasonal temperatures 

characterize the plateau and range from a maximum of + 40°C in summer to - 45°C in 

winter (Renaut and Long, 1989). 
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2. STUDY AREA 

2.1 Catchment characteristics 

Goodenough Lake and Last Chance Lake lie at approximately 51°20'N 121°38'W 

on the Cariboo Plateau, and are accessible by a gravel road, 17.7 km west. of Highway 

97 (Figure 5). The lakes occupy small, shallow, closed depressions in a glaciated terrain, 

along the NW -SE trending axis of a large-scale paleomeltwater channel (Hirst and Renaut, 

1993). The combined catchment area of the lakes is approximately 1.1 km2 and the basins 

are -100 m apart, separated by hummocky moraine, with Last Chance Lake lying at a 

slightly lower elevation (-2m) than Goodenough Lake. Other physical characteristics of 

Goodenough Lake and Last Chance Lake are shown in Table 1. 

Goodenough Lake is hypersaline, and for at least the past two decades has been 

a perennial lake. Last Chance Lake is an ephemeral lake, desiccating in most years to a 

saline pan in autumn. Maximum surface areas reach 0.16 km2 and 0.14 km2
, respectively 

(Figure 5). Both lakes have a maximum water depth of -1 m from April to June 

following spring snowmelt and high summer rainfall, and a minimum of 0-10 em of brine 

under the winter ice cover. In autumn (August to October), the depth of Goodenough 

Lake decreases to -45 em and the surface area may shrink by more than 50% due to 

evaporation. The lakes are fed directly by groundwater discharge, lake marginal springs 
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and seepages, snowmelt, and diffuse sheetwash, with rare occurrences of channelled 

inflow and rill development. The modem sedimentation in the basins appears to be 

predominantly autochthonous, with a minor detrital influx component (Renaut, 1990). 

Goodenough Lake Last Chance Lake 

geographic location (O) 51°21.1'N 121°38.6'W 51°19.5'N 121°38'W 

altitude (m) 1083 1081· 

surface area (km2) 0.16 0.14 

perimeter (km) 2.31 2.05 

maximum length (m) 735 700 

maximum width (m) 590 300 

depth range (em) 0-100 0-100 

water temperature (°C) -2.5-14 -2.5-21 

pH 10.22-10.65 9.66-10.50 

Total Dissolved Solids (g L -1) 15.60-65.85 33.90-265.10 

Tablel. Physical parameters of Goodenough Lake and Last Chance Lake. Lake 
dimensions were estimated from an aerial photograph of the region taken in autumn 
when the lakes are at their lowest, and represent minimum values. Annual and spatial 
variations are represented by minimum and maximum values. 
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Figure 5. Depositional subenvironments and sampling locations at Goodenough Lake (GE) and Last Chance Lake (LC). 
Mudflat areas <Tt-7 at GE, At-9 at LC) were sampled in May, August and September; lake cores (Ct-8) were sampled 
in September; and other areas <Wt-8, Tt and T3) were sampled in winter. (After Renaut and Long, 1989). 



2.2 Depositional subenvironments 

Hardie et al. ( 1978) classified saline lake basins into ten distinct subenvironments, 

each with diagnostic hydrological, biological, chemical and sedimentary processes that 

give rise to a characteristic set of sedimentary features in their deposits, namely; (1) 

alluvial fan; (2) sandflat; (3) dry mudflat; (4) ephemeral saline lake (consisting of an inner · 

saline pan and an outer saline mudflat); (5) perennial saline lake; (6) dune field (eolian 

deposits); (7) perennial stream (braid or meander deposits); (8) ephemeral stream 

floodplain (braid deposits); (9) springs (travertine and tufa deposits); and (1.0) shoreline 

features. In the context of the Cariboo lakes, Renaut and Long ( 1989) modified the 

classification into five main depositional subenvironments, namely the hillslope, mudflat 

(saline and dry), lake (perennial or ephemeral) and spring and ephemeral tributary. 

Subenvironments are defined by the proportion of autochthonous carbonate 

precipitation to detrital deposition, the groundwater regime, and characteristic sedimentary 

structures and processes (Figure 6). The lakes are characterized by small, commonly well

vegetated catchments, and high groundwater tables. Channelling is of little importance, 

thus most basins receive a limited amount of clastic detritus, mainly from unchannelled 

sheetwash. Therefore, fluvial subenvironments are either poorly represented or absent 

(Renaut and Long, 1989). Locally, sediments are wind-blown within and between 

subenvironments; in particular, deflation transports salts from the saline mudflats to other 

parts of the catchment. 
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Figure 6. Depositional subenvironments of the Cariboo Plateau Lakes. Each zone is 
characterized by specific hydrologic processes, groundwater compositions, sediment 
types, and sedimentary features and processes (after Renaut, 1990; Renaut et al., 1994 ). 

2.2.1 Hillslope subenvironment 

The gently undulating relief of hummocky moraines is <10 m high and slope 

gradients range from 0 to 15°. Hillslope vegetation has stabilized soils, and acts as a 

buffer to surface runoff and allochthonous lake sedimentation by limiting channel 

development. The amount of runoff that reaches the lake is further reduced by the high 

evapotranspiration rate of the surrounding forests. 

Surficial hillslope materials consist of erratics on the surface and sand, gravel, 

small glacial clasts ( < 15 cm2
) and weathered clays in surficial material. Vegetation zones 

lie parallel to the mudflat subenvironment and illustrate changes in the groundwater 

regime from relatively fresh seepage to lake-dominated hypersaline waters at the base of 
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the slopes. In Figure 7a, short grass covers the hillslopes and areas of dark, reedy 

vegetation adjacent to the mudflat indicate zones of relatively dilute water seepage 

towards the lake. Marsh vegetation may occur in seepage zones and at the base of 

hillslopes where shallow groundwater flows into the catchment through the highly 

permeable surficial till deposits. 

Intermittent, heavy rainfall erodes and redeposits slopewash deposits over the 

hillslope-mudflat transition zone (Figure 7b). Some deposits (e.g., Goodenough Lake, 

transect 1) display a powdery, white, calcium- and magnesium-carbonate-rich hardcrust 

( <5 em thick). This is precipitated by evaporative concentration of dilute surface runoff 

or seepage waters emerging along the base of the slopes. Other deposits include 

vesiculated, polygonally-cracked 'popcorn' clay accumulations (Figure 7c; Bryan et al., 

1978; Hodges, 1982; Hodges and Bryan, 1982), and aprons of poorly-sorted, unbedded 

colluvium (composed of subrounded, <15 em glacial clasts) where the hillslope merges 

into the dry mudflat (Renaut and Long, 1989). 

Away from the lake ( <200 m), there is a transition from grassland to forest. 

However, in places, such as the south side of Last Chance Lake, coniferous trees grow 

within 4 m of the lake margin, where relatively fresh, shallow groundwater drains 

lakeward through the permeable glacial till. This allows the trees to exist just above the 

hypersaline lake-water level (Renaut and Long, 1989). Some dead trees on the lower 

hillslopes are encrusted by capillary salts at the base of the trunk. This may indicate a 

change from a high and fresh water table to a lower water table, which the trees cannot 

reach, or a recent increase in lake level, which brought the tree roots into contact with 
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Figure 7a to d. Characteristics of the subenvironments of Goodenough Lake. A: The large seepage zone in the 
southernmost part of the lake catchment (backpack is 50 em high); B: Siliciclastic slopewash deposits on the 
western mudflats; C: Transition in subenvironments from the 'popcorn clay' covered hillslope-dry mudflat area 
in the foreground, to the polygonally-cracked saline mudflat and perennial hypersaline lake; D: Slopewash is 
transported across the saline mudflat by an ephemeral tributary. 
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Figure 7e to h. E: The relatively warm waters of Spring A prevent complete freezing of the lake surface and supply the 
lake with dilute inflow throughout the winter months (footprint is 25 em long); F: Deformation features in the saline 
mudflat of area 1'2. An orange, buried microbial mat is preserved in the sediment above the deformation feature (pen is 
14.5 em long); G: Ephemeral salt tracks on the saline mudflat surface (card is 9 em long); H: Polygonally-cracked brine 
fly pupae accumulations on the saline mudflat (book is 18.5 em long). 



saline groundwaters. 

2.2.2 Spring and ephemeral tributary subenvironment 

Springs and ephemeral seepages are extensive at the base of hillslopes (especially 

where the slope transition from hills lope to mudflat is acute), discharging onto the surface 

of the mudflats, and directly to the lake through permeable horizons within the mudflat 

sediments. Seepage zones (1-100 m wide) range from large marshy areas of well

vegetated, hummocky ground to small tributaries flowing onto and seeping into the saline 

mudflat, which are often recognized by vegetal changes, and the presence of microbial 

mats and brine flies. Small, ephemeral tributaries contain quartzo-feldspathic sands, silts 

and clays, which are locally eroded from hillslope glacial deposits, and become 

polygonally-cracked when desiccated (Figure 7d) (Renaut and Long, 1989). The 

macrophyte, Scirpus validus, is characteristically found at freshwater seepage sites 

(Hammer and Forr6, 1992). 

Some springs dry up in mid- to late summer, probably due to evaporative 

drawdown, but others, such as spring A at Goodenough Lake (Figure 7e), are perennial 

and remain open water while the rest of the lake is frozen over in winter. Even in winter, 

some aqueous vegetation, filamentous cyanobacteria and microbial mats are able to 

survive beneath the ice, in the relatively warm (5-8°C), upwelling spring waters. Alkaline 

earth carbonates have been deposited around the spring orifices; at Goodenough Lake, 

aragonite crusts are precipitated from spring waters on rocks surrounding the emergent 

spring on the south side of the lake, and at Last Chance Lake, travertine of high 
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magnesian-calcite composition has precipitated at the spring orifice on the southwest side 

of the lake (see Figure 5). Several artesian springs may emanate from the central basin

floors of both lakes, and have a perennial influence on carbonate production (see section 

2.4). 

2.2.3 Mudflat subenvironment 

The mudflat undergoes extreme diurnal and seasonal variations which makes it the 

most diverse subenvironment. The sediments are characterized by interbedded siliciclastic 

debris derived from slopes, and carbonates (Renaut and Long, 1989). Some minerals form 

interstitially by capillary evaporation from shallow groundwater fluctuating within -100 

em of the surface; some carbonate and salts precipitate as lakewaters recede during 

summer; and others have probably formed under more extensive lake conditions of the 

past. Groundwater is locally discharged into or onto the peripheral mudflat as seepage, 

or is lost by near-surface capillary evaporation and evapotranspiration (Renaut, 1993). 

The supralittoral flats that are prominent zones around most saline lakes are 

divided into 'dry' and 'saline' subenvironments (Hardie et al., 1978). The dry mudflat is 

the transition zone between the hillslope and the saline mudflat, which may be very 

narrow, and displays characteristics of both subenvironments (Figure 7c). Towards the 

hillslope, the carbonate-siliciclastic muds are drier (away from seeps) and commonly 

comprise polygonally-cracked hummocky ground with few efflorescent salts. Salt

encrusted grasses sparsely inhabit the mudflat, and depositional structures and organic 

remains are generally well-preserved (cf Burne et al., 1980). Mudcracked fine slope-wash 
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deposits commonly have curled edges and are easily transported by wind or low energy 

waves, to become deposited as intraclasts in the saline mudflat or lake. Sediments are 

greyish brown at the surface, darkening to blue-grey and black with depth; a carbonate 

hardcrust or a thin layer of efflorescent salt may cover the mudflat surface. Basaltic 

gravels and large clasts, corroded by hypersaline, alkaline brines into rounded forms, are 

locally present on and within the mudflat sediments. In summer, polygonally-cracked, 

desiccated ephemeral tributaries randomly transect the mudflats (Figure 7c). 

At Goodenough Lake, the amount of carbonate increases towards the lake as the 

dry mudflat merges into saline mudflat. The saline mudflat ranges from 5-200 m wide and 

lies between the dry mudflat and the lake margin, but may expand by as much as 1,000 

% when evaporation causes the lake to contract in autumn. This expansion varies with the 

shoreline slope angle, the volume and depth of the lake, and the degree of evaporation 

of the lake waters (Renaut and Long, 1989). Sediments of the saline mudflat are brine

soaked, strongly reduced and characterized by extensive carbonates. Some precipitated 

interstitially from shallow groundwaters in the upper metre of sediment, while other 

carbonates precipitated in efflorescent crusts at the surface. Other carbonates and saline 

minerals may precipitate from the water column when lake waters cover the mudflat 

(Renaut et al., 1994). There may be radical lateral changes in mudflat sedimentology and 

composition over as little distance as -1 m (Figure 7c). The amount of carbonate formed 

varies with groundwater composition and can range from < 10-100% of the upper metre 

of supralittoral mudflat sediment (Renaut and Long, 1987). 

Efflorescent salt crusts ( <5 mm thick) are abundant on the mudflat surface and 
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display a variety of textures (e.g. pustular, puffy or homogeneous), that depend on the 

conditions of formation, such as evaporation rate and substrate. The salt crusts are 

extremely friable, temperature sensitive and commonly contain organic debris consisting 

of microbial mat and invertebrate remains. Wind deflates efflorescent salt from mudflats 

both onto the hillslope and into the lake. Where the saline mudflat is wide, there may be 

a zonation from the least soluble to the most soluble efflorescent salts towards the 

lakeshore; in narrow mudflats ( <30 m), salts may be compositionally homogeneous 

(Renaut and Long, 1989; Smoot and Castens-Seidell, 1994). 

The lateral zonation of mudflat features towards the lake may be a response to 

seasonal variations in lake level fluctuations and groundwater supply and its composition, 

and is a characteristic of many closed basins (Eugster and Hardie, 1978; Lowenstein and 

Hardie, 1985). At Goodenough Lake, a higher lake level and a minor increase in wave 

action promotes the formation of spits in May, along the north and northwest shorelines. 

By September these depositional features have disappeared due to the falling lake level 

and diminished wave energy, and the sediments may be reworked subaerially. 

Disruptive features of the mudflat sediments typically include desiccation and 

freeze-thaw cracks, precipitated interstitial saline minerals, bioturbation, plant roots and 

deformation structures, all of which can contribute to the poor preservation of bedding 

and can occur at different rates throughout the year. Bioturbation of mudflat sediments 

appears in many forms, ranging from deer and plover tracks on the surface to burrowing 

organisms mixing surficial microbial mats with underlying sediments. Deformation 

structures caused by the dewatering of sediment are particularly prevalent and occur in 
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a variety of forms, from small-scale bed convolutions to meso-scale flame structures and 

self-mulching features (Figure 7f). A peculiar but common feature, called 'salt tracks', 

develops soon after rainfall on the mudflat surface. The salt tracks are interpreted as a 

myriad of very shallow (<2 em), brine-filled, horizontal animal burrows whose forms 

have been translocated to the surface by capillary evaporation after rainfall and which 

disappear as the surficial muds dry out (Figure 7g). First described on the mudflats of 

African saline lakes, salt tracks are still poorly understood but may be related to the 

capillary attributes of the mudflat sediments (Renaut and Sarjeant, 1991 ). Degassing of 

C02 is a process occurring in living microbial mats and wet mudflat sediments. Sediments 

may be disrupted by escaping carbon dioxide and vesicles are typically left on the mudflat 

surface or below mats. 

The biology of the lakes is limited to the most salt-tolerant flora and fauna. 

Microbial (cyanobacterial) mats are abundant in the littoral zone and around seepage sites, 

and buried mats (continuous and intraclastic) can be recognized at depth within the saline 

mudflat sediments (Hirst and Renaut, 1993). Desiccated and polygonally-cracked mats 

may be broken up and reworked into the mudflat sediments. Salt crusts at Last Chance 

Lake often have an orange-red tinge, possibly due to the alkalophilic halobacterium 

Natronobacterium (Javor, 1989), but this has not been confirmed. Complex strandlines 

consisting of Artemia sp. (brine shrimp) eggs and cysts, Ephydra hians (brine fly) and 

Aedes campestris (mosquito) pupae occur along the mudflats (Scudder, 1969; Hammer, 

1986). Thick layers become polygonally-cracked in autumn and represent the amount of 

lake retreat since spring hatching that year, which takes place in the littoral zone (Figure 
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7h). 

2.2.4 Lake subenvironment 

Most sedimentation occurs in the central lake basin. In both lakes, the most recent 

lacustrine sedimentation has apparently been autochthonous, producing carbonate muds 

(laminated and unlaminated), evaporites and organic-rich (sapropelic) muds (Hirst and 

Renaut, 1993; Renaut and Stead, 1994a; Renaut et al., 1994). At perennial Goodenough 

Lake, most carbonate minerals are probably precipitated within the w~ter column, 

although there is some contribution from slope-washed and wind-blown siliciclastics, and 

some minerals may form authigenically within the lake muds. The lake sediments are 

weakly-laminated, reduced carbonate muds, becoming increasingly interstratified with 

oxidized clays and siliciclastic sediments nearer the mudflats. Last Chance Lake is one 

of the few Cariboo Plateau lakes that desiccates annually to a saline pan, producing an 

exposed layer of sodium-carbonate salts (see section 2.6). Many specific features of the 

lake subenvironment are discussed in detail in Chapters Four and Five. 

Both lakes have hypersaline, highly alkaline, Na-C03-S04-Cl brines; Goodenough 

Lake has a salinity range of 15-66 g L-1 TDS and pH 10.22-10.65 throughout the year, 

and Last Chance Lake has a salinity of 34-265 g L-1 TDS and a pH of 9.66-10.50. At 

Goodenough Lake, the lake waters appear to be stratified in September. Field observations 

indicate that the water column is stratified below the floating microbial mats, as shown 

by visible mixing of water layers when the mats are disturbed. The floor of Goodenough 

Lake is covered by a nearly continuous benthic microbial mat ( -1 em thick), constructed 
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by cyanobacteria, bacteria and algae (cf. Bauld, 1981). In September, sodium-carbonate 

salts precipitate in the mat at Goodenough Lake where it breaches the lake surface. 

Sediment becomes trapped within microbial filaments, and scanning electron microscopy 

(SEM) shows that authigenic minerals such as clays, salts and dolomite may also form 

within the living mats (see page 181). The mat is a complex, layered community of 

metabolically-interrelated micro-organisms and the dominant microbial types are listed in 

Appendix B (S. Schultze-Lam, personal communication, 1993). 

Other organisms chiefly include Artemia sp. (brine shrimp), which inhabit the lake 

waters and Ephydra hians (brine fly), which reproduce in the moist lakeshore muds. 

Swarms of brine flies may be seen covering the surface of floating microbial mats and 

at the shoreline, commonly aligned parallel to the prevailing wind direction. Hammer and 

Forr6 ( 1992) identified 5 species of zooplankton tolerant of the high alkalinity and salinity 

of Goodenough Lake, namely the rotifers Brachionus plicatilis O.F.M. (1000-9999 

individuals L-1
); Hexarthra polyodonta Hauer (1000-9999 ind. L-1

); and Keratella 

cochlearis Gosse (<10 ind. L-1
); the anostracanArtemiafransiscana Kellogg (100-999 ind. 

L-1
); and the copepod Diaptomus connexus Light (10-99 ind. L-1

). Diatoms (resembling 

Nitschia) were found in low numbers throughout the lake all summer, but were present 

in large numbers in the top layer of the microbial mat in October (S. Schultze-Lam, 

personal communication, 1993). 

Other invertebrate remains, such as chironomid head capsules, Chaetoceros cysts, 

chrysophyte scales and stomacysts, and sponge spicules have been collected at other 

saline, alkaline lakes on the Cariboo Plateau. However, these species are intolerant to the 
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hypersaline conditions at Goodenough Lake and Last Chance Lake (Smol, 1993). At 

Goodenough Lake, a yellow, frothy scum is found at the shoreline in May, and comprises 

pollen and spores from the local vegetation. 

2.3 Brine pools at Last Chance Lake 

Last Chance Lake is characterized by several hundred brine pools (also called 

brine pods or crystal bowls) that are permanent structures within the carbonate-siliciclastic 

muds (Figure 8a). Pool diameters range from 1-25 m and depths are <3 m .. The surface 

expression resembles sub-circular stone polygons of periglacial regions (Washburn, 1980), 

although the mechanisms of formation are likely different. Figure 9 shows that the 

subsurface brine pool structure is a downward-tapering cone of black carbonate mud 

containing interstitial salt crystals, and is covered by a rigid natron salt crust ( <10 em 

thick), which may contain residual brine. The pools are surrounded by soft, brine-soaked, 

massive carbonate-siliciclastic muds, with efflorescent salts covering the surface; the 

surficial pool salts and efflorescent salts display a variety of morphologies. Subvertically

aligned clasts (<50 em) and coarse gravels from the underlying glacial deposits have been 

brought to the surface of the interpool muds, possibly by differential loading of a heavy 

medium on a light medium, inducing gravitational instability (Renaut and Long, 1989). 

The soft interpool mud rims are typically 20-100 em wide and up to 30 em high. Small 

mud volcanoes and mud dykes occur in some areas and suggest that the soft interpool 

muds have been injected upward from below, possibly aided by groundwater seepage ( cf 

McBride and Pfannkuch, 1975). 
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Figure 8a to d. Seasonal features of Goodenough Lake and Last Chance Lake. Last Chance Lake evaporates to a saline pan in September, 
which exposes its brine pool morphology (A; foreground pools are 1m wide). The pools are intermittently flooded by dilute seepage waters, 
which emerge from the adjacent hillslopes (B). In winter, microbial activity continues beneath an ice cover in the vicinity of a spring orifice 
at Goodenough Lake (C). Some microbial mat is frozen into the ice (card is 9 em long). Area T3 at Goodenough Lake displays a diapiric 

mud volcano extruding through a thin (<3 em thick) ice cover (D; card is 9 em long). 



Brine pools at the lake margin are generally smaller, more circular and contain 

many interpool clasts. The larger central pools have a more irregular shape, many are 

composite, with smaller pools enclosed within larger ones, and the interpool muds have 

a higher relief. The pool size and morphology may be a function of basin depth and 

proximity to groundwater seepages (Hirst and Renaut, 1993). Seepage from hillslopes 

periodically floods the brine pools with fresher water (Figure 8b). 

D Organic-rich mud IITIIJ Interlocking natron crust 

~ Glacial clasts ~ Natron crystals 

Figure 9. Schematic cross-section of a brine pool at Last Chance Lake. Summer evaporative 
concentration causes natron crystallization from the residual brine when the temperature falls 
below 20°C in autumn. A thick, clear, interlocking natron crystal crust covers the brine pool 
and freeze-out precipitation of natron from the brine Eeates a permanent evaporite deposit at 
the pool base. Interstitial natron crystals also form in e brine-soaked, organic-rich carbonate
siliciclastic mud rims which surround the pools. Free ing and gravitational instability causes 
underlying glacial clasts to be brought to the surface d small mud volcanoes and dykes to 
erupt through the salt crust (after Renaut and Stead, 1994a). 

Since the early 1900's, similar brine pool mLphology has been documented across 

the Pacific Northwest in the Interior of British bolumbia, (Reinecke, 1920; Goudge, 
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1926a and b; Renaut and Long, 1987, 1989; Nesbitt, 1990) and in Washington and 

Oregon, U.S.A. (Jenkins, 1918; Allison and Mason, 1947; Bennett, 1962). All saline lakes 

with this structure are found in seasonally cold, hypersaline environments, are 

groundwater fed and occur in carbonate and sulphate lakes. There have been many 

theories to explain brine pool formation and proposed mechanisms include rising solutions 

(Jenkins, 1918); sinking crystals (Reinecke, 1920); and artesian springs (Allison and 

Mason, 1947; Renaut and Stead, 1994a). Winter processes may also influence brine pool 

formation by rapid freeze-out precipitation of salt and ice loading (Renaut and Long, 

1987). However, a definitive explanation for the overall lake morphology and pool 

segregation remains to be found and it is likely that the pools have a polygenetic origin. 

2.4 Seasonal variations 

In saline lake basins of warm, arid regions, salts are commonly precipitated in late 

summer and autumn due to high temperatures and evaporation rates at these times (Greer, 

1977; Eugster and Hardie, 1978; Handford, 1982a; Lowenstein and Hardie, 1985; Smoot 

and Lowenstein, 1989; Rosen 1991). However, in Goodenough and Last Chance lake 

basins, most subaqueous salt precipitation occurs during the autumn and winter months, 

when brine-cooling and freeze-out become the main mechanisms for the precipitation of 

very soluble salts from extremely concentrated brines (Renaut and Long, 1987; Last, 

1989b). Recent work suggests that cooling is a more common mechanism for salt 

precipitation than previously thought (Last, 1989a; Lowenstein et al., 1989; Risacher and 

Fritz, 1991 ). As the lake waters cool and ice begins to form at the surface, the brine 
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becomes more concentrated and salt precipitation occurs. Natron is the stable sodium

carbonate mineral phase below 20°C at atmospheric PC02 (Eugster, 1966), and due to its 

formation at lower temperatures, has been named 'winter crystal' (Goudge, 1926a). The 

lakes can be frozen for 4-6 months from November to April and ice thicknesses range 

from 45 em in the central lake zone to a few mm at the lake margin. The temperature of 

residual brine (<10 em deep) beneath the ice may be depressed to -2.5°C while the air 

temperature is 0 to -l°C (see Appendix C); winter lake waters have also been found to 

be oxygen depleted (Topping and Scudder, 1977). The upper layers of lake floor 

sediments may freeze and authigenic natron formation in winter is also possible. 

Artesian springs flow throughout the winter, which causes a continual influx of 

warmer ( -4.5°C) water to the lakes. At the margins of Goodenough Lake and Last Chance 

Lake, upwelling springs melt the ice from below, resulting in areas of open water. Spring 

A at Goodenough Lake remains open throughout the winter, which allows microbial 

activity to continue beneath the ice around the spring orifice (Figure 8c ). Spring waters 

may partially melt the ice from below, leaving "bubbles" (<30 em diameter) captured 

within the ice. In areas where the spring waters have totally melted through the ice, lake 

waters have overflowed onto the ice surface and frozen in place (e.g., at the southwestern 

end of Goodenough Lake). 

Sediments of the surrounding hillslopes and mudflats can freeze to <50 em but 

may thaw during high temperatures in the daytime. Deep snow drifts cover the mudflats 

and may cause differential loading on the sediments as they melt. Figure 8d illustrates a 

mud volcano that may have formed as heavy snow on the mudflat melted more slowly 
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than the ice cover over the lake. The high surface albedo and sheltered location of the 

lakes maintain an ice cover into late March, when daytime temperatures rise above zero. 

However, the surface albedo is reduced as wind-blown sediment from thawed areas 

becomes trapped in the ice topography and as ice cracks allow dark lake waters (laden 

with algae and Artemia eggs) to breach the surface. Detailed investigations of the effects 

of freezing on sediments are discussed in later chapters. 
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3. HYDROCHEMISTRY 

3.1 Approach to hydrochemical analyses 

It is important to trace the brine evolution from dilute inflow at the margins to the 

hypersaline brine in the central basin, so one can predict which minerals will precipitate 

in different parts of the catchment during evaporative concentration of the waters, and to 

trace sources of inflow, such as ephemeral streams and seepages (Eugster and Hardie, 

1978). Tracing uses the principle of chemical divides, which is controlled mainly by the 

ratio of Ca and Mg to HC03 in the initial dilute inflow. To do this, the interrelationship 

between hydrology, sedimentation, water chemistry and mineralogy within closed basins 

must be investigated (Eugster, 1980). This is done through hydrochemical analyses, 

computer modelling of the waters, and by comparing theoretical saturation states of the 

waters with minerals actually found in the field. 

3.2 The PCWATEQ water analysis program 

PCWATEQ is a user friendly version of the FORTRAN IV computer program 

W ATEQF, which is used to model the thermodynamic speciation of inorganic ions and 

complex species in solution for a given water analysis (Plummer et al., 1976; Rollins, 

1988). The specific functions of PCWATEQ are: 
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- to calculate the activities of all major ions and important minor elements in natural 

waters, using chemical analyses and in situ measurements of temperature and pH. This 

is useful for interpreting the chemical reactivity of a water sample, and gives more 

information than total concentrations. 

- to balance the number of cations and anions in a water sample, which aids in checking 

the accuracy of chemical analyses. 

- to calculate equilibrium pressures of several gases (e.g. C02) that may be in contact 

with the solution. 

- to determine the theoretical state of saturation of the water with respect to 200 mineral 

phases, which is useful for interpreting low-temperature chemical interactions between 

water and the surrounding rock, sediment or soil environment. 

The thermodynamic stabilities of aqueous species, minerals and gases have been 

selected by careful consideration of all available experimental data (Truesdell and Jones, 

1974). Calculations of the states of saturation of natural waters with minerals are 

complicated by the numerous factors which affect the activity of the ions involved in the 

solution equilibria. PCW A TEQ uses the approach that for multi component water solutions 

the activity coefficients of simple ions and complexes can be described by equations 

depending only on the temperature and ionic strength of the water (Truesdell and Jones, 

1974). 

The chemistry of water-rock interactions is determined in part by possible 

reactions with regard to the states of the waters. The reaction states may be calculated 
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from an equilibrium chemical model of the water and from the stability of phases with 

which it may react. The examination of reaction states may suggest the origin of dissolved 

constituents and assist in the prediction of the chemical effects of groundwater discharge. 

Although the use of an inorganic equilibrium model cannot produce a complete 

description of these processes, it is a useful reference. It can indicate which processes are 

impossible for a given water-rock system, suggest which processes may control water 

compositions, and which show processes are so hindered by kinetic factors that the water 

compositions are indifferent to them (Ball et al., 1987). 

3.3 Hydrochemical data 

Figures 10 to 24 show the results of elemental analyses and saturation state 

calculations for the waters of Goodenough Lake and Last Chance Lake, illustrating both 

spatial and seasonal variations. Data were collected in March, May, August and 

September, but in assessing annual variations, the lack of data between October and 

February should be noted. A "miscellaneous" group of waters from outside the catchment 

area has also been included to show how the chemical compositions of waters change 

from the dilute runoff on the plateau, through adjacent basins, and finally into the study 

area. The ionic compositions (in mg L-1
), total dissolved solid (IDS g L-1

), temperatures 

ec) and pH values of all water samples are tabulated in Appendix C. 

To illustrate the hydrochemical development of waters in the study area, chloride 

has been chosen as the tracer element, for several reasons (cf Eugster, 1970; Jones et al., 

1977): 
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- Chloride is neither removed nor supplied significantly by interaction with rocks; igneous 

and sedimentary rocks generally contain -0.02% chloride (Drever, 1988). 

- Chloride is very soluble, which means that it is not precipitated as a salt until very high 

salinities are reached. 

- If the concentration of any other ion (e.g. sodium) is plotted against chloride 

concentration, the extent to which that ion is controlled by evaporation, or other 

processes, becomes apparent. On a Jog-log plot, progressive evaporation should cause all 

points to lie on a 45° slope, regardless of the initial ratio of the concentrations of the 

species being plotted, if both ions are being conserved. 

These relationships can allow the composition of the final brine to be predicted 

from the composition of the dilute water from which the brine was derived (Garrels and 

Mackenzie, 1967). Implications of these results are addressed in Chapter 6. 

3.3.1 Ionic distributions for Goodenough Lake and Last Chance Lake waters 

The development of groundwater compositions from areas of dilute inflow ( <2 g 

L-1
) at the lake margins to the hypersaline brine (>200 g L-1

) in the central basin has been 

traced across Goodenough Lake and Last Chance Lake, also taking into acount the 

seasonal changes. Figures 10 a to v illustrate the distribution of selected ions against Cl 

(log-mmol L-1
) for seepage zones, mudflats and lake subenvironments at Goodenough 

Lake and Last Chance Lake (including the ephemeral saline pan), and spring localities at 

Last Chance Lake. The relationships of analyzed ions to chloride show two dominant 

patterns: a broadly linear relationship, where the increase in cations is directly 
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proportional to the increase in chloride; and a wide scatter, showing different relationships 

between chloride and other ions. The former implies mutual conservation of both ions 

under evaporative concentration; the latter indicates fractionation of one ionic species (e.g. 

by precipitation) or complex behaviour caused by several agencies. 

Several anomalous points that are atypical of the general trends were identified 

within the data. The sample AUG GETS shows abnormally high concentrations of 

sodium, (HC03 + C03), sulphate and bromide, and should be interpreted with caution. 

Other anomalies are in AUG LSZ3A (sodium and alkalinity), GE SITE B (s.ulphate) and 

GE/M SITE 5 (bromide). In this chapter, the general trends are described. Interpretation 

of the data in the context of evolution of the basinal brines, is given in a Chapter 6. 

3.3.2 Total Dissolved Solids (TDS) versus chloride 

The relationship of TDS to chloride (Figures 1 Oa and b), shows that evaporative 

concentration and mutual conservation are the main methods of increasing salinity, and 

justifies the use of chloride as a tracer. The measured minimum and maximum TDS 

values range from <1 g L-1 (-0.5log-TDS) at a chloride concentration of 420 mg L-1 (<1.0 

log-Cl), to 265.1 g L-1 (2.5 log-TDS) in the most saline brines (>15,000 mg L-1 Cl (2.8 

log-Cl)). 

3.3.3 Sodium versus chloride 

Sodium shows the most linear relationship with chloride of all the cations in both 

Goodenough Lake and Last Chance Lake. Figures 1 Oc and d show that seepage waters 
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Lake. Figures a to h show TDS, Na, Ca and Mg against Cl. 
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Figures lOi top. Log-log plots (molar basis) of Mg/Ca, K, ALK and S04 versus Cl for Goodenough Lake 
and Last Chance Lake samples. 
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of Goodenough Lake and Last Chance Lake contain <530 mg L-1 sodium (<1.5 log-Na), 

and lakewaters contain >1800 mg L-1 sodium (>2 log-Na). Mudflat porewaters at 

Goodenough Lake have compositions over this entire range. Na/Cl values vary throughout 

the year, but the highest values are found at Last Chance Lake in September. 

3.3.4 Calcium versus chloride 

A considerable scatter of calcium concentrations in the dilute waters of 

Goodenough Lake is observed, ranging from 15 to 90 mg L-1 
( -0.5 to 0.4 log-mmol L-1

), 

(Figure 1 Oe ). Mudflat pore waters and lake waters from Goodenough Lake, and lake waters 

from Last Chance Lake, fall within a chloride concentration range of 50 to 15,700 mg L-1 

(1 and 3 log-Cl), with Last Chance Lake samples being the most concentrated. 

Corresponding calcium concentrations are widely distributed, between 20 and 210 mg L-1 

respectively ( -0.6 and 0.8 log-Cl), but generally increase with chloride. This relationship 

is more obvious when the Last Chance Lake data are separated (Figure lOt). Calcium 

concentrations of Last Chance Lake, and particularly Goodenough Lake waters, appear 

to decrease in August and September at the higher salinities. 

3.3.5 Magnesium versus chloride 

Magnesium concentrations show a wide scatter of points with a very similar 

distribution to calcium concentrations (Figure lOg and h). However, compared to calcium, 

magnesium concentration is relatively high at lower chloride concentrations, and decreases 

with increasing salinity. Dilute waters of Goodenough Lake and Last Chance Lake have 
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magnesium concentrations of <300 mg L-1 
( <1.2 log-mmol L-1

) below chloride 

concentrations of 3 mg L-1 (0.5 log-Cl). Above chloride concentrations of 420 mg L-1 
( 1.0 

log-Cl), magnesium concentrations do not exceed 122 mg L-1 (0.7 log-Cl). Magnesium 

in lakewaters at Last Chance Lake appears to have a more linear relationship with 

chloride than Goodenough Lake waters. Figure 1 Oh shows that Last Chance Lake waters 

are more evolved than Goodenough Lake, as chloride concentrations are higher. The 

lowest magnesium concentrations (6 mg L-1
; -0.6 log-Mg) occur at a chloride 

concentration of 30 mg L-1 (1.5 log-Cl) in September. By September, the .waters have 

reached a chloride concentration of 11,800 mg L-1 (2.5 log-Cl), and magnesium has 

increased to 120 mg L-1 (-0.7 log-Mg), in a generally linear manner. 

