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Analysis of XXXXXXXXXXXXXXXXXX Stream Turbidity.  
 
 
EXECUTIVE SUMMARY 
 
The turbidity and silt in a watercourse passing through XXXXXXXXXXXXXXXXXX 
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXX was analysed so as to establish the origin of this silt. 
 
Clay fractions were extracted from samples collected from the affected watercourse and 
its surrounds.  These clays were then subjected to chemical, electron microscopic and   
X-ray diffraction analysis and relationships between the clay compositions were sought 
with a view to pinpointing the origin of the silt. 
 
Possible sources of this silt included: 

• soils native to the area, 
• the XXXXXXXXXXXXX bentonite stockpile, or 
• the earthworks at XXXXXXXXXXXXXXXXXXXXXX culvert. 

 
Montmorillonite was identified as the appropriate tracer mineral in the silts and soils, 
whereupon the elemental make-up of this mineral could then be used to define its source. 
 
After accounting for salinity and cation exchange reactions which affect and interfere 
with the measured clay mineral compositions, each montmorillonite was shown to have a 
cation exchange capacity unique to its source. 
 
On the basis of this unique cation exchange capacity derived herein, it is the finding of 
this study that the silt in the watercourse which passes through XXXXXXXXXXXXXX 
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXX did not originate in the bentonite stockpile or an adjacent 
settlement pond.  The mineralogy of this silt more closely matches that of the soils native 
to the area, e.g. on which XXXXXXXXXX is built. 
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Analysis of XXXXXXXXXXXXXXXXX Stream Turbidity.  

 
 

The current study was undertaken to establish the source of turbidity in a watercourse 
which passes through XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXXXXX 
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX. 
 
It was possible that the silt and turbidity in the watercourse were derived from a number 
of sources, namely the native soil, the earthworks of XXXXXXXXXXX, or a bentonite 
stockpile, or combinations thereof, on or outside the property.  
 
The precise origin of the silt among these possibilities could be identified by correlating 
mineralogical and chemical analyses of the clay fractions derived from the soils and the 
suspended solids in the local water bodies. 
 
Besides the affected watercourse, soil and water samples were also collected from 
selected neighbouring sites to establish the local mineralogical characteristics of the soil 
clays and how these characteristics were reflected in the water bodies in contact with 
them.  Samples were collected on the morning of ______________.  A map of the sample 
sites is given in Appendix A. 
 
In each case, a minimum of three grabs constituted the samples taken from the sites. 
 
The water samples were split and submitted for conductivity, pH, suspended solids, and 
turbidity measurements.  The other splits of the water samples were pipetted dropwise 
onto microscope slides which were then gently dried.  This process was repeated until 
visible layers of the suspended solids were deposited onto the slides. 
 
Soil samples were sonicated without dispersant in deionised water and allowed to settle 
for 10 minutes.  The uppermost water layers were pipetted off and deposited onto 
microscope slides as per the water samples. 
 
All slides were snapped into two pieces.  In each case, one piece was carbon coated for 
full elemental EDS analysis with a JEOL JEM800 microprobe, and the other piece was 
submitted to X-ray diffractometry with a Philips PW1050 Bragg-Brentano goniometer.  
Quantitative Rietveld analysis was then carried out on the X-ray data using the 
SIROQUANT® package.  Operational details of the electron microprobe are given with 
the EDS data in Appendix B, while the X-ray diffraction data were collected from 3o to 
33o 2θ using graphite monochromated Cu Kα radiation. 
 
The complete output of the EDS analyses is given in Appendix B for reference, while the 
summarized elemental analyses are given in Table 1. 
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The X-ray diffraction data are likewise presented in Appendix C, and mineralogical 
results from the Rietveld analyses are given in Table 2. 
 
Whole water test results are given in Table 3, and the relevant analytical report is given in 
Appendix D. 
 
According to these water analyses, turbidity strongly correlates with suspended solids 
(correlation coefficient1 ρ = 0.885) and pH (ρ = 0.961).  The water analyses therefore 
indicate that turbidity is caused by the suspended solids, and that these suspended solids 
are most likely clays rather than organic matter, since colloidal organics tend to be acidic, 
whereas dispersible clays are alkaline.   
 
The clay mineralogies of the suspended solids were identified using X-ray diffraction, 
and found to be mixtures of montmorillonite, kaolinite and quartz.  By way of an 
overview, all clay fractions analysed herein, including those from the soils, contain 
mixtures of montmorillonite (the primary component of bentonites), kaolinite and quartz. 
Amorphous and colloidal matter which is not readily assessable from the X-ray data is 
also to be expected. 
 