3.3.6 Mg/Ca versus chloride 

The Mg/Ca ratio of the marginal ground waters at the lakes is high, reaching 9 mg 

L-1 (1.2 log-mmol L-1
) in Goodenough Lake and 3 mg L-1 (0.7 log-mmol L-1

) in Last 

Chance Lake (Figures 10i and j). Mg/Ca ratios in more saline waters (>220 mg L-1 Cl 

(0.7 log-Cl)) are widely scattered, but show a slightly more linear pattern for Last Chance 

Lake, similar to magnesium values, with September showing the highest Mg/Ca (2 mg 

L-1 Mg/Ca; 0.5 log-Mg/Ca) and chloride concentrations for both lakes. 

3.3. 7 Potassium versus chloride 

Potassium has a less linear relationship to chloride than sodium. Potassium 

concentrations are more variable, with a wide scatter of points for mudflat porewaters of 
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Goodenough Lake in March (Figure lOk). The most dilute lake waters at both lakes have 

potassium concentrations of >480 mg L-1 (>1.2 log-K), increasing to 1,400 mg L-1 (1.5 

log-K) at chloride concentrations of 4,700 mg L-1 (2.2 log-Cl). Last Chance Lake shows 

higher potassium levels (380 mg L-1
; 2.0 log-K) above chloride concentrations of 11,800 

mg L-1 (2.5 log-Cl) (Figure 101). 

3.3.8 Alkalinity versus chloride 

There is a prominent increase in alkalinity (HC03+C03) with chloride 

concentration, which indicates that alkalinity is directly proportional to salinity (Figure 

1Om and n). Alkalinity shows a wide scatter amongst dilute waters. In Goodenough Lake 

at intermediate concentrations of chloride, alkalinity remains approximately constant while 

chloride increases, implying that it is buffered. At high chloride concentrations, alkalinity 

behaves more conservatively. The most concentrated Goodenough Lake waters, 

comprising mudflat and lake water samples, illustrate a linear distribution, with 

alkalinities ranging from 3,700 to 66,000 mg L-1 (1.7 to 3.2 log-ALK) between chloride 

concentrations of 420 and 11,800 mg L-1 (1.0 and 2.5 log-Cl). Concentrated Last Chance 

Lake waters also lie in the same range, reaching a maximum measured alkalinity of 

159,000 mg L-1 (3.5 log-ALK). 

3.3.9 SO 4 versus chloride 

The overall sulphate concentrations of Goodenough Lake and Last Chance Lake 

show a generally linear pattern. Dilute waters at Goodenough Lake have sulphate 
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concentrations ranging from 60 to 600 mg L-1 
( -2.0 to 2.0 log-S04) and at Last Chance 

Lake, values are approximately 100 mg L-1 (0 log-S04), which includes September, the 

most saline brine sampled (Figures 10o and p). The saline waters (>420 mg L-1 Cl; >1 

log-Cl) of Goodenough Lake and Last Chance Lake show a generally linear trend, with 

sulphate values ranging from 100 to 47,000 mg L-1 (0 to 3 log-S04), and waters from Last 

Chance Lake in September being the most saline and sulphate-rich. 

3.3.10 Bromide versus chloride 

Figure 1 Oq shows that bromide analyses from Goodenough Lake display a broadly 

linear pattern. Dilute waters collected in August at Goodenough Lake and Last Chance 

Lake fall below 45 mg L-1 chloride concentrations (0 log-Cl) and 10 mg L-1 bromide 

concentrations ( -1.0 log-Br). Saline waters of Goodenough Lake show a broadly linear 

distribution, ranging from -100 mg L-1 (-1 log-Br) at 420 mg L-1 Cl (1 log-Cl), to >24 

mg L-1 Br (>-0.5 log-Br) at 4,800 mg L-1 Cl (2.1 log-Cl). Last Chance Lake has a 

clustered distribution of bromide with chloride concentrations between 30 and 15,700 mg 

L-1 (1.5 and 2.8 log-Cl), and bromide concentrations of 10 to 150 mg L-1 (-1.0 to 0.5 log

Br). The highest bromide-chloride values are represented by August and September water 

analyses. 

3.3.11 Boron versus chloride 

Figures lOs and t show boron to be detectable (detection limit 1 mg L-1 by ICP

MS) only in the most concentrated waters, above chloride concentrations of 2,600 mg L-1 
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(1.8 log-Cl). Boron concentrations are first detected in the mudflat porewaters of 

Goodenough Lake, beginning at 5.7 mg L"1 
( -0.28 log-B) and rising to 6.4 mg L-1 (-0.22 

log-B) in the lakewaters during March and September. In hypersaline Last Chance Lake 

waters, boron concentrations increase rapidly from 21.7 to 23.8 mg L-1 (-0.3 to 0.4log-B), 

with the highest boron concentration occurring in September. 

3.3.12 Phosphate versus chloride 

The combined trend of Goodenough Lake and Last Chance Lake waters shows a 

broadly linear relationship between phosphate and chloride. Dilute waters of Goodenough 

Lake have phosphate levels between 3 and 115 mg L"1 (-1.5 and 0 log-P04). Phosphate 

levels in the dilute waters of Last Chance Lake were below the detection limit. The 

phosphate-chloride relationship in concentrated waters of Goodenough Lake has a widely

scattered distribution, whereas in Last Chance Lake the relationship is more linear, 

increasing from P04 concentrations of 115 mg L-1 (0 log-P04) at low chloride 

concentrations, to 3,600 mg L-1 P04 (1.6 log-P04) at high chloride concentrations, with 

the highest values occurring in September. Figures lOu and v illustrate two trends in the 

phosphate data; in the Goodenough Lake waters, phosphate begins to increase linearly, 

but then starts to decrease at P04 concentrations of 30 mg L"1 (-0.5 log-P04) and Cl 

concentrations of 520 mg L-1 (1.2 log-Cl). Conversely, at this point, waters of Last 

Chance Lake continue the linear increase. 
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3.3.13 Silica versus chloride 

Silica concentrations in Goodenough Lake waters have a wide distribution, 

reaching 230 mg L-1 (0.58 log-Si02) in the mudflat porewaters. Lake waters generally 

have a lower silica concentration than the mudflats. At chloride concentrations above 

3,500 mg L-1 (2 log-Cl), the minimum silica concentration is 30 mg L-1 
( -0.27 log-Si02). 

Last Chance Lake waters display a more linear relationship between silica and chloride. 

Dilute waters have silica concentrations below 10 mg L-1 
( -0.75 log-Si02), and silica 

concentrations in saline lakewaters increase from 55 ( -0.03 log-Si02) to 530 .mg L-1 (0.94 

log-Si02). 

3.3.14 Alkalinity versus PC02 

The relationship between alkalinity (HC03 + C03) and PC02 (partial pressure of 

carbon dioxide) indicates the extent of carbon dioxide availability as salinity increases, 

and whether this carbon dioxide is staying in solution or being precipitated as sodium 

carbonate salts at higher salinities (Drever, 1988). 

Figure 11 shows a log-log scatter plot (milliequivalent basis) of alkalinity against 

PC02 and indicates a widely scattered, non-linear relationship, roughly split into two 

groups - seepage waters and lake waters. Goodenough Lake waters and Last Chance Lake 

seepage waters fall in the zone of dilute inflow waters and the data are derived from all 

seasons. Viewed separately, Goodenough Lake waters appear to have a more linear 

distribution, maintaining a constant PC02 (0.0035 meq L-1
; -2.5 log-PC02) from alkalinity 

concentrations of 8 to 26 meq L-1 (0.85 to 1.4 log-ALK) and then rapidly increasing to 
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Figure 11. Temporal variations of alkalinity versus PC02 (log-meq L-1
) for Goodenough Lake and Last . 

Chance Lake waters. PC02 values were calculated by the PCW A TEQ program. 

a PC02 of 5.52 x 10-2 (-1 log-PC02) between 26 and 33 meq L-1 alkalinity (1.4 and 1.5 

log-ALK). The saline waters, comprising mudflat porewaters and lakewaters from 

Goodenough Lake, and lakewaters from Last Chance Lake, show a more varied seasonal 

distribution. The lowest PCO/alkalinity values were recorded in March, in the mudflats 

and lake waters of Goodenough Lake. From 225 to 1,200 meq L-1 alkalinity (2.35 to 3.1 

log-ALK) and 0.0035 to 7.2 x 10-5 meq L-1 PC02 (-2.5 to -4 log-PC02), analyses 

predominantly represent August and September, and were collected from Goodenough 

Lake mudflats and lake, and Last Chance Lake. The most alkaline waters (> 1 ,800 meq 

L-1 alkalinity or >3.25 log-ALK) are Last Chance Lake samples collected in September. 

Overall, Last Chance Lake saline waters show a more linear relationship between 

alkalinity and PC02• Goodenough Lake samples are widely scattered, showing more 

constant PC02 with increasing alkalinity, and decrease in PC02 at higher alkalinities. 
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3.4 Ratio data 

Ratios of Mg/Ca, (HC03+C03)/(Mg+Ca) (alkalinity/alkaline earths) and SO/Cl 

have been calculated for waters of the study area (Appendix D). Data are presented in 

mmol L-1
, which recognizes that ions have different weights, and occupy different 

amounts of space within a solution (Eriksson, 1985). This gives more information on how 

ions affect water chemistry (e.g., H20 activity) rather than concentration (i.e. mg L-1
) 

alone. 

3.4.1 Mg/Ca ratios 

Dilute runoff waters draining the plateau collected at Chasm have relatively high 

molar Mg/Ca ratios, ranging from 2.4-3.4. Waters that flow across the underlying basaltic 

bedrock and infiltrate the Goodenough Lake and Last Chance Lake catchment area, have 

Mg/Ca ratios 2-3 times higher, varying between seasons. The Mg/Ca ratios of inflow 

waters are lowest in March and highest in September. Inflow waters at Last Chance Lake 

(3.8-5.3) are in a similar range to those at Goodenough Lake. Mg/Ca ratios increase 

another 2-fold between the dilute seepage zones and the mudflat areas, but values drop 

drastically for waters of the mudflat and lake subenvironments. Mudflat porewaters at 

Goodenough Lake range from 0.3-2.5, with the highest ratios occurring in September. 

Mg/Ca ratios in Goodenough Lake are greatly affected by seasonality; the lowest values 

were recorded in March, with ratios ranging between 0.3 and 1.3, and the highest values 

are from August, reaching 2.8-3.8. 

The Mg/Ca ratios in Last Chance Lake waters are consistently lower than in 
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Goodenough Lake waters, at all times of the year, and the ratio is only >1 in two samples 

from the saline pan in September. Samples from neighbouring lakes adjacent to the study 

catchment have relatively high Mg/Ca ratios. Two lakes to the north-west of Goodenough 

Lake have values of 12 (OSOR2) and 1.5 (OSORl) with the latter being closest (-200 

m) to Goodenough Lake. Both values fall in the range of Mg/Ca ratios found in the dilute 

seepage zones of Goodenough Lake. The other neighbouring lake (LB LCL), 

approximately 50 m north of Last Chance Lake, has an Mg/Ca ratio of 2, which falls in 

the same range as the Last Chance Lake spring waters. 

3.4.2 (HC03+C03)/(Mg+Ca) ratios (alkalinity versus alkaline earths) 

All (HC03+C03)/(Mg+Ca) ratios of the water analyses show that (HC03+C03) is 

greater than, or extremely greater than (Mg+Ca). Waters with ratios closest to unity come 

from the springs of Goodenough Lake (1.7) and Last Chance Lake (4.3 and 4.5), but even 

these show 2-5 times as much (HC03+C03) as (Mg+Ca). Waters in the dilute seepage 

zones of Goodenough Lake range from 2-4.5. Also, there is one anomalously high value 

of 21, which was recorded in a lake marginal seepage area of Goodenough Lake in 

August. Overall, August shows the most consistently high ratios in the seepage zones. 

In Goodenough Lake mudflats there is a large increase in (HC03+C03)/(Mg+Ca) 

ratios, ranging from 58 (collected in May) to 850 (collected in August). At mudflat area 

2 of Goodenough Lake, the ratio increases from 115 (T2P3) in May to 850 (AUG GET2) 

in August. In Goodenough Lake waters (Figure 5), (HC03+C03) is again much higher 

than (Mg+Ca), yet the range of values is much less extreme (22-370). The lowest values 

57 



occur in March, increasing through to August, and then falling again in September ( 100-

160). 

At Last Chance Lake, (HC03+C03)/(Mg+Ca) ratios range from 135 (March), to 

1,300 (August), with an average ratio of -460. Water analyses of samples from outside 

the catchment area range from 1.5-4 for plateau waters, to 22-570 for neighbouring lakes. 

3.4.3 SO iCl ratios 

SOiCl ratios at the dilute seepage sites and springs of Goodenough Lake and Last 

Chance Lake are relatively high compared to most other areas, and range from 0.02-5 

throughout the year. Values from mudflats at Goodenough Lake are considerably lower, 

ranging from 0.03-0.1. An anomalously high value (27) occurs at mudflat area 5 in 

August (AUG GETS) and is more than 5 times the next highest SO/Cl ratio recorded. 

SO/Cl ratios of the mudflats are generally lowest in September (0.03-0.6) and highest in 

August (0.5-27). SO/Cl ratios of Goodenough lake waters are even lower, but more 

consistent between seasons (0.2-0.3) compared to analyses from Last Chance Lake. The 

latter are highly variable throughout the year, reaching a maximum value of 2 on the 

ephemeral saline pan in September. Some Last Chance Lake values are similar to the 

dilute inflow waters of Goodenough Lake and Last Chance Lake. 

3.4.4 Total Dissolved Solids (TDS) and pH 

The salinity of inflowing groundwaters gradually increases from sites of dilute 

inflow towards the central basin (Appendix C). Plateau waters at Chasm are fresh ( <1 g 
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L-1
; pH -8.5) and resemble the dilute waters infiltrating the study area. Inflow seepages 

in the northwest region of Goodenough Lake contain <1 g L-1 TDS and have a pH of 8.2-

8.9 for most of the year, except August, when the concentration is fresh to subsaline (<4 

g L-1
; pH 7.5-8.1 ). Spring waters for Goodenough Lake and Last Chance Lake are very 

similar, ranging from 0.5-0.7 g L-1 TDS and pH 8.4-8.8, year round. 

Saline mudflat porewaters at Goodenough Lake are much more evolved than the 

seepage waters, and have salinities and pH values that are similar to Goodenough Lake 

waters. The mudflat porewaters consistently range from 16-88 g L-1 TDS and.pH 9.8-10.3, 

with the highest salinities occurring in sites of slopewash deposits. Similar salinities 

persist across the transition zone to the lake subenvironment. The least concentrated 

waters occur in March (6-55 g L-1 TDS; pH 10.3-10.7). Otherwise, seasonal lake salinities 

range from 33-66 g L-1 TDS, pH 10.2-10.6, with the maximum salinity recorded in 

September. 

Two neighbouring lakes adjacent to Goodenough Lake are hyposaline to subsaline 

(5 and 30 g L-1 TDS, pH 9.6 and 10.2) and are more concentrated than the inflow waters 

to Goodenough Lake. The lake waters of Last Chance Lake are more hypersaline than 

Goodenough Lake; Last Chance Lake is most dilute in March (35-80 g L-1 TDS; pH 9.9-

10.5) and gradually increases throughout spring and summer, with the brine reaching a 

maximum concentration of 265 g L-1 TDS below the saline pan surface in September. At 

these high salinities, slightly lower pH values are recorded (pH -9.7). A small lake 

adjacent to Last Chance Lake is fresh in August (1.5 g L-1 TDS; pH 9), and shows 

similarities to the spring waters entering Last Chance Lake. 
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3.5 Saturation Indices: line plots based on PCW ATEQ results 

Figure 12 shows the sample locations within the study area. Figures 13 to 18 show 

the changes in mineral saturation indices from dilute inflow at the seepage zones of 

Goodenough Lake to the residual brine of Last Chance Lake, between March and 

September. Theoretical saturation indices have been generated by the PCW ATEQ program 

and are expressed as IAP/KT, which is a function of the ionic activity product and the 

equilibrium constant (dependent only on temperature at a given pressure) for various 

mineral phases within a solution. Saturation is achieved when lAP is equal to, or greater 

than KT (Kelts and Hsti, 1978). The spatial and temporal variations in Ca-Mg carbonates, 

N a-carbonates and sulphates are treated separately. However, hydroxyapatite is considered 

with the Ca-Mg carbonates (where data are available), nesquehonite is considered with 

the N a-carbonates and halite is considered with the sulphates, as these minerals show 

similar saturation trends to other phases in those groups. 

3.5.1 Ca-Mg carbonates: spatial variations 

Figures 13a to d illustrate seasonal changes in the mineral saturation states of 

Goodenough Lake from dilute inflow (e.g., GE SPRING) to the hypersaline lake (e.g., GE 

LAKE). Figure 13a shows saturation changes from the dilute inflow of Goodenough Lake 

to the east side of Last Chance Lake in March, when the lake is ice-covered. At this time 

of year, the spring in the southwest comer of Goodenough Lake is an important source 

of perennial inflow, and waters in this vicinity are saturated with respect to aragonite, 

calcite, magnesite and huntite, and supersaturated with respect to dolomite (5 log-
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Figure 12. Location of water samples collected from the Goodenough Lake and Last Chance Lake study area. The diagram 
illustrates September lake levels, causing some areas to appear exposed, although they are submerged or ice-covered at other 
times of the year. Only sample locations cited in the text are shown. 
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(IAP/KT)) and hydroxyapatite (7 log-(IAP/KT)). As the spring waters mix with the lake 

waters, saturation indices of these minerals increase. Dolomite, magnesite and huntite 

reach their maximum saturation (2log-(IAP/KT)) in the centre of Goodenough Lake; this 

is also the only point at which waters are theoretically supersaturated with respect to 

hydromagnesite (2 log-(IAP/KT)). 

Figures 13b to d show saturation changes from the dilute inflow of GE SITE 1 to 

GE LAKE in May, August and September, respectively. In May, there is a large increase 

in the saturation state of dolomite, huntite and hydromagnesite between site 3, in the 

southwestern seepage zone of Goodenough Lake, and the central basin of Goodenough 

Lake, which represents an approximate distance of 80 m. Huntite is the most 

supersaturated mineral in May, reaching >5 times saturation in Goodenough Lake waters. 

In August, carbonate p~ases are at or just below saturation (except for dolomite, 

which is 2 times saturation) at the seepage site furthest from Goodenough Lake (Figure 

13c). Saturation indices remain fairly consistent over the large seepage zone at 

Goodenough Lake, until LSZ 5 (at the edge of Goodenough Lake), is reached. At this 

point, hydromagnesite, which has been very undersaturated but gradually increasing, 

reaches saturation. Most carbonate phases increase slightly (1 to 2 log-(IAP/KT)) beyond 

LSZ 5, whereas dolomite increases to four times saturation, with the greatest saturation 

increase between the mudflat (L. SEEP PIT) and Goodenough Lake. September saturation 

trends are very similar to August (Figure 13d). 
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3.5.2 Ca-Mg carbonates: temporal variations 

The seasonal changes of 3 sites of interest (SITE 1, SITE 2 and GE LAKE) have 

been recorded in March, May, August and September (Figure 14). The composition of the 

waters collected at GE SITE 1 is representative of the state of waters as they immediately 

enter the study area. GE SITE 2 and GE LAKE demonstrate progressive groundwater 

evolution towards the lake, due to evaporative concentration. Figures 14a and b show that 

GE SITE 1 and GE SITE 2 waters are uniformly saturated with respect to aragonite, 

calcite, magnesite and huntite throughout the year. Dolomite is the most supersaturated 

in both areas, reaching a maximum of 3 log-(IAP/KT) in September. 

Waters are perennially supersaturated with respect to all Ca-Mg carbonate minerals 

in Goodenough Lake, including hydromagnesite, which only reaches supersaturation in 

this area (Figure 14c). Huntite is the most supersaturated mineral, reaching 7.5 log

(IAP/KT) in March and September. Most phases show a decrease in saturation in August, 

probably due to mineral precipitation. 

3.5.3 Na-carbonates: spatial and temporal variations 

Spatial variations in Goodenough Lake and Last Chance Lake samples show that 

the waters become theoretically saturated with natron and nesquehonite in the lake 

subenvironment of Goodenough Lake in September and March (Figures 15a to d). In the 

other months sampled, waters are theoretically undersaturated, but there is a substantial 

increase towards saturation for trona, thermonatrite, natron, nahcolite and nesquehonite 

between the seepage zone (GE SITE 3, LSZ 3 and SITE B) and the saline mudflat (GE 
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SITE 4, LSZ 5, and L. SEEP PIT) at Goodenough Lake. 

Temporal variations in the saturation indices of GE SITE 1, GE SITE 2 and GE 

LAKE show that Na-carbonates are undersaturated at these locations during the seasons 

sampled (Figures 16a to c). Nesquehonite comes closest to saturation at GE SITE 1 and 

GE SITE 2, whereas natron almost reaches saturation at GE LAKE in March. 

3.5.4 Sulphates: spatial and temporal variations 

Sulphate phases show very similar spatial and temporal trends. to the Na 

carbonates (Figures 17 and 18). Theoretically, sulphates do not become saturated in any 

of the months sampled. Mirabilite comes closest to saturation in Goodenough Lake and 

Last Chance Lake in March (Figure 17a). From May to September, mirabilite, thenardite 

and halite are undersaturated, but show a dramatic increase in log-(IAP/KT) between the 

relatively dilute seepage zones and the saline porewaters of the mudflats of Goodenough 

Lake (Figure 17b to d). Gypsum and anhydrite illustrate a more consistent saturation 

trend, with noticeable decreases in undersaturation occurring in the Goodenough Lake 

seepage zones in August (LSZ 2 and LSZ 3) and September (SITE B). 

Temporal variations in sulphate saturation indices show undersaturation during all 

seasons sampled (Figures 18a to c). Most phases exhibit the lowest saturation indices in 

August and the highest indices in September and/or March. 
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3.6 Goodenough Lake Saturation Indices: scatter plots based on PCW ATEQ results 

Log-(IAP/KT) has been plotted against log-Cl (mmol L-1
) to show how the 

saturation state of mineral phases varies with increased salinity in Goodenough Lake 

(Figures 19 to 21). Each graph shows saturation variations between waters sampled in 

seepage zones, mudflats, the lake and "miscellaneous" areas, in the seasons sampled. 

Mineral phases are described in the same groups as the previous section. In general, 

saturation trends are broadly linear to linear. Seepage waters dominate at low chloride 

concentrations (<50 mg L-1 or <0.2 log-Cl), at or below saturation, and mudflat and lake 

waters are saturated with respect to most carbonate mineral phases above 420 mg L-1 Cl 

(1 log-Cl). Anomalous values (e.g., for magnesite) comprise "miscellaneous" waters, 

which show a wide range of chloride concentrations (<45 mg L-1
; <1.5 log-Cl). 

3.6.1 Ca-Mg carbonates 

Aragonite and calcite show similar saturation trends in Goodenough Lake (Figures 

19a and b). Analyses follow a broadly linear trend of saturation, proportionally increasing 

with chloride. Above a chloride concentration of 420 mg L-1 (llog-Cl), mudflat and lake 

waters are supersaturated ( 1 to 2.5 log-(IAP/KT) ), with the highest saturation indices 

displayed by mudflat waters in March (2.5 log-(IAP/KT)). The highest chloride 

concentrations show lower saturation levels, recorded in the mudflats in September (2.1 

log-(IAP/KT); 4,800 mg L-1 (2.2 log-Cl)). Saturation levels of dolomite are generally at 

least twice as high as aragonite and calcite (Figure 19c ). The general saturation trend is 

more linear, with the most saline lake waters reaching 5.5 log-(IAP/KT). The saturation 
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Figure 19a to g. Scatter plots of saturation indices against chloride for Ca-Mg carbonate mineral phases in 
the Goodenough Lake area waters. 

72 



indices of some mudflat and lake waters decrease in August. Magnesite shows broader 

and lower saturation indices than dolomite, with log-(IAP/KT) ranging from 0.8 to 2.4 for 

dilute waters and 1.7 to 3.3 for hypersaline waters (Figure 19d). Huntite saturation indices 

show a similar pattern to dolomite and magnesite values (Figure 19e ). Mudflat and lake 

waters are more supersaturated with respect to huntite than dolomite at higher chloride · 

levels, reaching a maximum of 8.5 log-(IAP/KT) at -4,800 mg L-1 Cl (-2.15 log-Cl). 

Waters are undersaturated with respect to hydromagnesite until chloride levels 

>740 mg L-1 (>1.1 log-Cl) are reached (Figure 19f). Mudflat porewaters are. mostly at or 

below saturation (0 to -3 log-(IAP/KT)) between 740 and 4,800 mg L-1 Cl (1.1 and 2.1 

log-Cl), although some occur in the saturation range of lake waters, which is -1 to 5 log

(IAP/KT). A cluster of lake waters occurs around 2 to 4 log-(IAP/KT) at 3,500 mg L-1 

Cl (-2 log-Cl) and the highest saturation is shown by a mudflat porewater sample, 

reaching 5 log-(IAP/KT) at 4,800 mg L-1 Cl (2.2 log-Cl). There appear to be two 

dominant trends: one group of mudflat and lake water saturation indices increases linearly, 

while another group of mudflat waters remains more constant with increasing salinity. 

Saturation indices of hydroxyapatite display a wider scatter than Ca-Mg carbonate phases, 

with almost all points (including dilute waters) occurring above saturation (<7,000 mg L-1 

Cl; <2.3 log-Cl). 

3.6.2 Na-carbonates 

The saturation indices of sodium carbonate salts (including nesquehonite 

MgC03 ·3H20, which shows a similar trend) illustrate a more linear relationship to 
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chloride than the alkaline earth carbonates of Goodenough Lake (Figures 20a to e). 

Saturation indices are more linear in the hypersaline mudflat and lake waters than the 

dilute seepage waters. All waters in the study catchment are undersaturated with respect 

to the sodium carbonate phases. Nesquehonite displays the widest scatter (Figure 20a), 

whereas the other phases show that saturation is directly proportional to chloride 

concentration. Two anomalous points show exception: The AUG GETS mudflat porewater 

sample shows a consistently high saturation at low chloride concentration, and the 61 

MILE CREEK sample collected in August ("misc." group) shows low saturation indices 

at high chloride concentrations. The highest saturation value is 0.8 log-(IAP/KT), shown 

by a Goodenough Lake sample at 2,600 mg L-1 Cl (1.9log-Cl). Theoretically, lake waters 

are closest to saturation with respect to natron. However, this is not the most saline 

sample. The highest chloride values are displayed by mudflat pore waters (e.g., GE LAKE 

2 - 4,800 mg L-1
; 2.2 log-Cl) at lower saturation indices (0.5 log-(IAP/K)). The nahcolite 

and natron saturation indices of lake waters appears to decrease at -3,500 mg L-1 Cl (-2 

log-Cl). 

3.6.3 Sulphates 

Figures 21 a to e illustrate saturation indices versus chloride concentrations for 

thenardite, mirabilite, gypsum, anhydrite and halite. All phases are undersaturated, with 

lake waters coming closest to saturation with respect to mirabilite (Figure 21 b; MAR C. 

LAKE). Two trends can be identified: the first is a linear increase of saturation with 

increasing chloride concentration, as shown by thenardite, mirabilite and halite. Dilute 
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75 



0 

• •• 

0 

• 

THENARDITE 

oA 
<> <> • 

<> 
-to ...___9-------~'----~ 

-0.5 0 0.5 1.5 

log-Cl (mmolll) 

0 
-0.5 

p -1 

~ -1.5 • • 
llj -2 •• 
~ -2.5 • 

GYPSUM 

~ -3 <> 
- -3.5 0 <> 

-4 ••• 

2 2.5 

-4.5~------------~--~ 

-0.5 0 0.5 1.5 2 2.5 

log-Cl (mmol/1) 

HAUTE 

0 
-1 

-0.5 0 0.5 1.5 2 2.5 

log-Cl (mmol/1) 

a 

c 

e 

0 
-I 

.-.. -2 
E-< 
~ -3 

~ -4 
- -5 
~-6 
- -7 

-8 

0 

• 

•• 

MIRABIUTE 

o.~ 
• o<> o 

<> <> 

<> 
<> 

-9~--~----------~----~ 
-0.5 0 

0 
-0.5 

p -1 

~ -1.5 
~ -2 •• 

0.5 1.5 2 

log-Cl (mmolll) 

ANHYDRITE 

<> ~ -2.5 .. , 

:t -3~ o <>o •o ~ ~ .Ia 

2.5 

-4 -·· <> QJ, -4.S~~L----------~--~ 

-0.5 0 0.5 1.5 2 2.5 

log-Cl (mmolll) 

• SEEPS 

0 MUDFLATS 

• LAKE 

<> MISC. 

b 

d 

Figure 21a to e. Scatter plots of sa~uratiQn indices against chloride for sulphate mineral phases in the 
Goodenough Lake area waters. 

76 



waters are fairly scattered below 50 mg L-1 Cl (0.2 log-Cl), becoming increasingly linear 

at higher chloride concentrations. Halite shows the most linear relationship (Figure 21e). 

The second trend is a widely-distributed, non-linear relationship between saturation and 

salinity, displayed by gypsum and anhydrite (Figures 21c and d). Dilute waters are split 

between two groups: The main group occurs between -3 and -1.5 log-(IAP/KT) below 45 

mg L-1 Cl (0 log-Cl), and comprises a mixture of seasonal data, whereas the subsidiary 

group occurs below -4 log-(IAP/KT) and consists solely of dilute samples collected in 

August. Above 200 mg L-1 Cl (0.8 log-Cl), there is a broad decrease in sat_uration with 

salinity from -2.5 to -4.5 log-(IAP/KT). A prominent increase in Goodenough Lake 

concentrated waters occurs at 3,500 mg L-1 Cl (2 log-Cl) when saturation indices rise 

from -4 to -3 log-(IAP/KT) from August to September. 

3.7 Last Chance Lake Saturation Indices: scatter plots based on PCWATEQ results 

Samples collected at Last Chance Lake comprise 2 groups: spring waters, which 

were collected at the spring in the southwest comer of the lake (see Figure 12), and lake 

waters, which were collected from the ephemeral lake (May and August), the saline pan 

porewaters (September), and from beneath the ice cover (March). The majority of samples 

were collected from across the saline pan in September. Saturation trends are very varied 

between mineral phases. Generally, spring waters have a chloride concentration of <3 mg 

L-1 (0.4 log-Cl) and lake waters have a chloride concentration of >30 mg L-1 (1.5 log-Cl). 

The saturation indices of lake waters increase with salinity between March and 

September. 
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3.7.1 Ca-Mg Carbonates 

Aragonite and calcite saturation indices for spring and lake samples of Last 

Chance Lake show very similar, broad distributions (Figure 22a and b), with dilute spring 

waters at saturation in March and September. Lake samples collected in March, May and 

September are supersaturated with respect to aragonite and calcite (1 to 2.2 log-(IAP/KT)) 

and are clustered between 7,000 and 16,000 mg L-1 Cl (2 and 3 log-Cl). One August 

water sample from Last Chance Lake is at calcite saturation and represents the central 

basin waters, showing that saturation is decreasing with increasing salinity .. All samples 

are supersaturated with respect to dolomite, with dilute waters at 2 to 3 log-(IAP/KT) and 

concentrated lake waters at 3 to 4 log-(IAP/KT) (Figure 22c ). 

Magnesite, hydromagnesite and huntite show similar, broadly linear patterns 

although they occur at different saturation levels (Figures 22d to f). All waters are at or 

above saturation with respect to magnesite and huntite, whereas only the more 

concentrated waters from September are saturated with respect to hydromagnesite. Two 

groups of concentrated waters are observed: the first group occurs at 0.5 to 2 log

(IAP/KT) for magnesite and is undersaturated with hydromagnesite, and consists of waters 

from all seasons sampled. The second distinct group comprises September samples and 

is 2.5 to 3 log-(IAP/KT) with respect to magnesite, and 1 to 4 log-(IAP/KT) with respect 

to hydromagnesite. Hydroxyapatite is only theoretically present in the concentrated waters 

of Last Chance Lake during the months sampled. Most of the waters are at or above 

saturation, with September samples occurring at or below saturation. Huntite saturation 

indices reach a maximum of 6.6 log-(IAP/KT) in September lake waters (<16,000 mg L-1 
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Figure 22a to g. Scatter plots of saturation indices against chloride for Ca-Mg carbonate mineral phases in 
the Last Chance Lake area waters. 
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Cl; <2.7 log-Cl). 

3. 7.2 Na-carbonates 

Nesquehonite is the only mineral phase included with the sodium carbonate group 

that does not reach saturation point in Last Chance Lake (Figure 23a). Spring waters are· 

undersaturated below 45 mg L-1 Cl (0 log-Cl), although there is a broadly linear increase 

in lakewaters from -1.75 log-(IAP/KT) at 30 mg L-1 Cl (1.5 log-Cl), to -0.25 log

(IAP/KT) at > 15,000 mg L-1 Cl (2.7 log-Cl). Nahcolite, thermonatrite, tron.a and natron 

show similar linear relationships between saturation and increasing salinity (Figures 23a 

to e). For all mineral phases, dilute waters are undersaturated and concentrated waters 

occur above 30 mg L-1 Cl (1.5 log-Cl). Nahcolite, trona and natron reach saturation in 

September, and waters are still undersaturated with respect to thermonatrite at this time 

( -0.5 log-(IAP/KT). 

3. 7.3 Sulphates 

Mirabilite is the only sodium-sulphate phase that reaches theoretical saturation 

point in the Last Chance Lake water samples collected (Figure 24b). This occurs in 

September, which is the most concentrated time of the year ( <16,000 mg L-1 Cl or <3 log

Cl). Thenardite and halite show similar trends to mirabilite in concentrated waters, but are 

undersaturated (Figures 24a and e). Gypsum and anhydrite saturation indices of lake 

waters are between -2 and -3 log-(IAP/KT), but this range drops to -5 to -7 log-(IAP/KT) 

for thenardite, mirabilite and halite. Gypsum and anhydrite are u:q.dersaturated but show 
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Figure 23a to e. Scatter plots of saturation .indices against chloride for Na carbonate mineral phases in the 
Last Chance Lake area waters. 
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similar trends, with the lowest saturation indices occurring in August lake waters. 

3.8 180 isotope data 

0180sMow versus ODsMow for 20 catchment waters are plotted against the meteoric 

water line (MWL; Figure 25). 
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Figure 25. 0180 isotope analyses for selected catchment waters. 

The samples show a linear distribution, with a general trend of increasing 8180 and oD 

with increasing salinity. The 8180 of saline waters (mudflat porewaters) show a wide 

distribution, and one hypersaline sample (from Last Chance Lake in September) illustrates 

a particularly low 0180 value. 
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3.9 Summary of findings 

In general, the total ionic concentration of the waters is proportional to chloride 

concentration. Therefore, as evaporation of the waters occurs, ionic concentration and 

salinity increase from the marginal, dilute seepage zones towards the hypersaline mudflats 

and lakes. May and August are the wettest and most dilute times of the year, which is 

shown by analytical results as well as monthly climatic data. In September, the study area 

becomes very dry and the waters reach their maximum measured concentrations. High 

lake salinities persist throughout the winter due to fractionation of the brines by freeze-out 

of water and salt. However, the lack of data between October and February inhibits the 

interpretation of brine characteristics during this period. 

All waters are saturated with respect to most Ca-Mg carbonate phases throughout 

the sampling period, and probably also during the months not ,sampled. Aragonite, calcite 

and magnesite show similar saturation trends over the sample period, with saturations 

increasing towards the lakes. Dolomite, huntite, hydromagnesite and hydroxyapatite also 

show similar saturation trends. Dolomite is saturated in all environments throughout the 

year, with maximum saturation found in late summer. Huntite and hydromagnesite follow 

similar trends, but huntite is always supersaturated, whereas hydromagnesite is saturated 

in the lakes only in August and September. Data for hydroxyapatite (where available) 

show continual supersaturation. 

Theoretically, Na-carbonate phases are undersaturated at all times when sampled. 

Nahcolite, nesquehonite, thermonatrite, trona and natron display a similar trend and 

saturations increase (respectively) as the lakes are approached. Natron comes closest to 
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saturation in March, although both natron and mirabilite may reach supersaturation in both 

lakes in mid winter. 

Other sulphate phases are also undersaturated. The lakes are consistently 

undersaturated with respect to thenardite, mirabilite, gypsum, anhydrite and halite. Halite 

follows the same trend as thenardite and mirabilite, increasing towards the lakes, whereas 

gypsum and anhydrite are consistently undersaturated, decreasing towards the lakes. 
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4. STRATIGRAPHY, SEDIMENTOLOGY AND MINERALOGY 

4.1.1 Approach to descriptions of the catchment sediments 

This chapter describes the sediments found in the study area. Firstly, the 

stratigraphy and facies distribution shall be described by looking at information obtained 

from mudflat pits ( 4.1.2) and from cores collected in the mudflat and lake 

subenvironments of Goodenough Lake and Last Chance Lake (4.1.3). The cores shall be 

described in terms of sedimentological and mineralogical findings. 

Descriptions of the siliciclastic deposits (4.1.4), mixed (siliciclastic-carbonate) 

sediments, including dolomitic deposits ( 4.1.6) and evaporites ( 4.1. 7) will be given, 

respectively, in relation to the subenvironments in which they are found. For each type 

of deposit, the sedimentological features and mineralogy are described, using field 

information, XRD, SEM and carbon content analyses. Finally, the distribution, 

morphology and mineralogy of microbial sediments buried in the mudflats and living 

microbial mats are described (4.1.8). Implications of the sediment distribution in the study 

area are discussed in Chapter 6. 
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4.1.2 Mudflat pit stratigraphy 

Of the 39 mudflat pit sections sarnpled, 20 pits that represent characteristic 

features of Goodenough Lake and Last Chance Lake mudflats shall be described. The 

location of the mudflat study areas are shown in Figures 26a and b. 

i. Stratigraphy of Goodenough Lake sedint1ents 

GETl 

Transect 1 crosses a Jlarge mudflat on the east side of Goodenough Lake and is the 

closest mudflat to Last Chance Lake (approximately 100 m distant). Four pits were 

examined, spanning a distance of approximately 100 m (east to west), and 2 pits were 

sampled in adjacent areas (Figure 27). 

Pit 1 (85 em deep) comprises a water- (or brint~-) saturated, oxidized, mixed 

siliciclastic-carbonate mud from 70-85 em, overlain by grey carbonate mud between 38 

and 70 em. Between 38 and 19 em there is an irregular-shaped black carbonate unit, 

surrounded by light grey carbonate. The light grey carbonate is overlain by a 

homogeneous, oxidized carbonate mud whilch extends up to the surface but is also 

deformed around the black carbonate deposit. A tuffaceous, oxidized siliciclastic

carbonate mud is intercalated between the black carbonate mud, and the underlying grey 

carbonate mud at -38 em. Towards the top, this sedimentary unit becomes a dark, 

oxidized, siliciclastic-carbonate slopewash deposit containing clasts of predominantly 

quartzite and granitoid composition ( <5 mm diameter). 

Pit 3 (75 em deep) is similar to pit 1, with the same o~idized, saturated mud 
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below 55 em, a grey carbonate mud occuning between 36 and 55 em, and the black 

carbonate deposit occuning as a well-defined layer between 36 and 40 em. An oxidized 

siliciclastic-carbonate mud between 27 and 36 em is overlain by grey carbonate, which 

continues to the top of the section (0-27 em). From 0-36 em a mottled, black carbonate 

layer cuts vertically through the top two units. 

Pit 2 ( 100 em deep) is -1 m north of pit 3 and, although only a short distance 

away, is mainly hill slope-derived sediments. Oxidized carbonate-siliciclastic mud with 

clasts, which is representative of hillslope sediments underlying the lake. deposits, is 

dominant from 16-100 em. A deformed, oxidized, siliciclastic-carbonate layer between 16 

and 18 em disrupts the overlying grey carbonate mud (0-16 em). 

Pit 4 (78 em deep) was sampled at the shoreline in May. Most of the sediment is 

a saturated, homogeneous, black carbonate mud (17 -78 em), with intercalations of 

oxidized carbonate-siliciclastic mud and reduced carbonate stringers between 31 and 47 

em. Surficial sediments comprise grey carbonate muds between 0 and 17 em. 

Pit E2 (97 em deep) was sampled at the September shoreline when the lake level 

was at its lowest. The pit section reveals a saturated black carbonate mud, interrupted by 

a 3 em band of tuffaceous, reduced carbonate mud between 42 and 45 em, and an orange 

algal-mat layer surrounded by grey carbonate mud at 9 em. Efflorescent salts, a thin 

microbial mat, and animal burrows infilled with a light grey carbonate and microbial 

material, are present at the surface, above a dark grey carbonate mud (0-5 em). 

Pit 5 (70 em deep) is located approxin1ately 10 m north of pits 3 and 4, illustrating 

a mixed sequence of hillslope- and lake-dominated sediments. The basal unit (50-70 em) 
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is an oxidized carbonate-siliciclastic mud in contact with basal till, and contains glacial 

clasts up to 10 em in diameter. Grey carbonate mud overlies the oxidized sediments (30-

70 em) and becomes intermixed with oxidized, carbonaceous mud in the upper 32 em. 

The buff-coloured tuffaceous carbonate recurs between 30 and 34 em. 

GET2 

Transect 2 lies opposite transect 1, on the south-west mudflat of Goodenough 

Lake. It is an arcuate mudflat with many seepage zones, hardcrusts and a st~ep hillslope 

ridge flanking the mudflat subenvironment (Figure 28). Pit 1 is 45 em deep and 

positioned on the dry mudflat, -1 m from the hillslope subenvironment. The section is 

dominated by oxidized carbonaceous muds and siliciclastics interlayered with grey 

carbonate muds, with a brine-saturated base, and is underlain by till. From 26-45 em the 

unit is a dark, oxidized sandy mud containing oxidized clasts and some grey carbonate 

stringers. A well-defined, granulated grey carbonate layer occurs between 21 and 26 em 

and is overlain by a strongly oxidized, tuffac1eous siliciclastic-carbonate mud from 10-21 

em. Grey carbonate sediments prevail in the top 10 em, displaying grass rootlets at the 

surface. 

Pit 2 (53 em deep) is 1m from the shoreline in the saline mudflat zone. The lower 

16 em comprise intercalated oxidized, tuffaceous carbonate layers and saturated grey 

carbonate mud, with a waterlogged base. The rest of the unit is a grey carbonate mud 

becoming slightly darker at the top, below an efflorescent crust. At -31 em, intraclasts 

from an orange algal mat have been preserved. 
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Pit 3 (46 em deep) is also located approximately 1 m from the shoreline, but 

situated -10 m south of pit 2, in an ephemeral seepage zone. Sediments here are 

predominantly reduced; a saturated grey carbonate unit occurs in the basal16 em. A well

defined, oxidized, tuffaceous siliciclastic-carbonate mud lies between 23 and 30 em. From 

0-23 em, the remaining sediments are highly reduced with black carbonate bands 

occurring at 16-19 em and 0-4 em, with intercalated granulated grey carbonate mud and 

oxidized carbonate mud between them. A pink microbial mat and an efflorescent crust 

overlie the uppermost moist, reduced layer, and triaxial mudcracks (-5 em long and deep) 

containing efflorescent salts are found at the surface. 

Pit E 1 ( 151 em deep) was sampled in September when the lake level was 

relatively low, and represents a mudflat area covered by lake water for much of the year. 

Three cores taken from the base of the pit (2-75 em) all produced homogeneous black 

carbonate mud. This reduced layer continues up to 31 em below the surface, although 

interspersed with tephra patches between 31 and 151 em. Between 14 and 31 em the 

black carbonate unit grades into a dark grey carbonate mud, and from 11-14 em a highly 

deformed, lighter grey carbonate extends into the underlying darker grey carbonate. At 

11 em there is a strong contact between a -3 em thick, oxidized tuffaceous carbonate 

mud layer and a grey carbonate mud in the top -10 em (0-8 em). Microbial mats cover 

the surface and also infill polygonal cracks. 

GET3 

Transect 3 occupies a large saline mudflat on the west-central side of Goodenough 
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Lake. Woodland occurs -50 m away from the low relief, grassy hillslopes and a large 

seepage zone occupies the hillslope-mudflat transition zone, with many polygonally

cracked ephemeral tributaries crossing the saline mudflat (Figure 29). 

Pit 5 (55 em deep) is situated in the large seepage zone, and is saturated at the 

base. The bottom 35 em of sediment is an oxidized, carbonaceous granulated clay, which 

becomes a harder, drier and more siliciclastic oxidized unit in the overlying 15 em. From 

5-20 em, efflorescent salts form in the pit section as the sediment dries out. The top 5 em 

is a carbonate hardcrust containing grass rootlets. This pit appears to be situa,ted in a zone 

where waters have experienced high evaporative concentration, as shown by the relatively 

high groundwater alkalinity (pH 9.3) and dry, saline sediments in the upper 20 em, 

compared to other more dilute seepage zones. 

Pit 3 (99 em deep) is situated-20m from pit 5, in the central saline mudflat. The 

core from the pit section (78-99 em) is an oxidized, brown clay, continuous with the basal 

clastic sediment of pit 5. From 15 to 78 em, the oxidized clay unit continues, but displays 

a granulated texture and also grey carbonate mottling. Above 15 em, the sediments are 

dominated by a reducing environment, with black carbonate mud at the surface (0-6 em) 

overlying grey carbonate mud (6-15 em). The top 15 em show flame deformation 

structures containing some microbial mat intraclasts and interstitial salts. 

Pit 4 is located -10 m closer to the shoreline than pit 3. The core is composed of 

3 units; an oxidized mud at the base (71-79 em) is overlain by grey carbonate mud (63-71 

em), which is succeeded by black carbonate mud (55-63 em) that rapidly oxidizes upon 

drying. From 17-55 em there is a granulated, oxidized clay that becomes mottled with 
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grey and black carbonate in the upper 12 em. Reduced conditions become prominent in 

the upper 17 em, with deformation evident between 2 and 17 em. The surface mud is a 

cohesive black carbonate mud, below a microbial mat and an efflorescent crust. Sediments 

from 2 to 55 em in pit 4 have the same characteristics as sediments between 0-78 em in 

pit 3. 

GET4 

The 3 pits of Transect 4 are located on the north-west shoreline of Goodenough 

Lake (Figure 30). Pit 3 (82 em deep) lies closest to the hill slope; sediment from 31-82 

em is a dark, oxidized siliciclastic-carbonate mud with a saturated base, and above 31 em, 

the unit is predominantly reduced. At -31 em there is a strong contact between a grey 

and dark grey, deformed carbonate layer (-5 em thick) and the oxidized unit below. 

Above the deformed layer, reduced sediments graduate into an oxidized, carbonaceous 

layer that contains tephra. In the top 20 em a moist, grey carbonate mud dominates, with 

grass rootlets in the surface layers and an efflorescent crust on top. 

Pit 1 (76 em deep) is sited approximately 10m nearer the lake, in the centre of 

the saline mudflat. The grey carbonate mud that was prominent in the top 20 em of pit 

3 is dominant throughout the pit 1 section. The grey carbonate contains oxidized, mottled 

patches in places and has a granulated texture. Between -26 and 41 em the grey 

carbonate mud is disrupted by deformed layers of an oxidized, tuffaceous carbonate, 

overlain by black carbonate mud masses surrounded by grey carbonate. The carbonate 

mud below the crust is the same as the basal unit, and is overlain by an efflorescent crust. 
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Pit 2 (79 em deep) is situated close to the shoreline. The bottom 22 em consists 

of a saturated black carbonate, interrupted between 64 and 66 em by a grey carbonate 

layer. From 37 to 57 em, there is a grey carbonate unit with some oxidized, mottled 

patches; between 33 and 37 em an undeformed, homogeneous, black carbonate layer is 

comparable to the reduced and deformed layers of pits 3 and 1. The overlying unit (0-33 

em) is a grey carbonate mud interspersed with oxidized carbonate stringers containing 

tephra. A thin black carbonate layer associated with microbial mat underlies the surface 

efflorescence. 

ii. Stratigraphy of Last Chance Lake sediments 

LCAl 

Pits LCP 1 and LCP2 at Area 1 of Last Chance Lake (Figure 26b) show the 

transition in subenvironments from sediments dominated by hillslope processes (LCP2), 

to muds deposited in the lake basin (LCP 1). Pit 1 sediments were collected -10 m from 

the hillslope and are similar to pit 3 sediments. Pit 2 represents sediments in the seepage 

zone at LCA1 (hillslope-dry mudflat margin); these are similar to the sequence in pit 4 

at LCA2 (Figure 31). 

In Pit 2 (60 em deep) the bottom 33 em of sediment is an oxidized, siliciclastic 

deposit, containing large (<15 em diameter) glacial gravel clasts. This unit represents the 

glacial till that comprises the surrounding landforms and underlies the lake muds. From 

14-27 em, there is a fine-grained, homogeneous blue-grey carbonate mud, which displays 

some shallow ( <5 em deep) channel features in the surface layer. These have been caused 
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Figure 32. Mudflat pit sections of Area 9 at Last Chance Lake. 
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by hillslope runoff, which has deposited an oxidized siliciclastic-carbonate mud containing 

clastic debris ( <5 mm) between 2 and 14 em. The top 2 em returns to blue-grey carbonate 

mud, displaying efflorescent salts at the surface. 

Pit 1 (57 em deep) reveals a highly reduced carbonate unit. The lower 45 em 

consist of a slightly silty, black carbonate mud, grading into a blue-grey carbonate mud 

between 5 and 12 em. The top 5 em is a grey carbonate mud containing large (2 em 

long), platy, white interstitial natron crystals, with white efflorescent salts covering the 

surface. 

LCA9 

Figure 32 illustrates mudflat pits A9P1 and A9P2, sampled at Last Chance Lake. 

Pit 2 is located close to the hillslope in the dry mudflat, and pit 1 is situated 

approximately 5 m nearer the saline pan. Both pits show deformation structures in wet 

siliciclastic-carbonate sediments that dry to a friable, buff-coloured, carbonate-siliciclastic, 

tuffaceous mud. Pit 2 (85 em deep) mainly comprises oxidized sediments: From 39-85 

em, oxidized clay is interspersed with sandy stringers, containing slope-washed clastics 

and tephra. A prominent clastic band ( 6 em thick) occurs above these sediments, and 

above this layer, the deposition of fine-grained oxidized muds and tuffaceous carbonate

siliciclastic mud resumed. Small deformation features are apparent in the top 15 em and 

a dry, slopewashed hardcrust with clasts covers a darker, muddy, clastic layer at the 

surface. Desiccation cracks (<3 em wide, >5 em deep) cut the top 25 em of sediment. 

Pit 1 (72 em deep) displays a large deformation featur~ (Figure 32), which 
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dominates the pit section. From 19-72 em the sediment is a dark, carbonate-siliciclastic 

mud with organic streaks and a brine-saturated base. Between 13 and 19 em, a buff

coloured sandy mud (containing tephra and carbonate) is highly deformed. The 

deformation feature extends downward into the dark sandy mud unit, to the base of the 

pit. Above the deformed layer, muds gradually become more reduced, with the uppermost 

sediment (0-3 em) consisting of a dark, blue-grey carbonate mud covered by white 

efflorescent crust. 
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4.1.3 Information from cores 

In addition to sediments collected from mudflat pits and grab samples, further 

information from the sedimentary record was obtained from i) cores from the bottom of 

mudflat pits at Goodenough Lake and Last Chance Lake; ii) Goodenough Lake sediment 

cores collected by boat in September; and iii) sediment cores from Last Chance Lake 

collected from the dry saline pan in September (Figures 26a and b). This information has 

been combined to produce a model for the possible sequence of sediment deposition in 

Goodenough Lake (Figure 33). 

MUDFLAT MUDFLAT-LAKE 
TRANSmON 

• black carbonate mud ~ grey carbonate mud Q oxidized mud ~till l.:..!.:.l 

Figure 33. Model of sediment deposition in the Goodenough Lake basin. The sediments 
illustrate a lake regression (oxidized sediments) in between two transgressions (reduced 
sediments). Basin is not to scale. 

103 



i. Sedimentology of mudflat pit cores 

Mudflat pit cores yielded a variety of basal sediments from pits ranging from 46-

151 em in depth. Eighteen pits displayed oxidized mud as the basal sediment, 13 

contained black carbonate mud and 8 showed grey carbonate mud. Generally, cores 

comprising oxidized muds occur where mudflats are narrow and/or where the pits are 

close to, or in, the dry mudflat-hillslope transition zone. Black carbonate muds were 

prominent in pit cores proximal to the lake basin, and grey carbonates occupied saline 

mudflat areas close to the shoreline. 

The majority of cores are fine-grained ( <60 microns), homogeneous sedimentary 

units. However, 7 cores contain siliciclastic stringers, including tephra and clastic 

slopewash, predominantly in oxidized clays, but some also in black carbonate muds. 

Many cores display the same sediments as found in the bottom of the pit, but a few, such 

as T3P4 and LCP4, show further changes in sediment texture with depth. For example, 

pit 4 at Last Chance Lake (located adjacent to an esker) showed black carbonate mud in 

the top 12.5 em, which was continuous with the pit sedimentary unit above. However, in 

the lower 12.5 em of core, there was a transition to a dry, cohesive, oxidized clay. 

Sixteen cores were saturated with saline porewaters, and (although wet) some 

displayed a coarse, granulated texture- e.g. oxidized sediments --T3P2, T3P3, T3P5; grey 

carbonates - T4P1; black carbonates - T3E1, T3E2. The granulated texture was not 

restricted to any one particular subenvironment, although found more frequently in saline 

mudflat sediments. 
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ii. Mineralogy of mudflat pit cores 

Figures 34a to c show typical X-ray diffractograms of mudflat pit core sediments. 

All show a very similar composition. The background matrix is an oxidized or reduced 

mud comprised predominantly of plagioclase feldspars (anorthite and albite), quartz and 

clays (smectite, vermiculite and minor illite). Oxidized sediments (Figure 34a) have few 

other components, whereas reduced muds (Figure 34b and c) contain more carbonates 

(mainly dolomite and ?gaylussite) than oxidized muds. Black carbonate mud at Last 

Chance Lake is similar to the grey carbonate sediment at Goodenough Lake. with respect 

to its dolomite content. Additionally, minor sodium-carbonate and sodium-sulphate salts 

are recorded from the LCP3 mudflat pit core. 

iii. Sedimentology of Goodenough Lake cores 

The short sediment cores taken from Goodenough Lake generally consist of a 

homogeneous, black carbonate mud, commonly capped by a 0-5 em thick benthic 

microbial mat. There is little evidence of macroorganisms or clastic debris in the cores 

and sediment grain size is <0.5 mm. 

As well as the microbial layer at the top of the core, some cores display a second 

green microbial layer preserved at depth (-5 em) within the sediment (cores 2, 5 and 6). 

Below 5 em, many cores are dark grey, merging into a more reduced, black sediment with 

depth. The base of each core consists of a dewatered black carbonate mud. Cores 6 and 

7 contain bands (-1 em thick) of a buff-coloured tephra at approximately 17.5 em and 

25 em, respectively. 
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Key to X -ray diffractogram minerals. 

X-ray diffractograms have different horizontal ranges of 2-theta scale. Also, 
some peaks are shared by more than one mineral e.g. I/Q. 

Siliciclastics and clays: Alkaline Earth Carbonates: 

F feldspar A aragonite 

I illite c calcite 
MC montmorillonite-chlorite D dolomite 

Q quartz Gyp gypsum 
Sa saponite Hm hydromagnesite 
Se sepiolite HMC high magnesian calcite 
S-K smectite-kaolinite Hu huntite 
Sm smectite Ma magnesite 
v vermiculite 

Sodium Carbonates: Sodium Sul~hates: 

G gaylussite Bl bloedite 
N natron Bu burkeite 
Nah nahcolite Mi mirabilite 

Nes nesquehonite Then thenardite 
p pirssonite 
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Tr trona 

Miscellaneous: 

0 opal 

H halite 

? unidentified 
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Figures 34a to c. X-ray diffractograms of mudflat pit cores at Goodenough Lake and Last 
Chance Lake: the oxidized sediments of T3P2 (a), grey carbonate mud of T3P4 (b) and black 
carbonate mud ofLCP3 (c). All diffractograms show very similar bulk mineralogical 
compositions. 
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iv. Sedimentology of Last Chance Lake cores 

The sedimentary processes at Last Chance Lake show some striking variations to 

Goodenough Lake, and are probably controlled by seepage influx and biogenic processes, 

that respond sensitively to individual catchment characteristics. Although various areas 

were sampled (Figure 26b) in an attempt to distinguish stratigraphic variations (for 

example, between pool and mud-rim areas), the sediments generally showed the same 

sequence of carbonate muds, which is typically homogeneous, black carbonate-siliciclastic 

muds with interstitial salts. All cores retrieved from Last Chance Lake in September were 

<1 m long. 

LC Core 1 was the only sample that showed any contrasts in stratigraphy; four 

main depositional phases in the history of Last Chance Lake are displayed (see Figure 

35). The core was collected approximately 10m into the mudflat, from the hillslope, and 

the stratigraphy reflects its proximity to the basin margin (i.e. it shows intercalation of 

lake and marginal sediments). A rigid natron crust (1-5 em) has formed from evaporative 

drawdown, and protects the underlying sediment and salt from surface processes. 

From 5-11 em, the sediment comprises a highly reduced, hydrogen sulphide

bearing, brine-saturated carbonate mud with abundant interstitial salts. The abundant mud 

inclusions in the salts demonstrate that unlike the overlying crust, the crystals have grown 

in place from dense interstitial brines produced by evaporative concentration, and/or 

freeze-out in the overlying pools. In March, the crust appeared to have dissolved, 

however, the crust may remain below the ice for much of the winter, until spring melt. 

Between 11 and 34 em, a fine-grained, homogeneous, black carbonate mud 
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Figure 35. Stratigraphy ofLC Core 1 (75 em long), collected from the mudflat- playa of 
Last Chance Lake. The core is composed primarily of a black carbonate-siliciclastic mud, 
but mineralogy and texture vary with depth. 
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predominates. Few interstitial salts are observed, which may not have been preserved, or 

may show that these brine-saturated muds were below the capillary zone. The permanent 

natron deposit occurs between 34 and 51 em, with abrupt changes in sedimentation above 

and below it. The sharp contrasts in sedimentation may be caused by the rapid 

precipitation of salts above the brine-saturated sediment. The salts record little original 

(primary) depositional fabrics or textures, and are virtually devoid of any black carbonate 

matrix. Salt crystals range from 0-2 em wide and 0-5 em long; many contain mud 

inclusions and morphologies range from anhedral, rounded aggregates to platy and 

euhedral, acicular crystals, oriented sub-vertically to the surface. Rounded salt crystals 

appear to have undergone dissolution. 

The most common type of sediment is the structureless, reduced carbonate

siliciclastic muds between 51 and 75 em, that becomes drier and more silty with depth. 

Elongate, transparent natron blades (<2.5 em long) are interspersed sub-vertically 

throughout the sediment, and probably formed due to the upward seepage of dilute waters 

mixing with saline pore fluids. This situation is similar to the playa-ephemeral lake 

systems like Saline Valley, where the main brine body is confined to the subsurface, and 

intrasediment precipitation of even the most soluble salts occurs (Jones, 1965; Smoot and 

Castens-Seidell, 1994). As in Last Chance Lake, the slowly crystallized saline minerals 

may be found as large euhedral crystals or crystal aggregates that either push the soft 

sediment aside ( displacive growth), or enclose the sediment poikilitically. 
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v. Mineralogy of Last Chance Lake cores 

A typical X -ray diffractogram of the ubiquitous black carbonate mud with 

interstitial sodium-carbonate salts at Last Chance Lake is displayed in Figure 34d. The 

sample was taken from the basal black carbonate mud of core 2 and is representative of 

all black carbonate muds taken from Last Chance Lake cores except for localised 

variations in the salt and clastic debris content. Plagioclase dominates the siliciclastic 

component, with quartz, smectite and illite also present. Dolomite is the major carbonate, 

and high magnesian-calcite is also possibly present locally. 
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4.1.4 Sedimentology and mineralogy of siliciclastic deposits 

The siliciclastic sediments of the Goodenough Lake and Last Chance Lake 

catchment derive from the fluvioglacial deposits and glacial tills, which were deposited 

> 10,000 years ago. The characteristic glaciofluvial sediments are well exposed in roadcuts 

near Clinton railway station and show interbedded sequences of sand and gravel, with 

some thin ( <30 em), orthoconglomerates containing large, sub-rounded ( <20 em diameter) 

clasts. Figure 36 shows a -20 m exposure through massive, sandy planar beds, thin gravel 

and imbricated conglomerate beds, and cut-and-fill structures, which. indicate a 

glaciofluvial sequence of oscillating low and high energy depositional environments, the 

orthoconglomerate probably representing gravel bars in braided outwash streams. 

i. Clastic sediments in the catchment 

Clasts from the surrounding glacial moraine deposits are typically <10 em in 

diameter, rounded to sub-rounded or sub-angular, and are composed predominantly of 

granite, diorite, granitoids, greenstone, and some basalt. Clastic debris becomes reworked 

in the mudflat and lake sediments by slopewash and the apparent vertical upheaval of 

clasts through fine-grained muds. 

At Last Chance Lake, glacial clasts are heaved upward through the lake marginal 

sediments and commonly occur in the mudrims of the shallow brine pools closest to the 

saline mudflats. For example, a clastic brine pool zone occurs at Area 4 (Figure 26b ), on 

the west side of Last Chance Lake. The largest upheaved boulder found in the mud rim 

is 1 m in diameter. 
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Figure 36. Characteristic fluvioglacial and glacial deposits of the study region. Exposure 
is -20 m high. 
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Slope-washed clastics on the dry and saline mudflats are generally finer ( <5 em) 

and more angular. The fine-grained (<100 Jlm) fraction of the siliciclastics variably 

comprises i) an immature soil on the hillslopes, ii) hardcrusts and clay rinds on the dry 

mudflat, and iii) a <100 Jlm clay and non-clay mineral fraction, which is incorporated into 

the saline mudflat and lake muds. SEM observations of detrital clastics washed from the 

hillslope to the mudflat show that silicate grains are undergoing corrosion by the highly 

alkaline pore waters. Selective etching reveals the internal structure of many plagioclase 

feldspar grains and either occurs preferentially along crystal lattices (Figure 37a) or 

creates a pitted texture (Figure 37b ). 

ii. Hillslope deposits 

Soil mineralogy 

Hillslope materials were found to be consistent in composition throughout the 

catchment of both lakes. Figure 38a illustrates an X -ray diffractogram of the mineral 

composition of a typical hillslope soil behind Transect 2 at Goodenough Lake. The 

hillslope material is an immature soil dominated by clastic quartz, weathered feldspars and 

organic matter. The fine fraction (<2 Jlm) comprises postglacial clays and non-clay 

minerals, mainly detrital feldspars. Figure 38b focuses on the <2 Jlm clay fraction of 

hillslope soil of Transect 2. The diffractogram displays doming between 15 and 34° 28, 

which indicates that the sediment contains amorphous silica or glass, probably derived 

from wind-transported tephra grains. Most of the fine fraction is feldspar, with minor illite 

and smectite. 
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Figures 37a to d. SEM photographs of plagioclase feldspar textures. Silicate etching reveals internal crystal morphology (A) 
and creates a "pitted" texture (B). Vesiculated tephra shards display plagioclase phenocrysts (C). In thin section (BEl), 
calcium-rich (a) and potassium-rich (b) feldspars can be differentiated (D). 
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Figures 38a to c. X-ray diffractograms of soil. The hillslope soil of Transect 2 at Goodenough Lake is 
typical of hills lope material in the study area (a) and the fme fraction displays doming caused by volcanic glass 
shards (b). Soil from outside the study area, at Chasm, is dominated by smectite in the <2 micron fraction (c). 
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Figures 38d to f. X -ray diffractograms of other clastic deposits. The carbonate hardcrust at Area 9 of 
Last Chance Lake is typical of deposits commonly found in the hillslope-dry muflat transition zone (d). 
Tephra shards of amorphous silica and feldsdpar (e; sample GET2P3) are commonly intermixedwith 
carbonate-siliciclastic mudflat deposits (f; sample LCA9P2). 
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Soil from the basaltic lava outcrops at Chasm (Figure 38c) was also analysed and 

compared with hillslope material at Goodenough Lake. The <2 J..Lm clay fraction of Chasm 

soil is dominated by discrete smectite possibly with minor illite. 

Seven hillslope samples, analysed for total carbon content (TOC wt. % ), were 

found to contain mainly organic carbon, ranging from 1% in the immature, mineralic soil 

of Transect 3 at Goodenough Lake, to 44.7% in the popcorn clay rinds of Transect 2 

(Figure 39a). Only 4 samples showed any carbonate carbon in the soil, which ranged from 

1.7-13.7 wt. %. 

Hardcrust mineralogy 

The hardcrusts are carbonate-cemented siliciclastics, 1-5 em thick, and are found 

at the hillslope-mudflat margin. Total carbon analyses show that carbonate carbon is 

dominant in hardcrust samples at the hillslope-mudflat margin (Figure 39b). Values range 

from 9.1-24.4 wt. %, whereas organic carbon values are all below 5.3 wt. %. The 

composition of detrital hardcrust is very similar to hillslope soils and slopewash deposits, 

but it contains more clay and carbonate. Figure 38d shows an X -ray diffractogram of a 

hardcrust sample from Area 9 at Last Chance Lake, which is representative of the whole 

catchment area. Plagioclase feldspars are the dominant silicate minerals, with minor quartz 

and smectite. Calcite and dolomite are the alkaline-earth carbonates identified in the 

hardcrust. 
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Figure 39. Organic and carbonate carbon values (wt. %) for hillslope (a), hardcrust (b) 
and tephra (c) mud samples from Goodenough Lake and Last Chance Lake. 
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iii. Tephra deposits 

Sedimentology 

The Bridge River Ash deposit (2350±50 yrs BP; Mathewes and Westgate, 1980) 

is locally abundant and widespread across the Cariboo Plateau. The ash originated in the 

Plinth-Meager Mountain area, -125 km to the south-west of the study area. The tephra 

have been found in paleosols and alluvial fan sediments, and also in the mudflat and lake 

sediments of several lakes in the region. A thin ash layer is found within the Recent 

travertine spring deposits 3 km west of Clinton townsite, and airfall and reworked 

deposits occur across the Goodenough Lake-Last Chance Lake catchment area. 

Figures 37c and d show individual tephra grains taken under the scanning electron 

microscope and appear similar to previous SEM observations of the Bridge River Ash 

(Nasmith et al., 1967). The . grains are characteristically buff-coloured, dust-sized, 

"chunky" glass shards which display biotite phenocrysts, abundant inclusion-rich 

plagioclase phenocrysts, and linear, lensoid gas vesicles (Reasoner and Healy, 1986). 

Figure 37c illustrates vesiculated glass attached to a lenticular plagioclase phenocryst. The 

brittle ash particles are commonly fragmented and sub-rounded, and in cross-section 

display a linear, lensoid vesicular structure. A backscatter electron image (BEl) of a 

vesiculated tephra shard shows multiple phases of development as the crystal cooled 

(Figure 37d). Calcium-rich feldspar (a) and potassium-rich feldspar (b) are present within 

the same phenocryst. 

The tephra are found in both oxidized and reduced sediments, which most 

commonly are carbonate muds. The sediments are highly dolomitic, and the tephra 
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increase the permeability of the sediment, facilitating dilute groundwater flow into the 

mudflats, where it mixes with saline porewaters. Tephra occur throughout the mudflat 

sediments of Goodenough Lake and Last Chance Lake as stringers within mixed 

siliciclastic-carbonate sediments, and also as discrete layers, typically -3 em thick. In the 

hillslope and seepage areas, tephra are commonly found from 20 to 38 em below the land 

surface; on the dry and saline mudflats, tephra occur between 26 and 47 em, and in the 

lake basin, from 8 to 33 em. It is most likely that the tephra have been washed and 

reworked into these deposits. Therefore, the depth at which the tephra occqr within the 

sediments is a function both of the initial distribution across the catchment area, and 

processes of erosion and transport, which have reworked the tephra throughout the 

mudflat and lake sediments. Local variables, such as hillslope length and gradient, will 

cause tephra distribution to vary between mudflats. 

Lake cores 6 and 7 at Goodenough Lake display bands of tephra -1 em thick, at 

17.5 and 25 em, respectively. These bands may represent airfall of ash onto the lake 

surface, with its eventual settling and incorporation into the lake sediments. No tephra 

were found in the playa-lake cores of Last Chance Lake, although reworked tephra are 

found throughout the pits of Last Chance Lake, Area 9. 

Mineralogy 

X -ray diffractograms for tuffaceous sediments show that the amorphous glass 

particles produce a doming between -12 and 40° 2E> (Figure 38e). Plagioclase feldspar 

peaks are superimposed on the dome. The siliciclastic-carbonate matrix is composed of 
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plagioclase feldspar and minor quartz, smectite, vermiculite and illite. Dolomite is the 

dominant carbonate mineral in this deposit (Figure 38f). The matrix of the tuffaceous 

siliciclastic-carbonate deposits was found to be highly carbonaceous (Figure 39c ). While 

organic carbon was generally low (2.1-7 .3 wt. % ), analysed carbonate carbon ranged from 

11.9-30.2 wt. %. 

4.1.5 Spring deposits 

The composition of spring waters varies considerably, reflecting the history of the 

groundwater (Hardie et al., 1978). Such variations are recorded in the mineralogy of 

travertines deposited at and near spring orifices. Goodenough Lake and Last Chance Lake 

each have a perennial spring that appears to deposit laminated stromatolitic carbonate 

crusts on coarse clasts near the orifice. The Goodenough Lake spring primarily deposits 

aragonitic, and some dolomitic crusts (Figure 40a), whereas the Last Chance Lake spring 

deposits are high magnesian-calcite, with minor dolomite and aragonite (Figure 40b ). 

Carbonate muds surrounding the orifices comprise a reduced mud containing alkaline~ 

earth carbonates such as aragonite, magnesian-calcite, dolomite and magnesite, and 

possibly accompanied by sepiolite and thermonatrite. The difference between the muds 

surrounding the two springs is that Goodenough Lake spring sediments mostly contain 

· dolomite, whereas Last Chance Lake spring sediments contain more clays and 

siliciclastics (quartz and feldspar), reflecting its proximity to the hillslope (Figure 40c). 