All of the data collected must therefore be treated as a whole, as many inter-related 
factors are at work in determining a unique solution to the origin of the silt.  For instance, 
sodium measurements from the clays are affected by dissolved salts in the surface waters, 
while any aluminium and silicon measurements attributed to montmorillonite will include 
contributions from kaolinite and quartz.  Using simple ratios of the minerals can likewise 
lead to erroneous identification of their source, since they can be concentrated or depleted 
in their locales according to their dispersibilities, which are affected by particle size, local 
water flows, local water salinities, etc.  
 
Montmorillonite was therefore chosen as the unique mineralogical marker for 
identification of silt source, because of its distinctively high levels of alkali metals (see 
Appendix E for reference compositions of clay minerals). 
  
The marker element which characterized the montmorillonite was nominated on the basis 
of the chemistry of these clay minerals as follows:  Montmorillonite from XXXXXX 
XXXXXXXXXXXXXXXXX area is broadly and simplistically characterized as either 
being of the calcium or the sodium variety, as determined by the main exchangeable 
cation in the mineral.  Appendix E lists a set of reference compositions for XXXXXXXX 
XXXXXXXXXXXXX clays, highlighting the differences between local varieties of 

                                                
1 The correlation coefficient, ρ, is defined as: 

, 
where ρ = +1 for ideal positive relationship between two sets of variables, 
 ρ = 0 for no relationship between two sets of variables, and 
 ρ = -1 for ideal inverse between two sets of variables. 
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sodium and calcium bentonites (and kaolinite).  However, while the calcium and sodium 
ions are readily exchangeable in either species, the framework elements aluminium, 
silicon, iron and magnesium are generally fixed, and are the major determinants for the 
mineral’s cation exchange capacity.  
 
Since aluminium and silicon are also present in kaolinite and quartz, the ratio of the 
exchangeable cations to magnesium was calculated as a unique identifier of the 
montmorillonite in each sample. 
 
Sodium, as an exchangeable cation, was important to this fingerprinting process.  Any 
salinity in the ground or surface waters would therefore have represented an interference 
in the exchangeable cations assay.  However, the electrical conductivities of the whole 
water samples (Table 3) showed a strong correlation with chloride levels (Table 1);         
ρ = 0.875.  This correlation was taken to indicate sodium chloride (salt), and the sodium 
levels associated with the montmorillonite were adjusted according to the measured 
chloride levels. 
 
Table 4 gives the resultant adjusted montmorillonitic sodium, calcium and magnesium 
levels. 
 
Common mineralogical and compositional factors may now be sought using these 
adjusted compositions, by which the source of the silt in the affected watercourse could 
be identified. 
 
Montmorillonites, like other clay minerals, are made up of sheet-like molecular 
structures.  These sheets are bound together by the exchangeable sodium and calcium 
cations, and because of the different sizes of sodium and calcium ions, these two varieties 
can be distinguished by X-ray crystallographic analysis.  Sodium montmorillonites have 
inter-sheet (basal) spacings between 12.5Å and 14.8 Å, while the calcium varieties have 
basal spacings between 15.1Å and 15.5Å [Brindley and Brown (1980), “Crystal 
Structures of Clay Minerals and Their X-ray Identification”, Mineralogical Society, 
London, p. 203]. 
  
In the present instance, the measured basal spacings of all sampled montmorillonites 
(Table 2) show a weak negative correlation with the minerals’ corrected sodium/calcium 
ratios (Table 4; ρ = -0.649), in accordance with the crystallographic relationship 
discussed. 
 
By consideration of exchangeable cation ratios alone, all but one of the sampled 
montmorillonites form a cluster with high basal spacings and low sodium/calcium ratios 
(see Figure 1).  Stockpile montmorillonite is unique in that it alone has the highest 
sodium/calcium ratio and the lowest crystallographic basal spacing.  Conversely, it may 
be said that the salinity corrections to clay sodium levels are appropriate, because this 
crystallographic correlation is borne out. 
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Figure 1: Montmorillonite crystallographic c-axis spacing as a function of the ratio 

of major exchangeable cations.  Note the clustering of the non-stockpile 
montmorillonites at low sodium/calcium ratios, owing to leaching and 
exchange reactions as a result of extended contact with local water bodies. 

 
 
On this simplistic basis, migration or distribution of montmorillonite in any way from the 
stockpile may not be credited.   
 
However, this approach does not take into account any possible leaching or exchange of 
cations in the event of extended contact of the mineral with the local water bodies, as 
occurs when it is washed out of the stockpile. 
 
These exchangeable cations must therefore be scaled against a unique framework element 
as discussed above, since the total cation exchange capacity may not be altered by simple 
exchange or leaching. 
 