These sediments are quite different to the Goodenough Lake and Last Chance Lake 

travertines, showing that they are more lake- than spring-dominated, as they have a 
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Figures 40a to c. X-ray diffractograms of spring deposits. Stromatolitic spring deposits at Goodenough Lake (a) 
and Last Chance Lake (b) are composed primarily of aragonite, and calcite, aragonite and dolomite, respectively. 
The dominant minerals in the carbonate mud surroundirig the spring orifice at area LCA3 are high magnesian 
calcite, aragonite, smectite, feldspar and quartz (c). 
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Figures 40d to g. X-ray diffractograms of seepage sediments at sites LSZ 2 (d), LSZ 1 (e), 
LSZ 2 <2 micron fraction (t) and LSZ 4 (g) of Goodenough Lake. See Figure 26a for 
sample locations. 
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similar composition to the grey carbonate-sili¢iclastic mudflat sediments. 

4.1.6 Mixed sediments 

The sediments of Goodenough Lake 31nd Last Chance Lake range from entirely 

siliciclastic to mixed siliciclastic-carbonate to :almost pure carbonate mud (Renaut et al., 

1994). They include minerals precipitated interstitially from shallow groundwater within 

the capillary zone and those precipitated within the water column. The amount of 

carbonate formed in the capillary zone va.Jties with groundwater composition. The 

carbonate minerals commonly found in the car]ponate-siliciclastic muds are listed in Table 

2. Dolomite is by far the most abundant mineral, occurring in every subenvironment, both 

with alkaline earth carbonates and saline min~rals. Calcite, aragonite, magnesian-calcite 

and magnesite are most common in zones ~f dilute groundwater inflow, while rare 
! 

occurrences of nesquehonite, huntite, gaylu$site and pirssonite occur in the saline 

mudflats, where dilute inflow mixes with saline porewaters. 

i. Seepage zone muds 

Several seepage zones in the study area !are dominated by reduced, carbonate muds 

with variable organic matter content. Figures 40d to g show typical mineral assemblages 

of the L.S.Z. muds of Goodenough Lake, influenced by relatively dilute groundwater 

inflow. Figure 40d is characteristic of sediments found at LSZ2, whereas Figure 40e 

represents LSZl samples (Figure 26a). At lJSZ2, alkaline-earth carbonate phases are 

dominant, and include magnesian-calcite, dolomite and hydromagnesite; minor natron and 



minerals chemical compositions springs mudflats ephemeral 
& seeps 

intra-sediments 
lake 

efflorescent 
crusts 

Aragonite CaC03 • • • 
Calcite CaC03 • • • 
Mg-calcite Cao.96-0.81 Mgo.04-0.19C03 • • • 
Dolomite CaMg(C03)2 • • • • 
Magnesite MgC03 • • • 
Hydromagnesite Mg(OH)2 · 4MgC03 · 4H20 • • • 
Nesquehonite MgC03 ·3H20 • 
Huntite CaMg3(CD3)4 • 
Gaylussite Na2C03 · CaC03 · SH20 • • """""' N Pirssonite Na2COJ · CaC03 · 2H20 • -.....)_ 

--

Trona NaHC03 · Na2C03 · 2H20 • • • 
Thermonatrite Na2C03 ·H20 • • • 
Natron Na2C03 · IOH20 • • • 
Nahcolite NaHC03 • • 
Gypsum CaS04 ·2H20 • • 
Anhydrite CaS04 • 
Mirabilite Na2S04 · lOH20 • • • 
Thenardite Na2S04 • • • 
Bloedite Na2S04 · MgS04 · 4H20 • 
Burkeite Na2C03 · 2Na2S04 • 
Halite NaCl • 

Table 2. Mineralogy distribution in the subenvironments of Goodenough Lake and Last Chance Lake. 



thermonatrite are also present. The siliciclastic fraction includes quartz, plagioclase 

feldspars, smectite, vermiculite, and minor illite and sepiolite. In LSZl, more saline 

carbonate phases dominate the muds. Dolomite formation has greatly increased and 

huntite, gaylussite and pirssonite are also recorded. The <2 J.Lm clay fraction of sample 

GE LSZ 2 gives a pattern dominated by srtnectite, with minor vermiculite and illite 

(Figure 40t). Figure 40g shows the LSZ4 sample that lies closer to the lake margin. This 

sample is more characteristic of the mudflat sediments and displays trona, showing that 

the inflowing waters have become more evolved towards the basin. Additional 

information regarding the distribution of seep*ge sediments is described in section 5 .2.2, 

on spring and seepage processes. 

ii. Carbonate-siliciclastic mudflat sediments 

Sediments occurring in the dry and sWine mudflats comprise oxidized, grey to 

blue-grey, and black carbonate-siliciclasti¢ muds. The sediments are generally 

homogeneous and poorly-bedded, but are easjly distinguishable by the degree of anoxia 

in each sediment. Mineral assemblages commonly show a complex mixture of 

siliciclastics, clays, alkaline-earth carbonates and saline minerals. The clay minerals are 

a small proportion of the total sample weight, :and much of the <2 J.Lm fraction comprises 

non-clay minerals. 

Sedimentology of oxidized muds 

Oxidized sediments range from homoteneous, organic, red-brown clays to buff-
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coloured, tuffaceous, carbonate stringers and coarse slopewash deposits. The fine-grained, 

oxidized mudflat sediments are often found intercalated with grey carbonate muds, and 

generally have the same mineralogy as their reduced counterparts. However, they 

commonly contain more alkaline earth carbonates and less salts, reflecting hillslope and 

dilute inflow processes. Area 6 at Last Chance ;Lake (Figure 26b) is a dry region occupied 

by oxidized muds that illustrates encroachment of the hillslope subenvironment onto the 

saline pan. The area is characterized by oxiQized siliciclastic-carbonate muds with no 

interstitial salts and only dry, shallow and ina)ctive remnants of brine pools, which is in 

great contrast to the other playa muds. 

Mineralogy of oxidized sediments 

The oxidized sediments of GoodenolJgh Lake mudflats comprise quartz and 

plagioclase feldspars, and a variety of clays, irtcluding several types of smectite and illite 

(including mixed-layer clays), vermiculite, saponite and sepiolite (Figure 41a). Alkaline

earth carbonates are prominent and consist of high magnesian-calcite ( <8% MgC03), 

dolomite, hydromagnesite, nesquehonite, hundte, gaylussite and possibly pirssonite. The 

sediments exhibit only minor sodium-carbonate salts, namely nahcolite, trona and possibly 

natron. Other oxidized samples display a higher proportion of clays, including illite, 

sepiolite and saponite (e.g., GE T1P1; 25-65 em), and dolomite (e.g., GE T1P5). The 

background trace on XRD patterns is commonly domed between -15 and 30° 2E>, which 

may be caused by glass shards. 

The mineralogy of mudflat sediments ! at Last Chance Lake is similar to that of 
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Figures 41a to c. X-ray diffractograms of oxidizeq, mixed carbonate-siliciclastic muds of GETIPI (a), 
LCA8 (b) and GET3Pl <2 micron fraction (c). 
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Goodenough Lake, except that peak intensities are generally higher and more peaks are 

displayed. Figure 41 b shows that quartz and plagioclase feldspars are present, and that the 

clays consist of smectite, vermiculite, saponite, sepiolite and minor illite. Alkaline-earth 

carbonates include high magnesian-calcite (<13% MgC03), magnesite, hydromagnesite, 

dolomite and huntite. The double salts, gaylussite and pirssonite, are also present. Few 

sodium-carbonate salts exist; minor trona, nahcolite and natron have been identified. Other 

samples show higher contents of high magnesian-calcite and pirssonite (e.g., LC A9P1); 

samples with complex XRD patterns are commonly found to contain slope-w~hed grains. 

The clay fraction of the oxidized mudflat sediments yielded similar results, both 

for Goodenough Lake and Last Chance Lake (Figure 41 c), but with generally more clay· 

in the Goodenough Lake samples. Smectite, vermiculite and illite are the main clay 

minerals detected, with minor sepiolite, saponite and possibly montmorillonite-chlorite 

being present in some samples. Quartz and plagioclase feldspar are also found in the <2 

J..lm fraction and the diffractogram again shows doming between 15 and 34° 29, due to 

glass or amorphous silica. 

Twelve oxidized samples were analyzed for total carbon content, and were found 

to be highly carbonaceous (Figure 42a). Carbonate carbon values commonly ranged from 

12.5--40 wt. %, with one anomalously high value of 78.4 wt. %from the seepage zone 

near transect 7 at Goodenough Lake. Organic carbon values fall between 2.0 and 22.7 wt. 

%. 
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Sedimentology and mineralogy of grey carbonate muds 

Grey carbonate muds are found extensively across the saline mudflat and also in 

some surficial lake sediments. The mineral composition of this sedim¢nt is the most 

spatially variable of the carbonate muds, and is influenced by dilute inflow, hypersaline 

lake waters and waters of mixed derivation. XRD diffractograms typical of Goodenough 

Lake and Last Chance Lake (Figures 43a and b) show complex mineral assemblages 

within the mudflat sediments of each lake. Grey carbonate mud occurs lJ>etween 15 and 

47 em at Transect 1 (Figure 43a) and displays a wide range of minerals .. Siliciclastic 

grains include quartz and plagioclase feldspar, and a variety of clays are present, 

comprising smectite, vermiculite, illite, saponite and sepiolite. Clay fraction analysis of 

the grey carbonate mud (sample GE T4P2, 46-79 em) reveals smectite, vermiculite, illite, 

quartz and plagioclase feldspar in the <2 f..Lm fraction, but the proportion of clay in the 

whole sediment sample is minor (<10%). Carbonates and salts include calcite, high 

magnesian-calcite (8-13% MgC03), dolomite, hydromagnesite and gaylussite, to minor 

nahcolite and natron. Bloedite (N~S04 ·MgS04 -4H20) may be present, but has not been 

identified previously in Goodenough Lake or Last Chance Lake deposits, and sodium 

carbonate phases dominate over sodium sulphate phases in the mudflat subenvironment. 

The grey to blue-grey carbonate muds of Last Chance Lake (sample LC A1P1, 45-

52 em) have similar siliciclastics and clay minerals to Goodenough Lake muds (Figure 

43b ). Carbonate minerals consist of minor calcite and magnesite and dolomite. Huntite, 

gaylussite and pirssonite were also identified and may indicate that the sediments have 

been deposited in a mixing zone. The sodium-carbonate salts, nahcolite, trona and natron, 
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Figures 43a and b. X-ray diffractograms of typical grey carbonate muds at Goodenough Lflce (a; GETlPl) 
and Last Chance Lake (b; LCAlPl). 
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are present; sodium-sulphate phases include thenardite and mirabilite. Opaline silica is 

possibly present, but difficult to distinguish reliably from altered volcanic glass. 

Grey carbonate mud samples predominantly contain carbonate carbon, which 

ranges from 14.4 wt. %in a mudflat pit core of Transect 3 at Goodenough Lake, to 61.6 

wt. %in the surficial mud of Transect 2 (Figure 42b). Organic carbon values range from 

2.2-28.8 wt. %, but most are below 15 wt. %. 

Black carbonate muds 

Highly reduced, organic-rich muds are common in Goodenough Lake and Last 

Chance Lake sediments. The black carbonate mud is associated with the lake 

subenvironment, but also may be found intercalated with grey carbonate muds in the 

saline mudflats. The sediments are subjected to a hypersaline, anoxic environment, where 

sulphate reduction is active, producing malodorous, sulphurous gases (H2S) and probably, 

precursors to pyrite. In Goodenough Lake, the black carbonate muds are fine-grained and 

homogeneous, whereas in Last Chance Lake, they commonly comprise a structureless 

mud with large, euhedral intrasedimentary evaporite crystals. The sediments are highly 

dolomitic, brine-saturated, and commonly contain organic material derived from microbial 

mats. 

Mineralogy of black carbonate muds 

Black carbonate muds generally have the same composition as grey carbonates, 

especially in Last Chance Lake. Differences are more apparent in Goodenough Lake 
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sediments; oxidized and grey sediments are very similar, but the black carbonate muds 

show more peaks due to additional clays and salts (especially sulphate salts), and less 

slope-wash material. 

Figure 44a shows a complex mineral assemblage in the black carbonate muds of 

Transect 1 at Goodenough Lake. Clays in the sample mostly comprise smectite, with 

minor vermiculite, illite and sepiolite; siliciclastics are predominantly detrital quartz and 

plagioclase feldspar. Alkaline-earth carbonates include magnesite, dolomite, huntite and 

gaylussite, and the salts comprise trona, thermonatrite and natron, and the sod.ium sulphate 

salt, thenardite. 

The XRD pattern of black carbonate mud at Pit 4 of Last Chance Lake 

predominantly comprises plagioclase feldspars (Figure 44b). Only minor clays, including 

smectite (possibly montmorillonite-chlorite ?), vermiculite, illite and sepiolite, are present; 

quartz was also identified. Dolomite, and possibly huntite and gaylussite carbonates exist, 

and the only saline mineral identified with confidence is natron. Some black carbonate 

samples at the lakes have been found to contain excessive feldspars and sepiolite (e.g. 

LCA1, 0-10 em); GE Core 7 shows an unusually high amount of saponite. Renaut and 

Long (1987, 1989) measured Total Organic Matter (TOM) values of <3-15.5 wt.% in the 

lake sediments, supporting anoxicity in several lakes. These data are supported by carbon 

contents measured in this study, which show organic carbon ranging from 2.2-42.8 wt. 

% and very high carbonate carbon values ranging from 25.5-90.3 wt. %. All black 

carbonate sediments are high in carbonate carbon, but not all are high in organic carbon. 

High organic carbon values may be caused by brine shrimp remains, which are common 
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Figures 44a and b. X-ray diffractograms of typical black carbonate muds at Goodenough Lake (a; GETI) 
and Last Chance Lake (b; LCAIP4). 
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in the black carbonate muds. Analysed brine shrimps have an organic carbon value of 

70.3 wt. %. 

Carbonate textures in black carbonate muds 

GE Core 8 

A variety of carbonate textures have been observed by SEM in Goodenough Lake 

and Last Chance Lake core samples (Figures 45a to k). In GE Core 8, friable, dendritic 

"feather-like" carbonates extend across the sediment surfaces. In Figure 45a, the carbonate 

appears to originate from an individual nucleus, and Figures 45b and c show minerals 

growing from multiple nuclei into a "honeycomb" network of carbonates. EDS analysis 

indicates that these carbonates are high in silica and calcium, with lesser amounts of 

sodium and magnesium (Figure 46a). However, the silica may represent detection of the 

background host, rather than the dendritic carbonates. Rosettes of carbonate (-50 Jlm 

diameter) are visible in Figure 45c. The elongate, euhedral crystals resemble trona; 

although not all the carbonate textures consist of saline minerals, it is probable that some 

salts formed when the SEM samples were dried in the laboratory. Figure 45d illustrates 

an irregular, ?amorphous carbonate, forming around a desiccation crack. 

A different carbonate texture is displayed in Figures 45e and f. The carbonate 

consists of irregular-shaped ( -0.5 Jlm diameter), globular nuclei, closely-spaced across 

the sediment surface. Individual carbonate loci lack visible internal structures and are sub

rounded to ovoid in shape. Only a few of the nuclei are joined together, but this may 

represent the immature stage of a developing texture. 
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Figures 45a to k. SEM photographs of carbonate textures in Goodenough Lake and Last Chance Lake core samples. A to D show 
dendritic, "feather-like" morphologies on the surface of GE Core 8 black carbonate mud samples. 
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Figures 45e to h. Closely-spaced, amorphous nuclei coat the sediment surface of GE Core 8 (E and F). A similar texture 
encrusts an etched silicate grain in LC Core 1 (G). "Feather-like" carbonate morphologies similar to GE Core 1 are also 
observed in LC Core 1 mud samples (H). 



Figures 45i to k. Other features associated with the carbonate mud samples are 1: an amorphous film 
(possibly of biogenic origin) which coats many sediment samples; J: a smooth, siliceous coating, bound by 
sodium carbonate salt crystals; and K: authigenic clay minerals. 
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Figures 46a to d. EDS analyses of carbonate textures within the black carbonate 
mud of Goodenough Lake. The morphologies of GE Core 8, illustrated in Figures 
44a to d, show complex EDS spectra (a and b). Halite is found in a capillary form 
(c), and dolomite (with a high Si background) is also recorded (d). 
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Figures 46e to h. EDS analyses of carbonate textures within the black carbonate 
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identified in Ge Core 8 (e), and features ofLC Core 1 include a background 
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containing biogenic silica (h). 

143 



EDS analyses on the carbonate morphologies of Goodenough Lake samples range 

from pure sodium readings to complex spectra of sodium, magnesium and/or silica, with 

minor aluminum, chloride, potassium, calcium and iron (Figure 46b ). High sodium may 

be substituted by high magnesium, and some similar samples exhibit lower silica values. 

Halite appears to be present in GE Core 8, as shown by Figure 46c, although it has not 

been observed in a cubic form. Magnesium-bearing carbonates, including dolomite, have 

been identified by EDS (Figures 46d and e), but other elements, such as silica and sulphur 

have been recorded on the same carbonate spectra. 

LC Core 1 

A similar texture to Figure 45f is observed in the black carbonate mud of LC Core 

1. The carbonate can be found encrusting the surface of an etched silicate grain in Figure 

45g. The thick, meshed, carbonate texture is also seen in LC Core 1, entirely covering a 

siliciclastic grain. This texture appears to have a more prominent relief than in GE Core 

8, and may represent a more developed carbonate morphology (Figure 45h). A common 

EDS pattern for the carbonate of LC Core 1 is shown in Figure 46f. This type of 

spectrum always displays high silica, with a combination of sodium, calcium and/or iron, 

and with minor amounts of magnesium, aluminum, phosphorus, sulphur and potassium. 

Figure 46g may represent sodium sulphate salt in the sample, as shown by high sodium 

and sulphur values. 

Three other interesting features occur in LC Core 1; the first is a film which 

commonly coats the surface of SEM samples. The film closely follows the topography 
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of the samples, and in Figure 45i, a "bubble" texture is exhibited in places, with 

underlying carbonates breaking through the film. It is not known whether the texture has 

a mineralic or biogenic origin, but EDS analysis of the film commonly shows a high 

silica background with lesser amounts of sodium, magnesium, aluminum, phosphorus, 

calcium, iron and potassium (Figure 46h). A similar film-like coating is shown in Figure 

45j. It is a smooth, amorphous, siliceous patch bound by salt crystals at the edges, and 

shows no desiccation cracks. EDS analysis recorded high sodium and silica signals from 

this area. Clay minerals with delicate, thin, platy structures approximately 2 .Jlm thick are 

found in some muds from LC Core 1 (Figure 45k). 
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iii. Dolomite occurrences 

Modem dolomite is found extensively across the Goodenough Lake and Last 

Chance Lake catchment area, from relatively fresh (5 g L-1
) groundwater seepage zones 

through saline mudflat deposits, to hypersaline (>300 g L-1
) central lake muds intermixed 

with interstitial evaporites. Dolomite is abundant in most mudflat and lake sediments, and 

has been observed both as anhedral aggregates (0.5-1 0 Jlm) and euhedral rhombs (0.5-4 

Jlm). Host materials range from living microbial mats to reduced carbonate-siliciclastic 

muds and anoxic, black carbonate muds. The best rhombic crystals are conunonly found 

in carbonate-siliciclastic deposits, whereas more anhedral aggregates are found in black 

carbonate muds. 

Dolomite morphologies 

Figures 47a to j illustrate the range of dolomite crystal morphologies recorded. 

Dolomite was confirmed by EDS analyses (1 Jlm beam width), where Ca and Mg peaks 

had approximately the same magnitude. Anhedral dolomite clusters are most common in 

the black carbonate mud layer of Transect 1 at Goodenough Lake (-20 em below the 

surface). Figures 47a and b show <5 Jlm diameter aggregates disseminated throughout the 

black carbonate sediment. The aggregates appear to grow from individual nuclei, and at 

high magnification, the clusters are seen to comprise a mass of globular, amorphous 

particles, 0.2-3 Jlm in diameter (Figure 47c). Some particles resemble sub-rounded 

rhombs. The surfaces of some dolomite crystals seem to have dissolution textures or show 

the surficial growth of sub-crystals (Figure 47d). Rhomb faces and aggregate surfaces 
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Figure 47a to j. SEM photographs of dolomite morphologies. Dolomite occurs as anhedral aggregates (A to C) and submicron 
rhombs (D), which display a dissolution texture. 
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Figures 47e to h. Dolomite is disseminated throughout the mudflat sediment (E) and also occurs as individual rhombs, 
forming on the surfaces of large silicate grains (F). Dolomite rhombs co-exist with sodium carbonate salts within black 
carbonate muds (G and H). 
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Figures 4 7i and j. Euhedral rhombs ( <3 microns) display an irregular coating or dissolution texture (I) and are intermixed 
with sodium carbonate salts and miniscule ( <0.5 micron) dolomite rhombs. 



appear pitted, and a knobbly, irregular texture is superimposed on the primary structure. 

A mixture of anhedral dolomite and well-formed rhombs is found in the carbonate

siliciclastic sediments of the Last Chance Lake mudflat pit A9P1 (3-19 em below the 

surface). Anhedral dolomite aggregates are found draping the sediment topography (Figure 

47e ), and euhedral to subhedral rhombs ( -1 f..Lm diameter) are found attached to the flat 

surfaces of detrital silicate grains (Figure 47t). At high magnification, the dolomite 

rhombs are seen to co-exist intimately with euhedral, bladed, sodium carbonate salt 

crystals (Figure 47g). The crystal faces of some larger rhombs have .an irregular 

morphology, and in the background, 0.25 f..Lm diameter euhedral rhombs can be observed. 

At Goodenough Lake, dolomite rhombs and sodium carbonate salts (probably 

trona) are disseminated throughout black carbonate muds at -50-75 em below the saline 

mudflat surface (Figure 47h). Rhombs are <5 f..Lm in diameter, and salts are commonly 

5 f..Lm long by 1 f..Lm wide. At higher magnification, rhombs and aggregates of various 

sizes are visible (all <4 f..Lm in diameter), but all the mineral surfaces display an irregular, 

knobbly coating or dissolution texture which can be seen on every side of the sample 

(Figure 47i). Four well-formed rhombs are illustrated in Figure 47j. They range from 1-2 

f..Lm in diameter and all exhibit a rough, irregular morphology, giving the crystal faces a 

rounded appearance. In the background, sodium-carbonate salts and miniscule ( <0.5 f..Lm) 

rhombs are observed; some small rhombs grow as subcrystals on the surfaces of larger 

rhombs. 
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Dolomite mineralogy 

Many EDS analyses on various mud samples have confirmed the occurrence of 

dolomite in reduced carbonate-siliciclastic and black carbonate muds, and microbial 

sediments (Figure 48a). Although dolomite is definitely present, many spectra show 

additional elements, which probably reflect the composition of surrounding sediments. For 

example, dolomite occurs in the black carbonate muds of Transect 1 at Goodenough Lake, 

within a feldspathic matrix rich in calcium, magnesium and minor iron. The EDS analysis 

of dolomite crystals within the sediment also shows a high chloride concentration, 

possibly due to sodium chloride in that vicinity (Figure 48b ), or evaporated aerosols on 

the sample surface. Other elements that commonly accompany dolomite in black 

carbonate sediments are silica (Figure 48c) and sulphur (Figure 48d), and high phosphorus 

in microbial mats. 

X-ray diffraction of dolomite crystals 

X-ray diffractograms of the dolomitic sediments of Goodenough Lake muds~ 

microbial sediments and Last Chance Lake muds, are illustrated in Figures 49a to c, 

respectively. Dolomite peaks in Goodenough lake muds are generally symmetrical but 

with a wide-base (Figure 49a). The high magnesian calcite peak appears on the left side 

of the main dolomite peak and a minor thermonatrite peak overlaps to the right. The 

dolomite peak of the microbial mat is similar, but shows a narrower base, with high 

magnesian calcite and thermonatrite in different proportions (Figure 49b ). Dolomite peaks 

of Last Chance Lake samples are generally of greater intensity with a narrower base 
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Figures 49a to c. X-ray diffractograms of dolomitic sediments from the seepage area near 
Transect 7 (a) and buried algal mat of Transect 2 muflat (b) at Goodenough Lake, and Area 3 
of Last Chance Lake (c). 
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(Figure 49c ). The majority of peaks are roughly symmetrical; any skewness that occurs 

is to the left, indicating Mg2
+ replacement of Ca2

+ in the dolomite crystal lattice ( cf 

Scholle, 1978; Hardy and Tucker, 1988). 

Semi-quantitative XRD analysis 

Semi-quantitative XRD analysis of dolomite abundance (see section 1.3.1 for 

method) was attempted on dolomitic sediments from across the study area (Figure 50). 

Estimated dolomite contents ranged from <5% in the spring-sediment sample at Last 

Chance Lake to 60% in black carbonate mud from Last Chance Lake cores. Most 

samples, that represent grey carbonate-siliciclastic muds in each subenvironment, 

commonly contain between 10 and 35% dolomite. Semi-quantitative dolomite analyses 

have been compared with carbonate carbon contents of equivalent samples, where 

available, to estimate the approximate (minimum) percentage of carbonate minerals 

HIUSLOP£ SPRINGS SEEPAGES GE LC GELAJCE LCLAJCE M. MAT 

MUDR.AT MUDR.AT 

SUBENVIRONMENTS 

Figure 50. The percentage of dolomite in study area mud samples, as determined by semi
quantitative XRD analysis. 
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constituting dolomite. In the seepage zones, 45% of the carbonate carbon may be 

dolomite, increasing to 90% in Goodenough Lake mudflats, and up to nearly 100% in 

Last Chance Lake mudflats and lake sediments. Dolomite in the lake sediments of 

Goodenough Lake is estimated to be at least 33%, which is lower because the sediment 

contains a greater variety of carbonate and saline minerals overall. Fifty percent of the 

carbonate carbon of microbial mats at Goodenough Lake may be dolomitic, with the rest 

probably comprising soluble salts. 

The stoichiometry and ordering of dolomite samples were also determined by 

semi-quantitative XRD analysis. Stoichiometry assumes that the amount of Ca2
+ and Mg2

+ 

cations in the lattice spacing is equal (Goldsmith and Graf, 1958a; Scholle, 1978), but this 

is rarely achieved in naturally-occurring modem dolomites (Last, 1990). Both calcian and 

magnesian forms of non-stoichiometric dolomite were found in the study area, ranging 

from a Ca:Mg ratio of 65:35 to 43:57. 

The dolomitic, subaerial spring deposits at Goodenough Lake have ratios between 

48 and 54% MgC03 in the microbial mat, surficial sediment and lower, reduced mud. 

Seepage sites at Goodenough Lake display both calcian and magnesian dolomite ( 45-62 

mole % MgC03). Dolomitic carbonate sediments of the Goodenough Lake saline mudflats 

have Ca:Mg ratios of 58:42 to 48:52, with the mole percent MgC03 generally increasing 

towards the lake. Black carbonate mud cores collected from Goodenough Lake are 

consistently high in magnesian dolomite (52-54% MgC03), and in microbial mats reach 

up to 57% MgC03• 

Last Chance Lake spring dolomites also have relatively high magnesium contents 

155 



(Ca48 Mg52), and the majority of the lake muds have between 48 and 52% MgC03• 

Oxidized muds and black carbonates with large interstitial salts display the highest 

MgC03 values. Overall, both calcian and magnesian dolomites have been identified, but 

the latter are most common in reduced and hypersaline sediments. 

Ordering represents the segregation of cations into separate sheets in the dolomite 

crystals (Hardy and Tucker, 1988). The degree of ordering is determined by comparing 

the sharpness and relative intensities of the 015 ordering peak and the 110 diffraction 

peak of the superstructure reflection. Ratios of the 015: 110 peaks are consjstently low, 

showing poor ordering. 

Isotope analyses of dolomite 

Oxygen and carbon i~otope analyses were performed on samples of black 

carbonate muds from Goodenough Lake and Last Chance Lake (GE Core 8 and LC Core 
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Figure 51. Oxygen and carbon isotope analyses of dolomite in mud and microbial samples 
collected from Goodenough Lake and Last Chance Lake. 
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1, respectively), living algal mat from Goodenough Lake and tuffaceous, carbonate

siliciclastic, oxidized mud from Last Chance Lake (LC A9Pl). All analysed samples have 

well-formed dolomite rhombs. Figure 51 illustrates o13C against 0180 (SMOW) for four 

dolomite samples, three of which were run twice. Dolomite from oxidized sediments in 

the mixing zone of LC A9Pl mudflat shows the lowest ratio, and higher values are 

recorded from the dolomite of lake sediments and algal mat, respectively. 

The formation and occurrence of recent primary dolomite 

Preliminary studies of dolomite formation at Goodenough Lake and Last Chance 

Lake have confirmed observations made at other Holocene and actively-forming dolomite 

locations, such as Deep Springs Lake, Searles Lake and Great Salt Lake in the western 

U.S.A. (Peterson et al., 1963; Clayton et al., 1968; Smith and Friedman, 1975; Glanzman, 

1977), Waldsea Lake, Deadmoose Lake and Freefight Lake of Saskatchewan, Canada 

(Last and Schweyen, 1983; Last and Slezak, 1986; Teller and Last, 1990), South Australia 

(von der Berch, 1976a; DeDeckker and Last, 1989; Rosen and Coshell, 1992), and 

numerous other localities in Europe, Asia and Africa (Muller and Wagner, 1978; Talbot 

and Kelts, 1986). 

The Cariboo Plateau dolomite is abundant in most subenvironments and occurs as 

fine-grained ( <5 Jlm) crystallites and poorly-ordered subhedral to euhedral non

stoichiometric ( 43-65% CaC03) rhombs in surficial sediments (Renaut and Long, 1989; 

Renaut, 1990; Hirst and Renaut, 1993; Hirst, 1994; Renaut, 1994). In the Cariboo Plateau 

lakes, 3 distinct zones of dolomite formation have been identified. The first, in seepage 
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areas, represents a stage in the predicted sequence of alkaline-earth carbonate precipitation 

for closed-basin waters. Salinity is relatively low ( <5 g L··1
; pH <8.5), and measured 

Mg/Ca ratios in these sites range from 1 in September to 14 in March. The dolomite has 

a composition of 45-62 mole % MgC03• Secondly, dolomite is present in the carbonate

siliciclastic mudflat deposits, where evaporative concentration is high, Mg/Ca ratios reach 

2.5, and relatively dilute porewaters mix with hypersaline lake brine. The most well

formed rhombs are found in this area, and compositions range from 42-52 mole % 

MgC03• The third area comprises dolomite rhombs and aggregates found within the 

sediments and microbial mats of the lake subenvironment. Solutions show Mg/Ca ratios 

<3 and dolomite is composed of 52-54 mole % MgC03• Sulphate reduction in sediment 

by microbial organisms, and photosynthetic removal of C02 from living microbial mats 

promote dolomite formation by substantially increasing alkalinity (Vasconcelos et al., 

1994). Also, submicron rhombs have been found adjacent to cyanobacteria in Goodenough 

Lake (pers. comm., G. Ferris, 1994). In all three zones, dolomite is commonly intermixed 

with sodium carbonate salts in reduced carbonate muds. Also, crystals commonly display 

a microbial coating, which gives the rhombs an irregular surface texture. 

The dolomite found in this study area shows that anhedral dolomite aggregates are 

not necessarily precursors of rhombs, because sub micron ( <0.8 J.lm), euhedral rhombs 

have been identified in the sediments. This does not support the view that the growth of 

dolomite crystals is predominantly by the sequential addition of successive cation-anion 

layers (cf Deelman, 1975; Towe, 1975). Rather, that rhombs grow at equal rates in all 

directions despite their layered construction. 
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Primary dolomite refers to dolomite that has been formed endogenically, or 

diagenetically from the sediment pore solution (Last, 1990). Evidence from this study 

indicates that dolomite in the saline, alkaline lakes of the Cariboo Plateau has a primary 

origin, in the sense that it precipitated directly from fluids, rather than as a replacement. 

No detrital dolomite has been found in the surrounding hillslope sediments, although· 

dolomite is ubiquitous within the carbonate muds of the Goodenough Lake and Last 

Chance Lake catchment. Dolomite in the study area is very fine-grained, which may 

suggest a primary origin. The dolomite occurs as euhedral rhombs ( <5 J..Lm) or anhedral 

aggregates ( <10 J..Lm), whereas secondary dolomite comprises cements or larger euhedral 

rhombs (> 100 J..Lm; Tucker and Wright, 1990). Dolomite is the dominant and stable Ca

Mg carbonate mineral in the study area. The paucity of calcite could indicate replacement 

but could also, however, show dissolution of carbonate phases leading to the saturation 

of pore fluids with respect to dolomite and reprecipitation of dolomite nearer the basin. 

The dolomite forming at Goodenough Lake and Last Chance Lake is probably an 

early diagenetic product precipitating in association with evaporites from hypersaline, 

highly alkaline, high Mg/Ca ratio (>1) brines, supersaturated with respect to Ca-Mg 

carbonate phases. However, the waters sampled display low Mg/Ca ratios because the 

alkaline-earth carbonate phases have already precipitated. Also, the catchment waters 

sampled may differ from the solutions that precipitated the dolomite. 

Isotopic evidence can help to confirm that dolomite is a primary precipitate from 

solution, as shown, for example, by studies at Deep Springs Lake, California (Jones, 

1965), where evaporite-related dolomites are 180 enriched and pr:oduced by hypersaline 
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brines. The samples in this study show high 180 values and high 13C values, which are 

caused by the highly alkaline environment in which they formed, created by evaporative 

concentration and photosynthetic removal of C02 by living microbial mats. The 180 

isotopes in the dolomite crystals are significantly higher than in the associated waters 

(Figure 25), suggesting that dolomite is precipitated in highly evaporitic conditions. 

The main types and occurrences of dolomite found in sedimentary environments 

cannot be explained by a single model, or unique set of processes. Dolomite formation 

may be viewed as a continuum between replacement dolomitization, d~pendent on 

hydrologic processes, and direct precipitation, requiring specific disequilibrium conditions 

in the water body to cause crystallization (McKenzie et al., 1994 ). Primary dolomite is 

probably not as rare as presently thought and may form wherever continental 

groundwaters emerge and are subjected to seasonal evaporation and associated chemical 

modifications in and beneath shallow evaporite lakes. Some dolomite may form from the 

dissolution of Mg -carbonate phases in peripheral areas, which are reprecipitated elsewhere 

as dolomite (Nesbitt, 1990). Most dolomite in the geologic record is of replacement 

origin; ancient dolomites may illustrate the replacement of Mg-carbonate phases and 

unstable primary dolomite by a more stoichiometric, well-ordered form. However, a 

solution to the understanding of ancient dolomitization can be found only through 

investigating the complexities of dolomite formation in modem environments. 
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4.1. 7 Evaporites 

Smoot and Lowenstein ( 1989) suggested that the type of evaporite minerals that 

form in saline mudflats depend on i) the stage of chemical evolution of the groundwater 

brine, ii) the sinking of surface brine, and iii) the degree of mixing of groundwater

derived brine and surface-derived brine. 

In Goodenough Lake and Last Chance Lake basins, various sodium-carbonate 

mineral phases are precipitated. When extremely concentrated sodium-carbonate brines 

become depleted of carbonate species, sulphate and chloride salt phases may also 

precipitate. The common salts found at Goodenough Lake and Last Chance Lake are 

shown in Table 2 (page 127). Sodium-carbonate salts form i) as ephemeral efflorescent 

crusts on the surface of saline mudflats and floating microbial mats; ii) directly within the 

water column; iii) subaqueously at the base of the brine pools, and iv) authigenically in 

the brine-saturated muds. The depth to which evaporite minerals can form by evaporation 

of shallow groundwater is unclear, but depends on the porosity of the sediment, the 

intensity and variability of the evaporation, and the salinity of the groundwater (Smoot 

and Lowenstein, 1989). Estimates range from <1 m to several metres (Renaut, 1994; 

Smoot and Castens-Seidell, 1994). 

The solubility of the N aC03 minerals is strongly dependent on PC02 and 

temperature, which causes different phases to form under varying environmental 

conditions (Eugster, 1966). Trona is the stable sodium carbonate phase at pH >9, 

atmospheric PC02 and temperatures above 20 °C, whereas nahcolite forms where PC02 

exceeds at least 10 times that of the atmosphere, typically within sediments. 
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Thermonatrite forms from solutions at high temperatures or very low PC02, and natron 

shows a strong decrease in solubility with decreasing temperature and is the stable phase 

at temperatures below the trona stability field (Eugster, 1970; Eugster and Hardie, 1978). 

These relationships do not apply to efflorescent crusts (Eugster, 1980). 

i. Efflorescent crust characteristics 

Efflorescent crusts are readily dissolved, ephemeral precipitates that represent the 

products of complete evaporation, and commonly comprise hydrated minerals (Eugster 

and Kelts, 1983). The crusts consist of almost 100% salt, with only a few wind-blown 

detrital impurities, such as hillslope material and desiccated microbial mat, trapped in the 

microtopography. They form by capillary evaporation of saline pore waters in the surficial 

sediments ( -120 em) and by eolian redistribution of salt, which is dissolved by rain and 

reprecipitated as the rain water is evaporated (Smoot and Castens-Seidell, 1994). 

Therefore, efflorescent salts are predominantly found on the brine-soaked, saline mudflat 

and playa-lake surface but can also be found in the dry mudflat subenvironment. 

Efflorescent salts are important in brine evolution because they facilitate brine 

fractionation. As sodium carbonate efflorescent crusts precipitate, the brine is depleted in 

Na and C03 species. This decreases the molar Na/Cl ratio while. the SO/Cl ratio remains 

nearly constant. As pH rises, and trona precipitates, so the C03/HC03 ratio increases 

(Renaut and Long, 1987). Salt crusts are commonly monomineralic, especially if the 

saline-pan waters are dominated by solutes derived from dissolution of earlier formed 

efflorescent crusts and saline pan layers (Smoot and Lowenstein, 1989). The mineralogy 
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of the efflorescent crusts reflects the chemical composition of the underlying brine but not 

its overall concentration (Eugster and Hardie, 1978). 

Morphology of emorescent crusts 

Thick crusts form where the surface sediments are completely saturated with brine 

and thinner crusts form where the surface sediments are less saturated and the phreatic 

brine table is deeper (Eugster and Hardie, 1978). The thickness of the crusts is also 

controlled by the frequency of flooding with undersaturated water and by the rate of 

sediment accumulation. Because they are commonly out of equilibrium with groundwater, 

efflorescent crusts dissolve once they lose contact with surface evaporation. This loss of 

contact may result from sediment accumulation on top of the crust, or by continued crust 

growth at the upper surface. Many efflorescent salts precipitate when mudflats expand in 

September but are re-dissolved by lake waters in winter. 

Efflorescent textures range from powdery, friable coverings forming polygonal 

patterns of broad humps and depressions, to hard, thick, interlocking, crystalline crusts 

with solution-etched topography. Powdery efflorescent crusts typically exhibit a delicate 

granular porosity, whereas crystalline efflorescent crusts are commonly rich in clastic 

sediment and have a characteristic tubular vertical porosity and a nodular 'popcorn' 

surface (Smoot and Castens-Seidell, 1994 ). Figures 52a and b show contrasting 

efflorescent crusts of Last Chance Lake in September; Figure 52a illustrates a 

developmental stage of tepee formation. 

Figures 53a to c show 3 common efflorescent salt crystal morphologies observed 

163 



Figures 52a and b. Efflorescent crust morphologies of the Last Chance Lake playa surface in September. 
Morphologies range from friable, warped layers (<1 em thick; a) to hard, interlocking crystalline crusts (<10 
em thick; b). Thermonatrite, trona and natron dominate the mineralogy. (Lens cap is approx. 6 em diameter.) 
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Figures 53a to c. SEM photographs of efflorescent salt morphologies. A:loose spherulitic thermonatrite; B: 
euhedral trona; and C: skeletal trona crystals. 
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under the scanning electron microscope. Figure 53a illustrates loose spherulitic 

thermonatrite which has precipitated in the microbial mat of Goodenough Lake surficial 

mudflat sediments. Efflorescent crusts are extremely temperature-sensitive, which means 

that some salts may have precipitated after collection when the sediment dried in the 

laboratory. Interlocking crystals of trona are illustrated in Figures 53b and c. Crystals are 

< 100 Jlm long, euhedral and platy. Some crystals are skeletal, indicating strong 

disequilibrium crystallization (Figure 53c). 

Emorescent crust mineralogy 

At Goodenough Lake and Last Chance Lake, previously reported alkaline-earth 

carbonates in efflorescent crusts include calcite (CaC03), aragonite (CaC03), magnesian 

calcite (CaMgC03), dolomite (CaMg(C03h) and hydromagnesite 

(Mg(OH)2 ·4MgC03 ·4H20); sodium carbonate salts are commonly trona 

(NaHC03·N~C03 ·2H20), thermonatrite (N~C03 ·H20) and natron (N~C03 ·10H20); 

and minor gaylussite (N~C03 oCaC03 ·5H20) has also been found. The efflorescence is 

strongly temperature dependent and consists predominantly of thermonatrite and trona, 

which are replaced by natron with decreasing temperature. At Last Chance Lake, sodium 

sulphate and chloride phases confirmed by XRD include gypsum (CaS04 ·2H20), 

anhydrite (CaS04), thenardite (N~S04), bloedite (N~S04 ·MgS04 ·4H20), hexahydrite 

(MgS04 -6H20) and halite (NaCl) (Renaut and Long, 1989). 

The mineralogy of the efflorescent crusts examined in this study ranges from 

mixtures of carbonate and evaporites laden with detrital debris in the soft, micro-
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crystalline efflorescence overlying the brine-soaked mudfl.at, to pure evaporites in the 

hard, interlocking crusts, characteristic of the brine pool surfaces at Last Chance Lake. 

Figures 54a to e illustrate the range of efflorescent mineralogy in the study area. 

The characteristic composition of efflorescence at Goodenough Lake is shown in Figure 

54a, and is predominantly composed of trona and thermonatrite, with minor thenardite, 

burkeite (N~C03 ·2N~S04) and halite. Carbonate- and sulphate-chloride-dominated 

efflorescent salts have been found at Last Chance Lake. Figures 54b and c represent soft 

and hard carbonate-dominated crusts, respectively; the soft efflorescence comprises loose, 

crystalline aggregates of trona, thermonatrite and natron, as found at the top of LC Core 

1; and the hard brine pool crust of Area 4 is composed of trona, thermonatrite and minor 

thenardite. 

Sulphate-dominated efflorescent crust is characterized by the mud rim of Area 2 

(Figure 54d). Sulphate salts such as mirabilite (N~S04·10H20), thenardite, burkeite and 

?hexahydrite have been identified, and also trona, thermonatrite, dolomite and minor 

halite. Some of the inclusion-rich minerals may have grown interstitially in the soft, 

underlying mud, whereas hard efflorescent crusts tend to be purer. Figure 54e shows the 

efflorescent crust composition of a rigid, solution-etched brine crust surface at Area 2. 

Trona and ?nahcolite (NaHC03) are the major sodium carbonate salts, and the remainder 

is comprised of thenardite, burkeite and halite. 

In summary, trona and thermonatrite are the most common efflorescent salts and 

are accompanied by sulphate and chloride phases, such as thenardite and halite, where 

salts have precipitated from more evolved brines. Few alkaline earth carbonates were 
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Figures 54a to c. X-ray diffractograms of typical efflorescent salt crusts at Goodenough Lake (a) and Last 
Chance Lake (b; soft crust and c; hard crust). 
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Figures 54d to f. X-ray diffractograms of efflorescent and authigenic salts. Sulphate-dominated 
efflorescent crusts occur at Last Chance Lake (d; LCA2 mud rim and e; LCA2 rigid brine pool crust). 
Figure 54f illustrates authigenic natron and thermonatrite in a typical grey carbonate mud from 
Goodenough Lake (TlPl ). 
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Figures 54g to i. X-ray diffractograms of contrasting authigenic evaporite deposits, ranging from the 
evaporitic carbonate muflat sediments of GE Core 4 (g), to the brine-soaked muds of LCA6 (h), and 
the pure natron deposit of LC Core 1 (i). 
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found in crusts except dolomite. Nahcolite, mirabilite and burkeite have been identified 

in this study, although not previously recorded. Although natron has been recorded in the 

efflorescent crusts (by XRD), the crystal morphology is unknown. 

ii. Authigenic salts in mudflats 

Authigenic mineral phases form interstitially in sediments associated with active 

saline pans, either on saline mudflats or subsequently after burial, in response to changing 

conditions (Renaut and Long, 1989; Renaut et al., 1994). The interstitial saline minerals 

form by displacive growth, where surrounding sediment is pushed aside by the force of 

crystallization, incorporative growth, and de- or re-hydration. Capillary evaporation 

initiates the growth of evaporite minerals in the porous mudflat sediments, which occur 

in layers or as isolated euhedral crystals or crystal aggregates (with or without mud

inclusions). Many minerals precipitated interstitially are hydrous and some undergo 

volume changes according to temperature (e.g., natron). Thermonatrite and trona are 

commonly found precipitated in siliciclastic-carbonate sediments containing saline

hypersaline pore waters. 

Mineralogy of authigenic salts 

Figures 54f and g represent the characteristic X -ray diffractograms of evaporitic 

carbonate mudflats sampled at Goodenough Lake; saline minerals at Last Chance Lake 

are covered in the next section. Goodenough Lake mudflat evaporites have a fairly 

consistent distribution across the catchment area, and no temporary seasonal differences 
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in mineralogy have been observed. Figure 54f illustrates a typical grey carbonate mud 

from TlPl. The sample is dominated by plagioclase feldspar, and minor dolomite and 

clays (mostly smectite) are present. The sample is strikingly similar to the composition 

of hillslope material but also displays some natron and thermonatrite. The evaporites have 

possibly undergone post-depositional changes in the mudflat that have decreased their 

preservation potential. The sample from Goodenough Lake Core 4 (Figure 54g) contains 

more carbonate minerals, including dolomite and magnesite. Evaporitic minerals comprise 

trona, thermonatrite, gypsum and halite. A variety of clays are present, consisting 

predominantly of smectite, with minor vermiculite and illite. Sepiolite was also detected 

in this sample. 

iii. Evaporites at Last Chane~ Lake 

Several different salt morphologies have been observed at Last Chance Lake. The 

salts are predominantly trona or natron, which are found as virtually pure ephemeral or 

perennial deposits in brine pools, or interstitially within dolomitic, black carbonate mud. 

A variety of brine pool types are present at Last Chance Lake; some are dry, 

whereas others support residual brine on the surface (up to 6 em deep); most have a thick 

crystalline crust with brine-soaked mud below; and some have irregular-shaped, 

amalgamated pools, containing smaller pool structures inside. Pool morphology changes 

across the playa-lake surface but mineral composition is generally uniform between pools. 
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Evaporite mineralogy 

Natron (N~C03 ·10H20) is common at Last Chance Lake, occurring in the 

surficial crust (see section i. efflorescent crust characteristics), within the brine-soaked 

black carbonate mud, and comprising the bulk of the perennial salt deposit. The natron 

rapidly dehydrates after collection and removal from brine, and is commonly replaced by 

trona and thermonatrite. 

An ephemeral layer of clear (<2% impurities) natron crystallizes by evaporative 

concentration in summer and freeze-out processes during autumn and winter. A pure, 

compact, rigid crystal crust up to 5 em thick is formed, underlain by a structureless, brine

soaked black carbonate mud containing platy, euhedral natron crystals of 1-5 em diameter, 

sub-perpendicular to the surface (Figure 52b). Scattered, small (5 mm) natron crystals and 

radial crystallites of ?nahcolite (2-5 mm) are locally present in the interpool mud core 

samples and mirabilite has also been found, which accounts for the lower molar SO/Cl 

ratio found in late autumn brines. The brine pool crusts dissolve as the ice begins to melt 

in spring, making more sodium carbonate available for interstitial mineral growth. 

Abundant mud inclusions demonstrate that unlike the overlying crust and probably 

much of the crystal mush, they have been grown in place from dense interstitial brines 

produced by evaporative concentration and/or freeze-out in the overlying pools. Permanent 

salts, usually large ( 1-5 em), greenish-black inclusion-rich natron, form a mush at the base 

of some pools and occur interstitially within the underlying muds. Figure 54h is an X -ray 

diffractogram for brine-soaked mud with interstitial salts from a brine pool at Area 6 of 

Last Chance Lake. The matrix is a fine-grained carbonate-siliciclastic mud containing 
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plagioclase feldspar, smectite and dolomite. Gaylussite is a prominent mineral and other 

salts include trona, thermonatrite, thenardite and mirabilite. 

Permanent evaporite deposits 

A thick ( -15 em) coarsely-crystalline mosaic of natron has been preserved below 

the surface of Last Chance Lake. The depth of the deposit ranges from 18-52 em, and 

comprises a mixture of interlocking, platy aggregates and partially-dissolved, 

hemispheroidal salt crystals. The deposit is predominantly pure salt, with some crystal

rich mud-partings. LC Core 1, which is representative of the perennial salt deposit, is 

described in detail in section 4.1.3 (v). Figure 54i shows an X-ray diffractogram for the 

pure natron deposit in LC Core 1 between 35 and 50 em. The sample analyzed was an 

anhedral salt aggregate with rounded crystal faces and no apparent internal structure. 

1. Precipitation from a standing brine body 

The most likely model for the precipitation of evaporites at Last Chance Lake is 

one of deep (>20 em) brine conditions, e.g. within brine pools, where salt crystals may 

have been formed at the brine surface and rapidly deposited, whilst crystals 

simultaneously grew up from the bottom. The earliest precipitates from the brine are small 

'cumulus' crystals that nucleate at the water-air interface (Smoot and Lowenstein, 1989). 

The crystals are typically thin, platy and euhedral and commonly form floating crystal 

aggregates held by surface tension, until they grow large enough to sink. The evaporites 

accumulate on the lake bottom as a permanent layer of interlocking crystals (cumulates) 
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that drape the topography (Smoot and Castens-Seidell, 1994). This precipitation phase 

may have been caused by a change in brine chemistry, an unseasonally long period of 

lake cover, and/or an abnormally long cool phase. In spring and early summer, salts are 

precipitated as cumulus crystal rafts in the pools and are available to react with the 

evolved brines of late summer (Nesbitt, 1990). The pools become covered by ice due to 

brine-cooling and freeze-out during autumn and winter, and crystals accumulating at the 

bottom of the pools contribute to the formation of a perennial salt deposit. Salt crystals 

within the mud are in equilibrium with the brine, which increases their .preservation 

potential. 

Late diagenetic changes have transformed the initial deposit; syntaxial overgrowth 

has caused crystal enlargement and cementation, and some crystals have suffered post

depositional dissolution after deposition, as fresher fluids seeped up into the overlying 

sediments from lake bed springs. Hardie et al. ( 1978) commented that fine-grained 

chemical sediments soaking in the bottom brine may recrystallize to a stable, coarse 

crystalline mosaic, which destroys 'settle-out' fabric. 

2. Precipitation at the brine pool surface 

The alternative model of precipitation at Last Chance Lake is that the permanent 

salt deposit formed at the surface, or in very shallow water (<20 em), such as a former 

brine pool or playa surface. There are many seepage zones at the base of hillslopes that 

supply the saline pan with perennial dilute inflow. Rainwater collects on the brine pool 

surfaces and provides more carbonate species for sodium carbortate salt precipitation. 
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Continued concentration of the brine by evaporation eventually produces a supersaturated 

brine from which crystals grow. Evaporation would create thick evaporative crusts, which 

are best-developed in very shallow saline lakes (Smoot and Lowenstein, 1989). Thick 

crusts form where the surface sediments are completely saturated with brine. The 

thickness of crusts is also controlled by the frequency of flooding with undersaturated 

waters, and by the rate of sediment accumulation. The evaporites of LC Core 1 display 

post-depositional dissolution textures which suggest that the salts have come into contact 

with more dilute seepage or surface waters. 

The Last Chance Lake permanent evaporite deposit may have been formed by a 

combination of the above depositional settings. Lowenstein and Hardie ( 1985) suggest that 

evaporites may be deposited by alternating periods of flooding, evaporative concentration 

and desiccation, which produces a dry pan fed only by groundwater. Layers are 'matured' 

by repeated episodes of dissolution and diagenetic crystal growth. However, the ultimate 

preservation of the evaporite deposit depends on the chemical maturity of the pan, and 

the stability of the groundwater table beneath the pan (Eugster, 1980). 
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Theories of brine pool evolution 

Several theories for brine pool formation have been proposed in section 2.3. The 

brine pools likely have a polygenetic origin, but investigations of the critical processes 

are hampered by the nature of the brine-soaked mud pools. 

It appears that brine pool formation is related to shallow lake environments that 

have seasonally cold climates, as this morphology has only been reported in locations 

with these conditions, e.g., the Pacific Northwest. Low-temperature salt deposits, such as 

natron and mirabilite, are associated with brine pool morphology, and in Last Chance 

Lake, natron crystallization underneath the ice may cause subsurface expansion of the 

pools, with individual crystals aligning perpendicular to the sides (Renaut and Long, 

1987). 

Another common characteristic of brine pool lakes is that the morphology occurs 

in a postglacial landscape. This factor may be related to the flow of groundwater through 

glacial sediments, coupled with arid conditions. Closed depressions provide discharge sites 

for groundwater flowing through tills, and lake bed artesian springs are particularly 

common. Zones of groundwater seepage occur on the floor of a playa in the Alberta Lake 

group, north of Last Chance Lake, and patterns in Saskatchewan and Manitoba lakes 

appear similar, although the morphology is at a more developmental stage. 

Lake bed spring seepage through the overlying playa muds explains the occurrence 

of concentric pools, which increase in diameter with depth. Artesian springs provide a 

continual groundwater supply throughout winter, causing natron precipitation. It is 

possible that there are only a few springs on lake bed at any one time, but changing 
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inflow direction and quantities may cause the sites of emergent waters to change, 

initiating brine pool formation in other areas. The pools have competitive boundaries, but 

do not always coalesce because of the permanent crystalline evaporite centres. 

Diapirism causes the upwelling of brine-saturated muds between the pools, and 

brings corroded, till-derived clasts to the surface in some places (Renaut and Stead, 

1994a). The combination of these processes leads to the lake morphology seen at Last 

Chance Lake and other well-developed lakes, such as nearby Clinton Lake (Renaut, 

1994), and Spotted Lake in Osoyoos, southern British Columbia. 
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4.1.8 Microbial sediments 

Four main zones of benthic microbial mat distribution have been recognized in the 

local ephemeral Mg-carbonate lakes, based on mat morphology and the type, depth and 

duration of wetting (Renaut, 1993). These zones are i) vegetated hummocky ground, ii) 

polygonal hummocky ground, iii) low-domal and stratiform mats, and iv) laterally 

continuous and pustular mats, which are mostly determined by the rate of lake recession. 

Thick, laminar microbial mats are particularly widespread across the surface of 

Goodenough Lake in September, and i) colonize the retreating littoral zone, ii) occur as 

a thin film across the saturated mudflats, commonly infilling desiccation cracks (e.g. 

T2E1), iii) form at spring and seepage sites (e.g. GE Spring A), and iv) are crudely 

bedded within the massive mudflat sediments. 

Pit T7 has a thick ( -10 em) microbial layer, consisting of a spongy ( 68 wt. % 

water), orange carbonaceous mat surrounded by anoxic carbonate-siliciclastic muds 

(Figure 55). The mats in this area are particularly rich in ammonia, as revealed by their 

strong odour. Other buried occurrences include thin grey-green and pink layers in surficial 

sediments, such as mats found in the GE L.S.Z. pit section. Thicker orange, microbial

carbonate layers appear to be laterally continuous across Goodenough Lake; areas T1E2, 

T2E2 and T7, which are covered by lake water for most of the year, display microbial 

layers consistently at -10 em below the surface. 

SEM investigations of microbial mats 

SEM photographs show that the living microbial mats occur as an intertwined 
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Figure 55. Pit section from Goodenough Lake showing a prominent layer of orange microbial mat (10-20 
em depth) preserved in grey and black carbonate mudflat sediments. The pit section lies 10 m from the 
September lake margin, but the area is totally submerged during spring and early summer (the tape is 1 em 
wide). 

Figure 56a. Microbial filaments incorporate detrital silicate grains and other particles into the mat. 
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Figures 56b to e. Features of microbial mats shown by SEM. Some microbial filaments appear to be layered, possibly with 
authigenic clay minerals in between (B), whilst other individual filaments bind sediment particles together within the mats (C). 
Primary precipitates within the mats include trona rosettes (D), and unidentified, euhedral minerals (E to G), some of which are 
highly phosphatic (E). 
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Figures 56f and g. Unidentified minerals in the microbial mat of T2P3 at Goodenough Lake. The minerals are probably 
carbonate or sodium carbonate phases. 



mesh of filaments (Figure 56a), and as a microbial fabric of very fine, matted strands 

which possibly contain authigenic clays (Figure 56b ). Much of the material (including 

minerals) appears to be coated by a microbial biofilm. Individual filaments help to 

incorporate detrital particles into the microbial framework (Figure 56c). Clay particles are 

extremely difficult to identify in the desiccated microbial mats. However, EDS results 

suggest that potassium-, calcium- and magnesium-rich clays (e.g. sepiolite) may be 

present, although their identification cannot be confirmed. Figure 57 a shows a typical 

microbial sediment spectrum, consisting of silica, magnesium and calcium. (in order of 

decreasing peak height), and minor aluminum, phosphorus and iron. Similar spectra show 

varying proportions of these major cations, and in addition, contain a high sulphur 

content. For example, Figure 57b shows calcium higher than silica, sulphur, magnesium, 

phosphorus or aluminum. 

Mineralogy of microbial mats 

Microbial mats appear to form templates for primary mineral formation. Rosettes 

of trona are common within the mats, especially where they protrude above the lake-water 

surface, although some may have been precipitated after removal from the lake 

environment. Figure 56d illustrates a cluster of euhedral, platy trona blades growing 

within the microbial mat. Unidentified, phosphorus-rich minerals are shown in Figure 56e 

and occur as small, elongate crystals and larger, curved crystals. The crystals are salt-like 

in appearance (?trona), although EDS analyses do not show any sodium. Figure 57c is an 

EDS of the high phosphorus minerals. As well as high phosphorus, the spectrum shows 
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Figures 57 a to c. EDS analyses on living microbial mat samples from Goodenough Lake. 
The mats contain detrital or authigenic minerals, as shown by high readings of Mg, Si and 
Ca (a), Mg, Si, Sand Ca (b), and Mg, Si, P, K and Ca (c). 
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Figures 57d and e. EDS analyses on living microbial mat samples from Goodenough Lake. 
Detrital or authigenic minerals within the mats contain Mg, Si, P, Cl, K and Ca (d). Dolomite 
may also be present within the mats (e). 
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high silica, magnesium, potassium and/or calcium, with lesser amounts of aluminum, 

chloride and iron. The same area of crystals has also yielded spectra with minimal silica 

(Figure 57d). Other unidentified minerals are displayed in Figures 56f and g. They are 

euhedral carbonate or saline minerals that may have formed subsequent to desiccation. 

Carbonates are also present in the mats; although no rhombs have been observed, 

Figure 57 e shows the presence of dolomite, and pure calcium EDS peaks have also been 

recorded, implying that the mats also contain other calcium carbonate minerals. 

X-ray diffraction of microbial samples 

XRD analyses were performed on modem and buried microbial mats from 

Goodenough Lake. Floating and benthic mats were found to have similar mineralogical 

compositions. A characteristic diffractogram of benthic microbial mat from the top of GE 

Core 5 shows a high background level produced by the high organic content, and several 

clays, including smectite, vermiculite, illite and sepiolite (Figure 58a). Siliciclastics 

include plagioclase feldspar and quartz. A variety of carbonate minerals are observed, 

which include magnesian-calcite, magnesite, dolomite and possibly minor huntite and 

hydromagnesite. The double salts gaylussite (N~C03 CaC03 ·5H20) and pirssonite 

(N~C03CaC03 ·2H20) are thought to be present in the mats, along with a minor 

occurrence of thermonatrite. 

Mats sampled on the mudflat surface were found to have a different mineral 

composition to the floating and benthic microbial mats. Figure 58b illustrates a 

characteristic X-ray diffractogram of mudflat mats from the surface of GET3Pl, which 
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Figures 58a and b. X-ray diffractograms of microbial mat and sediment from Goodenough Lake. The mat of 
Ge Core 5 was collected from the lake and displays a high background due to the high organic content (a). 
The sample from GE T3Pl was buried 10-20 em below the saline mudflat surface (b). Both samples contain 
numerous detrital grains, such as quartz, feldspar and smectite. 
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more closely resembles the composition of reduced carbonate-siliciclastic muds. The 

background level is low and the diffractogram is dominated by plagioclase feldspar peaks. 

Quartz is present and minor clays include smectite, vermiculite, illite and sepiolite. 

Carbonate minerals comprise minor calcite, dolomite and huntite. Few saline minerals are 

present except gaylussite and possibly bloedite (NaS04 ·MgS04 ·4H20). 

Carbon analyses of microbial samples 

Living and preserved microbial mat samples produced high total organic content 

values (Figure 59). Organic carbon ranged from 5.4-65 wt. % and carbonate carbon 

ranged from 36.4-88.1 wt. %, with the modem microbial mat yielding the highest values. · 

Surficial mudflat mats have less organic carbon than floating or buried samples. 
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Figure 59. Organic and carbonate carbon values ( wt. %) for microbial mat samples from 
Goodenough Lake. 

The sediments of Goodenough Lake and Last Chance Lake show very high 
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organic contents, created by the decomposition of microbial mats. TOC may be elevated 

by the continual and rapid decay of brine shrimp (and other organisms) at various stages 

of the reproductive cycle. Larsen (1977) noted large amounts of insoluble organic matter 

in the form of pupal cases, dead brine shrimp and egg masses within saline lakes, that are 

slowly converted into organic carbon by bacteria. In the laboratory, heating of the 

microbial mat produced a sapropelic sludge, which may simulate the effects of burial and 

diagenesis over time. 
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5. MODERN SEDIMENTARY PROCESSES 

5.1 Introduction 

Understanding modem sedimentary processes is essential in . the overall 

understanding of sedimentation in Goodenough Lake and Last Chance Lake, and the 

identification of sedimentary features which may be preserved in the geological record. 

This chapter describes modem processes occurring in each subenvironment and their 

effects on the nature and distribution of the preserved sediments. 

Modem processes are sensitive to environmental conditions, and therefore vary in 

effects according to local and seasonal changes. In particular, winter processes are 

important in the Cariboo Plateau lakes. Field investigations of the effects of ephemeral 

ice on mudflat sediments are described in detail (section 5.5). Also, results of four 

preliminary laboratory experiments on the precipitation of natron at low temperatures are 

presented (section 5.6). The method of acoustic emission was used to estimate the rate 

of brine-cooling and salt freeze-out, crystal morphology (in brine and sediment), and brine 

characteristics during these processes. 
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5.2 Field observations of modern processes 

Sedimentary processes active in the hillslope, spring and seepage, mudflat and lake 

subenvironments at Goodenough Lake and Last Chance Lake are related to water 

availability, its dynamics, and intermixing in each area. Hillslope processes are largely 

a function of surface runoff and gravity, whereas spring and seepage processes are 

determined by groundwater inflow. Mudflat processes largely depend on the distribution 

of pore fluids below the surface and the rate at which water is removed from the 

sediments, and lake sediment processes reflect the changes in water composition and 

interactions with the surrounding environment. 

5.2.1 Hillslope processes 

Floodwater runoff and groundwater seepage are the main agents in the movement 

of detrital material across the hillslope, and the precipitation and dissolution of alkaline

earth carbonates. Alkaline-earth carbonate hardcrusts have formed in the hillslope-mudflat 

transition zone at areas such as Transect 3 at Goodenough Lake, where dilute waters have 

precipitated minerals due to evaporation of the surface flow and shallow seepage. This 

process concentrates the inflowing waters and contributes to the precipitation of more 

saline mineral phases towards the lake subenvironment. 

Slope-wash detritus has been transported across the hillslope zone onto the dry 

mudflat area. The fine fraction is composed predominantly of smectitic clays which on 

drying, produce a hard crust above the wet sediment. Repeated wetting and drying causes 

the swelling clays to expand and contract, forming friable weathering rinds with irregular, 
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puffy morphologies, commonly in a polygonally-cracked pattern ( <20 em diameter). The 

coarser detrital component of the slope-wash is commonly found intercalated with mudflat 

carbonates. The effect of the slope-wash is to increase the permeability of the overall 

mudflat deposit and allow more efficient capillary evaporation to take place, consequently 

increasing the salinity of the pore waters in that vicinity. 

As slope-wash stabilizes the dry mudflat, new vegetation encroaches upon it; this 

has been observed at the margins of Goodenough Lake in August. Vesiculated ground is 

a common feature on level areas in the mudflat zone and appears to derive from various 

processes. In wetter areas, the vesicles represent degassing conduits as capillary 

evaporation takes place and the sediments dry out. However, vesicles are also associated 

with brine fly breeding areas and occur in patches at the hillslope-mudflat margins. 

5.2.2 Spring and seepage processes 

Springs and seepages provide perennial dilute inflow to Goodenough Lake and 

Last Chance Lake. In May 1992, an unusually high lake level (causing a -5 m landward 

transgression of the lake subenvironment) meant that shoreline springs were completely 

submerged. In August 1993, Spring A at Goodenough Lake and the spring water at Area 

3 of Last Chance Lake were visibly flowing (Figure 26a). In September, Spring A was 

exposed on the mudflat-lake margin and the relatively warm, inflowing waters kept the 

spring area open in March when the rest of the lake was ice-covered. 

Seepage at the bases of hillslopes also provides a source of inflow and is 

commonly marked by white efflorescent salts and hardcrusts i~ the drier months, or 
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saturated, hummocky and vegetated areas in wetter months. Groundwater seepage zones 

on the mudflat are often occupied by microbial mats. 

The seasonal changes of the large seepage zone in the southwest comer of 

Goodenough Lake have been studied in detail. In May, the seepage zone is saturated and 

displays lush vegetation. Sites 1 and 2 in Figure 26a contain relatively fresh inflow waters 

( -1 g L-1 TDS; pH -8.2). Site 1 displays a highly organic, hummocky layer above grey 

carbonate mud, whereas Site 2 sediment is entirely grey carbonate mud with a blocky, 

granulated texture. Reeds and other organic matter may provide pathways for localized 

oxidation within the grey carbonate muds. Between Sites 2 and 3 there is an increase to 

pH 10.1 in 10 m. Sites 3 to 5 are all dominated by grey carbonate mud; Site 4 appears 

to be a mixing zone (30 g L-1 TDS; pH 9.9) and Site 5 (at the shoreline) is representative 

of the lake-dominated environment. 

In August, the large seepage zone is still saturated, but by September, the area has 

dried out considerably, revealing an extensive saline mudflat in the region between Sites 

3 and 5. In September, Site 1 is still waterlogged, with organic hummocks and reeds, and 

Sites 2 and 3 are drier, displaying desiccation cracks in the exposed surficial carbonate 

sediments. The water table is lower by approximately 20 em in September, as shown by 

new grass growing in desiccation cracks, which are able to keep in contact with the 

groundwater supply. The sediment of Site 3 is dry and granulated in September, whilst 

Site 4 (at the hillslope-mudflat margin) consists of a saturated, light grey, granulated 

carbonate mud which becomes firmer with depth. In March the large seepage zone is 

entirely snow-covered, but in the Site 4 to 5 region, there is evidence that perennial 
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seepage has melted the ice from below. 

5.2.3 Mudflat processes 

Processes that disrupt the dry and saline mudflat sediments are the most diverse 

and involve a range of early diagenetic changes and preservation features. The mudflats 

are least extensive in August, but by September have reached their annual maximum area, 

increasing by >1000%. Capillary evaporation is at its most vigorous in September, 

producing thick efflorescent crusts on the saline mudflat which fragment, and salts are 

deflated between subenvironments. With mudflat desiccation in September, a variety of 

surface features appear, including polygonal patterns and mudcracks, which range from 

5-50 em in diameter. On the dry mudflat, polygonal cracks have small diameters and 

commonly surround hummocky ground. On the moist saline mudflat, the patterns are 

larger with less relief (except for efflorescence morphologies), and contain siliciclastic 

slopewash and microbial material. In the saturated shoreline zone of Goodenough Lake, 

triaxial mudcracks are commonly found (<15 em diameter). This effect may be caused 

by a thin microbial mat on the sediment surface influencing the form of mudcracks. 

Pit sections revealed extensive deformation and dewatering features in the mudflat 

sediments, for example, at T1P2 and T3P3 of Goodenough Lake, and A9P1 and A9P2 of 

Last Chance Lake. The most prominent deformation features occur in smectitic clays 

where subsurface volume changes have caused swelling and contraction due to porewater 

movement, producing flame structures and convolutions up to a metre thick in oxidized 

and reduced sediments. Disruptive processes are also preferentially found in tephra layers. 
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The tephra increases the permeability of that layer, allowing seepage to enter the mudflat 

sediments. Sediment layers are disrupted by dewatering and features are accentuated by 

differential loading of ice on the mudflat sediments in winter. Many sections of the 

mudflats show mottling of the sediments; commonly grey carbonate mottled with either 

black carbonate or oxidized patches. This is caused by the translocation of porewaters 

through the sediment subsequent to deposition. Examples occur in T1P2, T1P3 and TlEl 

at Goodenough Lake, and LCA 7 at Last Chance Lake. Organic matter which has 

accumulated on the surface of the mudflat is commonly reworked into mudflat sediments. 

This includes the preservation of microbial mat debris, and brine fly pupae which are 

concentrated in strandlines and mark the highest previous lake level. 
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5.3 Lake sediments and microbial processes 

The carbon cycle in saline, alkaline lakes is an intricate and poorly-understood 

system that exerts a strong influence on mineral and organic diagenesis. Alkaline lakes 

are particularly sensitive, as they are more open to atmospheric C02 and may store more 

dissolved inorganic carbon (DIC) than other saline lakes. As C03 ions are dominant in 

alkaline lakes, there is a rapid invasion of C02 if any carbon is fixed by photosynthesis. 

The result is that the system can support a larger biomass than corresponding lakes that 

exhibit lower pH values (Kelts, 1988). 

Goodenough Lake and Last Chance Lake are characterized by high primary 

productivity, rapid recycling of organic matter, and processes related to microbial mats, 

such as sulphate reduction and C02 degassing. The two most important phenomena which 

increase brine pH are the hydrochemical alteration of silicate minerals, and the 

photosynthetic activities of plant life e.g. algae (Phillips and van Denburgh, 1971 ). 

5.3.1 Microbial activity in Goodenough Lake 

A dominant feature of the lake subenvironment is the activity associated with 

microbial mats. The benthic microbial mats are most prolific across Goodenough Lake, 

reaching a maximum extent in September, when much of the mat lifts off the lake bed 

and floats to the surface. Vesicles have been observed on exposed, living microbial mats, 

as degassing of carbon dioxide takes place. Also, sodium carbonate salts precipitate at the 

surface and brine flies cluster on the mats. Detrital feldspars, clays and organic debris 

have also been found in the microbial mats, as well as carbonate minerals, such as 
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dolomite. These processes are able to continue throughout the year, which suggests 

perennial primary mineral precipitation from the water column. 