The ratios of total exchangeable cations (i.e. sodium, potassium and calcium) to 
magnesium could then be calculated.  These ratios are presented in Table 4. 
 
With reference to Table 4, the chemical compositions of the montmorillonites sampled 
are unique to their source.  Specifically the stockpile bentonite contains montmorillonite 
with an exchangeable cation ratio of 0.66.  This value is reflected in the montmorillonites 
sampled in the immediate vicinity of the stockpile, namely the settlement pond dam (ratio 
= 0.72) and its water (ratio = 0.64).  In contrast, the montmorillonites extracted from all 
other soils and waters show higher cation ratios, ranging from 0.93 to 1.57 in the 

Stockpile montmorillonite 
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surrounding areas, to 3.14 in the XXXXXXXXXX Creek sample, as graphically 
represented in Figure 2. 
 

 
Figure 2: Exchangeable cation ratios of montmorillonites as a function of their 

source.  Note the break between the stockpile and its immediate vicinity, 
and all other samples.  For reference, the horizontal line at 
(Na+K+Ca)/Mg = 0.67 marks the average value of exchangeable cations 
in and near the stockpile. 

 
 
Moreover, by this analysis, the montmorillonites in the surface waters reflect the 
compostions of those in the contacting soils.  Such similarities are to be expected where 
the cations can freely exchange and equilibrate on extended contact with the water body. 
 
 
CONCLUSION 
 
On the basis of the crystallographic and chemical analyses presented herein, it is the 
finding of this study that the silt in the watercourse which passes through XXXXXXXXX 
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXX did not originate in the bentonite stockpile or its 
settlement pond.  The mineralogy of this silt more closely matches that of the soils native 
to the area, e.g. on which XXXXXXXXXXX is built. 
 
Nicholas Calos (PhD), 
Principal Scientist.  
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Table 2: Mineralogical analyses for clay fractions from XXXXXXXXXX water 
and soil samples. 

 
Sample site  Montmorillonite Kaolinite Quartz cM

1 (Å) 
 
Soil fines 
Stockpile  80.22   11.6  8.2  14.165 
Culvert  1.6   30.5  67.9  15.152 
Settlement pond 42.1   18.3  39.6  15.569 
Upstream dam  23.0   8.8  68.2  15.825 
Upstream paddock 40.3   2.7  57.0  15.966 
 
Suspended solids 
Culvert  62.6   32.6  4.8  15.565 
Settlement pond 87.9   12.1  0.0  15.568 
Upstream dam  16.1   52.5  31.4  15.753 
XXXXXXXX Creek 44.8   45.1  10.0  15.104 
 
Notes: 
1 cM is the average crystallographic c-axis dimension (i.e. the basal spacing) of the 

montmorillonite. 
2 Stockpile montmorillonite is actually an illite-smectite. 
 
 
 
 
Table 3: Chemical characteristics of whole water samples. 
 
Sample site   EC  pH Suspended Solids Turbidity 
    mS/cm        mg/l  NTU 
Culvert   0.299  7.15      1675  1100 
Settlement pond  0.378  7.45      5595  1800 
Upstream dam   0.473  7.00      2520  550 
XXXXXXXX Creek  0.206  6.60      233   210 
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Appendix A 
 
 
 

Map of the silt-affected watercourse at XXXXXXXXXX, and surrounds, showing 
sampling sites. 
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Key to sampling sites: 
A Upstream dam: a dam roughly in line with the watercourse (during wet seasons) and with 

a stand of trees between it and the bentonite stockpile.  Soil and water samples were 
collected.  The trees precluded the possibility of this area being affected by wind-borne 
dust contamination from the stockpile. 

B Upstream paddock: a native soil sample well away from the possible watercourse, and 
with trees between it and the bentonite stockpile.  A soil sample was collected. 

C Bentonite stockpile.  A sample of bentonite was collected.  
D Settlement pond:  runoff water from the bentonite stockpile is captured by this dam.  Soil 

and water samples were collected. 
E Culvert:  the point at which the watercourse passing by the bentonite stockpile and XXX 

XXXXXXX is silt affected.  Soil and water samples were collected. 
F XXXXXXXXXXXXXXXXXXXXXXXXXX crossing: approximatel y 1 km from the 

silt affected culvert.  Water sample collected. 
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Appendix B 
 
 
 

EDS analyses of clay fractions from XXXXXXXXXX suspended solids and soils. 
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Appendix C 
 
 
 

Rietveld plots of clay fractions from XXXXXXXXXX su spended solids and soils. 
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Appendix D 
 
 
 

Analytical certificate for sampled XXXXXXXXXX surfa ce waters. 
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Appendix E 
 
 
 

Reference clay mineral and bentonite analyses. 
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