The sediments of Goodenough Lake and Last Chance Lake show very high 

organic contents, created by the decomposition of microbial mats. TOC may be elevated 

by the continual and rapid decay of brine shrimp (and other organisms) at various stages 

of the reproductive cycle. In the laboratory, heating of the microbial mat produced a 

sapropelic sludge, which may resemble the effects of burial and diagenesis over time. 

Microbial mats form dense, multi-layered communities that allow oxidation on the 

surface, and reduction in anoxic environments at depth. The majority of benthic mats are 

constructed solely of cyanobacteria (i.e. blue-green algae), but some eukaryotic algae (e.g. 

diatoms), unicellular and filamentous green algae and photosynthetic and heterotrophic 

bacteria, are present (Bauld, 1981). Some cyanobacteria are anaerobic but also 

photosynthetic, which means that large pH changes, and subsequent concentration of the 

brine towards the lake, are caused by photosynthetic removal of C02 (Jones et al., 1977). 

The microbial mats are extremely sensitive to salinity, temperature, light intensity and 

nutrient supply. Fluctuations in these parameters causes physiological stress, which means 

that the organisms must have effective osmoregulation to cope with such variations. For 

this reason, cyanobacterial mats commonly exhibit distinct physical, chemical and 

microbial vertical variations on a millimetre scale (see Appendix B). 

Cyanobacterial activity is enhanced by i) a continuous supply of nutrients; ii) 

extreme physicochemical conditions which reduce grazing by predators; and iii) good 

light penetration in very shallow, clear waters (Javor, 1989). These conditions are 
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commonly found in hypersaline settiQgs, such as Goodenough Lake, where microbial 

production is very high and produces !an organic-rich sediment (Bauld, 1981 ). Nutrient 

supply is also an important limit to cyanobacterial activity. In particular, phosphorus and 

ammonia are important for organic activity (South and Whittick, 1987; Hall and 

Northcote, 1990). Hypersaline, alkaline lakes tend to be rich in phosphorus and ammonia, 

which explains the high concentration~ of phosphorus in lake waters and unmistakable 

odour of ammonia in the microbial mats of Goodenough Lake. For example, the solubility 

of inorganic orthophosphorous and other nutrients is highly pH dependent; high pH values 

and a volcanic source terrain result in: extremely high phosphorus concentrations. High 

ammonia values may also be caused by restricted water exchange due to the shallow lake 

depth (Rahaman et al., 1993). 

Processes associated with the microbial mats are extremely influential on the C02 

budget of Goodenough Lake. For example, the mere presence of mats enhances the 

absorption of solar radiation, and increases evaporation rates. Sulphate-reducing bacteria 

cause HC03 degassing, which leads to chemical changes and the stratification of oxygenic 

waters above anaerobic waters. The addition of HC03, and therefore increase in pH, 

induces supersaturation, which is m,ore effective than the acquisition of C02 by 

atmospheric processes (Eugster and Hardie, 1978; Kelts and Hsti, 1978). Thompson and 

Ferris (1990) and Ferris et al. (1994), have found that cyanobacteria can induce very rapid 

precipitation of gypsum, calcite and ~agnesite from natural alkaline waters. 

Tight and continuous cyanobactbrial mats form a barrier for gas and solute transfer 

between the sediments and the bririe, which enhances reducing conditions in the 
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sediments. Therefore, mats generate apd contribute to organic matter, and also enhance 

its preservation at depth. Benthic mats can effectively prevent loss of seepage through 

bottom sediments by sealing the water-sediment interface. The highest organic contents 

occur in sediments underlying the cyanobacterial mats, where bacterial decomposition 

transforms the mats into sapropelic ooze. After burial, spongy, microbial layers commonly · 

become mineralized; high concentratiQns of dolomite found in these units are possibly 

induced by bacterially induced degassing of C02 within the mats. The mineralization of 

organic matter is also responsible for the release of ammonia (up to 85%) and phosphate 

(up to 33%) into the porewater (Nissenbaum et al., 1990). Brine shrimp probably contain 

significant amounts of phosphorus and calcium, and lesser amounts of silica and 

magnesium. These ions are assimilated during growth and released after death, and may 

affect the amount of dissolved ions in 'the lakes. 

The mucilaginous sheaths of filamentous cyanobacteria promote binding that 

creates a cohesive, often laminated fabric to trap other microorganisms and detrital 

sediment particles. The mats can also trap metal ions which become adsorbed on organic 

matter (DeDeckker, 1988). Degens and Ittekkot (1982) found the formation of metal

organic complexes in association with the growth of authigenic sulphide, phosphate, oxide 

and carbonate minerals. In Goodenough Lake, detrital quartz and feldspar have been 

found in microbial mats, but there is also evidence of primary dolomite formation and 

other authigenic carbonates (e.g. magnesite, gaylussite, thermonatrite), and clay minerals 

(e.g. smectite, vermiculite, illite). 

At Goodenough Lake, microbial processes also continue dl;lring winter, especially 
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in the warm inflowing waters around perennial spring orifices, although seasonal 

variations in the mats do take place. In~summer, the mat is a brownish-red colour because 

of photo-protective carotenoids are produced to prevent photooxidative decomposition of 

chlorophyll pigments (South and Whittick, 1987). In winter, diminished light intensities 

cause the mat surface to become dark green, with relatively less carotenoid, as the 

filamentous cyanobacteria migrate up to the mat surface. 

5.3.2 Sulphate reduction 

Sulphate reduction is an important process in the carbon cycle of saline lakes, and 

affects brine chemistry, mineral formation and diagenetic processes. Sulphate is reduced 

bacterially, and the process takes place in the water column of stratified anoxic basins, 

at the sediment-water interface, or in the sediment. This is the principle diagenetic process 

in anoxic sediments, and is dependent on the amount and type of organic matter, the 

concentration of sulphate, and the availability of reactive organic compounds. 

Extensive S04 reduction can ac¢ount for the disappearance of most sulphate during 

evaporative concentration between dilute inflow and the saturated lake brine, causing the 

development of an Na-C03-Cl brine (Eugster and Hardie, 1978). The bacterial decay of 

organic matter is an important source of C02, and is probably responsible for sub-surface 

waters containing more C02 than waters equilibrated with the atmosphere. Microbial 

metabolism in the water column and upper centimetres of sediment is commonly aerobic 

and produces C02 and water as end products. In sediment porewaters, up to 50% of 

carbonate alkalinity may be produced by direct bacterial activity (Kelts and Hsti, 1978). 
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This increases the amount of free C02 available for authigenic mineral formation. In areas 

of high productivity, aerobic proc
1 

sses can deplete the oxygen content of the water, 

leading to the development of ano ic conditions. Anaerobic metabolism allows more of 

the initial biological compounds survive; it leads to the reduction of sulphate to 

sulphide, the reduction of ferric iro , and the production of methane and ammonia. 

The carbon dioxide that is released during sulphate reduction dissociates into 

HC03 and C03, and actively parti ipates in mineralization (Gautier et al., 1985). This 

causes supersaturation, and the pre ipitation of calcian and magnesian carbonate phases, 

causing concentration of sodium. T e remaining Ca and Mg is used in the formation of 

silicate and aluminosilicate minerals. With further mineralization and evaporation, the role 

of sodium in the lakes is increased, until it becomes almost the only remaining cation in 

solution. An increase in sodium and bicarbonate in the brine results in a higher pH, which 

in tum causes a change from bic bonate to carbonate, which is favourable for the 

precipitation of sodium carbonate s ts. For example, microbial decomposition has been 

invoked as a mechanism to release C02 and cause the precipitation of interstitial trona. 

Precipitation leads to the depletion of C02, so trona can only continue to precipitate if 

C02 is continually added. 

In bottom waters and por fluids, acidity produced by bacterial decay and 

oxidation of organic matter will avour carbonate dissolution. However, under very 

anoxic, closed-system conditions, c rbonate species may also be contributed by bacterial 

reactions, so that the amount or rates of dissolution are difficult to predict (Eugster and 

Kelts, 1983). 
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5.3.3 The association of evaporites with organic-rich sediments 

A prominent feature of Last Chance Lake is the H2S-bearing, reduced, black 

carbonate-siliciclastic muds with interstitial salts. This is not a coincidental relationship, 

and is displayed by many classic saline lake basins, such as the Eocene Green River 

Formation, Wyoming, and the East African Rift Lakes. Abundant organic matter, 

stratification of the water column and the predominance of reducing conditions promote 

the reduction of sulphates, the generation of large amounts of C02, and the formation of 

highly mineralized sodic waters, which produce sodium evaporites upon drying. 

If C02 production takes place in the presence of NaC03-rich brines, nahcolite or 

trona may grow within sediments because their solubilities decrease strongly with 

increased PC02• Even the surface precipitation of trona is assisted by biogenic C02, 

leading to brines strongly depleted in C02, so that further precipitation can only take 

place by the addition of C02 from atmospheric and biogenic processes, the latter being 

more rapidly effective. 

With an increase in the amount of reactive iron in the bottom sediments, which 

is probably the result of the combined effect of C02 and H2S on the original minerals, 

much of the H2S ends up as sulphides (i.e. a precursor to pyrite), and the rest enters the 

water column. The lack of reactive iron in organic-rich muds can explain the pockets of 

H2S in the salt deposits, which is only liberated when the supply of reactive iron is 

exhausted. Sulphate minerals or a sulphate-soda association may form when iron is sparse. 
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5.4 Etching of detrital grains 

Detrital clastics of igneous and· metamorphic rocks are washed from the hills lope 

to the mudflats and etched when they come into contact with hypersaline, highly alkaline 

(pH >9.5) porewaters. Ions, such as silica, calcium and sodium are released, and become 

available for the formation of authigenic clays and carbonates. The physical and chemical 

weathering of the basaltic bedrock yields plagioclase feldspar, olivine and pyroxene which 

may be used in mineral formation. In Goodenough Lake and Last Chance Lake, N a is 

acquired more quickly than Cl, which points to feldspar weathering as the principle source 

of Na; Mg is acquired from olivine weathering. Hypersaline brines dissolve much of the 

silica and commonly alter unstable aluminosilicates into Mg-rich mixed-layer clays, 

poorly-structured Mg-silicates (e.g., sepiolite), or zeolites. The adsorption of silica by 

clays commonly retards the reprecipitation of quartz, magadiite or opal. Authigenic illite

smectite is possibly present in Goodenough Lake, although diagenetic clay minerals are 

usually confined to less saline waters. No zeolitic sediments have been identified, but as 

yet, the lake sediments may be too immature for zeolitic formation. 

Silicates are a combination of weak acids with strong bases. Therefore, the 

decomposition of terrigenous clasts in brines increases pH. At pH >9, silica converts to 

ionized orthosilicic acid (H2Si04), and as long as the activity of H2Si04 remains smaller 

than its solubility product, Si02 can continue to dissolve. However, the addition of small 

quantities of Mg or AI ions to the brine drastically reduces the solubility of silica. Organic 

matter stabilizes the silica hydrosols by forming protective colloids. A sharp increase in 

C02, or a sudden drop in temperature or the volume of fluid (by evaporation), will cause 
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a solution to become suddenly supersaturated with respect to silica and cause precipitation 

(Williams and Crerar, 1985). However, as a solution becomes more basic, silica solubility 

increases, and salts retard solid silica formation. At high ionic concentrations, these 

factors may prevent solid opal-A from forming in Goodenough Lake and Last Chance 

Lake. A siliceous gel may result instead, which registers as a high silica concentration in 

sediments analysed by XRD. For example, Peterson and von der Borch (1965) suggested 

that high pH leaching of quartz sand grains, followed by a drop in pH and evaporation, 

results in the deposition of inorganic opaline sediments of the Coorong Lagoon in 

Australia. 

As well as the inorganic mobilization of ions, it has been proposed that 

metabolically-formed organic acids produced by bacteria can dissolve silicate minerals, 

even though the surrounding porewater solution is supersaturated with respect to the 

dissolving mineral (Hiebert and Bennett, 1992; Ferris et al., 1994). Therefore, silica, and 

possibly alumina, is available for transport away from the dissolution site, along the 

groundwater flow path. 

Etched crystal surfaces show evidence of biological colonization and chemical 

alteration. The dissolution of feldspars was the most intense, and etching along crystal 

planes suggests that dissolution is crystallographically-controlled. The occurrence of 

regular-shaped pits suggest that a volume of weathering fluid, more reactive than 

groundwater, persisted at the mineral interface long enough to initiate etching. Fine

grained feldspathic particles are the result of alkaline etching; they are a dominant part 

of the carbonate-siliciclastic units, as shown by XRD analyses. 
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Cyanobacterial cells also serve as nucleation sites for carbonate mineral 

precipitation in saline lakes of the Cariboo Plateau (Ferris et al., 1994). This is due to 

their ability to adsorb and concentrate dissolved metallic ions, such as Ca and Mg, which 

shifts the chemical equilibrium in favour of carbonate precipitation by decreasing the 

degree of supersaturation needed for crystal nucleation on the cell surface. The minerals 

that are produced are extremely fine-grained and compositions depend on the saturation 

states of the ground waters concerned. This process has a pronounced effect in metastable 

solutions, such as Goodenough Lake, that is supersaturated with respect to most carbonate 

phases. Furthermore, it shows that the weathering of silicate minerals in bedrock and 

detrital sediments is biogeochemically coupled to the deposition of carbonate minerals by 

microorganisms (Ferris et al., 1994 ). 
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5.5 Winter processes 

The mudflat sediments reveal modifications by ephemeral ice, which covers the 

lakes from November to April and may be up to 45 em thick. The lakes are extremely 

temperature sensitive and freeze over due to processes of brine-cooling and freeze-out of 

sodium-carbonate salts, and residual brine temperatures beneath the ice may reach -3.0°C 

while the air temperature is 0 to -1.5°C (Table 3). Snow cover ranges from >1 m drifts 

in the hillslope-mudflat zone to <1 em over the windblown central basin, and may delay 

spring-melting by insulating the ice from warmer temperatures. 

SAMPLES WATER 1EMPERA lURE pH ICE niiCKNESS ICE-SEDIMENT niiCKNESS TDS 

('C) (em) (em) (gL"') 

GESPRING 4.5 8.38 4 30 o.s 
GELSZ1A -0.25 10.61 44 s 12.1 

GELSZ1B -0.25 10.65 44 s 5.8 

GELSZ3 0 10.4 44 s 1.6 
GEC.LAKE1 -2.S 10.44 44 10 SS.2 
GET1 -0.1 10.28 IS 0 15.6 

LCAl -2 10.44 21 0 54 
LCA2 -2.5 10.27 19 0 67.4 

LCESKER -2.6 9.9 25 0 76.9 

LCFAREND -1 10.5 19.5 0 33.9 

Table 3. Winter Characteristics of Goodenough Lake and Last Chance Lake 

Artesian springs flow throughout the winter, and cause a continual influx of 

warmer (-4°C) water to the lakes. In places, warm upwelling springs have melted the ice 

from below, resulting in areas of open water (Hirst and Renaut, 1993). Where these areas 

have been refrozen, bubbles (2-30 em diameter) are encapsulated in the ice. At Spring A 

of Goodenough Lake, some microbial mats are frozen into the ice, whilst microbial 

activity continues beneath the ice throughout winter. 

Low temperature sedimentary processes were particularly evident at Transects 1 
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and 3 of Goodenough Lake (Figure 26a. These areas were characterized by exposed, 

frozen sediment and a discontinuous cover of thin ice (<5 em thick). Five distinctive 

process features have been identified: 

i. Sediment entrapment and concentration 

At Transect 1, the surface ice was broken by patches of brine shrimp (Artemia 

salina) pupae and eggs (Figure 60a). This appears to have occurred when thin surface ice 

melted, allowing floating brine shrimp below to concentrate in the opened area. 

Subsequently, when the temperature decreased (maybe diurnally), the opening refroze, 

capturing the brine shrimp eggs at the surface. Once sediment has been entrapped, the 

surface albedo of the lake is lowered, promoting further melting of the ice. Sediment 

blowing across the frozen lake surface may become lodged in the rough ice topography, 

further promoting ice melt and brine shrimp concentration. 

ii. Mud features 

Post-depositional changes of the lake-bed include features produced by differential 

loading of ice on underconsolidated sediment (Last, 1991). Mud volcanoes and diapirism 

are a consequence of this process, as shown by areas GET1 and LCA3, respectively. A 

mud volcano (-40 em long) protruded above the thin ice at area GET1 (Figure 60b). The 

exposed frozen sediment appears to be 'freeze-dried' and displays a network of 'surface 

veinlets' produced by sliver-like ice crystals which grow in a thin surface layer of the 

ground (Washburn, 1969a, 1980). Upon thawing, they leave characteristic slits, commonly 
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Figures 60a to d. Low temperature features of the saline mudflat subenvironment at Goodenough Lake. A: sediment entrapment 
and concentration; B: a mud volcano; C: surface veinlets within the top few centimetres of the mud volcano; and D: interstitial 
ice segregation promoting cryogranulation of frozen mudflat sediment. (Card is 9 em long.) 



<3 mm wide, 1-9 em long and 0.5-1 em deep (Figure 60c ). Drying may contribute to their 

width, with the result that the slits become desiccation cracks. It has also been suggested 

(Washburn, 1980) that they occur when the water below has been supercooled ( -0.1 to -

2.5°C), as in the presence of salts. Surface veinlets may also occur independently of mud 

volcanoes on the frozen mudflats, and form ice pseudomorphs if subsequently infilled 

with sediment. 

iii. Ground ice features 

The effects of interstitial ice are particularly severe in the saline mudflat 

environment where processes are extremely sensitive to variation (Hardie et al., 1978). 

The effects of ephemeral freezing are accentuated if there is no thick snow cover 

providing a buffer to change in the surficial sediment. Ground ice may penetrate 20 to 30 

em of the saline mudflat, producing a variety of effects on sedimentary structures and 

microbial mats (Renaut, 1993). Interstitial segregation ice occurs as fine (1-5 mm) clear 

laminae or lenticulae parallel to the surface, or as subvertical or reticulate sheets and 

veins normal to the surface (Figure 60d). Ice layers may be <1 em apart near the sediment 

surface, increasing with depth. 

iv. Cryogranulation 

This process occurs when water accumulates in desiccation cracks which have 

survived reworking from the previous summer. Freeze-thaw promotes crack expansion and 

results in fracturing of the playa muds into small ( 1-10 mm), subrectangular blocks 
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(Renaut, 1993). With the melt of the interstitial ice, the playa muds become granular in 

texture, which may destroy much of the original bedding. As the muds dry out, small 

granules may be formed, of which some will become preserved as carbonate peloids if 

they are reworked in the littoral zone during spring and coated by cyanobacterial film. 

Cryogranulation may also occur on a larger scale creating blocky, angular textures which 

indicate freezing but minimal remobilization and rounding of grains during ice melt. This 

texture represents the incomplete cryogranulation process, where sediment is fractured but 

remains in situ. 

v. Natron formation 

By September, the mean annual daily temperature has fallen to <10 °C, which has 

a marked effect on sedimentation. As cold winds chill the surface waters and the lake 

temperature begins to drop, natron crystallization occurs. N atron crystals nucleate as thin 

rafts on the surface, on suspended particles within the brine, and on the muddy substrate. 

The suspended crystals grow, and sink to the bottom. As the crystals slowly sink, they 

may be blown towards the shore, resulting in a concentrated deposit of natron crystals on 

the leeward shore of the lake. Bottom-nucleated crystals and those that have sunk within 

the brine undergo syntaxial overgrowth, producing a tight interlocking crust (see section 

4.1.7 (iii)). The upward-growing crystals may eventually reach the surface and vertical 

growth is replaced by large, radiating crystals that extend outward, parallel to the brine 

surface (Renaut and Long, 1987). 

During winter, salts and alkaline-earth carbonates also precipitate interstitially 
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within the mudflat. N atron crystallizes from interstitial films within the shallow zone of 

capillary moisture, together with other salts concentrated by freezing within pores. 

Although highly soluble salts redissolve during spring melt, less soluble salts, including 

alkaline earth carbonates, may remain as part of the sediment. Natron crystallizes during 

cool nights, and may return to the brine during daytime warming. As spring arrives, 

warmer temperatures may cause natron to be replaced by trona, the stable phase of 

sodium-carbonate at temperatures above 20 °C. 

5.5.1 Criteria for the recognition of low temperature environments 

Modifications of the saline mudflat environment by ephemeral ice provide the 

most easily recognizable evidence for low temperature sedimentary processes, which has 

important consequences for sedimentary processes and mineral formation (Hirst and 

Renaut, 1993, 1994). Consequently, indicators such as sediment entrapment and 

concentration, mud and ground ice features, cryogranulation and mineral formation can 

be used as criteria for the identification of modem and ancient saline lakes which have 

experienced low temperatures at some time in the past (Table 4; Hirst, 1994). Table 4 

summarizes processes that occur when the ice is in direct contact with the sediment, and 

those occurring when a brine body exists between the ice cover and sediment. The table 

can be used to help to determine the depth of ice penetration, and it also distinguishes 

between processes that occur during ice formation, a stable ice cover and ice melt. The 

lateral distribution of processes is shown inasmuch as the distance between the ice and 

sediment increases towards the basin. By categorizing mudflat and playa ice-processes in 
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LAKE WATER 
TO 

SURFACE MUD 
(OCM) 

MUDFLAT 
SEDIMENT 
(0-30 CM) 

ICE FORMATION STABLE ICE COVER ICE MELT 

- salt precipitation by _ ice and salt mounds 
brine cooling and 
freeze-out 

- ice islands 
(Hurlbert & Chang, 
1984) 

- cryogranulation 
(Renaut, 1993) 

- interstitial ice 
textures 

. . -sediment entrapment 
- hnear dykes, solution and concentration 

chimneys and 
pinnacles 
(Last, 1989a&b) 

- mud volcanoes and 
diapirism 

- surface veinlets 
(rosettes; Motts, 
1970) 

- mud volcanoes and 
diapirism 

- cryogran~lation 

- surface veinlets 

-freeze-thaw cracks 
infilled with 
sediment 

Table 4. Criteria for the recognition of low temperature environments. 

this way, it can be determined i) whether the ice cover over the sediments was thick or 

thin (insulating or ablating); ii) if a brine body existed beneath the ice; iii) if sediments 

were directly affected by ice (e.g., cryogranulation); or iv) indirectly affected by ice (e.g., 

diapirism); and v) whether the processes occurred on the mudflat or closer to the central 

basin. 

The table shows, for example, that at Goodenough Lake sediment entrapment and 

concentration occurs between the lake water and surficial mud as the ice is melting, 

whereas interstitial ice textures develop during ice formation in the top 30 em. Also, some 

criteria occur at more than one stage of ice formation. For example, diapiric features can 

form when a stable ice cover weighs down on the underlying unconsolidated sediment, 

as well as during differential loading as the ice melts. 
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5.5.2 Brine-cooling and freeze-out mechanisms 

In Goodenough Lake and Last Chance Lake, most subaqueous salt precipitation 

occurs during the autumn and winter months, when brine-cooling and freeze-out become 

the main mechanisms for the precipitation of sparingly-soluble salts from concentrated 

brines. The temperature of the residual brine beneath the ice may be depressed to -2.5°C 

while the air temperature is 0 to -1 °C, and perennial springs provide a continual supply 

of HC03 and C03 to the lakes. This allows the precipitation of natron as the waters 

become increasingly saturated with respect to sodium-carbonate mineral phases, and the 

brine cools and concentrates when ice formation depletes the solution of water. These 

processes are responsible for the formation of interstitial natron crystals in the sediments 

of Last Chance Lake and rigid salt crusts up to 10 em thick. 

Studies of Goodenough Lake and Last Chance Lake confirm the observations of 

Goudge ( 1926a and b), that pure surface layers of natron 'winter' crystal can form in 

autumn as the temperature drops below 20°C. Natron crystal size increases rapidly after 

it forms, and as the crystals are deposited, a compact bed of pure, interlocking crystals 

is built up on the muddy lake bed by syntaxial overgrowth. After natron crystallization 

is nearly complete, the residual brine, containing most of the potassium and magnesium 

salts, eventually freezes on top of the natron layer. In lakes containing brines of lower 

concentration, natron will only crystallize around nuclei. 'Crystal rafts' form by individual 

crystals growing up from the lake bed to the brine surface and then extending long, 

narrow arms of natron out from the centre. 

The preservation of ice-associated minerals is tenuous due to their strong 
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temperature sensitivity and cyclic nature of formation and dissolution (Last, 1991 ). This 

is exemplified by the rigid natron crust below the ice cover on Last Chance Lake, which 

re-dissolves in spring due to warm inflowing waters, even though a thick layer of ice and 

snow remains at the surface. Natron may easily transform to other stable phases with 

changes in PC02 and temperature (e.g., nahcolite and thermonatrite). However, natron 

crystals may be preserved if protected from dissolution and high temperatures by 

interstitial muds. Preservation is increasingly likely in lakes that are ice-covered for the 

majority of the year (e.g., Central Asia, Ergashev, 1979). 
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5.6 Laboratory experiments with low temperature processes 

In highly alkaline, hypersaline lake brines, the mineral natron (NazC03 ·10H20) 

will crystallize below 20°C. Eugster ( 1970, 1980) observed natron crystallization at Lake 

Magadi in Kenya, during cool nights. Natron crystals redissolved in the morning as 

temperatures increased into the trona (N aHC03 ·N azC03 ·2H20) stability field, above 

20°C. Monnin and Schott (1984) confirmed Eugster's field observations by modelling the 

solubility of sodium carbonate minerals at Lake Magadi. However, to date there has been 

little attention given to laboratory simulation of natron crystal growth. 

5.6.1 Aims 

Four experiments were devised to investigate the effects of low temperatures on 

brine behaviour: 

Experiment 1. To observe and photograph natron crystals forming from a sodium

carbonate brine. By growing natron crystals in the laboratory, the morphology of natron 

crystals occurring in the field can be predicted. 

Experiment 2. To monitor quantitatively the solution state behaviour of brine as 

temperature is reduced. Changes in the brine may be invisible to the naked eye. To 

estimate the time when brine properties change, the principle of acoustic emission can be 

applied. 

Experiment 3. To record salinity changes as the brine is cooled from room 
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temperature to a frozen state. Brine-cooling, natron-saturation and eventual precipitation 

of natron are all processes which should be indicated by changes in salinity as 

fractionation of the brine occurs. Salinity should increase before salt precipitation and 

decrease afterwards. 

Experiment 4. To observe and photograph interstitial crystal morphologies by 

freezing sediment samples in the laboratory. Smith and Friedman ( 197 5) found that 

natron formed as a first precipitate in Owens Lake, California, but was later .converted to 

trona by the addition of C02• Natron pseudomorphs may be preserved in the sedimentary 

record, although their characteristic morphologies have not been defined. By freezing 

homogeneous sediment in a controlled environment, the resulting structures can be 

compared to those found in the field. 

5.6.2 Methods 

All experiments were conducted in a controlled temperature room set to 0°F/-

17 .8°C. A synthetic brine was made, based on the general sodium-carbonate composition 

of Last Chance Lake water in winter (-210 g L-1
). 630 g of sodium-carbonate was added 

to 3 kg of 18 megohm water and stirred until all the salt had entered solution. The brine 

was left to stand at room temperature overnight to equilibrate. 

5.6.3 Acoustic Emission Tests 

To monitor the crystallization of the brine as it cooled, the principle of acoustic 
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emission was applied. Acoustic emission is the elastic energy that is spontaneously 

released from a test object, and can be detected by periodic or continuous on-line 

monitoring (Spanner et al., 1987). Figure 61 illustrates the equipment used for processing 

acoustic emission signals. A transducer and thermocouple (±1 °C accuracy) were used to 

detect changes in acoustic emission and temperature, respectively, as the brine cooled and 

crystals precipitated out of solution. 

CONTROLLED 
TEMPERATURE ROOM 

TRANSDUCER 

ACOUSTIC EMISSION 
INSTRUMENTATION 

-AMPLIFIERS & FILTERS 
-MEASUREMENT CIRCUITRY 

DATA 
BUFFER 

SCREEN 
DISPLAY 

MICRO
COMPUTER 

Figure 61. Equipment for processing acoustic emission signals (after Spanner et al., 1987). 

5.6.4 Results 

Experiment 1. 

Figures 62a and b shows natron crystals which have grown due to the rapid 

cooling of the brine. The initial brine temperature was - 23°C and the solution was 

checked every few minutes to observe changes. After approximately 15 minutes, small 

( <1 em) clustered blades of natron formed as crystal rafts at the surface and from the 

sides of the container. These crystals were very fragile and easily broken up if the brine 
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Figures 62a and b. Natron crystal morphologies formed by brine-cooling under laboratory conditions. After 
1 hour and 46 minutes, the clustered blades of natron ( <10 em long) that nucleated at the surface, have sunk 
to the bottom of the container (a). Simultaneously, a natron crystal layer (2 em thick) has grown up to the 
brine surface prior to ice crystallization. 
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was agitated. Very small crystals were suspended in solution and density differences in 

the brine were clearly visible. The crystals rapidly grew into larger clusters of similar 

morphology. After 52 minutes, rosettes ( <5 em long) radiated from the sides of the brine 

container and after 1 hour 38 minutes, -5-10 em long crystals were growing up from the 

bottom of the container. Figure 62a was taken after 1 hour 46 minutes and Figure 62b 

was taken after 4 hours 50 minutes, when ice was starting to precipitate out at the brine 

surface. A thick, interlocking salt crystal layer (2 em thick) was simultaneously growing 

up from the bottom of the container. 

Experiment 2. 

Two acoustic emission tests were performed; Test A recorded the acoustic 

emission from brine over a 7 hour time period (Figures 63a and b) and Test B recorded 

acoustic emission and temperature over 3.5 hours (Figures 63c and d). 

Test A. Figure 63a shows the cumulative acoustic emission over time for Test A. There 

are four noticeable increases in gradient (indicated by arrows) which occur at elapsed 

times of 1.5, 2.75, 3.5 and 4.5 hours. These points coincide with the acoustic emission 

events (at 30 minute intervals) marked in Figure 63b. At 1.5 hours, there is a sharp peak 

(at 65) followed by a secondary peak (-43) at -3 hours. A low in acoustic emission is 

recorded at -3.5 hours in Figure 63b, which is shown as a convex, low gradient curve on 

the cumulative acoustic emission graph. Acoustic emission rises to a sharp peak again at 

-5 hours (-63) and then rapidly decreases within the next half hour. After 5.5 hours, 
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Figures 63a and b. Acoustic emission Test A. Cumulative acoustic emission (a) and acoustic emission 
events over a 30 minute time interval (b) for brine cooled over a 7 hour time period. Arrows indicate 
high acoustic emission gradients (a) which correspond with crystallization points (b). 
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Figures 63c and d. Acoustic emission Test B. Changes in cumulative acoustic emission were 

recorded with time (c) and temperature decrease (d) respectively, for brine cooled from 25°C 

to -9°C over a 3 hour time period. Figure 62c also illustrates decreases in brine salinity over 
time as the brine cools and salts are precipitated. Arrows indicate high acoustic emission 
gradients over time, corresponding to high temperature gradients. 
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acoustic emission decreases more consistently. 

Test B. In Test B, temperature was recorded in addition to acoustic emission. Cumulative 

acoustic emission against temperature changes over 3.5 hours show that acoustic emission 

increases over time, as temperature decreases (Figure 63c and d). There are four particular· 

trends in the temperature data which coincide with acoustic emission changes. Figure 63c 

shows that at -0.5 hours there is a sharp decrease in temperature, accompanied by a 

levelling off of acoustic emission. Temperature rises slightly over the next 15 minutes, 

while cumulative acoustic emission continues to slowly increase. After 1 hour 10 minutes, 

another relative increase in temperature is observed, while acoustic emission remains 

constant. The next increase in temperature is at 1 hour 40 minutes, and the final trend is 

a sharp increase in the cumulative acoustic emission at 1 hour 50 minutes, accompanied 

by a more gradual decrease in temperature than seen at the other points mentioned. 

The same trends can be seen when cumulative acoustic emission is plotted against 

temperature (Figure 63d). An interesting trend in the temperature data occurs at 0.5 hours. 

The temperature has been steadily decreasing from >20 to 8°C when there is an increase 

in temperature ( -0.5°C). This is followed by a sharp increase in cumulative acoustic 

emission while temperature continues to increase to -9°C, before returning to the original 

trend of decreasing temperature. Cumulative acoustic emission levels off between 3 and 

5°C, followed by a sharp increase in acoustic emission corresponding to an elapsed time 

of 1 hour 10 minutes. Another acoustic emission plateau occurs at 1 hour 40 minutes and 

is preceded by a small temperature increase (0.25°C) before dropping from -1 to -3°C. 
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After this point, the curve is much steeper and stepped. 

Experiment 3. 

Salinity readings (TDS g L-1
) taken as the brine cooled have been superimposed 

on Figure 63c to show how they relate to changes in other brine properties. The initial 

concentration of the brine at room temperature was 185 g L-1
• After -50-60 minutes, 

cooling increased the brine saturation state with respect to natron, which increased salinity 

to 195 g L-1 and initiated salt precipitation. As the salt crystallized, the brine salinity 

decreased to 160 g L-1
• After 2 hours, the majority of salt crystallization had taken place. 

Precipitation continued with a concomitant decrease in salinity as the salt was taken out 

of solution. At an elapsed time of 3.5 hours, salinity was down to 82 g L-1
, accompanied 

by a low in acoustic emission events. This point represents a brine fractionation threshold 

between the end of salt crystallization and the onset of ice formation. 

Experiment 4. 

The results of mixing and refreezing carbonate mud from the mudflat environment 

of Goodenough Lake to simulate the effects of low temperature processes on sediments 

are illustrated in Figure 64a and b. Segregated ice lenticulae (Figure 64a) resemble the 

surficial frozen sediments of Transect 1 at Goodenough Lake. Intrasediment radiating ice 

crystals also form sub-horizontally near the surface (Figure 64b ). 
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Figures 64a and b. Ice crystal growth in frozen sediment. Homogeneous mudflat sediment forms segregated 
ice lenticulae (a) and sub-horizontal, radiating ice crystals (b) when frozen under laboratory conditions. 
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5.6.5 Conclusions 

Laboratory experiments on the effects of low temperature on brine have revealed 

that i) acoustic emission is a highly appropriate technique for the quantitative analysis of 

brine properties; ii) salt crystallization by cooling can be easily simulated; iii) crystal 

morphologies are identifiable and reproducible; and iv) brine-cooling and freeze-out 

mechanisms of mineral precipitation can quickly yield large quantities of evaporite 

deposit. However, the experiments described here are only preliminary investigations 

which show the potential use of acoustic emission in laboratory crystallization studies, and 

require further consideration and refinement. 

i. Acoustic emission 

Application of the acoustic emission principle to crystallization studies shows the 

approximate times at which salt and ice formation processes take place and distinguish 

between each phase. Test A illustrates two possible phases of crystallization taking place, 

at which times acoustic emission readings are greatly increased. The first phase represents 

the precipitation of natron as the brine cools. The majority of salt is precipitated between 

1 and 2 hours, which is corroborated by a simultaneous decrease in salinity as the salt 

crystallizes. A secondary peak also occurs between 2.5 and 3 hours. By 3.5 hours the 

majority of salt has precipitated and the brine is fractionated (dilute) enough to allow ice 

formation. Ice crystal growth is shown by a high acoustic emission peak between 4.5 and 

5.5 hours. Acoustic emission decreases again when the residual brine is left remaining 

under an ice cover and no more precipitation can take place. 
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Test B also shows a phase of natron precipitation between 0.5 and 3.5 hours. 

However, the experiment was terminated at 3.5 hours, when ice began to form and so 

does not show the changes in acoustic emission that occur as freezing progresses, that 

were recorded in Test A. Ice crystals precipitate at --2.5°C and this is represented by a 

sharp increase in the cumulative acoustic emission gradient. This illustrates the need to 

record throughout the entire ice formation process, as acoustic emission continues to 

change. Precipitation of salt causes a release of energy (heat) producing the temperature 

increases shown on Figure 63d. 

Potentially, the methods of acoustic emission analysis can be used to record "real 

time" information on dynamic brine properties and mineral precipitation, and substantiate 

hydrochemical data that shows natron reaching saturation in winter. Such information may 

increase the understanding of features such as the heliothermal properties of brine. 

ii. Crystal growth 

The average time for the first salt crystals to precipitate is 30 minutes. This time 

was estimated from direct observations and corroborated with acoustic emission data. 

Crystal clusters were found to nucleate at the brine surface as well as from the bottom 

of the container. Crystals forming at the surface grew until too dense to be supported by 

the brine and then sank and became incorporated in the basal crystal layer. The crystal 

layer became a rigid, interlocking salt deposit which is probably representative of the 

perennial salt deposits in the Last Chance Lake brine pools (Renaut and Long, 1987). The 

experiments illustrate a rapid crystallization process and confirm that in the field, a large 
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amount of salt can be formed very quickly. Rapidly grown crystals easily lose their 

integrity with agitation of the brine. However, although crystal morphology is lost, the salt 

will collect as a 'crystal mush' layer in equilibrium with the brine, which is maintained 

at higher temperatures. This was discovered when trying to re-dissolve the salt after the 

experiments and the 'crystal mush' did not fully re-enter solution after being left at room 

temperature overnight. This factor may enhance the preservation potential of natron at 

Last Chance Lake, and may have been a more crucial factor in the preservation of the 

permanent natron deposit than rapid sedimentation and early burial of the ~vaporite. 

Impurities in the solution affect crystallization. In a preliminary test run, large 

crystals precipitated from a very clear solution. Subsequent tests contained more 

impurities providing nuclei for crystals, coinciding with quicker and smaller crystal 

growth. However, impurities make the experiments more similar to field conditions. 

Specific crystal morphologies have been observed in the laboratory, which may 

be sought in the geological record in the form of ice and natron pseudomorphs. Very 

rapid cooling of the brine produces dendritic natron crystals, but more commonly, 

elongate crystals grew, increasing in size and number as the brine temperature decreased. 

Crystals originally nucleate around impurities in the solution and then sink through the 

water column as they become more dense. Crystals also form at the base of the container 

and grow into an extensive interlocking natron layer. These two modes of crystal growth 

may mimic the construction of the natron deposit within the brine pools of Last Chance 

Lake. A very rigid basal layer is formed that may be strengthened over time, for example, 

by crystal overgrowth, which increases its preservation potential. 
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iii. The effects of freezing on sediment 

Homogeneous carbonate mud shows striking features after freezing. As water is 

drawn out of the sediment into ice lenticulae, the mud is disrupted and assumes a 

granulated texture. The experiment confirms that such features are produced by freezing 

rather than solely by other processes, such as desiccation. By documenting these crystal 

morphologies, researchers can gain a better idea of what natron and ice pseudomorphs 

may look like in the sedimentary record. 

5.6.6 The effect of low temperature processes on lacustrine sediments 

Many saline lakes undergo some diurnal or seasonal freezing and can be classified 

as 'low temperature' (Hirst and Renaut, 1993). The diversity of low temperature, 

continental saline lakes is shown by their widespread occurrence in a variety of 

environmental settings ranging from deep, high altitude basins of the Karakorum in Tibet, 

to shallow post-glacial depressions on the Canadian Prairies (Hutchinson, 1937; Dulma, 

1979; Ergashev, 1979; Petrovic, 1981; Wasson et al., 1984; Williams, 1981; Last, 1991). 

These environments are typically places of extreme diurnal, seasonal or annual climatic 

variations where even hypersalinity does not prevent freezing. Maximum salinities are 

common below an ice cover in mid-winter following concentration by brine-cooling and 

freeze-out of salts (Topping and Scudder, 1977; Renaut and Long, 1989). 

Despite the obvious climatic implications of freezing, studies often neglect the 

effects of ice, except to refer to qualitative features such as the thickness and extent of 

ice cover. Some of the earliest studies on the effects of low temperatures on brines and 
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mineral precipitation concerned the deposition of sulphate and chloride salts (e.g., 

mirabilite) from seawater by frigid concentration rather than evaporation (Nelson and 

Thompson, 1954; Thompson and :Nelson, 1954, 1956), which was used to explain the 

formation of some coastal sulphate lakes. They recognized that in most of the literature 

accounting for salt deposition, the brine freezing process was neglected, even though· 

many authors mentioned the changes in solubility of the salts that may occur with 

temperature variations, and the possible influence on the nature of the deposits. 

More recent research into the hydrochemistry of saline lake waters has considered 

the effects of decreased temperatures on the precipitation of minerals such as mirabilite 

and natron (Eugster and Jones, 1979; Eugster, 1980; Hardie, 1984; Last, 1989a and b), 

and limnological studies have recognized the effects of ice cover on water stratification, 

and ice transparency on microbial photosynthesis (Hand and Burton, 1981; Ward et al., 

1990). 

The use of ice-related sedimentary features to interpret the climatic setting of 

modem and saline ancient lakes has been inadequately discussed, particularly since a 

classification for the recognition of warm saline pan evaporites has already been 

formulated (Lowenstein and Hardie, 1985). The criteria outlined will assist in the 

recognition of sediments preserved in the geological and paleolimnological record which 

have been modified by ice. 

The few studies that hav(~ previously considered the effects of freezing on 

sediments primarily come from North America, South America and Antarctica. Examples 

from modem basins include diapiric mud features in the cqntinental, post-glacial 
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depressions of the Canadian Prairies (Last, 1989a and b; Teller and Last, 1990; Last, 

1993c ), surface veinlets in the playas of the western United States (Motts, 1970; 

Washburn, 1980), and lake-bed sand mounds in the saline lakes of Antarctica (Squyres 

et al., 1991). Large-scale ancient examples have also been discovered in lacustrine 

geological records; the saline episodes of Searles Lake in California are represented by 

thin interbeds of nahcolite and mirabilite, which are believed to have formed due to 

freezing in cold winter months (Eugster and Hardie, 1978); in the high altitude salars of 

the southern Bolivian Altiplano, in South America, remnants of ancient ice islands in 

several saline lakes indicate that the climate was also much colder in the relatively recent 

past (Hurlbert and Chang, 1984; Risacher and Fritz, 1991 ). 

In interpreting sedimentary features, the problem of equifinality, i.e., similar 

features formed by different processes, is prominent. The most difficult features to 

distinguish are mudcracks formed by freeze-thaw and desiccation, from mudcracks formed 

purely by desiccation, which may reflect extreme opposite climatic conditions. Similarly, 

features such as sand patches and mudchip conglomerates are attributed to sediment 

aggradation within efflorescent crusts of Saline Valley (Smoot and Castens-Seidell, 1994 ), 

although these features are similar to the products of freezing. Although both sets of 

processes may be active, interpretations are complicated by the fact that this a region 

subjected to diurnal and seasonal freezing (Motts, 1970; Phillips and Van Denburgh, 

1971). Preservation potential is also an important control on the identification and 

classification of ice-related features in the sedimentary record, which are easily reworked 

by physical and chemical processes. Many of the features produced by freezing are 
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reworked during springmelt. 

There are numerous considerations that must be applied in the identification of low 

temperature sedimentary features to provide sufficient information for comparative 

analyses. For example, studies of climatic change records in low temperature saline lakes 

commonly give no mention of the effects of freezing on lake level interpretations (e.g., 

litis, 1993; Servant-Vildary and Mello e Sousa, 1993). Other aspects include the 

constrictions of permafrost and ground ice on soil characteristics and groundwater 

movement (Taylor and Pohlen, 1962; Claridge and Campbell, 1977).. High salt 

concentrations in the subsurface lower the freezing point of groundwater and so allow 

groundwater movement at greatly lowered temperatures, whilst ice-cemented ground has 

the effect of artificially raising the water table. Freezing of the ground in winter prevents 

capillary evaporation from the shallow groundwater table at the lake margins (Teller and 

Last, 1990). 

The heliothermal properties of saline lakes have been noted by Sonnenfeld ( 1984 ). 

Since many saline lakes of Antarctica are permanently frozen, except for occasional 

melting at the margins, this is an important factor influencing lake water chemistry. Some 

stratified sulphate lakes exhibit heliothermal properties, with warm water remaining 

throughout the year, even below an ice cover. The effects of artificially-raised (or 

lowered) temperatures on lake processes below an ice cover deserves due consideration. 

The identification of low temperature processes is important in that virtually all 

stratigraphic interpretations depend on the knowledge of modem environments and 

sedimentary processes. Low temperature effects should be considered wherever lake 
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sediments in the geological record are studied; some may require interpretation in light 

of this new evidence. Ice-related sedimentary features will be more commonly found with 

increased awareness of their existence. Until this time, the criteria must show more 

application to the rock record and address problems of distinguishing features produced 

by low temperatures from similar structures produced by other processes. 
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6. BRINE EVOLUTION AND MINERAL ZONATION 

6.1 Brine evolution of the Cariboo Plateau waters 

6.1.1 Introduction 

Hydrochemical tracing of waters through the study area has revealed important 

information on the initial composition of the groundwater, sources of solutes, brine 

evolution, mineral precipitation and sediment-water interactions. Evaporative concentration 

is a fundamental mechanism in the evolution of plateau waters into concentrated brines, 

which are dominantly either. a Na-C03-S04-Cl or Na-Mg-S04-Cl type. Continuing 

evaporation generates a pronounced groundwater concentration gradient towards the basin 

centre (Kendall, 1992). The brines of each saline lake group on the Fraser Plateau are 

hydrochemically distinct due to the derivation of th~ir solutes from different sources. The 

final composition of the brine is inherited from the very early stages of water evolution, 

and the composition ultimately depends on the type of bedrock and weathering reactions 

within the catchment area (Eugster and Kelts, 1983). 

Hydrochemical and sedimentological data shall be interpreted in terms of regional 

and local brine evolution from dilute to concentrated waters, the minerals which are 

precipitated from the brines at different stages of development, and late-stage sediment

water interactions (diagenesis). 
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6.1.2 Regional development of the Cariboo Plateau waters 

On a regional scale, brine flow paths are complicated by the complex geology and 

groundwater system. Two brine types are dominant on the plateau; an alkaline, Ca and 

Mg poor, Na-C03-S04-Cl brine derived from the basaltic basement, and a more neutral, 

HC03 and C03 poor, Na-Mg-S04-Cl brine. The Na-Mg-S04-Cl brine type occurs in the 

basins to the north (e.g., Alberta Lake) and north-west (e.g., Long Lake and Meadow 

Lake) of the study area, where deeper ground waters drain through the limestones, 

argillaceous metasediments and basic lavas of the Marble Range. However,. these basins 

lie in the same paleomeltwater channel as Goodenough Lake and Last Chance Lake, 

which display a Na-C03-S04-Cl brine composition. 

The relationship between these two different brine types is largely unexplained in 

this region. Many basins receive several contrasting inflow types which complicates the 

interpretation of regional and local hydrogeology. Some literature ( cf. Rosen, 1994) has 

suggested that the brine types become more developed down the paleomeltwater channel, 

towards the south-east, reflecting directional development of the postglacial closed 

depressions. However, Goodenough Lake and Last Chance Lake do not lie exactly on the 

same pathway as the Mg-S04-dominated basins. Due to the complexity of the geology and 

groundwater flow across the area, it is possible that Goodenough Lake and Last Chance 

Lake have a different groundwater supply to the Mg-S04 basins, although high Mg and 

S04 concentrations of brines in the study area could possibly indicate some influence 

from the Marble Range. 
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6.1.3 The Principle of Chemical Divides 

The brine evolution and flow paths of the Goodenough Lake-Last Chance Lake 

catchment waters can be explained in terms of the Principle of Chemical Divides (Eugster 

and Hardie, 1978), which recognizes that the early precipitation of alkaline-earth 

carbonates is a crucial factor in the evolution of dilute waters to concentrated brines 

(Figure 65). The precipitation of a mineral phase, such as calcite, provides a major 

chemical divide that controls the brine type that is produced (Hardie and Eugster, 1970). 

Further critical points are reached in the brine evolution before the final mineral phases 

are precipitated. 
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Figure 65. Flow diagram for the evolution of different brine types (after Eugster and 
Hardie, 1978). 

Regardless of the bedrock type, the Mg/Ca ratio and (HC03+C03)/(Ca+Mg) ratio 

of the waters after alkaline-earth precipitation will influence the subsequent brine 
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evolution pathway. 

6.1.4 The hull's eye distribution of carbonate sedimentation 

The lateral distribution of minerals in saline basins is illustrated by a bull' s eye 

pattern, which comprises alkaline-earth carbonates (precipitated from dilute inflow) at the · 

peripheries, with increasingly more saline phases (precipitated from concentrated brines) 

towards the basin centre (Eugster and Hardie, 1978). This reflects the fractionation and 

selective removal of ions from the waters by precipitation and other processes as they 

progressively evaporate to become hypersaline brines (Renaut, 1994). The hull's eye 

pattern is characteristic of every playa deposit which contains interstitial brines, and 

represents the progressive concentration of evaporating waters (Hardie and Eugster, 1978). 

The pattern is common, although the precipitates will depend on the initial bedrock type 

and brine chemistry. Many modem and ancient saline lake examples exhibit a roughly 

circular lateral distribution of minerals, e.g., Deep Springs Playa (Jones, 1965) and the 

Basque lakes (Nesbitt, 1990), but the pattern will ultimately depend on the basin 

topography and location of the source(s) of inflow. 

The mineral zonation at Goodenough Lake and Last Chance Lake displays a fairly 

circular spatial distribution. In the hillslope, spring and seepage subenvironments, Ca-Mg 

carbonates are precipitated from dilute inflow waters. Continuing evaporation increases 

the salinity gradient towards the central basin, which suggests that much of the recharge 

originates from the shallow, subsurface waters seeping upward and inward from the 

margins of the basin. In Goodenough Lake, the salinity gradient is greatest at the 
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transition between the Large Seepage Zone (LSZ; Figure 26a) and the saline mudflat. 

The major cause of the compositional changes in groundwater towards the lake 

is evaporation, coupled with alkaline-earth precipitation and re-solution of efflorescent 

salts. Seepage into the mudflats causes the formation of authigenic saline minerals, such 

as gaylussite, and evaporative pumping creates widespread surficial efflorescent crusts. 

Water drawn up from the groundwater table evaporates within the aerated zone or at the 

surface, leaving efflorescent salts behind (Smoot and Castens-Seidell, 1994). Some double 

salts (e.g., gaylussite) form when interstitial porewaters interact with Ca-Mg carbonates 

in the mudflat sediments, or percolating dilute inflow. 

Where fractionation processes have already depleted the groundwaters of most of 

their alkaline-earths or carbonate species, the amount of Ca-Mg carbonate able to form 

may be small (Hardie and Eugster, 1978). Thus, in the mudflats surrounding some 

strongly saline, alkaline lakes, interstitial soluble Na-salts may form, but with little Ca-Mg 

carbonate. At the other extreme, very pure carbonates may form where discharging 

ground waters have a HC03+C0/Mg+Ca ratio near unity. Furthermore, only one carbonate 

mineral commonly dominates the mudflats because they are too narrow to permit much 

lateral differentiation by partial dissolution processes (Renaut and Long, 1989). For 

example, the extensive dolomite in the study area and lack of calcite and Mg-carbonate 

phases in the saline mudflat, may be caused by the dissolution of earlier carbonates 

leading to the saturation of pore fluids with respect to dolomite. Reprecipitation of 

primary dolomite as an early diagenetic product occurs nearer the basin, in association 

with evaporites from hypersaline, highly alkaline brines (see page 159; the formation and 
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occurrence of recent primary dolomite). Dolomite dominates because it is the most stable 

Ca-Mg carbonate in the study area. Similarly, authigenic sodium salts at Last Chance 

Lake may be formed by lake bed springs renewing the supply of HC03+C03 to the brine

soaked sediments. 

As a playa evolves, the body of the brine grows from the centre out, and the 

gradient from the dilute inflow at the periphery to the central basin, steepens (Eugster and 

Hardie, 1978). It is important to note that similar concentration gradients also exist 

vertically through the saline mudflat sediments, with the most concentrated brines at the 

mudflat surface, due to capillary evaporation of the pore fluids. 
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6.2 Brine development within the Goodenough Lake-Last Chance Lake catchment 

6.2.1 The evolution of dilute groundwaters 

The most dilute waters ( <5 g L-1
) in the catchment area are derived from runoff 

and precipitation. Stream waters sampled at Chasm and other rivers on the Cariboo 

Plateau (Renaut, 1990) are mildly alkaline (pH 8.1-8.5), with high molar Mg/Ca and 

(HC03+C03)/(Ca+Mg) ratios, between 2 and 5. The Na and Cl concentrations of these 

waters is low, as the waters are fresh and have not yet experienced solute acquisition or 

evaporative concentration, as shown by their low oxygen isotope values (81~0sMow <-15 

ppm). 

At the initial stage of development, the inflow waters show intermediate· 

(HC03+C03)/(Ca+Mg) ratios (1-5) and brine evolution begins to follow path lll of 

Eugster and Hardie's model (Figure 65). However, the real initial inflow composition has 

probably not been sampled; by the time the most dilute sample has been collected in this 

study, the waters have already evolved, as shown by Ca-depletion in the waters (Renaut, 

1994). 

The runoff waters infiltrate to the shallow water table, where they acquire ions 

from the till and contact with underlying Neogene basaltic lava flows. One of the first 

interactions to influence the groundwater composition is likely the carbonic acid 

weathering of plagioclase-rich rocks, which can contribute as much Ca and HC03 to the 

inflow waters as the dissolution of limestone (Eugster and Kelts, 1983). The importance 

of silicate weathering reactions was first recognized by Garrels and Mackenzie (1967), 

who used the final brine composition to determine individual reactions responsible for that 
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particular composition, and ultimately to determine the hydrochemistry of the initial 

groundwater. The molar Mg/Ca ratios (Appendix D) of these waters are high (>2) and 

they are saturated with respect to Ca-Mg mineral phases. This indicates that the dilute 

waters have been Ca-depleted before flowing into the catchment area, possibly caused by 

the precipitation of calcite, or removal of Ca by ion exchange reactions with Na, within 

the postglacial sediments (cf Last and DeDeckker, 1989). Alternatively, the initial 

groundwater composition may be excessively rich in Mg2
+ due to weathered mafic 

minerals, such as olivine, in the till. 

The dilute waters emerge into the catchment area through seepage zones (e.g. GE 

LSZ) and spring sites (Figures 26a and b). The waters have since lost Ca and acquired 

Mg, producing high molar Mg/Ca ratios (>1). Ca and Mg show very similar trends 

(Figures 1 Oe to h) and evolve simultaneously until carbonate mineral phases are 

precipitated in the marginal areas, causing the more soluble ions, such as N a, K, Cl and 

HC03+C03 to become more dominant in the residual waters. As the inflowing waters are 

subjected to evaporative concentration, isotopic fractionation occurs, and the oD/0180 

ratio increases (0180sMow >-15 ppm), as 160 is preferentially lost to the atmosphere 

enriching the waters in isotopically-heavy 180. Near surface evapotranspiration in the 

vegetated catchment also may be important at this time (Renaut, 1994). The springs of 

Goodenough Lake and Last Chance Lake show similar ionic compositions, and ratios of 

Mg/Ca, (HC03+C03)/(Ca+Mg) and SO/Cl show values near unity. Mg/Ca and SO/Cl 

ratios are highest in dilute waters (in August and September). 

Carbonate precipitation from spring and seepage waters may be extensive, 
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representing a major chemical divide in the brine evolution. Following path ill (Figure 

65), as the dilute waters seep into the catchment area and undergo evaporative 

concentration, Ca is removed by carbonate precipitation, causing high Mg/Ca ratios and 

increased salinities. For example, the distance between May sample sites GE Site 1 and 

3 of the large seepage zone at Goodenough Lake (Figure 12) is-30m, and the salinity 

increases from 1 to 30 g L-1 over this area. This increase due to evaporative concentration 

causes the precipitation of alkaline-earth carbonate minerals, notably high Mg-calcite, 

magnesite and dolomite. Spring waters are commonly supersaturated with respect to 

alkaline-earth carbonates at atmospheric PC02 before any evaporative concentration, due 

to the elevated PC02 of most groundwaters (Eugster and Hardie, 1978). Therefore, waters 

that are not supersaturated on emergence, need very little evaporative concentration to 

cause carbonate precipitation (Renaut, 1994). 

All Ca-Mg carbonate phases except hydromagnesite are at or above saturation in 

the most dilute areas (e.g., springs and seepage zones) of Goodenough Lake, at all times 

sampled. This provides a potential perennial source of carbonate precipitation in the study 

area, and is particularly significant in the case of dolomite, which can theoretically form 

in any subenvironment at any time of the year. Ca-Mg carbonates, are therefore, most 

likely to precipitate in the seepage zones and spring areas where the Mg/Ca ratio is near 

unity or high compared to areas of highly saline, HC03+C03-rich waters. At lower 

salinities, dolomite is able to nucleate at lower Mg/Ca ratios (near 1) because there are 

fewer competing ions to interfere with the precise ordering of the dolomite lattice (Folk 

and Land, 1975). 
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Many dilute spring waters of closed basins are already supersaturated with respect 

to calcite as they emerge into the area, because their PC02 is higher than the atmosphere 

(Hardie and Eugster, 1970). The spring carbonates probably form due to evaporative 

concentration, degassing of C02, and mediation by micro-organisms in the damp capillary 

zone surrounding the orifices (Renaut, 1994). 

6.2.2 Mineral precipitation from seepage waters 

Early precipitation products commonly comprise relatively insoluble alkaline-earth 

carbonates, that form authigenically due to evaporative concentration of dilute 

ground waters flowing into the catchment area, or biogenically in lake brine and sediment. 

They are located either at the surface or in the subsurface vadose zone, and progress from 

Ca- to Mg-rich phases towards the hypersaline basin. Although hydrochemical analyses 

show that waters are saturated with respect to aragonite, calcite, dolomite, magnesite and 

huntite throughout the year from sites of dilute inflow to the hypersaline basins, the 

phases which are actually present in the sediments do not always mirror these saturation 

states. The reduced seepage zone muds are composed predominantly of dolomite, and 

some Mg-calcite and magnesite. 

Aragonitic travertine and carbonate muds have been deposited only at the springs 

of Goodenough Lake and Last Chance Lake. Calcite precipitation is more extensive, 

although mostly in a high magnesian-calcite form. Some calcite was found in the 

stromatolitic spring deposits of Last Chance Lake, and other occurrences are in the grey 

muds of seepage zones and mudflats of Goodenough Lake. Generally, there is very little 
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calcite in the catchment area, indicating that Ca has been removed possibly by early 

precipitation in the soils and till of the marginal hillslopes. 

Minor gypsum has been recorded at Last Chance Lake, indicating that the brine 

path may deviate through path IllC (Figure 65). Concentrations of S04 are high in 

comparison to Ca at Last Chance Lake, and after the precipitation of low Mg-calcite, the · 

waters become saturated with respect to gypsum before the Mg/Ca ratio is high enough 

for high Mg-calcite to form. The precipitation of gypsum removes Ca, abruptly raising 

the Mg/Ca ratio, so that dolomite or magnesite may form. The explanation. for the high 

sulphate at Last Chance Lake, compared to Goodenough Lake, is unknown. Most sulphate 

probably originates from oxidation of pyrite in the till. 

Na-carbonate salts are theoretically undersaturated in these relatively dilute waters 

at the times sampled, although there is a definite increase towards saturation between, 

e.g., GE LSZ Site 3 and GE LSZ 4, as shown by vegetation changes from marsh, reeds 

and grass fed by dilute seepage waters, to the saline carbonate mudflat sediments. 

However, efflorescence composed of trona and thermonatrite can be found at seepage 

sites where the relatively dilute waters have rapidly evaporated, causing NaC03 

precipitation. The NaC03 phases are ephemeral, dissolving when wetted by dilute runoff, 

thus they are not removed quantitatively from the waters at these sites. 
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6.2.3 Brine evolution in the mudflat subenvironment 

Towards the lake, the total dissolved solids and pH (>50 g L-1
; >9, respectively) 

of the inflowing waters continue to increase (Figure 1 0). A high salinity gradient occurs 

in the hillslope-mudflat margin, and in May, the pH increases from 8.1 to 10.1 over 10 

m. This pH increase is accompanied by a large increase in the saturation state of several 

mineral phases (Figures 13 to 18). Seasonally, the waters sampled have similar saturation 

states in May and August, when the study area is relatively wet, and in September and 

March, when the brines are more concentrated. High salinities were recorded in shallow 

mudflat porewaters within slope-wash deposits, caused by intense capillary evaporation 

within the permeable sediments. However, sites of dilute inflow and slope-wash are also 

areas of low salinity, but undergo seasonal fluctuations. In August, the Mg/Ca ratios of 

shallow mudflat porewaters reach 2.5, following summer rainfall and dilution of the 

inflowing waters. Mg/Ca ratios are low in September ( -0.5), showing that evaporative 

concentration has caused carbonate precipitation from the inflowing waters, probably as 

dolomite. 

The SO/Cl ratios are also low in September (-0.05) and highest in May (-1), and 

HC03+CO/Ca+Mg ratios at the times sampled generally show that alkalinity is much 

greater than Ca and Mg due to the earlier precipitation of alkaline-earth carbonates 

(Appendix D). There is a large decrease in SO/Cl ratios between sites of dilute inflow 

and the mudflats, although an increase in the SO/Cl ratios due to evaporative 

concentration is to be expected. Lower SO/Cl ratios may be caused by i) mixing of Cl

rich waters with S04-poor waters, or ii) the removal of S04 by reduction or gypsum 
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precipitation. In the Goodenough Lake-Last Chance Lake area, S04 reduction in the 

mudflats may be responsible for the low SO/Cl ratios. An anomalously high molar 

SO/Cl ratio occurs at mudflat area 5 of Goodenough Lake in August (GETS), that is 

more than 5 times the next highest SO/Cl ratio recorded. This is probably caused by the 

influx of dilute (low Cl) seepage into the mudflat mixing with more saline mudflat 

porewaters, and forming lower Cl solutions, relative to S04• 

Initially, Ca is removed from the inflow, creating a high Mg/Ca ratio, as shown 

in the seepage subenvironments (e.g., GE LSZ; Figure 26a), and precipitation of high Mg

calcite, dolomite and/or magnesite. As the waters become more concentrated in the 

mudflats of Goodenough Lake and Last Chance Lake, HC03+C03 concentrations in the 

brines increase and Mg concentrations become much greater than Ca (path IliA; Figure 

65). Any remaining Ca at this stage is depleted by Ca-Mg-(and/or Na-) carbonate 

precipitation, and Na becomes the dominant cation, which will lead to the precipitation 

of N a-carbonate phases. Ca and Mg show high concentrations and a wide distribution at 

higher chloride concentrations (Figures 1 Oe to h), probably due to the variable mixing of 

dilute and saline waters, or complexing with organic matter. At this stage, sediment-water 

interactions may occur due to the mixing of relatively dilute inflow with saline pore fluids 

in existing siliciclastic and carbonate sediments. For example, authigenic sepiolite and 

opal-A formation may be promoted by silicate etching in hypersaline, alkaline pore 

solutions. 
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6.2.4 Mineral precipitation in the mudflat subenvironment 

Dolomite is by far the most extensive alkaline-earth carbonate in the Goodenough 

Lake and Last Chance Lake mudflats (see section 4.1.6 iii), whereas magnesite was only 

found in a few saline mudflat samples. The overall lack of high magnesian-calcite and 

magnesite, compared to dolomite, suggests that some dolomite could be formed from the 

dissolution of these carbonate phases, leading to the saturation of pore fluids with respect 

to dolomite, and reprecipitation of primary dolomite directly from the fluids. Dolomite 

may dominate due to the limited potential for lateral zonation of Ca-Mg phases caused 

by rapid brine development, between the marginal and central areas. 

Other authigenic carbonates found locally in the saline mudflats are huntite, and 

the double salts, gaylussite and pirssonite. These minerals are precipitated interstitially by 

the interaction of pore fluids with other carbonate minerals, or by mixing of the pore 

fluids with dilute (Ca- and HC03-rich) inflow percolating through the sediment. If there 

is any calcite present, gaylussite will form from the NaC03-rich brines, and if the brine 

is very concentrated (i.e. aH2o is low), pirssonite will form (Eugster and Hardie, 1978). 

The presence of gaylussite may further explain the lack of calcite in the area, and mixing 

of dilute inflow with the hypersaline mudflat porewaters may promote pirssonite 

formation. 

Hydrochemical data (Figures 13 and 14) show that the lake waters are saturated 

with respect to hydromagnesite, and in March, also saturated with respect to 

hydroxyapatite. Very little hydromagnesite was found in this study (possibly replaced by 

dolomite), and no phases of hydroxyapatite are known to have precipitated. The catchment 
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waters have high phosphate concentrations, which suggests that the precipitation of 

phosphate minerals is (?biogenically) inhibited, or that there is insufficient Ca to form 

hydroxyapatite (Hughes et al., 1989). 

6.2.5 Evolved lake basin brines 

The major ionic compositions of saline lake waters are very diverse, but the vast 

bulk of the brines are dominated by a single cation, usually sodium. The salinity of 

Goodenough Lake ranges from 5-20 g L-1 in March to >60 g L-1 in September, and the 

pH is > 10 in all the brines sampled. Last Chance Lake is hypersaline during all sampling 

periods and ranges from >50 g L-1 in March to 60-250 g L-1 in September, with pH >9.5. 

The highest 180 isotope values appear in the most hypersaline samples, which have 

undergone the most evaporation (-10 to +5 180 SMOW). Ions that show a linear 

relationship with Cl in Goodenough Lake and Last Chance Lake areNa, K, (HC03+C03) 

and S04 (broadly linear). B, P04 and Si02 show linear trends only in Last Chance Lake 

(Figure 10). Samples that lie above the main trend indicate extremely high Na 

concentrations, and reflect ionic acquisition from feldspars and other sodic minerals in 

tills and basalts. Samples which fall below the trend at high chloride concentrations 

diverge towards a Na-C03-S04-Cl brine type, as shown by hypersaline Last Chance Lake 

waters. A wide scatter of samples indicates that a variety of processes have been involved 

in carbonate species acquisition, such as the dissolution of existing minerals and the 

oxidation of organic matter. In terms of seasonal salinity trends, September and March 

concentrations are similar, due to evaporative concentration and draw-down in autumn, 
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followed by brine-cooling and freeze-out precipitation in winter. The most dilute time of 

the year for the lake waters is from April to August, due to spring melt followed by 

summer rainfall, indicated by an increase of PC02 with increasing salinity (Figure 11), 

associated with the influx of HC03+C03-rich waters. 

The most concentrated lake waters have low molar Mg/Ca and SO/Cl ratios and 

high (HC03+C03)/(Mg+Ca) ratios. Mg/Ca ratios decrease with increasing salinity in 

concentrated waters (during all sampling periods). (HC03+C03) increases greatly in the 

mudflats and lakes as Ca-Mg carbonate phases are depleted and alkalinity increases. 

(HC03+C03)/(Mg+Ca) ratios are highest in September, which is the most saline time of 

the year sampled in this study. As waters become more concentrated, S04 concentrations 

greatly increase. However, SO/Cl ratios decrease ( <0.3) at higher salinities because the 

Cl concentration increases more quickly than S04 concentration. Sulphate decreases with 

increasing salinity as N aSO 4 phases are precipitated in Last Chance Lake, and microbial 

reduction becomes more influential in the hypersaline waters of Goodenough Lake. The 

SO/Cl ratios in Last Chance Lake mudflats and lake are higher than in Goodenough Lake 

mudflats and lake, and also some Goodenough Lake dilute waters. This is because Last 

Chance Lake is effectively stagnant and any carbonate species in dilute inflow that reach 

the mudflats are stored temporarily in efflorescent salts, and are ultimately consumed by 

NaC03 precipitation, as brines become supersaturated with respect to these phases. 
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6.2.6 The Goodenough Lake-Last Chance Lake final brine composition 

Brines that evolve through path IDA (Figure 65) and show HC03-enrichment after 

dolomite precipitation will eventually evolve through paths illA1+2, and assume a Na-C03-

S04-Cl brine composition. This is the case for Goodenough Lake and Last Chance Lake, 

after the early precipitation of relatively insoluble alkaline-earth carbonates, evaporative 

concentration, and the subsequent precipitation of very soluble sodium-carbonate minerals. 

In Goodenough Lake, sufficient sulphate reduction appears to be taking place to prevent 

any significant precipitation of Na-sulphate phases. However, at Last Chance Lake, Na

sulphates such as mirabilite and thenardite, accompany Na-carbonate salts due to high 

sulphate levels in the interstitial brines and sediments (> 7,000 mg L-1
). Such high sulphate 

levels may be caused by: 

- insufficient microbial activity to reduce high sulphate concentrations. However, the 

characteristic H2S odour of the muds indicates that some S04 reduction is occurring. 

- Last Chance Lake is more stagnant than Goodenough Lake; it does not have the same 

extent of perennial dilute input (carbonate species influx) oxygenating the lake waters. 

- Brine fractionation processes (e.g., NaC03 precipitation) may cause brines to be 

naturally enriched in sulphate compared to Goodenough Lake. Na abundance is much 

greater than C03 after the precipitation of e.g., trona or natron, enabling Na-sulphate 

precipitation. 

In Last Chance Lake, S04 is being removed by the freeze-out of mirabilite during 

winter (section 5.5), and S04 reduction by bacteria (section 5.3.2). Sulphate concentrations 

are mostly 10,000-45,000 mg L-1 in September, but decrease to <10,000 mg L-1 in March, 
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due to mirabilite formation. 

6.2. 7 Artesian springs at Goodenough Lake and Last Chance Lake 

In addition to dilute groundwater seepage in marginal areas, some spring waters 

appear to bypass the mudflat subenvironment, emerging through the lake bed as artesian 

springs (cf Rosen, 1994). The shallow groundwater seeps through the permeable glacial 

deposits and reaches the lake basins still relatively dilute and HC03+C03-rich. The inflow 

has not experienced evaporative concentration and is able to mix with the hypersaline lake 

brines. 

Evidence of the lake bed springs has been observed in March, when relatively 

warm, upwelling waters melt the lake ice-cover from below (see section 2.4). Also, the 

HC03+C03-rich spring waters may contribute to the elevated PC02 concentrations (-2 

log-PC02; Figure 11), and free Ca and Mg ions may promote authigenic Ca-Mg carbonate 

precipitation in the lake subenvironment. This second dilute groundwater source probably 

has a similar ionic composition to the marginal seepage waters, but may be enriched in 

particular ions. For example, in both lakes Ca and Si02 show elevated concentrations in 

Goodenough Lake (Ca <100 mg L-1
; Si02 <220 mg L-1

) and Last Chance Lake (Ca <200 

mg L-1
; Si02 <530 mg L-1

) in September; Last Chance Lake has Si02 concentrations of 

50-115 mg L-1 in March, May and August, and Mg in Goodenough Lake in March is 

<120 mg L-1
• These high ionic concentrations in lake waters that could not be caused by 

evaporative concentration, may result from the inflow of lake bed springs. Chemical 

evidence is difficult to quantify in March samples, as the ice cover has already started to 
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melt. Alternatively, the second groundwater source may derive from inflow that has not 

been sampled at its more dilute stages. Variations in the inflow composition may be 

accounted for by a longer residence time in the aquifer, a slightly deeper circulation, local 

lithology (e.g., influence from the Marble Range), seasonal variations, or an undiscovered 

mechanism (Renaut, 1994). The influence of lake bed springs on lake brine and sediment 

chemistry has been suggested also for other closed-basin lakes in the area, such as Clinton 

Lake. 

6.2.8 Precipitation products of the Goodenough Lake and Last Chance Lake brines 

The most hypersaline brines of Goodenough Lake and Last Chance Lake are 

supersaturated with respect to all Ca-Mg carbonate phases, except hydromagnesite (e.g., 

GE/S LAKE and LC FAR END). However, few Ca-Mg carbonates are found; existing 

Ca-Mg carbonates (e.g., Mg-calcite) may be dissolved and reprecipitated as more stable 

phases, such as dolomite. 

At times of sampling, N a-carbonates theoretically do not reach saturation in the 

study area waters, although there is a definite increase towards saturation between e.g., 

GE LSZ Site 3 and GE LSZ 4, as shown by vegetation changes from marsh, reeds and 

grass fed by dilute seepage waters, to saline carbonate mudflat sediments (areas often 

submerged during times of higher lake levels, e.g., in May (Figures 15 and 16)). 

However, Na-carbonate saturation greatly increases between the seepage zones and 

mudflats of Goodenough Lake, and scatter plots show a linear increase in Na-carbonate 

saturation with salinity in both lakes (Figures 20 and 23). Natron comes closest to 
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saturation in Goodenough Lake in September and March. September is the most 

concentrated sampling period when lake levels are at their lowest and Na-carbonates are 

the most prone to precipitation. However, in the winter, the brine becomes rapidly 

fractionated by processes of brine-cooling and freeze-out precipitation as the brine 

temperature drops below 20°C and natron becomes the stable NaC03 phase (see section 

5.5.2). While freeze-out salts are observed in Last Chance Lake, they may not form every 

year in Goodenough Lake. Fractionation may occur also when rainwater and dilute runoff 

redissolve the most soluble salts, returning their constituents to the interstitial brine. 

Sulphate phases are also undersaturated in Goodenough Lake and Last Chance 

Lake during the sampling times, but mirabilite comes nearest to saturation in Last Chance 

Lake in March, since this is the stable phase of NaS04 at low temperatures (Figures 17 

and 18). Sulphate phases are more prominent at Last Chance Lake, as S04 reduction does 

not occur to the same extent as in Goodenough Lake. Gypsum and anhydrite saturation 

decreases towards the lakes due to the depletion of Ca with increased evaporative 

concentration (Figures 21 and 24). 

Sodium carbonate minerals 

The Goodenough Lake-Last Chance Lake catchment area is dominated by NaC03 

salts, which are the most sparingly soluble late precipitation products of the evolved brine, 

forming in response to supersaturated conditions (Last and Schweyen, 1983). However, 

theoretical saturation states indicate that all the MgC03 and N aC03 phases recorded are 

undersaturated over the sample period. The extensive occurrence of thermonatrite, trona 
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and natron, and the minor occurrence of nesquehonite and nahcolite, shows that this is 

not entirely true; undersaturation of waters may indicate that phases have already been 

precipitated. Trona, thermonatrite and natron are found in the saline mudflat and lake 

subenvironments (including microbial mats), as authigenic minerals in the carbonate

siliciclastic muds and as efflorescent and crystalline crusts on mudflat surfaces. Trona and 

thermonatrite can also be found near seepages due to the rapid evaporative concentration 

of dilute waters causing salt precipitation. Nesquehonite is found only in the mudflat 

sediments, when Mg is abundant in much greater proportions than HCQ3• Nahcolite 

occurs in sediments of the mudflat and lake subenvironments when PC02 is at least 10 

times that of atmospheric PC02• Therefore, nahcolite can form if C02 production 

(commonly biogenic) takes place in the presence of a NaC03-rich brine. Some HC03 may 

be produced by organic matter, associated with anoxic S04 reduction in the lake muds 

(Renaut, 1994). 

Trona, thermonatrite and natron are highly sensitive to temperature changes. 

Interstitial trona crystals dominate the brine-saturated muds at temperatures above 20°C. 

Trona is noticeably lacking in the muds of the Goodenough Lake cores, but this is due 

to the poor preservation of sodium-carbonate salts after burial. Thermonatrite is the 

hydrated form of trona, and is commonly found in areas subjected to desiccation. It 

occurs as a friable, white powder that easily disintegrates, and comprises the bulk of the 

efflorescent salt covering the saline mudflats. In dried laboratory samples, thermonatrite 

replaces trona, and so appears to be more abundant than in the field. Salt metastability 

inhibits the optical distinction between trona and thermonatrite. In Lake Magadi (Jones 
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et al., 1977), after the alkaline-earths have precipitated, a further 250-fold concentration 

is required before trona saturation is reached. 

Natron is the cryophilic NaC03 phase (<20°C) and has formed extensively in the 

playa muds of Last Chance Lake in winter. Natron may also form by direct precipitation 

in winter, when cooling causes rapid fractionation of the brine. Its temperature sensitivity 

causes a cyclic nature of formation and dissolution, dependent on seasonal changes (see 

section 4.1.7). High PC02 produced by the decay of organics may transform natron to 

nahcolite. 

Sodium sulphate minerals 

At Goodenough Lake and Last Chance Lake, the brine is theoretically 

undersaturated with respect to. NaS04 minerals, but several phases occur as authigenic 

minerals and efflorescents in the saline mudflat and lake sediments. This means that 

sufficient NaC03 has been removed by precipitation, to allow sulphate salt formation. 

Sulphate salts are more dominant at Last Chance Lake, and comprise mirabilite, 

thenardite, gypsum, anhydrite, bloedite and burkeite. 

Mirabilite is the low temperature NaS04 phase and is found in late autumn brines 

due to the lower SOJCl ratios. Euhedral mirabilite crystals (<5 em long) are commonly 

found as efflorescence and in mudflat, playa and lake sediments. Impurities give the 

crystals a milky white to greenish-black colour. Mirabilite crystals are very soluble in 

water, and the anhydrous form is thenardite, which occurs in the same locations as 

mirabilite but is particularly common in efflorescent crusts. In moist air, thenardite 
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becomes hydrated and is covered by a white film of mirabilite, that in time disintegrates 

into a fine white powder. The occurrence of bloedite is similar to thenardite in that 

precipitation involves the removal of water from a mineral. However, bloedite also shows 

that Mg is abundant, and indicates mixing of less saline and hypersaline, alkaline waters 

(Eugster and Hardie, 1978). 

Very minor gypsum and anhydrite are found; by this stage, there is very little 

calcium available in the brine to facilitate CaS04 mineral formation. Anhydrite may occur 

as efflorescence or form from the dissolution of early Ca-carbonates, and may alter to 

gypsum by hydration. Water released by this dehydration may result in the local solution, 

redistribution and deposition of the soluble salts of the surrounding evaporites. 

Halite can be found in association with all major saline minerals of different brine 

types, since it is the end product, representing complete evaporation of the brine. Waters 

do not indicate saturation with respect to halite, although the saturation level increases in 

lake waters. Halite occurs as efflorescence, which forms from the residual brine at Last 

Chance Lake, in association with the highly concentrated NaS04 brines and precipitates. 

Clay minerals 

Most of the clays identified in the lake basin (e.g., smectite, vermiculite and illite) 

have been inherited from the hillslope sediments. For example, vermiculite is an alteration 

product of biotite and pyroxene in ultrabasic and basic rocks, and can weather by 

percolating groundwaters. However, some clays may have formed in situ, either 

precipitated from solution or formed from amorphous silicate minerals, or tephra. The 
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high pH of pore fluids promotes the dissolution of silicate minerals, which are likely 

reprecipitated as e.g., sepiolite. SEM photographs show the corrosion of silicates by 

highly alkaline, saline fluids (Figure 37), and XRD analyses indicate sepiolite in some 

mudflat and lake sediments (Figures 41 to 43). Neoformation reflects pore fluid chemistry 

and the degree of leaching that the clays have experienced. Also, inherited clays may be 

modified by ion exchange or cation rearrangement, e.g. swelling of smectite. The clays 

carry a memory of inherited characteristics from the source area, and information on the 

chemical environment to which the clays were later subjected (Moore and Reynolds, 

1989). 

The presence of mixed-layer clays has not been confirmed in these basins, 

although they provide suitable conditions of formation. Mixed-layer clays are common 

in soils and sediments, which indicates leaching of pre-existing clays at extreme salinities. 

Mixed-layering results from the fact that bonding is strong within individual layers, but 

weak between layers. In such cases, K ions are more stable in interlayer sites than the 

hydrated Na ions of smectite, and at higher pH values, Na ions are rapidly forced out by 

Mg ions, which accounts for the predominance of Mg-clays with evaporites. This also 

means that clays in the catchment area may change over time. The study area shows some 

similarities to Lake Chad, where Mg-calcite, gaylussite, magadiite and nahcolite occur 

with authigenic Mg-smectite in the same surficial saline muds, marked by high silica 

concentration and pH rise (Charnley, 1989). More detailed analyses may confirm the 

occurrence of other authigenic minerals, such as mixed-layer clays. 
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6.2.9 Silicate precipitation from hypersaline brines 

After Mg-enrichment in the evolving solution, the removal of Mg, Na, K and Si02 

ions may occur by precipitation of silicates such as authigenic clays, sepiolite (Mg2Si30 8 

· nH20), opal-A and magadiite (NaSi70 13(0H)3 • 3H20), following brine path IllA1 of 

Eugster and Hardie's model (Figure 65). These minerals may result from the· 

transformation of smectite within hypersaline NaC03 or NaS04 lakes, or from the 

dissolution of volcanic glass shards and adsorption of Mg ions (Charnley, 1989). Sepiolite 

is only stable in alkaline conditions, and is often found in lacustrine environments with 

underlying dolomitic marl, such as Goodenough Lake. Opal-A is a nearly amorphous form 

of natural hydrous silica, and is commonly seen in carbonate-siliciclastic mudflat 

sediments (Williams and Crerar, 1985). Opal-A occurs mainly as a secondary deposit, 

formed by percolating groundwaters. In the mudflats, opal-A may be derived from the 

devitrification of volcanic ash in the highly alkaline environment, forming a silica gel (see 

section 5.4). 

The occurrence of opal-A may be instrumental in the formation of magadiite 

(NaSi70 13(0H)3 • 3H20), which forms by the leaching of Na by more dilute surface or 

near-surface waters (Eugster, 1969), or by the spontaneous crystallization of quartz in the 

presence of concentrated brines (O'Neil and Hay, 1973). Although the necessary 

conditions for magadiite formation seem to be present in the study area, the lake brines 

of Goodenough Lake and Last Chance Lake are theoretically undersaturated with respect 

to magadiite (by >4 fold, and none yet has been found. This postglacial lake environment 

may be too immature for the formation of magadiite. However, magadiite occurs in Alkali 
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Lake, Oregon, a saline, alkaline lake similar in form and chemistry to Last Chance Lake 

(Rooney et al., 1969). 

6.3 Chapter conclusions 

The chemical divide concept proposed by Hardie and Eugster (1978) has been 

used to predict the evolutionary path of the Goodenough Lake and Last Chance Lake 

brines. Brine paths show how waters with varying initial compositions evolve, and the 

paths can be used also to re-trace evolved waters back through developmental stages, to 

determine the composition of the initial inflow waters (Garrels and Mackenzie, 1967). The 

dilute inflow composition is the most effective parameter influencing the final brine and 

precipitates, and depends ultimately on the nature of the bedrock around the lake basin 

and the type of weathering (Hardie and Eugster, 1970; Eugster and Hardie, 1978). 

The major processes that lead to increases in ionic concentration, supersaturation 

and precipitation, are i) evaporative concentration (including evapotranspiration), ii) loss 

of gases (e.g., C02), iii) mixing of waters, iv) temperature changes (diurnal and seasonal), 

and v) recycling of solutes through the fractional dissolution of efflorescent crusts, which 

can take place at any stage in the evolution of the brines. 

Evaporative concentration is the primary mechanism of brine fractionation 

responsible for the evolution of waters into concentrated brines when they have entered 

the catchment area. Evaporative concentration increases the solute load and eventually 

must lead to mineral precipitation. A laleward depletion of Ca in the inflow signifies the 

transition from a groundwater-dominat¢d, organic and oxidizing environment (e.g., GE 
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Site 1), to an alkaline, saline, lake-dominated and reducing environment (e.g., GE Site 5). 

Brine evolution towards the lake is indicated by substantial increases in Na, Cl and S04• 

The brine that develops is highly alkaline, poor in Ca and Mg, carbonate-rich and 

has a Na-C03-S04-Cl brine composition (brine path IliA; Figure 65). The Last Chance 

Lake brine contains high sulphate concentrations, that are diminished by microbial 

reduction of sulphate in the mudflat and lake sediments, and temporarily by seasonal 

freeze-out ofNaS04 salts (mirabilite and thenardite) in winter, which are major influences 

on brine chemistry. Extensive sulphate removal by bacterial reduction could lead possibly 

to the evolution of a Na-C03-Cl brine composition in Last Chance Lake. 

However, a simple evaporative concentration model does not provide a complete 

explanation for brine evolution and geochemical process-product relationships in saline 

closed-basins (Arakel, et al., 1990). For example, at Goodenough Lake, a combination of 

inflow from three chemically-distinct springs may contribute to the final brine 

composition (J. Gerits, 1994, pers. comm.). The complex groundwater flow means that 

the height of the water table may be affected by variations in the amount of precipitation, 

causing different springs to be activated at different times. Furthermore, the mixing of 

evolved Mg-rich waters and less-evolved dilute groundwater seepage in the mudflats 

causes deviations in the predicted groundwater evolution. Different sources of water will 

be reflected in the mineralogy of the precipitated carbonates and evaporites (Eugster, 

1980; Hardie, 1984), and may lead to spatially-anomalous carbonate distribution. 

The different loci of dilute seepage appear to control the spatial distribution of the 

carbonates (Renaut, 1994). Groundwater seeping into the lake below the floor disrupts the 
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"hull's eye" pattern of carbonate sedimentation. However, different mineral saturations 

at different times of the year complicate the interpretation of mineral zonation. Continual 

monitoring is needed to assess accurately the relationship between brine chemistry and 

mineral precipitation. 

A variety of sediment-water interactions also influence brine path evolution. Late 

stage hypersaline, alkaline brines may mix with more dilute, Ca-rich waters to form 

double salts (e.g., gaylussite), or corrode silicates (e.g., feldspar and volcanic glass) to 

form diagenetic products, such as sepiolite and clays. Also, the dissolution of Ca-Mg 

carbonates may be responsible for the precipitation of dolomite from pore fluids (Hirst 

and Renaut, 1994). The identification of authigenic minerals may be difficult because they· 

are often identical to detrital and endogenic phases and are usually also present in small 

amounts (Jones and Bowser, 1978). Nevertheless, they play an important role in 

controlling the chemistry of the brine, and deserve further investigation to understand the 

effects of temporal variations in pore fluid chemistry (particularly in the upper 10-20 em, 

which is the critical zone of transfer of solutes between sediment and water), and to 

account for local variations in authigenic mineral occurrences. 
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7. CONCLUDING REMARKS 

By conducting a detailed sedimentological study of two hypersaline, alkaline lakes 

in Interior British Columbia, the importance of local groundwater composition on brine 

chemistry and mineral precipitation has been shown. Furthermore, the effects of 

sedimentary and geochemical processes such as silicate etching, dolomite formation, 

evaporite deposition and ephemeral sediment freezing illustrate that saline lakes are 

dynamic systems that respond sensitively to external (e.g., climate) and internal (e.g., 

sediment-water interaction) conditions. A complex interrelationship exists between 

silicates, evaporites and organic-rich sediments; hydrological, chemical, biological and 

sedimentological processes operating in saline lakes are intimately interdependent (Hardie 

et al., 1978). Studies of the temporal and spatial variability of brines and precipitates help 

us to understand the processes that are important in the evolution of all natural waters, 

including those exposed to less extreme conditions (Eugster and Hardie, 1978). 

Theoretical saturation indices for Ca-Mg carbonate, Na-carbonate and sulphate 

phases have shown how the chemical composition of waters flowing into the catchment 

area changes between marginal areas and the lake, and how individual mineral phases 

reach saturation at different times of the year. Some waters appear to be undersaturated 

but are known to be precipitating minerals, whilst other waters appear to be saturated or 
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supersaturated, but precipitation is being inhibited by nucleation barriers, such as high Mg 

and P04 concentrations, or organic compounds. 

Some basins receive several contrasting inflow types, and complexities are then 

compounded by mixing of waters at various stages. Factors that complicate the prediction 

of mineral sequences include i) influx or contact with less saline water, or with brine of 

a different composition, ii) contact with soluble rocks and sediments, iii) reflux of denser 

brines from the evaporation basin, iv) biological activity (e.g., photosynthetic removal of 

C02 from the brine), and v) non-steady state conditions (e.g., periodic brine-freshening 

or freeze-out of salts) (Berner and Berner, 1987). For example, dilute inflow waters mix 

with saline-mudflat pore fluids to form authigenic carbonates, such as huntite and 

pirssonite. Furthermore, stringers of volcanic glass in the carbonate-siliciclastic sediments 

of Goodenough Lake and Last Chance Lake become soluble in the saline, alkaline 

interstitial porewaters, possibly allowing the formation of sepiolite. 

The lakes have been used as "large-scale laboratories" ( cf Last, 1990) in which 

to study processes such as primary dolomite formation. It is generally accepted that the 

amount of dolomite that forms will depend on the rate at which Mg2
+ is supplied, and the 

time available (Hanshaw et al., 1971 ). Dolomite is abundant in the Goodenough Lake

Last Chance Lake catchment, and viable Mg sources include the weathering of olivine

rich basaltic bedrock, Mg acquisition within carbonate aquifer sediments, weathering of 

ash to Mg-clay minerals, or a rapid concentration in Mg ions due to CaC03 precipitation 

within till and peripheral seepage zones. Further, systematic oxygen and carbon isotopic 

studies may reveal more information on the origin(s) of the dolomite; the results of this 
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study provide further evidence that Recent primary dolomite may precipitate from 

meteoric, saline, alkaline waters. 

Extreme temperature variability on several scales has a significant impact on many 

chemical and physical aspects and processes in the saline lakes. Winter brine-cooling has 

a similar fractionation effect to evaporative concentration, and the freeze-out of salts is 

a major influence on the hydrochemistry of the brines. Until now, however, little 

consideration has been given to the ephemeral effects of low temperatures on the 

sediments, although the recognition of such features in modem and ancient saline lake 

environments can provide a useful tool in sedimentary studies, by defining the prevailing 

climatic conditions at any one time (Hirst and Renaut, 1993). The classification of criteria 

for the recognition of low temperature environments outlines a variety of features to 

consider in the interpretation of sedimentary environments. The preservation potential and 

identification of ice-related features is low, due to their sensitivity to disruption by 

temperature changes and reworking by physical and chemical processes. However, the 

preservation of larger scale features is more promising, and structures such as brine pools 

have been recognized as permanent features containing perennial natron (precipitated at 

low temperatures) since the early 1900s (Reinecke, 1920). 

Further low temperature investigations may refine the present criteria and confirm 

the existence of ice features such as ice islands, surface veinlets and cryogranulation 

textures in the ancient sedimentary record. The study of low temperature processes may 

be aided by continual monitoring of sediment freezing, using methods such as acoustic 

emission. 
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The sediments found in Goodenough Lake and Last Chance Lake reflect early 

precipitation products, late precipitation products and diagenetic reactions dominated by 

autochthonous carbonate precipitation. The environmental record of the Cariboo Plateau 

lakes may be enhanced by future investigations of the regional hydrogeology, the use of 

isotopic studies to determine sources of dilute inflow, the role of biological activity (e.g., 

microbial mats) in the lakes, and the interrelationship between the carbon and silica 

cycles. 
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Appendix A. 

The graph below is used in the semi-quantitative analysis of dolomite to determine 

the extent of MgC03 (Mole %) substitution for CaC03 in the dolomite crystal lattice. A 

shift in the 112 dolomite peak, as represented by changes in d-spacing and 2 E> angle, 

indicates the Ca:Mg ratio of the dolomite in that sample (Scholle, 1978). 
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Appendix B. Microbial mats (data courtesy of S. Schultze-Lam, personal 

communication, 1993.) 

Microbial mats were sampled at different times of the year to identify the 

dominant constituent organisms. Seasonal variations have a strong influence on microbial 

population composition, meaning that species collected in the fall are not necessarily 

present in the spring. The following list is based on the 'mature' form of the mat, as it 

existed in. October, when almost 70% of the mat (by surface area) had lifted off the 

bottom of the lake and was floating. The organisms are listed according to _the layers in 

which the greatest number of species were found. 

Top layer: 

- Diatoms: found in low numbers throughout the lake all summer but were present in 
large numbers in the top layer in October. 

-Filamentous cyanobacteria: Oscillatoria 

- Archaebacterium: .unidentified, with intracellular membranes 

Middle layer: 

- Cyanobacteria: Oscillatoria, Pseudoanabaena - heterocystous filamentous form, LPP 
group members, unicellular coccoid forms 

- Purple bacteria: Rhodospirillum, Ectothiorhodospira 

- Sulphate-reducing bacteria 

Bottom layer: 

- Cyanobacteria: smaller, filamentous types 

- Bacteria: many unidentified, unicellular types with diverse and unusual morphological 
characteristics. 

* All layers also had numerous small bacteria and some viruses associated with them. 
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Appendix C. Ionic compositions (mg/L), total dissolved solids (fDS g L"1
), temperature (OC) and pH of 

waters sampled in the Goodenough Lake (GE), Last Chance Lake (LC) and surrounding (MISC.) areas. 

mg/L Ca Ma Na K P04 B HC03 C03 S04 CJ Br Si02 TDS (& 1:1) TEMP~) pH 
GEMARCH: 
GESPRING 92 61.7 76.6 7.5 15.33 . 338.55 150 56 18.30 . 66.32 0.5 4.5 8.38 
LSZ lA 55 26.6 5439 48.36 27.60 - 902.80 6324 407 738.60 . 47.06 12.1 -0.25 10.61 
LSZ1B 19 22.5 2815 8.48 33.73 - 756.40 3000 195 419.70 . 44.92 5.8 -0.25 10.65 
GET I 96 18.1 7110 291.35 177.84 - 3141.50 7266 804 1210.60 . 62.04 15.6 -0.1 10.28 
C. LAKE 153 119 36658 874.39 67.46 5.7 4916.60 30924 2109 2645.30 - 68.45 55.2 -2.5 10.44 

GEMAY: 
GESITE2 45 116.4 205 17.4 0 - 884.50 132 47 13.50 0 29.95 0.9 1 8.3 
GESITE3 41 122 206 17.4 18.40 - 1028.87 44 46 13.20 0 62.04 0.9 1 8.47 
GESITE4 63 84.7 11802 306 33.73 - 3987.88 13695 963 1399.90 16.4 98.40 27.2 1 9.9 
GE/MSITE5 65 48.7 15461 417 30.66 - 3708.80 16032 1209 1761.10 0.48 119.80 32.5 1 10.1 

GEAUGUST: 
LSZ 1 55 167 254 25.92 3.07 - 1943.87 40 1 33.25 0.81 42.78 1.3 16 7.45 
LSZ lA 49 166.4 246 19.91 0 - 1899.13 44 1 24.10 0.53 38.51 1.2 17.9 7.11 
LSZ2 22 176.7 253 26.37 6.13 - 1713.07 60 73 21.29 0.41 40.64 1.4 18 7.17 
LSZ3 24 179 330 35.63 0 . 2074 64 76 20.79 0.34 23.53 l.S 16 7.99 
LSZ3A 15 87.7 1518 110.74 21.46 - 5038.60 168 5 16.60 0.39 27.81 3.9 18.8 8.07 
LSZ5 12 27.9 20261.2 597.82 84.32 - 8704.70 23364 1680 3612.70 61.128 35.30 40.7 22.4 10.16 
GET2 16 8.9 23470.2 155.6 113.45 - 13310.2 25872 4540 3745.30 61.619 42.78 52.1 12 9.96 
GETS 18 27.1 25966 871.26 55.19 - 6791.33 32460 3620 48.73 99.783 49.20 74.9 15 10.33 
GELAKE 15 25.9 18622 603.48 21.46 - 4087.00 23580 2640 3429.32 60.612 32.09 46.7 17 10.43 

GE SEPTEMBER: 
GE/SSITEl 28 130.7 242 22.8 0 - 1559.57 38 46 20.40 0 66.32 1.2 7 8.31 
GESITEA 45 297.7 242 40.5 0 - 1720.20 56 87 24.90 0 40.64 1 7 8.24 
GESITEB 24 208.8 531 18 0 - 1492.47 32 616 44.60 0 19.25 2.4 1 8.38 
T2P3 86 22.6 12714 436 340.35 - 9447.38 11940 813 1735.60 21.7 226.76 25.6 1 9.8 
T4P3 70 11.5 9187 267 150.24 - 9394.00 7140 1303 518.10 2 130.49 18.8 1 9.8 
GELAKE1 59 57.3 15231 428 70.52 - 4953.20 16056 1275 1800.40 28.5 119.80 31.6 7 10.1 
GELAKE2 56 13.7 21281.8 531 131.85 - 7301.70 17376 240 2458.30 47.8 151.88 42.9 1 10.13 
GE/SW 147 127 45078 1468 147.18 - 9491.60 56376 4531 4745.00 24.1 164.72 88 16.5 10.22 
GET7 62 16.4 13908 482 128.78 - 9302.50 13950 153 2173.80 5.2 132.63 17.7 11 9.82 
T7SEEP 33 49.8 7084 214 79.72 - 9412.30 4194 609 738.10 5.5 68.45 16.3 13 9.48 
L.SEEPPIT 12 19.5 20001 649 19.12 - 9866.75 22065 3601 2150.50 42.3 169.00 42.2 9 10.01 
GE/SS.W. 91 19.6 35653 877 128.78 6.4 1467.25 46035 3856 2788.02 9.2 171.14 87.5 11 10.01 
GECORE3 67 92.9 28056 894 18.40 - 7149.20 35544 2543 3209.50 8.8 98.40 65.9 11 10.26 
GECORE6 87 54.8 28646 815 36.79 - 7472.50 34938 2681 3453.70 12.4 98.40 65 14 10.22 
GE/SLAKE 153 80.8 29447 866 73.59 5.6 8527.80 33852 2638 3572.30 4.7 188.25 61.4 12 10.28 



LCMARCH: Ca Mg Na K P04 B HC03 C03 S04 Cl Br Si02 TDS (g I.:' TEMP~C) pH 
LCA1 45 8.2 21207 193.12 199.30 - 4794.6 25812 6590 1755.4 - 47.06 54 -2 10.44 
LCA2 92 11.8 28536 259.64 242.23 5.6 7442 30672 9410 2937.6 - 55.6 67 -2.5 10.27 
LCESKER 81 18.9 30116 349.07 392.47 - 14981.6 28608 10921 3777.6 - 83.43 77 -2.5 9.9 
LCFAREND 79 6.2 14149 79.37 144.11 - 2684 15372 3498 1361.4 - 87.71 34 -I 10.5 

LCMAY: 
LCIMLAKE 54 21.1 32184 459.00 325.02 9.7 10568.3 35325 868 2853.2 1.2 115.52 64.4 18 10.15 

LCAUGUST: 
LCSPRING 15 48.1 182 8.80 0 - 603.9 36 90 22.36 0.48 10.7 0.7 11.8 8.84 
LCLAKE 27 6.2 53008 788.68 291.29 - 15311 60930 17150 6898.96 126.92 77.01 210.6 16 10.12 

LC SEPTEMBER: 
LCPI 68 5.8 30154 398 389.41 - 7777.5 31455 9528 3297.3 56.5 213.92 74.8 ll.5 10.24 
PI-SURF 99 43.3 85929 2186 1493.24 21.7 43462.5 82545 42693 7765.6 105.1 209.64 246.5 ll.5 9.58 
PI-LOW 49 30.2 100028 1844 1290.87 - 55418.5 103965 37318 712242 77.8 254.56 205 11.5 9.84 
LCP2 61 5.5 22792 249 217.70 - 5695.88 23662.5 7517 227420 0 147.6 57.3 11 10.27 
LCA3 SP 20 46.2 228 8.4 0 - 601.87 24 122 36.1 0 21.39 0.7 8 8.63 
LCA3 91 69.2 81374.4 1515 883.07 - 38690.8 79693.5 27540 11852.9 62.5 231.03 173.9 15 9.78 
LCP3M.P. 112 22.1 92388 1887 1205.02 - 30210.3 98250 44198 8892.9 65.7 254.56 256.3 20 9.89 
LCP4 61 17.1 24354 442 309.69 - 6295.2 20400 7634 4208.7 19.3 113.38 51.3 11 10.15 
LCA5W.P. 209 84.1 98526.1 3763 3639.58 23.8 67450.8 76845 46802 15679.4 147.8 528.38 265.1 16 9.68 

LC?SP 75 33.4 79428 1886 1278.61 23.1 34160 77655 28709 14186.2 94.4 156.16 180.4 11 9.69 

MISC.: 
CHASMSP 20 36.4 107 1.16 0 - 442.25 30 7.04 2.81 0 17.11 0.3 7 8.17 
61 CREEK (MAY) 50 72.1 62 4.6 0 - 610 37.5 5.22 30.4 0 34.23 0.5 7 8.53 

OSOR I 12.5 8.75 12829.6 738.52 29.13 - 6874.7 16038 800 978.25 19.56 25.67 29.2 18 10.18 

OSOR2 7 49.7 1839.37 166.3 6.13 - 3440.4 1308 231 126.46 2.83 8.56 4.9 17 9.59 

LBLC 13 16.4 679 32.32 18.40 - 1230.17 100 295 219.25 2.98 23.53 1.5 15 8.95 

61 MILE CREEK 45 92.7 53 3.36 0 - 317 180 0 42.35 0.37 21.39 0.5 15.5 8.15 



Appendix D. Ratios of Mg/Ca, (HC0
3
+C0

3
)/(Mg+Ca) and SO/Cl of waters in the study area. 

Mg/Ca ratios: 

SAMPLES: Mg/Ca SAMPLES: Mg/Ca 
GE SEEPAGES: LC SPRINGS: 
GE!SSITE1 7.69 LCA3SP 3.81 
GESITEA 10.90 AUGLCSP 5.28 
GESITEB 14.33 
GESITE2 4.26 LCLAKE: 
GESITE3 4.90 LC/MLAKE 0.64 
MARGESP 1.10 LCP1 0.14 
AUGLSZ1 5.00 P1-SURF 0.72 
AUGLSZ1A 5.60 P1-LOW 1.02 

AUGLSZ2 13.24 LCP2 0.15 
AUGLSZ3 12.29 LCA3 1.25 
AUGLSZ3A 9.64 LCP3M.P. 0.33 

LCP4 0.46 
GEMUDFLATS: LCA5W.P. 0.66 
AUGGET2 0.92 LC?SP 0.73 
AUGGET5 2.48 MARLCA1 0.30 
GESITE4 2.21 MAR ESKER 0.38 
T2P3 0.43 MAR LC FAR END 0.13 
T4P3 0.27 MARLCA2 0.21 
GELAKE1 1.60 AUGLCLAKE 0.38 
GELAKE2 0.40 
GE/SW 1.42 MISC.: 
GET7 0.44 CHASMSP 3.00 
T7SEEP 2.49 61CREEK 2.38 
L.SEEPPIT 0.45 OSOR1 1.15 

GE/SS.W. 0.35 OSOR2 11.70 
LBLCL 2.08 

GELAKE: AUG61 MC 3.39 
GE/SLAKE 0.87 
GECORE3 2.28 
GECORE6 1.04 
GE/MSITE5 1.23 
MARGET1 0.31 
MARLSZ1A 0.80 
MARLSZ1B 0.47 
AUGGELAKE 2.85 
MARGE LAKE 1.28 
AUGLSZ5 3.83 
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SAMPLES: (HC03+C03)/(Mg+Ca) SAMPLES: (HC03+C03)/{Mg+Ca) 
GE SEEPAGES: LCSPRINGS: 
GE/SSITEI 4.3I LCA3SP 4.28 
GESITEA 2.I8 AUGLCSP 4.46 
GESITEB 2.72 
GESITE2 2.45 LCLAKE: 
GESI1E3 2.9I LC/MLAKE 343.86 
MARGESP 1.66 LCPI 336.59 
AUGLSZI 3.95 PI-SURF 491.04 
AUGLSZIA 3.95 PI-LOW I071.28 
AUGLSZ2 3.85 LCP2 278.84 
AUGLSZ3 4.40 LCA3 383.44 
AUGLSZ3A 21.45 LCP3M.P. 575.59 

LCP4 I99.07 
GE MUDFLATS: LCA5W.P. 275.03 
AUGGET2 848.52 LC?SP 571.I9 
AUGGET5 4I7.I6 MARLCAI 348.3I 
GESITE4 58.07 MAR ESKER 258.02 
T2P3 II5.0I MAR LC FAR END I34.77 
T4P3 I27.43 MARLCA2 227.58 
GELAKEI 91.08 AUGLCLAKE 1363.62 
GELAKE2 208.65 
GE/SW I23.I5 MISC.: 
GET7 I73.23 CHASMSP 3.88 
TISEEP 78.06 6ICREEK 2.52 
L.SEEPPIT 203.68 OSORI 565.64 
GE/SS.W. 324.7I OSOR2 35.24 

LBLCL 21.86 
GELAKE: AUG6I MC 1.66 
GE/SLAKE 98.56 
GECORE3 I29.I7 
GECORE6 I59.24 
GE/MSI1E5 90.46 
MARGETI 54.94 
MARLSZIA 48.72 
MARLSZIB 21.53 
AUGGELAKE 3I9.55 
MARGE LAKE 68.39 
AUGLSZ5 367.75 
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SOJCl ratios: 

SAMPLES: S04/Cl SAMPLES: S04/Cl 
GESEEPAGES: LCSPRINGS: 
GE/SSITEl 0.83 LCA3SP 1.25 
GESITEA 1.29 AUGLCSP 1.49 
GESITEB 5.10 
GESITE2 1.28 LCLAKE: 
GESITE3 1.29 LC/MLAKE 0.11 
MARGESP 1.13 LCPl 1.07 
AUGLSZl 0.01 PI-SURF 2.03 
AUGLSZlA 0.02 PI-LOW 1.93 
AUGLSZ2 1.27 LCP2 1.22 
AUGLSZ3 1.35 LCA3 0.86 
AUGLSZ3A 0.11 LCP3M.P. 1.83 

LCP4 0.67 
GE MUDFLATS: LCA5W.P. 1.10 
AUGGET2 0.45 LC?SP 0.75 
AUGGET5 27.42 MARLCAl 1.39 
GESITE4 0.25 MAR ESKER 1.07 
T2P3 0.17 MAR LC FAR END 0.95 
T4P3 0.93 MARLCA2 1.18 
GELAKEl 0.26 AUGLCLAKE 0.92 
GELAKE2 0.04 
GE/SW 0.35 MISC.: 
GET7 0.03 CHASMSP 3.22 
T7SEEP 0.30 61CREEK 0.17 
L.SEEPPIT 0.62 OSORl 0.30 
GE/SS.W. 0.51 OSOR2 0.67 

LBLCL 0.50 
GELAKE: AUG61MC 0.00 
GE/SLAKE 0.27 
GECORE3 0.29 
GECORE6 0.29 
GE/MSITE5 0.25 
MARGET! 0.25 
MARLSZ1A 0.20 
MARLSZlB 0.17 
AUGGELAKE 0.28 
MARGE LAKE 0.29 
AUGLSZ5 0.17 
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